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A B S T R A C T   

Ariboflavinosis is a pathological condition occurring as a result of riboflavin deficiency. This condition is 
treatable if detected early enough, but it lacks timely diagnosis. Critical symptoms of ariboflavinosis include 
neurological and visual manifestations, yet the effects of flavin deficiency on the retina are not well investigated. 
Here, using a diet induced mouse model of riboflavin deficiency, we provide the first evidence of how retinal 
function and metabolism are closely intertwined with riboflavin homeostasis. We find that diet induced ribo-
flavin deficiency causes severe decreases in retinal function accompanied by structural changes in the neural 
retina and retinal pigment epithelium (RPE). This is preceded by increased signs of cellular oxidative stress and 
metabolic disorder, in particular dysregulation in lipid metabolism, which is essential for both photoreceptors 
and the RPE. Though many of these deleterious phenotypes can be ameliorated by riboflavin supplementation, 
our data suggests that some patients may continue to suffer from multiple pathologies at later ages. These studies 
provide an essential cellular and mechanistic foundation linking defects in cellular flavin levels with the 
manifestation of functional deficiencies in the visual system and paves the way for a more in-depth under-
standing of the cellular consequences of ariboflavinosis.   

1. Introduction 

Riboflavin (Vitamin B2), a necessary nutrient for proper growth and 
development, is a water-soluble vitamin, excess of which is flushed out 
of the body [1]. Circulating riboflavin is differentially taken up by 
various tissues according to their requirements and is quickly converted 
to its functional forms, flavin adenine mononucleotide (FMN) and flavin 
adenine dinucleotide (FAD) [2,3]. FMN and FAD are essential co-factors 
in the metabolism of carbohydrates, proteins and lipids [1]. 

Riboflavin deficiency (ariboflavinosis) is a systemic condition that 
can either be a congenital disorder or develop in adults due to malnu-
trition [1,4]. The development of technologies like exome sequencing 
[5] has facilitated the identification of causative mutations in cases of 
congenital ariboflavinosis, known as Brown-Vialetto-Van Laere syn-
drome. These patients exhibit defects in riboflavin transporters and 

suffer from multiple organ system failures, including severe neurological 
disorders, sometimes resulting in death [4]. Early diagnosis coupled 
with riboflavin supplementation can rescue the disease [5], however, 
patients may still develop multiple pathologies at later ages [1,6]. One 
commonly reported pathology in ariboflavinosis is impaired vision, but 
the link between loss of vision and riboflavin deficiency is unexplored 
[4,7]. 

Tissues with established blood barriers express riboflavin binding 
and carrier proteins, which are essential in taking up flavins and 
maintaining appropriate flavin levels [8]. Recently, we demonstrated 
that the novel retinal riboflavin binding protein, retbindin (Rtbdn) [9], 
helps concentrate FAD and FMN in the neural retina (NR). The retina is 
one of the most metabolically active and energy consuming tissues 
[10–12], and consistent with this high-energy demand, retinal tissue has 
one of the highest flavin levels in the body [13,14]. Underscoring the 
importance of maintaining sufficient levels of retinal flavins in the 
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retina, and the essential role of retbindin in that process, we found that 
ablation of Rtbdn resulted in significantly reduced levels of retinal fla-
vins leading to retinal degeneration [15]. 

The objective of the current investigation is to determine the role of 
riboflavin in adult retinal homeostasis using a nutritional model of 
adult-onset ariboflavinosis. Mice were maintained, for varying dura-
tions, on a riboflavin deficient diet starting at postnatal day (P) 30. We 
found that, while the retina maintains levels of flavins longer than the 
blood, prolonged dietary riboflavin deficiency leads to depletion of 
retinal flavins and downregulation of Rtbdn. This was accompanied by 
metabolic abnormalities and alterations in upregulation of oxidative 
stress markers, and inflammatory pathways gradually leading to 
impaired retinal function and degeneration of retinal pigment epithe-
lium (RPE). 

2. Material and methods 

2.1. Animal information 

Animal experiments were approved by the University of Houston 
Institutional Animal Care and Use Committee and adhered to the rec-
ommendations in the NIH Guide for the Care and Use of Laboratory 
Animals and to those from the Association for Research in Vision and 
Ophthalmology. All mice were on C57BL/6 J-129S1/SvImJ background 
and were genotyped for and found to be negative for both the rd8 allele 
[16] and the RPE65 Leu450Met variant [17,18]. Mice were reared under 
cyclic light conditions (12 h L/D, ~30 lux) and fed ad libitum with the 
same nutrients except for either riboflavin-containing regular chow (RC) 
(AIN-93G; Envigo, Indianapolis, IN) or riboflavin deficient chow (RDC) 
(RF-Deficient-AIN-93G, Envigo, Indianapolis, IN). Mice of both sexes 
were used in all experiments and showed no differences in their response 
to the treatment regimen. The age of mice used is specified in each 
experiment. Animal weight was not used as a criterion for enrolling 
animals in the studies, but mice did not exhibit defects in overall weight 
gain/loss. All enrolled animals had normal immune status and had no 
issues with breeding healthy litters. To help prevent bias during ana-
lysis/experiment, identity of treatments was masked until all analyses 
(e.g. histological measurements, ERG assessment, etc.) were completed. 
For each specific experiment, the number of experimental replicates is 
indicated. 

2.2. Antibodies 

Antibodies used are summarized in Table S1. 

2.3. Tissue collection 

Tissue collection for HPLC, immunoblot, metabolomics, and tran-
scriptomics was done as published previously [12,15,19,20]. Briefly, 
mice were anesthetized by intramuscular injection of 85 mg/kg keta-
mine and 14 mg/kg xylazine. Using forceps and tweezers, the NR was 
extracted and the RPE choroid (RPE-Ch) was collected and separated 
rapidly from the rest of the eyecup, rinsed quickly in phosphate buffer 
saline (pH = 7.4) and immediately frozen in liquid nitrogen. Blood 
samples were collected via tail-clip for flavin measurements with HPLC 
[20]. Following tissue collection, mice were euthanized. 

2.4. HPLC 

Micro-extraction of flavins from tissues was performed as previously 
described [20]. Briefly, frozen tissues were homogenized using a 
handheld motorized pestle in 100 μl of 1X PBS (pH 6.8 unless otherwise 
indicated) and a 30 μl aliquot was saved for protein assay. The rest was 
centrifuged at 1,000×g for 10 min at 4 ◦C and supernatant was separated 
and incubated at 37 ◦C in 10% trichloroacetic acid for 15 min to pre-
cipitate proteins. The tube was centrifuged at 10,000×g for 10 min at 
4 ◦C; supernatant was carefully collected, filtered through 0.45 μm filter 
and used for HPLC analysis. To avoid any effect of freeze-thaw on flavin 
levels, HPLC analysis was performed right after extraction. The chro-
matographic separation was as previously described [20]. Briefly, the 
mobile phase was phosphate buffer (50 mM) 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 3.5 μm column with dimensions of 
4.6X250mm (Waters, Milford, MA, USA). For HPLC quantification of 
flavins, a previously described method was followed [20]. 

2.5. Metabolomics 

2.5.1. Tissue extraction and metabolomics analyses 
Extraction of the samples was prepared according to Metabolon, Inc. 

Abbreviations 

α-SMA alpha smooth muscle actin 
CALCRL calcitonin receptor-like receptor 
COL2A collagen type II alpha 1 chain 
DEG differentially expressed genes 
DUSP1 dual specificity phosphatase 1 
ECM2 extracellular matrix protein 2 
EMT epithelial mesenchymal transition 
EGR1 early growth response 1 
ERG electroretinography or electroretinograms 
FAD flavin adenine dinucleotide 
FMN flavin mononucleotide 
FOS fos proto-oncogene 
FPKM fragments per kilobase of transcript per million mapped 

reads 
Iba-1 Ionized calcium-binding adaptor molecule 1 
IPL inner plexiform layer 
IS inner segments 
LAMA2 laminin subunit alpha 
MEPA1 prostate transmembrane protein, androgen induced 1 
MEX-3C RNA-binding E3 ubiquitin ligase 

MRPL49 mitochondrial ribosomal protein L49 
NR neural retina 
NR4A1 nuclear receptor subfamily 4 group 
OS outer segments 
OXL2 lysyl oxidase like 2 
P postnatal day 
PDGFR platelet-derived growth factor receptor 
PNA peanut agglutinin 
PPM part per million 
Prph2 peripherin 2, aka Rds 
PRRX1 paired related homeobox 1 
RC regular chow 
RDC riboflavin deficient chow 
RF riboflavin, aka, vitamin B2 
RPE retinal pigment epithelium 
RPE65 retinal pigment epithelium protein 65, aka retinoid 

isomerohydrolase 
RPE-Ch retinal pigment epithelium-choroid 
Rtbdn retbindin 
TCA tricaboxylic cycle, aka Kreb’s cycle or citric acid cycle 
VIM vimentin  
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(Morrisville, NC, USA) and several recovery standards were added to the 
samples 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 proteins 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. After removal of the organic solvent, the sample extracts were 
stored overnight under nitrogen before analysis. 

