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Glavač, D.; Markelj, Š.; Hawlina, M.;

Fakin, A. The Role of Vitamin A in

Retinal Diseases. Int. J. Mol. Sci. 2022,

23, 1014. https://doi.org/10.3390/

ijms23031014

Academic Editor: Toshihide Kurihara

Received: 19 December 2021

Accepted: 13 January 2022

Published: 18 January 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

 International Journal of 

Molecular Sciences

Review

The Role of Vitamin A in Retinal Diseases
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Abstract: Vitamin A is an essential fat-soluble vitamin that occurs in various chemical forms. It
is essential for several physiological processes. Either hyper- or hypovitaminosis can be harmful.
One of the most important vitamin A functions is its involvement in visual phototransduction,
where it serves as the crucial part of photopigment, the first molecule in the process of transforming
photons of light into electrical signals. In this process, large quantities of vitamin A in the form of
11-cis-retinal are being isomerized to all-trans-retinal and then quickly recycled back to 11-cis-retinal.
Complex machinery of transporters and enzymes is involved in this process (i.e., the visual cycle).
Any fault in the machinery may not only reduce the efficiency of visual detection but also cause the
accumulation of toxic chemicals in the retina. This review provides a comprehensive overview of
diseases that are directly or indirectly connected with vitamin A pathways in the retina. It includes
the pathophysiological background and clinical presentation of each disease and summarizes the
already existing therapeutic and prospective interventions.
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1. Introduction

Vitamin A is a group of unsaturated organic compounds which is mostly associ-
ated with retinol. It occurs in various forms. Vitamin A (retinol), its natural (retinal,
all-trans retinoic acid (tretinoin), 9-cis-retinoic acid (alitretinoin) and 13-cis-retinoic acid
(isotretinoin)) and synthetic (etretinate, acitretin, adapalene, tazarotene and bexarotene,
trifarotene) derivates are termed retinoids [1]. Different forms of vitamin A can convert
from one form to another with the help of specific enzymes. The two major biologically ac-
tive forms are 11-cis-retinal and all-trans-retinoic acid. All-trans-retinoic acid is an essential
signalling molecule in cell differentiation, proliferation and apoptosis, and participates in
gene transcription. It is crucial for reproduction, growth and development of the embryo,
normal brain function, immune system functioning, skeletal development, growth of hair
and nails, and epithelial cell RNA synthesis including the conjunctiva and cornea. The
primary role of 11-cis-retinal is visual perception [1,2].

There are specific biochemical pathways involved in vitamin A transfer to and storage
in the retinal pigment epithelium (RPE), transfer to the photoreceptors, conversion to
its active form (11-cis-retinal), recycling of the inactive forms and removal of the toxic
by-products; which will be reviewed in the 1st part of this paper. Pathogenic variants in
genes, encoding the proteins involved in these processes, have been implicated in several
retinal diseases, which will be reviewed in 2nd part of this paper.

1.1. Food Sources of Vitamin A

Vitamin A is an essential micronutrient, which means that the human body cannot
synthesize it on its own and must be ingested. However, as it is one of the fat-soluble
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vitamins, it is stored in the body, in the form of retinyl ester, it does not need to be added
daily. The highest amounts of vitamin A are stored in the liver, but it is also found in
adipose tissue, lungs and the RPE [2–6].

Retinol and retinyl ester are the most common forms of vitamin A in food of animal
origin, e.g., dairy products, eggs, fish and meat, especially liver. In plant-based foods, the
main sources of vitamin A are beta-carotene, alpha-carotene and beta-cryptoxanthin. They
are so called provitamin A carotenoids, as they are vitamin A precursors, that convert to
vitamin A in the body. Depending on the body’s needs, only a certain proportion of ingested
provitamins are metabolized to vitamin A, while the rest remain unchanged and serve as
antioxidants. Antioxidant properties are also found in non-provitamin A carotenoids. The
key representatives of the latter are lutein, zeaxanthin and lycopene [1,7–9].

Carotenoids are pigments that give fruits and vegetables red, orange and yellow hues.
We can find them in sweet potatoes, carrots, melons, peppers, apricots, nectarines, tomatoes,
mangoes and corn. They are also present in spinach, peas, parsley, pistachios, kale, broccoli
and Swiss chard, where green chlorophyll masks the carotenoid pigment [1,10].

The recommended daily dose of vitamin A is around 400–500 µg for children and
infants, 900 µg for adult men and 700 µg for adult women [1], while lactating women
require up to 1300 µg per day [11]. In adults, stores of vitamin A in the body can last
around 1 to 2 years while in children stores last much shorter and signs of deficiency
develop more rapidly [1].

There are several analytical approaches to quantify different vitamin A metabolites lev-
els in tissues and biological fluids. Their concentrations reflect vitamin A status and provide
us with an insight into its metabolism, homeostasis and help us to overcome pathological
conditions associated with altered vitamin A metabolism [1]. Excess (hypervitaminosis) or
deficiency (hypovitaminosis) of vitamin A can both be harmful [1,10,12].

1.2. Hypervitaminosis A

Hypervitaminosis A can occur due to taking oral preparations which contain vitamin
A, or high amounts of vitamin A rich food sources, such as liver. The disease can be acute
if very high doses are ingested in a short time, or chronic, if the ingestion of excessive
doses occurs over a longer period. In the acute form, the symptoms appear a few hours
after the intake, and may include dizziness, disturbances of consciousness, irritability, nose
bleeding, headache, nausea, vomiting, and abdominal pain [9,10,13]. Early signs of chronic
hypervitaminosis include thinning of hair and eyebrows, cracked lips, and dry and rough
skin. With time, sleep disturbances, blurred vision, photosensitivity, reduced appetite,
weight loss, headaches, weakness, and bone pain may appear. Patients can have increased
intracranial pressure and hepatosplenomegaly. Pregnant women must be cautious when
taking vitamin A supplements, as high levels of vitamin A are teratogenic and can cause
foetal defects in the developing foetus [1,12,13].