2.5.2. Measurements 
Metabolomics measurements were performed at 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 extracted samples 
were dried and then reconstituted in solvents, which were compatible 
with each of the four methods above. Each reconstituted solvent con-
tained a series of standards at fixed concentrations to ensure consistency 
in injection and chromatography. One aliquot was analyzed using acidic 
positive ion conditions, and chromatographically optimized for more 
hydrophilic compounds. In this method, the extract was gradient eluted 
from the C18 column (Waters UPLC BEH C18–2.1 × 100 mm, 1.7 μm) 
using water and methanol, containing 0.05% perfluoropentanoic acid 
(PFPA) and 0.1% formic acid (FA). The other aliquot was also analyzed 
using acidic positive ion conditions; but it was chromatographically 
optimized for more hydrophobic compounds. In this method, the extract 
was eluted in a gradient manner from the same aforementioned C18 
column using methanol, acetonitrile, water, 0.05% PFPA and 0.01% FA 
and then was operated at an overall higher organic content. The third 
aliquot was analyzed using basic negative ion optimized conditions and 
a separate dedicated C18 column. The basic extracts were eluted as 
gradients from the column using methanol and water, however with 6.5 
mM ammonium bicarbonate at pH 8. The last and fourth aliquot was 
then analyzed via negative ionization following elution from a HILIC 
column (Waters UPLC BEH Amide 2.1 × 150 mm, 1.7 μm) and using a 
gradient consisting of water and acetonitrile with 10 mM ammonium 
formate, pH 10.8. The MS analysis alternated between MS and data- 
dependent MSn scans using dynamic exclusion. The scan range varied 
slightly between methods but overall covered 70–1000 m/z. Compounds 
were finally identified by comparing to the 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 spanned multiple days, a data normalization step was per-
formed to correct for the variation resulting from instrument inter-day 
tuning differences. Biochemical data for each metabolite were 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. 

2.5.3. Quality control 
Along with the experimental samples (and controls), various types of 

technical control samples were analyzed, including 1) a pooled matrix 
sample generated by taking a small volume of each experimental sam-
ple, which served as a technical replicate throughout the data set, 2) 
extracted water samples which served as process blanks, and 3) a 
cocktail of quality control standards that were carefully chosen not to 
interfere with the measurement of endogenous compounds which were 
spiked into every analyzed sample, allowing instrument performance 
monitoring and aiding chromatographic alignment. Instrument 

variability was consistently 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 endog-
enous 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. 

2.6. Immunoblotting 

NRs and RPE-Ch were harvested as described previously [12,15,19]. 
Protein lysates were first prepared by homogenizing the retinas using a 
motorized pestle (VWR, Radnor, PA) in 1 × PBS (pH 7.2) containing 1% 
Triton X-100 and complete protease inhibitor mixture (Roche, Basel, 
Switzerland). Following a 1 h incubation at 4 ◦C, the insoluble material 
was separated via centrifugation at 4,000×g. Supernatants were incu-
bated for 1 h at room temperature in Laemmli buffer containing 
β-mercaptoethanol. Equal amounts of total protein (15 μg) for each 
sample were loaded onto the 10% SDS-PAGE gel, separated, and blotted 
onto PVDF membrane using standard protocols. Protein detection was 
performed with the respective antibodies (α-sma:1:1000, e-cadherin: 
1:500, n-cadherin:1:1000, vimentin: 1:1000; Proteintech) and mem-
branes were imaged with a ChemiDocTM MP imaging system (Bio-Rad, 
Hercules, CA). Densitometric analyses was performed on unsaturated 
bands using Image Lab software version 4.1 (Bio-Rad), and band in-
tensities were normalized to β-actin band intensities in the corre-
sponding lanes on the same immunoblot. 

2.7. Histology and morphometric analysis 

Histology and associated morphometry was performed as described 
previously [15,19]. Whole eyes were dissected, and a hot needle was 
used to mark the superior portion of the cornea to maintain orientation. 
Then a small corneal slit was made near the ora serrata, and the eyes 
were fixed for 2h at 4 ◦C in Davidson fixative (32% ethanol, 11% acetic 
acid, 2% formaldehyde). Both cornea and lens were removed and the 
remaining eyecup was returned to fixative overnight at 4 ◦C, then 
dehydrated and embedded in paraffin. For light microscopy histology, 
hematoxylin and eosin stained sections were used from at least three 
mice per group. To assess photoreceptor loss, nuclei in the ONL were 
counted in sections, which were passing through the optic nerve head. 
Measurements were made at 12 different locations along the vertical 
axis, with six each in the superior and inferior hemispheres. OS length 
was measured from the tip of the OS to the base from the same regions. 
Measurements of the thickness of the inner plexiform layer (IPL) were 
made on the same sections at 500 μm distance from the optic nerve head 
in the superior and inferior regions by using the line measurement tool 
in ZEN 3.0 imaging software. All morphometric measurements were 
taken from the images by an observer masked to sample identity 
(treatment vs. control group), and then averaged. 

2.8. Immunofluorescence 

For immunolabeling of paraffin-embedded tissues, 10 μm thick sec-
tions were prepared from eyes that were fixed for 2h in Davidson fixative 
at 4 ◦C followed by paraffin embedding, sectioning and then processed 
for immunofluorescence as described previously [9,15]. Briefly, sections 
were boiled for 30 min with Tris-EDTA pH 9.0 with 0.1% Tween then 
blocked in 1x PBS, pH 7.4, 2% donkey serum, 0.5% Triton X-100, 50 
mg/ml bovine serum albumin. After blocking, sections were incubated 
overnight in primary antibodies in blocking buffer, followed by washing 
(4 × 15 min with 1x PBS, pH 7.4), incubation in appropriate fluo-
rescently labeled secondary antibodies in blocking buffer, additional 
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washing, and mounting using ProlongGold mounting media with DAPI 
(Life Technologies, Carlsbad, CA). Control sections that received no 
primary antibody were included in each experiment. Cone count was 
determined using fluorescently tagged peanut agglutinin (PNA) (1:500; 
Life Technologies) for 1h at room temperature. Images were processed 
using ZEN Image Analysis software (Zeiss). To ensure reproducibility 
and accuracy in cone counts, sections that went through the center of the 
optic nerve were selected. Where confocal images are indicated, they 
represent an 8 slice stack, at 290 nm per slice, 2.32 μm total, captured 
with a 63X oil objective (NA1.4) and collapsed to a single projection 
image. Changes from this standard are indicated in the figure legend. For 
3D reconstruction, the 3D create image tool in the ZEN 2.0 software was 
used following adjustment of orientation in the YX plane or ZY plane, 
and exported as a tiff file. 

2.9. RPE flat-mount and cell count 

RPE was dissected away from the NR, immediately fixed in 4% 
paraformaldehyde for 30 min at room temperature and washed once 
with 1 × PBS. The flat mount of RPE was prepared by making four in-
cisions and laid flat. Flat mounts were incubated with either anti- 
β-catenin (1:500; Proteintech) or phalloidin (1:500; Thermo Fisher). The 
flat-mounts were then washed four times for 5 min each in 1 × PBS. 
Then using Fluoroshield™ with DAPI (Sigma), flat mounts were 
mounted on a glass microscope slide. For imaging, two 40x images (160 
μm × 160 μm) were taken from the central area of each leaflet for each 
cohort. 

RPE cell counts were performed from flat mounts using ImageJ 
software and only cells with over half of their body in frame were 
counted. Number of cells were plotted as per area of 0.0256 mm2 for all 
cohorts. 

2.10. Bipolar endfeet count 

To count bipolar endfeet, 40x images were captured from retinal 
cross sections stained with anti-PKCα. Single-plane (159.7 μm × 159.7 
μm) images were generated and rod bipolar endfeet were counted using 
the events marker feature in Zen 2 (Blue Edition) (Carl Zeiss, Jena, 
Germany). Four images from each section were captured, and four 
sections were evaluated per sample, resulting in 16 images per sample. 
Two to three independent samples were assessed per group. 

2.11. Electroretinography 

Full field electroretinograms (ERG) were recorded as previously 
described [15]. Prior to ERG recording, mice were dark adapted over-
night in red Optimice cages. Mice were anesthetized by intramuscular 
injection of 85 mg/kg ketamine and 14 mg/kg xylazine and eyes were 
dilated using 1% cyclopentolate HCl (Cyclogyl, Pharmaceutical Systems, 
Tulsa, OK). Light-evoked ERG responses were recorded using a UTAS 
system (LKC, Gaithersburg, MD) and a platinum wire loop electrode in 
contact with the cornea through a methyl cellulose layer (Ax10968, 
Accutome, Malvern, PA). Scotopic ERGs (rod photoreceptor-driven re-
sponses) were recorded using a strobe flash stimulus of 157 cd-s/m2. 
Photopic ERGs (cone photoreceptor-driven responses) were recorded 
and averaged from 25 flashes at 90 cd-s/m2 for white light, following a 5 
min light adaptation with background light at an intensity of 29.03 
cd/m2. C-wave ERGs were performed on mice that were dark-adapted 
overnight prior to the experiment. C-wave ERGs were recorded and 
averaged from 5 flashes at 79 cd-s/m2 with an extended recording time 
of 4080 ms. Animals were placed on a warming bed to maintain body 
temperature during the experiment and were monitored following the 
experiment until animals were fully recovered from anesthesia, as well 
as checked the next day. 

2.12. RNA-seq 

Preparation of RNA library and transcriptome sequencing was con-
ducted by Novogene Corporation Inc. (Sacramento, CA, USA). Briefly, 
RNA was extracted from frozen NR and RPE, quality control performed 
to ensure RNA integrity number (RIN) > 7 and then respective cDNA 
libraries were prepared from ~500 ng of isolated RNA with the TruSeq 
Stranded Total RNA Library Prep Kit according to the manufacturer’s 
directions (Illumina, RS-122-2001, San Diego, CA, USA). Paired-end 
100-cycle sequencing was performed on HiSeq 2000 or HiSeq 2500 se-
quencers according to the manufacturer’s directions (Illumina, San 
Diego, CA, USA). 

Reference genome and gene model annotation files were down-
loaded from genome website browser (NCBI/UCSC/Ensembl) directly. 
Indexes of the reference genome were built using STAR [21] and 
paired-end clean reads were aligned to the reference genome using 
STAR (v2.5). STAR used the method of Maximal Mappable Prefix 
(MMP), which can generate a precise mapping result for junction reads. 
STAR counts the number of reads per gene while mapping. The counts 
coincide with those produced by htseq-count with default parameters. 
Fragments per kilobase of transcript per million mapped reads (FPKM) 
for each gene was then calculated based on the length of the gene and 
reads count mapped to this gene. FPKM considers the effect of 
sequencing depth and gene length for the read counts at the same time, 
and is currently the most commonly used method for estimating gene 
expression levels [22]. Gene Ontology, Enrichr [23], and Biojupies [24] 
were used to assess the effected pathways. 

2.12.1. Differential expression analysis 
For determining differentially expressed genes between RC and RDC 

groups for each of NR and RPE, differential expression analysis was 
performed using the DESeq2 R package (1.14.1). DESeq2 (http://www. 
bioconductor.org/packages/release/bioc/html/DESeq2.html) provide 
statistical routines for determining differential expression in digital gene 
expression data using a model based on the negative binomial distri-
bution. The resulting P-values were adjusted using the Benjamini and 
Hochberg’s approach for controlling the False Discovery Rate (FDR). 
Genes with an adjusted P-value <0.05 found by DESeq2 were assigned 
as differentially expressed. 

2.13. Statistical analysis 

Statistical testing was performed using GraphPad Prism, v.9.2 
(GraphPad Software) and post hoc testing in cases with multiple groups 
was employed. All immunoblotting, immunofluorescence and histology 
experiments were performed on at least three separate occasions 
regardless of the number of individual animals used for each study. For 
comparisons of two groups, t-tests were used. For comparison of mul-
tiple groups, one-way ANOVA with Holm-Sidak post-hoc test was used. 
In cases where two variables were analyzed, two-way ANOVA was used. 
Two tailed tests were used in all cases. For cases where multiple t-tests 
were performed (e.g. for analysis of multiple metabolites), false dis-
covery rate (FDR) was also calculated to correct for the multiple com-
parisons that normally occur in metabolomic-and transcriptomic based 
studies. 

3. Results 

3.1. Feeding riboflavin deficient diet leads to progressive depletion of 
flavins from the blood, followed by the RPE then the NR 

Our first goal was to understand the time course over which ribo-
flavin deficiency develops in the blood, NR and RPE following the onset 
of dietary riboflavin deficiency. Wild-type mouse mating pairs were 
maintained on regular chow (RC, 6 ppm riboflavin) during pregnancy 
and post-partum until pups reached postnatal day (P) 30. At that point, 
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half of each litter was transferred to riboflavin deficient chow (RDC) and 
the other half continued on RC to the specific timepoint listed for each 
experiment. Flavin measurements were performed on extracts obtained 
from whole blood, NR, and RPE-Ch every 15 days until P90 using a well- 
established HPLC method [20]. By 15 days on RDC, blood flavin levels 
dropped precipitously and significantly to ~10% of baseline levels 
(Fig. 1A). In contrast, the NR and RPE-Ch retained riboflavin and its 
derivatives, FAD and FMN, over a longer period of time, even after 
circulating levels in blood had significantly diminished (Fig. 1B–D). In 
the RPE-Ch, flavin levels began declining significantly at P45 and were 
depleted by P90 while their levels were maintained for a longer time in 
the NR and with a gradual decline over the course of 3 months 
(Fig. 1B–D). However, by P90, flavin levels in the NR were diminished. 
In the NR and RPE-Ch, riboflavin, FAD, and FMN exhibited similar 
patterns of decline, with FAD being preserved for slightly longer than 
the others in NR from animals fed RDC (Fig. 1D). 

We recently showed that Rtbdn is a retinal-specific riboflavin bind-
ing protein and in the absence of Rtbdn, retinal flavin levels drop [9,15], 
suggesting that a key function for Rtbdn involved riboflavin binding. 
The relationship of Rtbdn to riboflavin was confirmed by our experi-
ments from RDC fed animals: Rtbdn was reduced to undetectable levels 
in retinal extracts from P240 mice that had been on RDC for 120 days 
(Fig. 1E and F). This decline in Rtbdn protein levels was not accompa-
nied by a change in Rtbdn transcript levels (Fig. 1G), suggesting that the 
lack of flavins in RDC-fed mice reduced either the stability of Rtbdn 
protein or the translationability of its transcript. To evaluate the time 
course of the decrease in Rtbdn protein expression, we labeled retinal 
sections collected at multiple timepoints from mice on RDC starting at 
P30 for Rtbdn and the outer segment (OS) marker Prph2 (Fig. 1I). Sec-
tions from RC-fed and Rtbdn− /− retinas were included as controls 
(Fig. 1H). We observed a gradual decline in Rtbdn labeling first detected 
one month after the start of the RDC diet (P60) and becoming much 
more pronounced at P90 (60 days on RDC). After seven months on RDC 
(P240), virtually no Rtbdn protein was visible by immunofluorescence 
in the retina (Fig. 1I, right) although levels of Rtbdn at P30 were 
measured (data not shown) and were consistent with previously pub-
lished levels [9]. These findings suggest that the stability of Rtbdn de-
pends on the availability of riboflavin. 

3.2. Flavin deficiency results in a gradual functional decline and thinning 
of the inner retina 

To determine how riboflavin deficiency affects functional compe-
tence of the retina, electroretinogram (ERG) responses were recorded 
longitudinally from mice on RC and RDC up to P300 (270 days on the 
diet). No differences were observed in scotopic ERG responses at P90 
and P120 in mice on RDC vs. RC (Fig. 2B). However, both scotopic a- 
wave (rod’s signal) and scotopic b-wave (second order neurons’ signal) 
were reduced significantly at P180 in RDC mice compared to age- 
matched RC littermates (Fig. 2A and B). This decline was progressive, 
and by P300 scotopic a-waves in RDC-fed mice were reduced by 40% 
compared to RC controls (Fig. 2B). Cone ERG responses in RDC-fed mice 
also declined progressively compared to RC controls, however at a 
slower rate, with significant differences in photopic ERG amplitudes first 
detected at P240 (Fig. 2C and D). By P300, photopic responses were 
reduced by ~44% in RDC-fed mice vs. controls (Fig. 2D). To evaluate 
whether this ERG deficit was accompanied by photoreceptor loss, we 
counted photoreceptor nuclei (Fig. 2G, I), measured outer segment 
length (Fig. 2H), and counted cones in PNA labeled sections (Fig. 2E and 
F) at P240 (210 days on the diet). RDC fed mice did not exhibit a sig-
nificant reduction in either the number of total photoreceptors, the 
number of cones, or the mean length of the OS compared to RC fed mice, 
suggesting that the ERG reduction at this age was attributable to mo-
lecular defects in photoreceptors rather than overt cell loss or structural 
defects. 