Retinoids, oral and topical, are frequently used to treat different skin disorders, e.g.,
psoriasis, photodamage, seborrhoea, acne, and ichthyosis. Isotretinoin is usually recom-
mended in severe acne, as it has anti-inflammatory, anti-bacterial and anti-seborrheic
properties. It is only used orally and is the most commonly used oral retinoid in derma-
tology [1,14,15]. In retina in the retinal pigment epithelium (RPE), isotretinoin inhibits
two key visual cycle enzymes, RPE-specific 65 kDa protein (RPE65) [16] and 11-cis-retinol
dehydrogenase [17,18] (Figure 1). This impairs chromophore, 11-cis-retinal, and slows
rhodopsin (RHO) regeneration which can cause night blindness. However, on the other
hand, it reduces the accumulation of toxic byproducts of the visual cycle, such as N-retinyl-
N-retinylidene ethanolamine (A2E) [16–18]. Topical retinoids cause local side effects with skin
erythema and peeling as the most common [15].
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Figure 1. Schematic representation of the canonical and cone visual cycles. Key enzymes, trans-
porters, carriers and retinoids are shown. Fundus autofluorescence (FAF) images of representative
patients, harbouring pathogenic variants in genes, encoding four essential proteins involved in the
visual cycle, are presented below. Scale bars for four FAF images: 200 µm. Abbreviation expanation:
RPE–retinal pigment epithelium, RBP4—retinol-binding protein 4, STRA6—stimulated by retinoic
acid 6, CRBP1—cellular retinol-binding protein 1, LRAT—retinol:lecithin acyltransferase, RPE65—
RPE-specific 65 kDa protein, RDH5—11-cis-retinol dehydrogenase 5, RDH11—11-cis-retinol dehy-
drogenase 11, CRALBP—cellular retinaldehyde-binding protein, RGR—retinal G protein-coupled
receptor, IRBP—interphotoreceptor retinoid-binding protein, RDH8—all-trans-retinol dehydroge-
nases 8, RDH12—all-trans-retinol dehydrogenases 12, ABCA4—ATP-binding cassette subfamily A
member 4, DES1—dihydroceramide desaturase-1, 11cRDH—11-cis-retinol dehydrogenase, RHO—
rhodopsin, IOD—iodopsin, 11cRAL—11-cis-retinal, 11cROL—11-cis-retinol, atRAL—all-trans-retinal,
atROL—all-trans-retinol, RE—retinyl esters, N-ret-PE—N-retinylidene-phosphatidylethanolamine, PE—
phosphatidylethanolamine, A2E—N-retinyl-N-retinylidene ethanolamine. Source: Eye Hospital, University
Medical Centre Ljubljana.

Carotenoids (precursors of vitamin A) are considered relatively safe, and their toxicity
is extremely rare. Excessive and prolonged beta-carotene consumption causes yellow-
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orange discolouration of skin thick areas, such as palms and soles, however this is a benign,
reversible condition [1,19]. Nevertheless, adverse health effects concerning carotenoids
have been reported in smokers who had a higher incidence of lung cancer and mortality rate
after high doses of beta-carotene [1,10,20–22]. Therefore, for treatment of age-related macu-
lar degeneration (AMD), the original Age-Related Eye Disease Study (AREDS) formulation
that included beta-carotene was replaced with the AREDS2 formula, where beta-carotene
was substituted with lutein and zeaxanthin [23].

1.3. Hypovitaminosis A

Clinical signs of hypovitaminosis A depend on the patient’s age and the severity of
the vitamin A deficiency. Infants and preschool children are at the highest risk due to low
vitamin A stores at birth and high body growth needs. Therefore, they may suffer from
growth delay [10]. Hypovitaminosis A affects all tissues, but the most characteristic signs
involve the skin and eyes.

Dermatologic manifestations include generalized xerosis and follicular hyperkeratosis,
with patients exhibiting dry, rough and peeling skin [1,10,12,24]. Ocular symptoms include
severe dry eye with conjunctival and corneal xerosis and Bitot’s spots, as well as night
blindness, which will be described in detail below [25].

The majority of preformed vitamin A consists of retinyl esters [1,26]. Dietary retinyl
esters are first hydrolysed to retinol via the actions of pancreatic lipase in the duodenum
and phospholipase B at the brush border of enterocytes. Retinol is then absorbed by the
enterocyte, where it is re-esterified to retinyl ester [1,2,26–29]. Absorption of retinol is
increased if consumed with fatty meals [1,27,28]. In the enterocyte formed retinyl esters are
packaged in nascent chylomicrons that are secreted into the lymphatic system for uptake
into the body [1,2,26,28–31]. Dietary provitamin A carotenoids are taken into the enterocyte
by scavenger receptors where they can either be converted to retinyl esters or packaged
unmodified into nascent chylomicrons [2,27,28]. After traversing the lymphatic system,
chylomicrons enter the bloodstream and are then mainly delivered to the liver, where they
are stored mostly in the form of retinyl esters, predominately as retinyl palmitate, and
stearate [28,32,33]. The liver is the main storage organ of vitamin A in the body, as up to
80% of vitamin A in the body is stored there [2,13,28,30,31]. When needed, retinyl esters
are hydrolysed into retinol. Its mobilisation to extrahepatic tissues requires retinol-binding
protein (RBP4), the main vitamin A carrier in the blood. In the liver, retinol and RBP4
(apo-RBP4) form the complex (holo-RBP4), which is then secreted into the bloodstream in
order to meet peripheral tissue needs [1,2,26,28–31].

Any condition that interferes with ingestion (e.g., malnutrition), absorption (e.g.,
Crohn disease, pancreatic insufficiency), storage (e.g., alcoholic cirrhosis), or transport of
vitamin A (e.g., pathogenic variants in RBP4 gene) can lead to a deficiency of vitamin A in
the target tissues. Diseases causing compromised fat malabsorption (e.g., cystic fibrosis,
coeliac disease) are also a cause of vitamin A deficiency [12,33,34].

1.4. Vitamin A Pathways in the Retina
1.4.1. Transport from Blood Circulation to the Photoreceptor Outer Segments

The key transporters and enzymes involved in vitamin A pathways in the retina
are summarized in the Figure 1 and Table 1. Vitamin A is a fat-soluble molecule and is
dependent on water-soluble carriers. In the blood circulation, it is transported in the form
of all-trans-retinol bound to a 21 kDa carrier plasma retinol-binding protein 4 (RBP4). To
prevent loss of the low molecular weight RBP4 through renal filtration, holo-RBP4 forms
a complex with a 55 kDa transthyretin (TTR), that is also known for transporting thyrox-
ine [35–37]. The complex holo-RBP4:TTR diffuses from the choroidal blood circulation
through the Bruch’s membrane and binds to the RBP4 receptor on the RPE cells; named
stimulated by retinoic acid 6 (STRA6) [38,39]. Transthyretin blocks the ability of holo-RBP4
to associate with STRA6, and, therefore, needs to dissociate from holo-RBP4:TTR complex
beforehand [37]. The STRA6 receptor facilitates the uptake of all-trans-retinol to the cy-
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toplasmic side, where it associates with another carrier, a 15 kDa cellular retinol-binding
protein 1 (CRBP1) [40–43]. Inside the RPE, CRBP1 shuttles all-trans-retinol to the enzyme
retinol:lecithin acyltransferase (LRAT) which converts all-trans-retinol to all-trans retinyl
esters [44,45]. Retinyl esters can either accumulate and store in the retinosomes, specific
lipid droplet-like storage particles in the eyes [4], or represent substrates for the key en-
zyme in the visual cycle, RPE65. RPE65 is an isomerohydrolase that catalyses hydrolysis
of esters and isomerizes all-trans-retinol to 11-cis-retinol [29,32,46]. 11-cis-retinol is then
bound by a cellular retinaldehyde-binding protein (CRALBP), which prevents unwanted
isomerisation to all-trans-retinol and further esterification to retinyl esters. CRALBP also
facilitates oxidation of 11-cis-retinol to 11-cis-retinal, the molecule in visual transduction, by
11-cis-retinol dehydrogenases, 11-cis-retinol dehydrogenase 5 (RDH5) and 11-cis-retinol de-
hydrogenase 11 (RDH11) [47–49]. 11-cis-retinal is then released into the interphotoreceptor
matrix, where it binds interphotoreceptor retinoid-binding protein (IRBP), which delivers it
to the outer segments of photoreceptors. There 11-cis-retinal combines with opsin to form
visual pigment [47,50,51] (Figure 1). The visual pigments in rods and cones are rhodopsin
(RHO) and iodopsin, respectively. The structure of rod and cone outer segments differs
in a way that affects the localization of the visual pigment. In rods, the visual pigment
is located on membranes of stacked discs inside the outer segment, whereas in cones the
discs (also called lamellae) are partly fused with the plasmalemma, and thus in contact
with extracellular space [52–54] (Figure 1).

Table 1. Summary of roles and pathogenetic mechanisms in diseases associated with vitamin A
metabolism.

Gene (Protein) Location Role Associated Disease Proposed Pathogenic
Mechanism

ABCA4 (ABCA4) 1p22.1

Transport of retinoids
to the cytoplasmic

membrane of rods and
cones.

STGD1
Accumulation of toxic
retinoids in the RPE,
direct cone toxicity.

LRAT (LRAT) 4q32.1
Conversion of

all-trans-retinol to
all-trans-retinyl esters

LCA, RP

11-cis-retinol deficiency,
reduced lipofuscin

accumulation in the
RPE.

RBP1 (CRBP1) 3q23
Transport of

all-trans-retinol in the
retina.

No human retinal
diseases have been

associated with
pathogenic variants in

RBP1 gene.

/

RBP3 (IRBP) 10q11.22

Transport of retinoids
between

photoreceptors, RPE
and Müller cells.

RP, unusual retinal
dystrophy

Disabled protection
and solubilization of
visual cycle retinoids.

RBP4 (RBP4) 10q23.33

Transport of
all-trans-retinol in the

crculation and its
delivery to the STRA6.

Night blindness,
microphthalmia,
anophthalmia,

coloboma, retinal
dystrophy, acne

vulgaris

Reduced plasma
concentrations of RBP4

and all-trans-retinol.

RDH5 (RDH5) 12q13-q14
Conversion of

11-cis-retinol to
11-cis-retinal.

Fundus albipunctatus

Slowed production of
11-cis-retinal, reduced

lipofuscin
accumulation in the

RPE.
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Table 1. Cont.

Gene (Protein) Location Role Associated Disease Proposed Pathogenic
Mechanism

RDH8 (RDH8) 19p13.2
Conversion of

all-trans-retinal to
all-trans-retinol.

Pathogenic variants are
not linked to any

retinal disease
/

RDH11 (RDH11) 14q24.1

Oxidation and
reduction of

cis-retinoids and
trans-retinoids.

Syndromic RP

Slowed production of
11-cis-retinal, reduced

lipofuscin
accumulation in the

RPE.

RDH12 (RDH12) 14q24.1
Conversion of

all-trans-retinal to
all-trans-retinol.

LCA

Decreased synthesis of
11-cis-retinal, reduced

lipofuscin
accumulation in the

RPE.

RGR (RGR) 10q23.1
Contributes to the

regeneration of
11-cis-retinal.

Association with
specific ocular diseases

has been rarely
reported

Decreased synthesis of
11-cis-retinal.

RHO (RHO) 3q22.1
G protein-coupled

photosensitive receptor
in rods

Congenital stationary
night blindness, RP

Dysfunction in
phototransduction.

RLBP1 (CRALBP) 15q26
Transports of

11-cis-retinoids in RPE
and Müller cells.

RP, fundus
albipunctatus, Bothnia

dystrophy,
Newfoundland

rod-cone dystrophy
and retinitis punctata

albescens.

Regeneration of
11-cis-retinal is

prevented, reduced
lipofuscin

accumulation in the
RPE.

RPE65 (RPE65) 1p31.3
Conversion of

all-trans-retinal to
11-cis-retinal.

LCA and EOSRD
(LCA2), RP, fundus

albipunctatus, cone-rod
dystrophy

11-cis-retinol deficiency,
leading to visual cycle
interruption, reduced

lipofuscin
accumulation in the
RPE, retinyl esters

accumulation in the
RPE.

STRA6 (STRA6) 15q24.1

Release of retinol from
RBP4 and its

translocation across the
RPE

Matthew-Wood
syndrome

Severe reduction of
vitamin A transport

into RPE cells.

TIMP3 (TIMP3) 22q12.3

Regulation of
extracellular matrix

turnover, inflammation,
pro-apoptotic and

anti-angiogenic
activities.

SFD

Impaired transfer of
vitamin A through the

thickened Bruch’s
membrane.