In contrast to the preservation of the outer retina, we observed 

significant pan-retinal thinning in the inner plexiform layer (IPL) (black 
vertical lines in Fig. 2G and 2J) at P240. The inner plexiform layer 
contains synapses between second order neurons (bipolar cells), ama-
crine cells, and ganglion cells. To investigate the cellular basis for the 
inner retinal thinning observed in RDC-fed animals, we immunolabeled 
retinal sections from both diet groups with antibodies designed to help 
evaluate the synaptic connectivity of the rod and cone photoreceptors 
with second order neurons (Fig. 3A). We first co-labeled for either 
protein kinase c alpha (PKCα), a marker for rod bipolar cells [25] and 
vesicular glutamate transporter 1 (VGLUT1), a marker for rod and cone 
photoreceptor terminals [26,27] or PKCα and the ribbon synapse marker 
C-terminal binding protein 2 (CtBP2) [28] (Fig. 3B) as markers for 
photoreceptor synaptic ribbons [29,30]. In the P300 RC fed retina, we 
observed a thick layer of photoreceptor terminals (VGLUT1 staining) 
with a similarly thick layer of synaptic ribbons (CtBP2). However, this 
layer of photoreceptor terminals was demonstrably thinner in the RDC 
retina (Fig. 3B), and was accompanied by regression of some photore-
ceptor terminals into the ONL (arrows Fig. 3B). In conjunction with 
regression of terminals into the ONL in retinas from RDC-fed mice, we 
also observed rod bipolar dendrites (PKCα) extending further into the 
OPL than in RC animals, and in some cases, we observed dendritic 
sprouting extending into the ONL (arrows, Fig. 3B, RDC). In addition to 
the intermittent sprouting of bipolar dendrites abnormally into the ONL, 
we also observed overall shortening of bipolar dendritic processes in the 
OPL (Fig. 3B and C). Assessment of 3D renderings of PKCα-labeled rod 
bipolar cells in RDC retina showed an overall reduction in cell length of 
~19% when compared to RC retina (Fig. 3C). We also observed signif-
icant reduction in rod bipolar endfeet counts from PKCα-labeled retinal 
cross sections in retinas from the RDC group vs. RC controls (Fig. 3D). 

To assess whether these abnormalities also affected cone bipolar 
cells, we colabeled retinal sections from P300 RC and RDC animals with 
antibody against secretagogin (SCGN), a calcium binding protein, that 
labels several subtypes of cone bipolar cells [31,32], CtBP2 and PNA to 
label flat contacts. As depicted in the schematic drawing shown in 
Fig. 3A, the synaptic interaction of cones is organized differently from 
the rods. Cone photoreceptors have multiple ribbon synapses [33], 
mandating a much larger terminal than rods, and thus interact with 
multiple bipolar dendrites [34]. The larger synaptic terminals of cones 
allows further assessment of the synapse by high magnification confocal 
imaging. The combined labeling of PNA (which labels flat contacts at the 
base of cone pedicles), SCGN and CtBP2 showed highly organized syn-
aptic connection with multiple ribbons in the cone pedicle in RC retinas 
(Fig. 3E, side panels and insets). However, in the RDC retinas, the cone 
pedicles showed fewer synaptic ribbons in each pedicle with more 
disorganized labeling of CtBP2. Overall, OPL integrity is compromised 
in the RDC retina, with evidence of synaptic loss as well as reduction in 
the number and length of bipolar cells. 

The IPL houses the reticulum of axons connecting bipolar cells, 
amacrine cells and ganglion cells [35,36]. Assessment of the axonal 
meshwork using anti-tubulin βIII antibody allowed for a preliminary 
understanding of the changes to interactions between second and third 
order neurons in the IPL. Images at high magnification were captured at 
the top of the IPL (near the INL, corresponding to the OFF-lamina of the 
IPL), and in the inner part of the IPL (corresponding to the ON-lamina). 
Here we observed that dense tubulin labeling was similar in both regions 
of the IPL in the RC retina (Fig. 3F, RC panels located on the right rep-
resenting areas boxed in low magnification images). However, in the 
RDC retina, the meshwork appears less dense (yellow arrows point to 
gaps in fibril network) in the OFF-lamina, while more normal density is 
seen in the inner IPL (ON-layer). 

3.3. RDC diet induces metabolic dysregulation that precedes the 
functional decline 

To investigate the potential mechanisms by which riboflavin defi-
ciency leads to a decline in retinal function, we asked how the 
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Fig. 1. Levels of retinal flavins and retbindin are reduced in RDC fed mice. (A) Total blood flavin levels decline with duration on RDC. (B) Riboflavin, (C) FMN 
and (D) FAD levels in NR and RPE-Ch of RDC mice. Data are presented as percent of values from RC fed P30 mice. (E) Immunoblot showing the disappearance of 
retbindin (Rtbdn) in P240 RDC neural retinas (210 days on RDC diet). (F) Quantification of Rtbdn levels in P240 RDC retinas. Although Rtbdn protein disappears in 
retinal extracts from RDC fed mice, (G) the transcript levels were comparable to that of age-matched mice on RC. Rtbdn expression levels were measured in FPKM 
(Fragments per kilobase of transcript per million mapped reads) from animals fed RDC (blue) and RC (black). (H) Rtbdn labeling (red) in retinal section from P90 RC 
fed is mainly located at the tips of the outer segment and some around the inner segment (H, left two images) while Prph2 (green) is located at the outer segment. 
Rtbdn labeling is absent in P90 Rtbdn− /− retina (H, right two images). (I) Rtbdn labeling is reduced in P90 fed RDC when compared to those at P60 and disappeared 
at P240. Data are presented as an average from n = 3–6 for A–D and plotted as means ± SEM. Statistical analysis was assessed by one-way ANOVA for A-D (* = p <
0.05, ** = p < 0.01, *** = p < 0.001, **** = p < 0.0001 for comparison between each time point and P30. In graphs with two sets of symbols, top symbols refer to 
NR, bottom to RPE-Ch. Plotted are means ± SEM. NR, neural retina; RPE-Ch, retinal pigment epithelium-choroid; OS, outer segments; IS, inner segments; ONL, outer 
nuclear layer. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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elimination of riboflavin (and hence its derivatives, FMN and FAD from 
the tissue) from the diet affects the metabolic processes in the retina. 
Steady state levels of various metabolites in the NR and RPE-Ch were 
compared between P120 RDC-fed animals (3 months on RDC) and their 
age-matched littermates on RC. We selected P120 since it preceded the 
development of significant declines in retinal function, a strategy 
designed to ensure that any changes observed were not due to structural 
alterations [19]. Our goal was to understand what metabolic changes 
preceded the functional and structural deficits. In the RDC-fed animals, 
glucose levels were significantly elevated in the NR (~250%, Fig. 4A, 
values for RDC-fed animals are plotted as % of RC-fed animals), while all 
other glycolytic intermediates remained similar to age-matched RC-fed 
littermates. Among TCA cycle intermediates, only citrate was signifi-
cantly changed in RDC-fed animals and was reduced to 75% of the levels 
in animals on RC (Fig. 4B). In the RPE-Ch of RDC-fed animals, glucose 
levels were also increased (~120%, Fig. 4C) compared to controls, while 
all other glycolytic and TCA cycle intermediates were significantly 
reduced in the RDC-fed group vs. controls. Glycolytic intermediates in 

the RPE-Ch of RDC-fed animals were reduced by half (<50%), compared 
to the age matched RC fed animals (Fig. 4C), while TCA cycle in-
termediates in RDC-fed RPE-Ch were reduced to ≤75% of levels in 
RC-fed animals (Fig. 4D). 

In addition to glucose and TCA metabolites, we also evaluated me-
tabolites that arise during lipid metabolism since many lipid-processing 
enzymes utilize flavins as cofactors. We found that steady state levels of 
multiple lipid metabolites critical for NR and RPE-Ch homeostasis were 
reduced at P120 in RDC-fed mice compared to RC-fed controls. Multiple 
long chain fatty acids, including the long chain polyunsaturated fatty 
acids and the monounsaturated fatty acids, were significantly reduced in 
both the NR (<60%) and RPE-Ch (≤60%) of RDC mice vs. controls 
(Fig. 4E). Important membrane lipid components including phosphati-
dylcholine and phosphatidylethanolamine metabolites are also signifi-
cantly reduced (<80%) in RDC-fed animals in both the NR and RPE-Ch 
(Fig. 4F). Furthermore, both purine and pyrimidine metabolism in the 
NR and RPE-Ch are also compromised, with reductions (<75%) in 
several key metabolites (Fig. 4G). Combined, these findings suggest that 

Fig. 2. RDC fed mice exhibit a gradual visual loss followed by structural alterations. Full-field scotopic (A) and photopic (C) ERG waveforms obtained for P240 
RC (black) and RDC fed (blue) mice. ERG amplitudes (B-D) were measured at different ages showing progressive decline in both scotopic a- and b-wave as well as 
photopic b-wave amplitudes across the designated ages (n = 6–11 animals/age/group, each symbol represents the averaged value of the left and right eyes from one 
animal). Retinal cross sections from P240 RC and RDC fed mice labeled with PNA (E) and cone cells were counted (F). Representative light microscopic images from 
P240 RC and RDC fed retinas (G) showing no change in OS length (H), photoreceptor count (I), or cone count (F), while a significant change is seen in the IPL (black 
vertical lines in G and quantification in J). Number of samples in B&D, p90, n = 6; P120, n = 10; P180, n = 11; p240, n = 11; P300, n = 7. For H-J, n = 3; I-J, n = 3–4. 
Between-group differences were assessed by two-way ANOVA with Sidak post-hoc test for B, D, I, and J. T-tests were used for F and H. (* = p < 0.05, ** = p < 0.01, 
*** = p < 0.001, **** = p < 0.0001). Plots represent mean ± SEM. OS, outer segment; ONL, outer nuclear layer; INL, inner nuclear layer; IPL, inner plexiform layer; 
ONH, optic nerve head; S, superior; I, inferior. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of 
this article.) 
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energy generation, lipid metabolism, and nucleotide metabolism are all 
disrupted in the NR and RPE-Ch in RDC fed mice prior to the onset of 
functional defects. 