Abbreviation explanation: ABCA4—ATP-binding cassette subfamily A member 4, STGD1—Stargardt disease,
RPE—retinal pigment epithelium, RPE65—RPE-specific 65 kDa protein, LCA—Leber congenital amaurosis,
EOSDR—early-onset severe retinal dystrophy, RP—retinitis pigmentosa, RHO—rhodopsin, RDH5—11-cis-
retinol dehydrogenase 5, RDH11—11-cis-retinol dehydrogenase 11, RDH8—all-trans-retinol dehydrogenases
8, RDH12—all-trans-retinol dehydrogenases 12, CRALBP—cellular retinaldehyde-binding protein, RLBP1—
retinaldehyde-binding protein 1, CRBP1—cellular retinol-binding protein 1, RBP1—retinol binding protein 1,
IRBP—interphotoreceptor retinoid-binding protein, RBP3—retinol binding protein 3, RBP4—retinol-binding
protein 4, RGR—retinal G protein-coupled receptor, LRAT—retinol:lecithin acyltransferase, STRA6—stimulated
by retinoic acid 6, TIMP3—tissue inhibitor of metalloproteinases-3, SFD—Sorsby fundus dystrophy.
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1.4.2. Phototransduction

Phototransduction is a process by which light is converted to electrical signals. The
first step in the process is absorption of photons by the visual pigment, which causes
isomerization of 11-cis-retinal to all-trans-retinal. This change triggers further biochemical
reactions downstream that results in the change of the electrical potential across the pho-
toreceptor membrane. Electrical signals from the retina then travel through the optic nerve
to the brain, where they are converted into an image [29].

1.4.3. The Visual Cycle

The all-trans-retinal is continuously recycled back to the 11-cis-retinal in the process
called the visual cycle. The classical, or canonical visual cycle involves regeneration of
11-cis-retinal in the RPE. When the all-trans-retinal is released from the opsin, on the
luminal side of the photoreceptor membrane of rod discs and extracellular side in cones, it
binds to the phosphatidylethanolamine to form N-retinylidene-phosphatidylethanolamine.
The latter is transported by the ATP-binding cassette subfamily A member 4 transporter
(ABCA4) across the membrane to the cytoplasmic side of the photoreceptor. All-trans-
retinal is released into the cytoplasm, where it can be converted to all-trans-retinol by
all-trans-retinol dehydrogenases, RDH8 in the outer segments of the photoreceptors and
RDH12 in the inner segments of the photoreceptors. The IRBP helps transfer all-trans-retinol
from photoreceptors to the RPE, where it can be converted back to 11-cis-retinal by the
LRAT, RPE65, RDH5 and RDH11 enzymes as described above. Regenerated 11-cis-retinal
is then again available to form the visual pigment for phototransduction [29,32,46]. In
RPE, an additional source of 11-cis-retinal is also a pathway with retinal G protein-coupled
receptor (RGR) as the key enzyme. RGR is a RHO homologue, which, contrary to RHO,
preferentially binds all-trans-retinal. Within RGR, a photon of light converts all-trans-retinal
to 11-cis-retinal, the chromophore of the visual pigments. Therefore, RGR, together with
RPE65, contributes to the regeneration of 11-cis-retinal [55–58].

There is a second, so called cone visual cycle, that occurs in the Müller cells. It serves
cones with fast recycling, necessary for their rapid dark adaptation and function in constant
and bright illumination [29,47,59–62]. The key proteins and their functions in this path-
way remain unclear. It has been proposed, that all-trans-retinol is from cones transported
by IRBP to Müller cells where it is isomerized to 11-cis-retinol by the dihydroceramide
desaturase-1 (DES1) [47,63,64]. DES1 physically associates with CRALBP, which binds
11-cis-retinol, prevents its further isomerization and releases it into the interphotoreceptor
matrix, to bind with IRBP [63]. IRBP then transfers 11-cis-retinol to cone inner segments,
from where it is transported with undefined mechanism to cone outer segments. There un-
known 11-cis-RDH oxidizes it to 11-cis-retinal needed for visual pigment regeneration [65].
As rods depend entirely on 11-cis-retinal and cones can also utilize 11-cis-retinol, the compe-
tition for this visual cycle product is avoided [52,63,65,66]. It is proposed, that 11-cis-retinol
for cones is in Müller cells regenerated also by the complex of retinol dehydrogenase 10
(RDH10) and RGR opsin [67] (not shown on Figure 1).

1.4.4. Accumulation and Clearance of Toxic Derivatives of Vitamin A

Cone and rod outer segments are renewed once every 10 days [68]. Through this
process, a new membrane is added at the base of the outer segments while aged outer
segment ends are removed by shedding and phagocytosis by adjacent RPE cells [69].

In the membranes of outer photoreceptor segments are nonenzymatically formed
toxic bisretinoids. Upon phagocytosis, these bisretinoids are in the acidic environment
of RPE phagolysosomes converted to bisretinoid pyridinium compound A2E and related
bisretinoids [54,69–74]. As A2E can not be further metabolized and as RPE cells are
postmitotic, A2E and related bisretinoids accumulate in the RPE in the form of lipofuscin
deposits. Lipofuscin is an autofluorescent cellular waste product that compromises the
function and viability of RPE cells and ultimately results in photoreceptor degeneration
and a loss of vision [54,69,73–75].
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Although abundant lipofuscin accumulation is involved in the aetiology of certain
retinal diseases (e.g., AMD, Best disease and ABCA4-retinopathy), it accumulates at a lower
level also with age in the RPE of healthy eyes [9,72–75].

2. Retinal Diseases Directly or Indirectly Associated with Vitamin A and Its Pathways

Vitamin A is needed for normal visual function and vitamin A deficiency (hypovita-
minosis A) results in visual dysfunction that is reversible with vitamin A supplementation.

Several retinal diseases are directly or indirectly associated with vitamin A. Some are
caused by pathogenic variants in genes encoding proteins that are directly involved in the
vitamin A pathways in the retina, leading to local hypovitaminosis and/or accumulation of
toxic bisretinoids. Other involve visual dysfunction due malfunction of the visual pigment
or local deficiency of vitamin A due to indirectly impaired transport of vitamin A from
choroid to the retina. Treatment with vitamin A in these cases is not straight-forward, as
there is a fear of accumulation of excessive amounts of toxic retinoids that are formed as
byproducts of vitamin A pathways. A good example of this toxicity is ABCA4-retinopathy
where toxic products of vitamin A accumulate excessively in the retina [9,23,76–78].