3.4. Metabolic impairment is accompanied by homeostatic changes in NR 
and RPE-Ch of RDC treated mice 

Given the significant disruption to metabolic pathways, we 

proceeded to investigate homeostatic changes in the NR and RPE of RDC 
animals by RNA-seq. Computational analysis of libraries generated from 
RDC and RC NR revealed 29 DEGs, listed in Table S2. Volcano plot was 
used to visualize the distribution of DEGs. We observed 11 genes above 
1.5 log2 fold change (Fig. 5A, Fold change of 1.5 was used to show a 
cluster of genes with highest fold change and p-value.) Enrichment 
analysis of statistically significant upregulated DEGs resulted in three 
upregulated pathways (p53, hypoxia, and TNF-α signaling via NF-kβ) 

Fig. 3. RDC fed mice show thinning of the inner retina. (A) Schematic diagrams showing localization of markers involved in photoreceptor-bipolar synapse of 
rods and cones. (B) Retinal sections from P300 RDC and RC mice immunolabeled for rod bipolar cells (PKCα), photoreceptor synaptic vesicles (VGLUT-1) and ribbon 
synapses (CtBP2) markers. Bottom images are taken at higher magnification at the OPL/INL areas colabeled with VGLUT-1 and PKCα (left) and PKCα and CtBP2 
(right) taken at different regions of the OPL. (C) Length of 3D renderings (generated from PKCα stained retinas) of rod bipolar cells was measured in RC and RDC 
retinas. (D) Rod bipolar endfeet for both cohorts were counted from samples labeled with PKCα stained retinas. Statistical analysis was assessed by one-way ANOVA 
**** = p < 0.0001 (N = 3 separate animals, plotted is mean ± SEM). (E) Colabeling with secretagogin (SCGN), a marker that preferentially labels cone bipolar cells, 
CtBP2, and PNA show the synaptic interaction at the cone pedicle. Insets show magnified images of a single cone synaptic connection. (F) Labeling with tubulin βIII 
marks axons in the inner plexiform layer. 3D renderings of marked regions (white dashed boxed in the lower magnify cation images, top panel corresponds to top box 
and bottom panel corresponds to bottom box) show axonal density in the IPL of RC and RDC retinas. All images presented are collapsed confocal stacks, while insets 
in C are single layer captures. OS, outer segment; ONL, outer nuclear layer; OPL, outer plexiform layer, INL, inner nuclear layer; IPL, inner plexiform layer; GC, 
ganglion cell layer. 

T. Sinha et al.                                                                                                                                                                                                                                   



Redox Biology 54 (2022) 102375

9

listed by increasing p-value (Fig. 5B). These pathways are indicative of a 
stress response to the RDC diet. Considering that riboflavin bioavail-
ability is important for proper aerobic respiration [37] and antioxidant 
generation, upregulation of hypoxia-related genes, and cell survival/a-
poptotic and stress-response pathways (p53 and TNF-α), are consistent 
with the function of riboflavin. 

Many of the highest upregulated genes (according to fold change and 
p-value), such as early growth response 1 (Egr1), fos proto-oncogene 
(Fos), dual specificity phosphatase 1 (DUSP1), and nuclear receptor 
subfamily 4 group 1 (Nr4a1) are involved in responses to oxidative- 
stress related changes to the environment and are interconnected with 
signaling in the TNF-α response pathway [38–45]. The heatmap in 
Fig. 5C clearly depicts a stark difference in the expression of these 
response genes relative to animals treated with the standard diet. 

Considering the changes to metabolism, we expected to see signifi-
cant differential regulation of genes involved in energy or metabolic 
homeostasis. However, mitochondrial ribosomal Protein l49 (Mrpl49) 
and mex-3 RNA binding family member C (Mex3c) were the only two 

identified genes that played roles in the energy homeostatic pathways 
(Fig. 5D), where Mrpl49 is involved in regulation of complexes in 
oxidative phosphorylation and Mex3c regulates energy expenditure. 
Surprisingly, there were no notable downregulated pathways, or 
downregulation of metabolic enzymes or riboflavin transporters 
observed in RDC treated NR (Figs. S1A–C). 

Because the RPE is a highly metabolically active junction between 
the blood supply and the energy-consumptive photoreceptor layer, it is 
not astonishing that the RPE demonstrated a stronger transcript-level 
response to ariboflavinosis than the NR. In fact, 256 genes were differ-
entially expressed, and Fig. 6A shows the greater number of up and 
down regulated genes beyond the 1.5 log2 fold change threshold 
(Fig. 6A, list of top 50 DEGs in the RPE can be found in Table S3). Gene 
ontological (GO) analysis of upregulated DEGs indicated that epithelial 
to mesenchymal transition (EMT), hypoxia, TNF-α signaling, angio-
genesis, and other responses related to stress, immune, and inflamma-
tory pathways were significantly upregulated (Fig. 6B). However, EMT 
had the highest p-value, approximately 5 times that of the next 

Fig. 4. Retinal metabolic dysregulation precedes onset of the functional decline in mice on RDC diet. Steady-state levels of metabolites in mice fed on 
riboflavin-deficient chow (RDC) until P120 are presented as percent change from levels for age-matched littermate controls on regular chow (RC) for both NR and 
RPE-Ch. Glycolytic (A, C) and TCA cycle (B, D). Dotted red line represent levels in retinas of RC fed animals. Each respective class of metabolites is identified as a 
header in each table (E–G). Values which were not significantly different are in white boxes and those significantly lower are marked in red. Statistical analysis was 
assessed by t-tests with FDR correction for multiple tests (*p < 0.05 ** = p < 0.01, *** = p < 0.001, **** = p < 0.0001), with n = 6 samples for each dietary group. 
Each sample contained at least 6 independent retinas or RPE. Plotted are means ± SEM. (For interpretation of the references to colour in this figure legend, the reader 
is referred to the Web version of this article.) 
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upregulated pathway. 
The RPE of RDC treated animals appeared to show an upregulation of 

the same genes previously identified to be differentially expressed in NR 
of RDC animals. Genes such as DUSP1, Egr1, and Nr4a1, and the Fos 
family of genes indicate a similar mechanism of hypoxia and oxidative 
induced stress responses as a result of flavin deprivation (see heatmap, 
Fig. 6C). In addition to hypoxia, angiogenic promoting genes, such as 
Stanniocalcin (Stc1) [46,47], are also upregulated in RDC-treated RPE 
(Fig. 6C). Our analysis also indicated the enrichment of pathways 
involved in inflammation and immunity, such as complement and 
IL2/STAT5 signaling. Heatmaps in Fig. 6D list statistically significant 
genes involved in these pathways. Notable genes include CD36, serpine1 
and calcitonin receptor-like receptor gene (Calcrl) [48–51], which may 
play a role in the homeostatic and immune dysregulation identified in 
some retinopathies. 

EMT is a multiphase cellular reprogramming that involves the loss of 
cellular identity and is a primary feature of many cancers [52] but has 
also been observed in end-stage retinal pathologies [53,54]. In RPE of 
RDC-fed mice, many of the upregulated genes were affiliated with the 

cellular and extracellular matrix changes in EMT. In Fig. 6E, signifi-
cantly upregulated genes associated with EMT are presented. Of the 
large number of DEGs in this pathway, genes were placed into broad 
categories based on their role in EMT and, the top 3 or 4 genes in each 
category were presented as normalized gene expression levels in fpkm 
(fragments per kilobase of exon model per million mapped reads). 
Laminin subunit alpha (Lama2), secreted protein acidic and cysteine 
rich (Sparc), extracellular matrix protein 2 (Ecm2), collagen type II 
alpha 1 chain (Col2A) were amongst the highest statistically significant 
genes involved in ECM signaling and remodeling, while lysyl oxidase 
like 2 (Loxl2), paired related homeobox 1 (Prrx1), platelet-derived 
growth factor receptor (Pdgfr), and prostate transmembrane protein, 
androgen induced 1 (Pmepa1) have been reported to be primarily 
associated with signaling or induction of EMT [55–58]. Other prototypic 
markers of EMT such as vimentin (Vim) were upregulated as well [59]. 
To determine whether RPEs of RDC-treated animals exhibit any loss in 
identity, transcript levels of RPE-specific genes were assessed (top panel 
of Fig. 6E). No changes were observed between cohorts. Furthermore, as 
is the case with the NR, there were no differential expression of genes 

Fig. 5. Transcriptomic analysis of NR indicates upregulated stress response. (A) Volcano plot of DEGs determined from pairwise comparison of RDC vs RC 
neural retina at P120. Statistically significant genes above 1.5 log2 fold changed are marked in blue (upregulated genes) or red (down regulated genes). (B) Log p- 
value of statistically significant upregulated pathways. (C) Heat map of DEGs involved in TNF-α signaling and oxidative stress responses, presented as log2FC of 
normalized gene expression. (D) DEGs, Mrpl49 and Mex3C, were statistically significantly upregulated genes involved in energy homeostasis in RDC NR at P120. 
Genes are presented as FPKM (fragments per kilobase of transcript per million mapped reads). Each group had an n value of 4 samples. Each sample contained 4 
pooled neural retinas with selections were intentionally spread over two/three separate litters. Statistical analysis was assessed by multiple t-test using FDR 
correction for multiple tests (** = p < 0.01). Plotted as means ± SEM. (For interpretation of the references to colour in this figure legend, the reader is referred to the 
Web version of this article.) 
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related to riboflavin transport or critical metabolic enzymes in the 
transcriptome of RDC-treated RPEs. 

3.5. Riboflavin deficiency induced structural changes in the RPE of RDC 
fed mice 

To investigate the changes resulted from alterations in the expression 

of genes in the RPE-Ch, we examined the RPE structure at P240, a time 
point showing a significant reduction in photoreceptor function 
(Fig. 2A–D). Normally, the RPE cell layer exhibits a regular, hexagonal 
array structure, but we observed signs of abnormal RPE shape and hy-
pertrophy as well as increased presence of multi-nucleated RPE cells in 
RDC fed mice (Fig. 7A, asterisks). This phenotype is often associated 
with RPE atrophy (e.g. see Ref. [60]), and is observed in multiple areas 

Fig. 6. Transcriptomic analysis of RPE suggests upregulated stress, inflammation, and EMT pathways. (A) Volcano plot of DEGs determined from pairwise 
comparison of RDC vs RC RPE at P120. Statistically significant genes above 1.5 log2 fold changed are marked in blue (upregulated genes) or red (downregulated 
genes). (B) Log p-value of statistically significant upregulated pathways. (C) Heat map of DEGs involved in hypoxia and angiogenesis, presented as log2FC of 
normalized gene expression. (D) Heat map of DEGs involved in TNF-α signaling, general inflammation, and the complement pathway presented as log2FC of 
normalized gene expression. (E) Statically significant genes associated with EMT. Genes were separated into broad categories of “ECM remodeling” and “Genes 
implicated in EMT”. DEGs are presented as FPKM (fragments per kilobase of transcript per million mapped reads). Each group had an n value of 4 samples and each 
sample contained 4 pooled RPEs with selections were intentionally spread over two/three separate litters. Those RPEs were the corresponding tissue for the neural 
retina samples analyzed in Fig. 5. Statistical analysis was assessed by t-test with FDR correction for multiple tests (** = p < 0.01, *** = p < 0.001) for comparisons 
between RC and RDC fed animals. Plotted as means ± SEM. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web 
version of this article.) 
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of the RPE flat mounts (Fig. S2). To quantify whether there was signif-
icant RPE cell loss in the RDC group, we counted RPE cells and observed 
that the mean number of RPE cells/field decreased in the RDC group vs. 
control. We also observed abnormal localization of ezrin, which nor-
mally localizes to apical RPE microvilli (Fig. 7C, upper panel). In 
RDC-fed mice, ezrin localization was not restricted to the microvilli, 
instead localizing throughout the whole RPE cell (Fig. 7C, lower panels). 
Despite these structural changes, the RPE cells remained differentiated 
as evident from their expression of RPE65 (Fig. 7D). To help assess RPE 
function, we also performed prolonged ERG recordings to capture 
RPE-generated c-waves at P240 (Fig. S3). We observed a 19% reduction 
in c-wave amplitudes in the RDC-fed diet (Figs. S3A and B), but no 
significant changes in c-wave implicit time (Fig. S3C). Since the RPE 
responses are dependent on light-induced rod photoreceptor activity 
[61], and thus RPE response are reduced when scotopic a-waves are 
reduced independent of RPE function. To help understand whether there 
were changes in RPE function independent from photoreceptor function, 
we normalized c-waves to scotopic a-waves. After normalization, there 
was no difference in c-wave amplitude between the RC and RDC groups 
suggesting that the changes in c-wave amplitude are likely a reflection of 
reduction in photoreceptor responses (data not shown). 

Since we identified EMT associated pathways being significantly 
altered in RPEs from RDC vs. RC fed animals, we investigated markers of 
EMT in our RPE flat mounts. In the RPE, β-catenin disassociation from 

cadherin [62] and mislocalization into the cytoplasm has been identified 
as a hallmark of EMT [63], and we observed pronounced intracellular 
accumulation of β-catenin in RPE cells from RDC vs. RC fed animals 
(Fig. 7A, arrowheads). 

3.6. Riboflavin supplementation partially rescues the phenotypes 
associated with RF deficiency 

Upon diagnosis, patients with ariboflavinosis are placed on ribo-
flavin supplementation [5]. However, it is not clear to what extent this 
supplementation could correct structural and functional defects in the 
neural retina and RPE. We first asked whether a return to 
riboflavin-containing chow after several months on RDC could rescue 
flavin and Rtbdn levels. We placed mice on RDC from P30–P120 (by 
which time our data show that retinal flavins are depleted), then 
returned them to RC until P210 (called RDC > RC) and assessed for 
Rtbdn levels in comparison to mice that were kept on RDC or those that 
were kept on RC from birth until P210. Under these conditions, Rtbdn 
levels and cellular distribution in the RDC > RC group recovered to 
control (RC) levels (Fig. 8A–C). Similarly, we observed that in the RDC 
> RC group, retinal flavin levels were significantly improved compared 
to the RDC group, and were not significantly different from the RC group 
(Fig. 8D–F). 

To determine whether this rescue of retinal flavin/Rtbdn levels could 

Fig. 7. Riboflavin deficiency results in 
RPE dystrophy. (A) RPE flat-mounts 
collected at P240 from RDC fed mice show 
significant intracellular localization of 
β-catenin (green) (arrowheads) away from 
the plasma membrane, disruption of regular 
hexagonal cell shape, RPE hypertrophy, and 
frequent multinucleation (asterisks) 
compared to RC fed mice. Each experiment 
was performed three times on independent 
samples. (B) RPE cells were counted and 
plotted from flat-mounts stained in (A), **p 
< 0.01 by t-test, plotted is mean ± SEM. (C- 
D) Staining of retinal cross sections for Ezrin 
(green) and Rtbdn (red) (C) and RPE65 
(green) (D) indicates that RPE cells are still 
differentiated in RDC. Notice the redistri-
bution of ezrin in RDC fed RPE (white ar-
rows, bottom of C). Rtbdn disappears in 
retinas from P240 RDC while it is seen in 
retinal sections from RC mice, localized 
basal to ezrin, which labels the microvilli of 
the RPE (C). RPE, Retinal pigment epithe-
lium; OS, outer segment, IS, inner segment, 
OS, outer segment; ONL. (For interpretation 
of the references to colour in this figure 
legend, the reader is referred to the Web 
version of this article.)   
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lead to improvements in retinal structure and function, we designed a 
second group of RDC > RC animals. In this group, animals were put on 
RDC from P30–P240 to allow structural and functional phenotypes to 
develop, and were then returned to RC (labeled in Fig. 9 as the RDC > RC 
group). We assessed phenotypes 30 and 60 days later. At P270, mice that 
were returned to RC for 30 days had no improvements in scotopic a- 
wave, b-wave, or photopic b-wave amplitudes when compared to mice 
that remained on RDC (Fig. 8A–C). However, by 60 days after returning 
to RC (RDC > RC at P300), scotopic a-wave, scotopic b-wave, and 
photopic b-wave in the RDC > RC group were rescued back to levels 
statistically indistinguishable from RC mice (Fig. 9A–C). In RDC treated 
mice we observed a significant increase in the implicit time of the 
scotopic ERG and this increase was slightly corrected in the RDC > RC 
treated animals (Fig. 9D). Similarly, intensity-response curves (plotting 
scotopic a-wave and b-wave amplitudes at a range of light intensities) 
were also suppressed in RDC mice, but scotopic a responses were 
completely rescued after RDC animals were returned to RC for 60 days 
(Fig. S4A) while scotopic b-waves were partially rescued (Fig. S4B). 