2.1. Retinal Signs of Hypovitaminosis A

Vitamin A deficiency in the retina primarily affects the rods, which results in night
blindness, followed by cone dysfunction and impairment of daytime vision, including
visual acuity. The delayed impairment of cones is thought to be due to their additional
pathway for production of 11-cis-retinal in Müller cells [79].
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Figure 2. (A) Colour fundus image, (B) fundus infrared image and (C) FAF image in a patient
with vitamin A deficiency. Note the corresponding (C1, arrow) spectral-domain optical coherence
tomography (SD-OCT) image with abnormalities in photoreceptor outer segments, which (D, arrow)
normalized after treatment with vitamin A supplementation. Patient’s best corrected Snellen decimal
visual acuity before treatment was 0.7 on the right eye and 0.6 on the left eye. After treatment visual
acuity improved to 1.0 on the right eye and 0.9 on the left eye. Scale bars: 200 µm. Source: Eye
Hospital, University Medical Centre Ljubljana.
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The functional impairment may be demonstrated using electrophysiology [80–82].
Interestingly, S-cones were shown to be affected prior to the L and M cones [81]. Recently,
optical coherence tomography (OCT) has been shown as a useful diagnostic method, which
shows abnormalities at the level of photoreceptor outer segments [83] (Figure 2). Similarly,
vitamin A deficiency can be monitored by fundus autofluorescence (FAF) imaging. It may
reveal hypoautofluorescent lesions [84,85] and decreased autofluorescence signal [86–88].
Reduced FAF can also be found in retinal diseases with impaired function of enzymes,
involved in the conversion of all-trans-retinol into 11-cis-retinal in RPE cells. These enzymes
include RPE65, LRAT, RLBP1, RDH5 and RDH11 [87,89]. Vitamin A replacement results
in improvement of retinal function as well as structure, however long-term deficiency
can lead to permanent degeneration of photoreceptors [31,80,81,83–88,90]. Interestingly,
hypovitaminosis A has also been associated with reversible ganglion cell thinning [83], the
reason for which is not understood but may reflect other vitamin A roles in the retina.

2.2. Retinal Diseases Associated with Pathogenic Variants in Genes Encoding Proteins Involved
with Visual Cycle or Phototransduction
2.2.1. ABCA4-Retinopathy

Stargardt disease (STGD1), also known as fundus flavimaculatus or ABCA4-retinopathy,
is a progressive disorder of the retina caused by bi-allelic variants in the gene that encodes
ATP-binding cassette subfamily A member 4 (ABCA4), localized on chromosome 1p22.1.
It is the most frequent retinal dystrophy caused by a single gene and is believed to affect
approximately 1 in 8000–10,000 individuals worldwide [91]. ABCA4 protein is a 250 kDa
flippase, which transports all-trans-retinal, across the photoreceptor membrane to the cyto-
plasmic side, making it an important part of the visual cycle and removal of toxic vitamin
A products [71,92].

ABCA4 dysfunction leads to the accumulation of vitamin A derivatives and toxic
compounds, as they cannot be efficiently removed from the photoreceptor outer segment.
Trapped vitamin A derivatives and toxic compounds can react nonenzymatically, leading to
the formation of toxic bisretinoids. Upon phagocytosis of outer segments by adjacent RPE
cells, the bisretinal compounds can be hydrolyzed by lysosomal enzymes to highly toxic
metabolite A2E. The latter are insoluble, have a tendency to aggregate and accumulate as
lipofuscin deposits in the RPE cells, compromising RPE function and leading to cell death.
Consequently, dysfunction and loss of photoreceptors they support occurs [69,71,93].

In STGD1, cone degeneration is more severe and occurs before rod degeneration [69,94].
The reason for that is not completely understood, however it has been proposed that direct
cone toxicity also plays a role in the disease pathogenesis, potentially due to the cone open
lamellae [94]. There are currently >1290 known pathogenic variants in the ABCA4 gene
(www.lovd.nl/ABCA4, accessed on 18 October 2021), causing a heterogeneous phenotypic
appearance. Typically, the disease affects central vision, however, in more severe forms, it
can also lead to blindness [95]. Onset is most commonly in childhood or adolescence and
least frequently in later adulthood, with a better prognosis usually associated with a later
onset. Typical common clinical findings are central RPE atrophy, flecks and peripapillary
sparing [91,96] (Figure 3).

Although ABCA4-retinopathy is caused by impaired function of a protein directly
associated with vitamin A, there are only a few studies on the impact of vitamin A on its
development [97]. According to dietary questionnaire studies and animal model studies,
high vitamin A intake is thought to be a risk factor for the progression [76,98], therefore
patients are discouraged from taking vitamin A supplements.

The vast majority of ongoing clinical trials (e.g., NCT03772665, NCT03364153, NCT02402660,
NCT04239625) aim to target a particular step in the visual cycle and influence the process of A2E
generation in various ways. However, these therapies are likely only to reduce symptoms of
STGD1 and slower the rate of disease progression and not be curative [99,100]. An example
is slowing the visual cycle by inhibiting RPE65 or RBP4, which deprives photoreceptors
of 11-cis-retinal and consequently reduces the accumulation of toxic A2E. As a side effect,

www.lovd.nl/ABCA4
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reversible night blindness occurs [101–104]. Alternative approach that does not compromise
retinal function has been the provision of vitamin A deuterated at the carbon 20 position,
which impedes the dimerization rate of vitamin A [105–107]. However, no therapy has yet
been registered.
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Figure 3. Clinical findings in a patient harbouring p.(Trp431*) and p.(Asp262Gly) in ABCA4. Mac-ular
affection, fundus flecks and peripapillary sparring (diagnostic triad) are shown on (A) colour fundus
image, (B) fundus infrared image and (C) FAF image. On corresponding (C1,C2) SD-OCT images,
(arrowheads) hyperautofluorescent flecks, (arrow) RPE atrophy and (rectangle) peripapillary sparing
can also be observed. Patient’s best corrected Snellen decimal visual acuity was 0.1 on both eyes.
Scale bars: 200 µm. Source: Eye Hospital, University Medical Centre Ljubljana.

2.2.2. Retinopathy Due to Pathogenic Variants in RPE65

RPE65 gene is located on chromosome 1p31.3 and encodes 65 kDa enzyme. RPE65
catalyses the conversion of all-trans-retinyl ester to 11-cis-retinol, allowing it to be reused in
phototransduction and preventing its conversion to potentially toxic molecules. Pathogenic
variants in RPE65 result in 11-cis-retinol and subsequently 11-cis-retinal deficiency, which
essentially stops the visual cycle. In addition, retinyl esters accumulate in the RPE, leading
to its damage [7,108–110]. The pathogenesis, therefore, combines local vitamin A deficiency
and its impaired metabolism, which leads to the formation of toxic byproducts.

Patients with pathogenic variants in the RPE65 gene have been presented with autoso-
mal recessive RP, fundus albipunctatus, cone-rod dystrophy, and, most frequently, Leber
congenital amaurosis (LCA) and early-onset severe retinal dystrophy (EOSRD) (LCA2,
OMIM # 204100) [111]. Pathogenic variants in RPE65 gene account for approximately 3% to
16% of LCA and EOSRD patients [112]. LCA and EOSRD are characterized by severe visual
loss from birth or early infancy, wandering nystagmus, amaurotic pupils, and markedly
reduced or non-recordable full-field electroretinograms [112,113]. Rod function is primarily
affected, leading by cone dysfunction [114]. The fundus appearance is initially normal,
followed by the development of pigmentary changes over time. OCT reveals thinning
of the outer nuclear layer, while FAF images show low signal due to reduced lipofuscin
accumulation in the RPE. Lipofuscin cannot form as a result of a non-functional visual
cycle [115–117]. Most individuals are legally blind by the age of 40 [112].
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Replacement therapy of missing 11-cis-retinol by synthetic 9-cis-retinyl acetate (QLT091001)
has shown promising results in animal models, as it slowed the rate of retinal degeneration
and improved the retinal function [118,119]. An open-label, prospective, multi-center, phase
1b clinical trial of oral administration of QLT091001 in patients with defective RPE65
and LRAT genes also demonstrated improvement in vision. No serious adverse events
occurred. However, some patients noted headaches, photophobia, nausea, reduction
in serum high density lipoprotein concentrations, and increases in serum triglycerides,
alanine aminotransferase and aspartate aminotransferase concentrations due to high doses
of vitamin A [120,121].

These approaches have now been overshadowed by gene therapy for RPE65, that has
been registered in 2017. The newly developed drug contains the active substance voretigene
neparvovec. It employs adeno-associated virus vectors with genetically incorporated RPE65
cDNA. The introduction of a healthy RPE65 gene into the retina restores the normal visual
cycle, which improves vision and prevents or at least delays retinal degeneration [122–124].

2.2.3. Retinitis Pigmentosa Due to Pathogenic Variants in RHO

Retinitis pigmentosa (RP) is the most common progressive hereditary retinal degener-
ation, affecting approximately 1 in 4000 people [125]. It is caused by pathogenic variants
in almost 100 different genes and primarily affect rods. Since rods are responsible for
low-light vision, night blindness is the first and characteristic manifestation of RP. In the
later stage of the disease the cones are also affected, leading to visual field constriction and
eventually central visual loss. Typical clinical findings, composing RP triad, are peripheral
bone spicule pigmentation, attenuation of retinal vessels, and a waxy pallor of the optic
nerve (Figure 4A) [125,126]. In most patients, FAF images show hyperautofluorescent ring,
representing a transition zone between normal retinal function within the ring and absent
outside of the ring. Hypoautofluorescent patches of RPE atrophy in the mid-periphery,
related to a loss of peripheral vision, are normally seen in FAF images. Ring progressively
constrict with time (Figure 4C). The OCT image shows the perifoveal loss of the outer retina
and the central preservation of the ellipsoid zone, which corresponds to the internal edges
of the hyperautofluorescent ring visible on FAF (Figure 4C1) [125].

RP can be inherited in different patterns including X-linked, autosomal recessive, and
autosomal dominant [125,126]. The most common cause of autosomal dominant RP are
pathogenic variants in the RHO gene that are responsible for 16% to 35% of cases with
autosomal dominant RP [127].

The vast majority of pathogenic variants in the RHO gene have been identified in
patients with autosomal dominant RP, while rare pathogenic variants are also known to
cause autosomal recessive RP or autosomal dominant congenital stationary night blind-
ness [127,128]. RHO was the first RP-linked gene identified. [129]. It is located on chro-
mosome 3q22.1, encoding 39 kDa highly photosensitive G protein-coupled receptor in
rods [126].

Clinical trial by Berson et al. reported that patients receiving 15,000 IU/d of vitamin
A had a slower decline of 30-Hz ERG amplitude than those not receiving this dosage
(p < 0.001), and therefore, retained more retinal function. Vitamin A was administered
as retinyl palmitate. Patients were advised to maintain a regular diet without specifi-
cally selecting foods containing high levels of preformed vitamin A. The study included
601 patients (aged 18–49 years) with a treatment duration of 4 to 6 years [130]. Besides vita-
min A, it was also shown that long-chain omega-3 fatty acids [131] and lutein intake slow
the decline in visual function of patients with RP [132,133]. However, vitamin A, long-chain
omega-3 fatty acids and lutein supplementation have not yet been established in clinical
practice for treating patients with RP, as long-term safety and efficacy of lutein and long-
chain omega-3 fatty acids are still object of research, whereas vitamin A supplementation
may cause side-effects.
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Figure 4. (A) Colour fundus image, (B) fundus infrared image and (C) FAF image with corresponding
(C1) SD-OCT image showing clinical findings in a patient with p.(Gly90Asp) in RHO. Area within
the arrowheads on C and C1 images corresponds to the preserved part of the retina. Patient’s best
corrected Snellen decimal visual acuity was 0.6 on the right eye and 0.4 on the left eye. Scale bars:
200 µm. Source: Eye Hospital, University Medical Centre Ljubljana.

2.2.4. Retinopathy Due to Pathogenic Variants in RDH5 or RDH11

RDH5 and RDH11 are thought to be the main 11-cis-retinol dehydrogenases in the
RPE. While RDH5 is responsible for most of the activity in the RPE, RDH11 plays a minor
role [134].

RDH5 gene locates on chromosome 12q13-q14 and encodes 32 kDa membrane-associated
protein [135]. RDH5 catalyses the conversion of 11-cis-retinol to 11-cis-retinal through an
NAD+-dependent reaction in the RPE, which is the final oxidation step in the visual cy-
cle [136]. Pathogenic variants in RDH5 have been associated with autosomal recessive fun-
dus albipunctatus, which belongs to a group of hereditary flecked retina syndromes [137].