Structural effects of riboflavin deficiency in the NR were also 
partially corrected at P300 after switching to RC diet for 60 days. Both of 
the OPL and IPL thickness were significantly reduced in P300 mice on 
RDC diet (Fig. 9E and F, respectively and Fig. S4C). However, RDC mice 
that were returned to RC for 60 days (RDC > RC) had OPL and IPL 
thicknesses that were rescued almost back to those seen in RC mice 
(Fig. 9E and F and vertical black lines in Fig. S4C). We also observed 
partial rescue in some RPE phenotypes associated with riboflavin- 
deficiency in animals that were returned to RC at P240 (Fig. 9G). For 
example, at P300, RDC-fed mice had a statistically significant reduction 
in the number of RPE cells per field, and there was a significant 
improvement in the number of RPE cells per field in RDC > RC group 
(Fig. 9H). However, accumulation of cytoplasmic β-catenin was similar 
in RDC > RC and RDC groups (arrowheads in Fig. 9G), and we continued 

to observe some enlarged, multinucleated RPE cells (asterisks, Fig. 9G), 
suggesting that some of the changes are non-reversible or longer treat-
ment with riboflavin supplementation may be required. 

To understand the effects of riboflavin supplementation on the sec-
ondary order neurons in the IPL, we performed analysis on RDC > RC 
retinas using the same markers used in Fig. 3. This evaluation revealed 
that, similar to RDC, RDC > RC retinas exhibited thinning of the OPL, as 
evidenced by the thinner layer of labeling for synaptic ribbons (CtBP2) 
and photoreceptor terminals (VGLUT-1) compared to RC retinas 
(Fig. S5, right-most panel). Like RDC, the dendrites of RDC > RC retinas 
also penetrate into the ONL with some instance of sprouting processes 
(white arrows). Furthermore, it appears that the reintroduction of 
riboflavin was not able to prevent rod bipolar cell loss or improve 
density of axons in the IPL (Figs. S5E and F). Combined, these data 
indicate that many retinal phenotypes associated with flavin deficiency 
can be partially rescued by re-introduction of dietary riboflavin. 

4. Discussion 

To help evaluate visual complications of riboflavin deficiency, we 
established a model system of diet-induced ariboflavinosis in mice. We 
found that in the absence of dietary riboflavin, cellular flavin levels were 
maintained longer in the NR and RPE than in the blood (from which 
flavins were rapidly depleted). This is likely due to the presence of 
specific riboflavin binding proteins in the NR and RPE. We have shown 
previously that one such protein is retbindin [9], elimination of which 
leads to a reduction of 50% in total NR flavins [15,19], suggesting that it 
is a key protein for sequestering/maintaining retinal flavin levels. Crit-
ically, we here show that Rtbdn protein levels drop as flavins are 
depleted from the retina and re-appear as flavin is reintroduced into the 
diet, suggesting that Rtbdn protein stability is likely promoted by ribo-
flavin binding. These findings indicate that Rtbdn’s function is linked to 

Fig. 8. Flavin and Rtbdn protein levels recover with riboflavin supplementation. Representative immunoblot (A) and quantification (B) from three inde-
pendent experiments showing the reappearance of Rtbdn following reintroduction of riboflavin in the diet (RDC > RC). (C) representative immunofluorescence 
images of retinal cross sections from animals fed RC and RDC until P210, and those supplemented after P120 with riboflavin up to P210 (RDC > RC) reflect 
restoration of Rtbdn protein. Levels of riboflavin (D), FMN (E) and FAD (F) were fully recovered in NR and RPE at P210 to normal levels in mice supplemented with 
riboflavin after being on RDC until P120. B was quantified from 4 different experiment on 4 independent samples/each. Number of samples for D-F, n = 3 per group. 
Differences between groups were assessed by one-way ANOVA with Holm-Sidak post-hoc test (****p < 0.0001). RPE, retinal pigment epithelium, OS, outer segment; 
IS, inner segment, ONL, outer nuclear layer. 
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its RF-binding abilities and leads us to hypothesize that downstream 
metabolic and degenerative phenotypes associated with Rtbdn elimi-
nation are due to its function as a flavin binding protein [19]. Other 
riboflavin binding proteins and transporters like solute carrier family 52 
members (SLC52) A1, A2 and A3 are also known to be present in blood 
vessels supplying tissues with their flavin requirements. In fact, RNA-seq 
analyses showed the presence of SLC52A2 in both NR and RPE while 
SLC52A3 is present only in the RPE [64,65]. Collectively, our data 
suggest that Rtbdn binds riboflavin that is provided by the choroidal 
blood supply through the RPE riboflavin transporters (SLC52A2/3) to 
supply the outer retina while SLC52A2 riboflavin transporter supplies 
riboflavin to the inner retinal cells as hypothesized in Fig. 10. 

We have previously shown that retinal flavin levels decline with age 
in several retinal degenerative and diabetic models [20], and some 
diabetic patients suffer from systemic flavin deficiency [1,20]. However, 
how the adult retina responds and adjusts to flavin deficiency has been 
heretofore unknown. Here we show that flavin deficiency progressively 

compromises photoreceptor function with rod responses declining 
earlier than cone responses. This is clearly due to physiological as 
opposed to structural changes, since we observe no photoreceptor 
degeneration at time-points when function is impaired, and photore-
ceptor function improves with the reintroduction of dietary riboflavin. 
This functional impairment is consistent with the role of flavins in en-
ergy and cellular metabolism as phototransduction is highly energy 
dependent. Our findings are consistent with clinical data showing that 
ariboflavinosis can be reversible with timely diagnosis followed by 
riboflavin supplementation [66,67]. 

The RPE exhibited signs of RPE atrophy and increased multi-
nucleation after several months of flavin deficiency. RPE cell loss in 
RDC-fed animals was not significant at P240 but became statistically 
significant by P300. RPE multinucleation is a common feature of various 
RPE pathologies, including aging and drusen development in age-related 
macular degeneration [68,69]. Current studies suggest that RPE multi-
nucleation normally arises as a result of lack of cytokinesis [68,70] but 

Fig. 9. Sustained riboflavin supplementation rescue of the functional and structural degenerations of the retina and the RPE. (A-C) Gradual improvements 
in scotopic-a wave (A) and b-wave (B) and in photopic b-wave (C) responses were observed in RDC mice switched back to RC at P240 for 30 (P270) and 60 (P300) 
days (RDC > RC group, grey). (D-F) Implicit time (D), OPL (E), and IPL (F) were measured from RC, RDC, and RDC > RC mice at P300. RDC > RC mice exhibit 
significant recovery in IPL thickness. (G) RPE flatmounts were stained for β-catenin (green). Flatmounts from RDC and RDC > RC groups both exhibited some 
cytoplasmic accumulation of β-catenin (green, arrowheads) as well as multinucleated enlarged RPE cells (asterisks). (H) RPE cell numbers were quantified from 6 
regions each of a 0.0256 mm2 window in any one of 3 independent samples and plotted from three independent animals per cohort. At P300, RDC mice have reduced 
number of RPE cells, but this is partially rescued in RDC > RC mice. One-way ANOVA (A-C, H) with Holm-Sidak post hoc comparison and two-way ANOVA with 
Bonferroni’s post-hoc test (D) were used to evaluate the statistical significance between groups. In A-C differences at P240 were assessed by t-test since only two 
groups were present. (* = p < 0.05, ** = p < 0.01, *** = p < 0.001, **** = p < 0.0001). Graphs plot mean ± SEM. Number of samples for A-C, 4–10, each symbol 
represents the averaged value from one animal (two eyes). Number of samples for E-F, n = 3. OPL, Outer plexiform layer, IPL, inner plexiform layer. (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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RPE cell multi-nucleation can also be a consequence of oxidative stress 
(e.g. Refs. [68,70,71]). This has been hypothesized to be a method by 
which the RPE monolayer can be repaired (and maintained intact) due 
to damage incurred during aging [68]. Interestingly, we observed 
improvement in RPE cell number after return to a riboflavin-containing 
diet. It is possible that this reflects cell proliferation to replace lost cells, 
however, RPE cells are generally considered post-mitotic. There is evi-
dence for limited mitosis in adult murine RPE cells [68] but this occurs 
without cytokinesis and is thought to give rise to the multinucleated 
cells. Given the large number of DEGs in RDC RPEs involved in EMT, 
there is another possibility that multinucleation and loss of a tight 
junction integrity could be associated with early stages of EMT, since 
energy deprivation [72] and hypoxia [73] are drivers of EMT in many 
cancers. Fundamentally, however, the rescue of RPE cell number at 
P300 in the RDC > RC group vs. the RDC group likely reflects the fact 
that RPE cell loss, which is not yet significant by P240 in animals on 

RDC, is halted by the return to regular chow. This highlights the 
multifaceted requirements of riboflavin and the necessity of timely 
re-supplementation of dietary riboflavin to prevent any further cell loss. 

We found activation of oxidative stress response pathways and 
increased expression of oxidative stress markers in the retinas of 
riboflavin-deficient mice. Many of these markers have been previously 
reported to associate with prolonged oxidative injury to the retina [74]. 
More interesting was that genes responsible for elevated energy pro-
duction and expenditure were also significantly elevated, a further 
reflection of cellular stress. Glutathione, one of the most potent free 
radical scavengers, is recycled via the flavin dependent activity of the 
enzyme glutathione reductase [75], and reduced flavins levels correlate 
with glutathione depletion [76]. Glutathione depletion induces Fos/Jun 
expression, consistent with what we find in the flavin deficient retinas. 
We also find the reactive oxygen species sensor early growth response 
(Egr1) is upregulated in flavin-deficient retinas. Egr1 has been 

Fig. 10. Riboflavin delivery to the retina. (A) Schematic diagram displaying riboflavin entry to the retina and the location of Rtbdn and Slc52A2/3 riboflavin 
transporters. (B) Retinal sections (left images) taken from WT animals on RC and RDC labeled for Rtbdn and cartoons (right) depicting the location of retbindin in RC 
and its absence in RDC photoreceptor. 
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previously implicated in early stages of multiple retinal pathophysiology 
and increases during retinal aging and in inherited retinal degenerative 
disorders [38,77]. These signs of oxidative stress also likely predispose 
the NR-RPE interdependence towards functional compromise. 

β-oxidation of fatty acids is facilitated via essential dehydrogenases 
and can be a critical part of energy generation in highly metabolically 
active tissues such as the retina. These dehydrogenases need flavins for 
their activity [78], and suboptimal flavin levels have been shown both in 
vitro and in vivo to result in reduced β-oxidation and poor lipid recycling. 
This can initiate a cascade of metabolic abnormalities [79]. Here, we 
show that flavin deficiency disrupts steady state lipid metabolism in 
both the NR and the RPE-Ch. We see significantly reduced levels of 
essential lipids like phosphatidylethanolamine, phosphatidylcholine, 
mono and polyunsaturated fatty acids in the NR upon flavin deficiency. 
Compromised dehydrogenase activity and poor turnover of lipids are 
known to affect both rod and cone functions [80] consistent with our 
functional results here. These findings suggest that impaired lipid 
metabolism may be a key mechanistic link between flavin deficiency and 
the development of impaired retinal function. It is important to 
emphasize that this effect is different from that seen for glucose meta-
bolism. Both the NR and the RPE-Ch accumulate glucose in 
riboflavin-deficient animals. This increase in glucose was associated 
with impaired glycolysis in the RPE, but not in the NR. This difference in 
metabolic alterations in response to riboflavin deficiency is consistent 
with our previous findings in absence of Rtbdn showing separate 
metabolic priorities for the NR and RPE, especially when measuring 
steady state levels of metabolites [12]. We did not observe decreased 
transcript levels for flavin-dependent metabolic enzymes, highlighting 
the fact that the metabolic defects arise likely due to impaired enzyme 
function in the absence of critical flavin cofactors rather than any altered 
transcriptional regulation. 

The inner retinal and RPE abnormalities exhibited by RDC and RDC 
> RC retinas demonstrate a cumulative effect of impaired metabolic 
processes and reduced antioxidant capacity. In the inner retina specif-
ically, we observed atrophy and retraction of the photoreceptor synaptic 
terminals, loss of synaptic connectivity at the cone pedicle, and dendritic 
sprouting and shortening of rod bipolar cells, without photoreceptor cell 
loss or obvious structural changes to photoreceptor outer segments. 
Similar to the process of light capture in the outer segment, the propa-
gation of the visual signal through subsequent neurons is very energet-
ically costly [81–83] and is highly susceptible to oxidative damage [84, 
85]. The metabolic demands and antioxidant requirements of the 
various cell types in the retina differ greatly [10,86], and are even 
specific to subcellular components of the cell. Synaptic terminals may be 
more susceptible to metabolic dysfunction and redox changes intro-
duced by sustained ariboflavinosis than photoreceptor outer segments. 
This is consistent with our prior studies showing a link between the 
downregulation of synaptic transmission and elimination of a critical 
antioxidant [87]. Synaptic remodeling also is known to accompany 
prolonged reductions in retinal function. Reduced synaptic input from 
photoreceptors can lead to morphological abnormalities at photore-
ceptor synapses and the interconnectedness between photoreceptors 
and bipolar cells is essential for their homeostasis and survival [88–90] 
Rod bipolar cells are some of the first cells to exhibit aberrant behavior 
and ectopic connections in retinal degenerative diseases [90–92] such as 
retinitis pigmentosa. The dendritic sprouting of rod bipolar cells that we 
observe in RDC and RDC > RC animals has been observed in the mouse 
aging retina (beyond a year old), in models of retinal detachment [93], 
in models of CACNA1F mutations, where the function of calcium 
voltage-gated channels are impaired [94], and in other retinal models 
where the ribbon synapse is greatly dysregulated or completely absent. 
Why bipolar cells adopt this sprouting behavior under certain stress or 
pathological conditions is still uncertain [95], however, some studies 
suggest that these outgrowths form when synaptic transmission between 
the rod and bipolar is significantly impaired [96]. 

Assessment of the IPL’s axonal reticulum further substantiates our 

observation of loss of synaptic connectivity and axonal retraction 
amongst the cells of the inner retina. Bipolar cell processes synapse onto 
amacrine cells and ganglion cells in the IPL [97]. In RDC and RDC > RC 
we observed large voids in the axonal meshwork suggesting loss of bi-
polar processes or some loss of connectivity to amacrine and ganglion 
cells. Defects in inner retinal connectivity are interesting because optic 
nerve atrophy (resulting from RGC loss), has been seen in patients with 
riboflavin transporter deficiencies (RTDs) [98]. However, our findings 
regarding the inner retinal changes in this model are more analogous to 
early inner retinal abnormalities seen in retinopathies and degenerative 
disease where photoreceptors are primarily affected [92,99]. In these 
instances, RGCs and amacrine cells are ultimately the last group of cells 
to succumb to the effects of the pathology [92,100–102]. However, very 
few investigations have really examined the degeneration of the inner 
retina as a result of ariboflavinosis, and loss of overall riboflavin, as 
opposed to loss of riboflavin transporters with specific/restricted dis-
tribution. As RGC loss and optic nerve irregularities can be assessed 
clinically, it is possible that in RTD patients, secondary neuron abnor-
malities may precede RGC/optic nerve changes but are too subtle for 
standard clinical observation. 

The inner retinal aberrations do, in part, recapitulate the neuro-
pathological features of many RTD patients. Evaluations by imaging and 
nerve biopsy from RTD2 and RTD3 (mutations in SLC52A2 and SLC52A3 
respectively [5,103–106] individuals do show indications of axonal 
degeneration, neuronal loss [103,107], gliotic events, shortened axonal 
length [98,108] and variations in brain and spinal cord abnormalities 
[98,109]. These clinical findings manifest in many central nervous 
system (CNS) related impairments. Our observations are consistent with 
clinical findings, as we also demonstrate neuronal cell loss, shorter 
axons, and atrophy in the neuronal meshwork of the IPL. We have 
already delineated the reasons for neuronal cell/NR/RPE susceptibility 
to riboflavin deficiency. However, our understanding of the specific 
pathomechanisms involved in peripheral and CNS dysfunction as a 
consequence of ariboflavinosis remains limited. Studies have suggested 
problems with mitochondrial function and regulation, in oxidative 
phosphorylation intermediates [98] while others investigation have also 
implicated neuronal filament aggregation [108], similar to events in 
amyotrophic lateral sclerosis (ALS) [110]. Because our model has 
revealed clear biochemical aberrations in synaptic connectivity, and 
second order neurons, this study demonstrates that retinal models of 
ariboflavinosis can serve as a vehicle for understanding not only the 
visual impairment experienced by RTD patients, but findings can also 
facilitate our understanding of CNS dysfunction, given the homology 
between the two neuronal systems. 

Patients born with mutations in tissue specific riboflavin transporters 
have severe tissue manifestations of ariboflavinosis even if blood flavin 
levels are normal [5]. It is likely that the metabolic health of their retina 
is compromised and likely can be reversed, if identified early enough. 

5. Conclusion 

In conclusion, we present a new model of ariboflavinosis and share 
mechanistic data suggesting that visual impairment in riboflavin defi-
ciency occurs as a result of increased cellular oxidative stress and 
impaired lipid handling. We highlight the importance of flavins for 
retinal metabolic homeostasis and function and show that disruptions in 
the uptake and sequestering of flavins lead to severe functional and 
structural consequences in the NR and RPE. Future studies may utilize 
this model to determine whether similar mechanisms contribute to the 
established neurological disorders associated with ariboflavinosis. Vi-
sual phenotypes associated with riboflavin transporters’ mutations have 
not been well investigated. Here, using an animal model for riboflavin 
deficiency (ariboflavinosis), we show that patients suffering from 
ariboflavinosis due to mutations in the riboflavin transporters have 
retinal changes that may not be reversible if they are not identified early 
and provided with riboflavin supplementation. 
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