Fundus albipunctatus is a rare form of congenital stationary night blindness with
delayed dark adaptation after exposure to bright light due to slowed production of
11-cis-retinal [138,139]. Impaired 11-cis-retinal production also leads to decreased A2E and
lipofuscin formation, which results in reduced autofluorescence in FAF images [87,89,139–141].
It is characterised with stationary or slow progression of rod abnormalities, and numerous
retinal flecks placed throughout the retina, except the fovea [139,142]. Flecks are thought
to represent an accumulation of toxic retinyl esters in the RPE (Figure 5) [143]. Around
30% of patients with fundus albipunctatus, usually elderly, develop also progressive cone
dystrophy [139,144].

Administration of 9-cis-β-carotene in a small group of patients with fundus albipunc-
tatus showed promising results. However, no further studies on bigger cohorts were
performed, and, therefore, 9-cis-β-carotene is not accepted as a treatment for patients with
fundus albipunctatus [145].

Recovery of night vision after prolonged dark adaptation suggests that RDH11 plays a
complementary role to RDH5 [143]. Besides participating in the oxidation of 11-cis-retinol to
11-cis-retinal, RDH11 also catalyzes a reduction of 11-cis-retinal. Moreover, it has an ability
to catalyze the oxidation of trans-retinol and reduction of trans-retinal [60,134,146,147].
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RDH11 has an approximate molecular mass of 35 kDa and is encoded by the RDH11 gene
located on chromosome 14q24.1. Pathogenic variants in the RDH11 gene are associated with
syndromic RP, which features include atypical RP, facial dysmorphologies, psychomotor
developmental delay, learning disabilities and short stature [148]. Decreased FAF has also
been described, as lipofuscin formation is reduced [87].
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2.2.5. Retinopathy Due to Pathogenic Variants in RDH8 or RDH12

RHD8 is located on chromosome 19p13.2, while RDH12 locates on chromosome
14q24.1. RDH12, with a molecular mass of 35 kDa, and RDH8, with a molecular mass of
about 34 kDa, are the major all-trans-retinal dehydrogenases in the photoreceptors and
use NADPH as a cofactor [46,60]. RDH8 is located in the outer segment of cones and
rods, while RDH12 is in the inner segments of cones and rods. RDH8 contributes to
approximately 70% and RDH12 to approximately 30% of all-trans-RDH activity. Their
dysfunction subsequently leads to decreased synthesis of 11-cis-retinal, which may result
in reduced autofluorescence signal [46,47,60,149,150].

Pathogenic variants in RDH12 have been shown to cause autosomal recessive LCA
and EOSRD (LCA13, OMIM #612712), characterized by severe progressive rod-cone dys-
trophy with widespread RPE atrophy, bone-spicule pigmentation, vascular attenuation,
macular atrophy and corresponding macular excavation [113,149,151,152]. A phenotypic
feature of RDH12 retinopathy is sparing of the peripapillary region [149,151,153] (Figure 6),
pathognomonic of ABCA4-retinopathy. Mutations in RDH12 gene have been found in
patients with autosomal recessive retinitis RP, cone-rod dystrophy as well as macular dys-
trophy [154]. Interestingly, pathogenic variants in RDH8 have not yet been linked to any
retinal disease.
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Figure 6. (A,C) Ultra-widefield and 50◦ colour fundus images, (D) fundus infrared image, (B,E) ul-
tra-widefield and 55◦ FAF images and (E1) SD-OCT image of a patient homozygous for p.(Ala126Glu)
in RDH12. (A,C) Colour fundus images and (D) fundus infrared image demonstrate bone-spicule
pigmentation and wide-spread retinal atrophy. The latest is also shown on (E1) OCT, which shows
loss of the photoreceptor inner segment ellipsoid band and (arrow) atrophy of the RPE. Peripapillary
retinal preservation can be seen on A, B, C, D and E images. The quality of E and E1 images is low
due to reduced visual acuity and nystagmus. Patient’s best corrected Snellen decimal visual acuity
was 0.3 on both eyes. Scale bars A, B: 2 mm; C, D, E and E1: 200 µm. Source: Eye Hospital, University
Medical Centre Ljubljana.

2.2.6. Retinopathy Due to Pathogenic Variants RLBP1

The retinaldehyde-binding protein 1 (RLBP1) gene is localized on chromosome 15q26 and
transcribes RLBP1 also known as CRALBP, abundant in the RPE and Müller cells [47,155,156].
CRALBP is a 36 kDa water-soluble protein, that transports hydrophobic 11-cis-retinoids [48,49,157,158].
Pathogenic variants in the RLBP1 gene prevent regeneration of 11-cis-retinal, which leads
to reduced autofluorescence signal [87,159]. They have been associated with a number of
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autosomal recessive retinal dystrophies, including RP, fundus albipunctatus, Bothnia dys-
trophy, Newfoundland rod-cone dystrophy and retinitis punctata albescens [150,159,160].
The latter has been linked by pathogenic variants in five different genes, whereas the RLBP1
gene is the most frequently associated with retinitis punctata albescens [161]. Retinitis
punctata albescens is a rod-cone dystrophy subtype of RP and accounts for 0.5% of all RP
cases, with a prevalence of 1 in 800,000 [162]. It is characterised by nyctalopia in early
childhood and numerous punctate whitish-yellow spots throughout the entire fundus.
Atrophy of the RPE appears mid-peripherally and progressively enlarge towards the centre.
Macular involvement is frequent [156,160,162,163]. Dark adaptation is always abnormal
and occurs even prior retinal degeneration [159,162]. RLBP1 gene therapy clinical trial is
currently ongoing (NCT03374657).

2.2.7. Retinopathy Due to Pathogenic Variants in RBP3

IRBP, also known as retinol binding protein 3 (RBP3), is a136 kDa lipoglycoprotein
product of the RBP3 gene on chromosome 10q11.22 [164,165]. It is secreted by photore-
ceptors and accumulates in the interphotoreceptor matrix. It functions as the transporter
of retinoids between the photoreceptors and RPE and also between photoreceptors and
Müller cells [29,50,66,166]. Pathogenic variants in RBP3 gene are described as an infrequent
cause of autosomal recessive RP [167]. They can also cause unusual retinal dystrophy
characterized by childhood onset high myopia, generalized rod and cone dysfunction, and
an unsignificant fundus appearance [168].

2.2.8. Retinopathy Due to Pathogenic Variants in RBP4

RBP4 is a specific carrier for all-trans-retinol in the circulation, encoded by the RBP4
gene, which is located on chromosome 10q23.33 [165]. To prevent extensive kidney filtration
and lowered plasma concentrations of RBP4, holo-RBP4 associates with TTR. Therefore,
the formation of holo-RBP:TTR complex represents an important step in vitamin A home-
ostasis [35,37]. Pathogenic variants in RBP4 gene lead to reduced plasma RBP4 and all-
trans-retinol concentrations and are associated with night blindness [34,169–171], microph-
thalmia [171,172], anophthalmia [172], coloboma [34,170,172], retinal dystrophy [34,169–171,173]
and acne vulgaris [34,170,173].

2.2.9. Retinopathy Due to Pathogenic Variants RGR

RGR gene is located on chromosome 10q23.1 [174] and encodes an 28 kDa intracellular
opsin localized to RPE and Müller cells [175,176]. As the association of variants in RGR
gene with specific ocular diseases has been rarely reported [55,56], clinical data on are very
limited. Spectrum of retinal changes in published cases ranged from normal visual acuity,
normal electroretinogram and diffuse or reticular pigmentation of the retina to severe visual
loss with diffuse atrophy of the retina and choroid [177].

2.2.10. Retinopathy Due to Pathogenic Variants in LRAT

LRAT is a 36 kDa protein encoded by LRAT gene located on chromosome 4q32.1 [178].
It converts all-trans-retinol to all-trans-retinyl esters. Pathogenic variants in LRAT gene
cause LCA and RP [45,179,180]. Similarly to pathogenic variants in the RPE65 gene,
pathogenic variants in LRAT also lead to 11-cis-retinal deficiency and, therefore, lack of
autofluorescence [87,180]. Treatment with oral synthetic cis-retinoid QLT091001 showed
promising results in patients. However, the adverse effect always have to be a con-
cern [120,121].

2.2.11. Retinopathy Due to Pathogenic Variants STRA6

STRA6 gene is located on chromosome 15q24.1 and encodes transmembrane recep-
tor [181], with a molecular mass of 74 kDa [182]. It catalyses the release of retinol from
RBP4 and facilitates its translocation across the RPE cell membrane to the cytosol [41,181].
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STRA6 gene pathogenic variants are associated with Matthew-Wood syndrome, which is in
eyes presented with anophthalmia [47,181,183–186].

2.3. Retinal Diseases Involving Local Vitamin A Deficiency
2.3.1. Sorsby Fundus Dystrophy TIMP3

Sorsby fundus dystrophy (SFD) is a rare retinal dystrophy with autosomal dominant
pattern of inheritance. The estimated prevalence is 1 in 220,000 [187]. It is caused by
pathogenic variants in the gene encoding a tissue inhibitor of metalloproteinases-3 (TIMP3),
located on chromosome 22q12.3 [188] which encodes a 24 kDa glycoprotein [187]. TIMP3
is mainly expressed and secreted by the RPE and is an element of Bruch’s membrane. It
regulates turnover of the extracellular matrix, inflammation and possesses pro-apoptotic
and anti-angiogenic activities [77,189].
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Figure 7. Patient with Sorsby dystrophy due to pathogenic variant p.(Ser170Cys) in TIMP3.
(A) Colour fundus image, (B) fundus infrared image, and (C) FAF image with corresponding (C1,C2)
SD-OCT images showing (arrows) geographic atrophy and (arrowheads) subretinal drusen-like
deposits. (D, arrow) Hyperfluorescent area is compatible with choroidal neovascularisation. (E) The
reduced indocyanine green late-phase angiography fluorescence due to decreased permeability of
Bruch’s membrane. Patient’s best corrected Snellen decimal visual acuity was 0.4 on the right eye and
0.6 on the left eye. Scale bars: 200 µm. Source: Eye Hospital, University Medical Centre Ljubljana.
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Pathogenic variants in the TIMP3 gene result in thickening of the Bruch’s membrane,
leading to reduced exchange of nutrients and waste products between RPE and chorio-
capillaris, including vitamin A, resulting in local vitamin A deficiency [77,187]. Symp-
toms usually appear after the 2nd decade of life, with an average onset in the 4th to 6th
decade [190]. Typically, the earliest symptom is night blindness. However, later the dis-
ease is often complicated with choroidal neovascularizations, leading to metamorphopsia,
reduced colour vision, and loss of central vision. Clinically, the disease manifests with
thickened Bruch’s membrane, drusen-like deposits in the sub-RPE space, and choroidal
neovascularization, which usually requires treatment with vascular endothelial growth
factor (VEGF) inhibitors. Later, expanding areas of geographic atrophy may also de-
velop [77,187,189,191–193] (Figure 7). Indocyanine green angiography can show blockade
of choroidal fluorescence by the thickened Bruch membrane [189,194] (Figure 7E).

Early attempts of SFD treatment included adding vitamin A to improve symptoms of
night blindness. Although initial results were promising, treatment did not become widely
used due to the potential long-term toxicity of high doses of vitamin A and lack of lower
doses efficacy [77,189].

2.3.2. Age-Related Macular Degeneration

AMD is the most common cause of blindness in the elderly, with the risk increasing
with age. It is a complex, multi-factorial disease that is affected by both genetic factors as
well as environmental factors like ageing itself, smoking and obesity [7,195].

In AMD, there is a marked thickening of the Bruch’s membrane, which reduces
the permeability of nutrients and waste products through it [196,197]. As a result, waste
material in the form of druses, consisting of cell residues, lipids, proteins and carbohydrates,
is deposited between the RPE and the Bruch’s membrane [198,199].

With the thickening of the Bruch’s membrane, the access of vitamin A to the RPE and
consequently photoreceptors is reduced, which causes similar consequences as in hypovita-
minosis A [196,200]. Studies using scotopic microperimetry suggested that rod dysfunction
may be present early on in disease [201]. One subtype of disease is characterized by co-
called reticular drusen, which have been interestingly also observed in hypovitaminosis
A [202] (Figure 8).

In a major clinical Age-Related Eye Disease Study (AREDS) the effect of nutritional
supplements on the development and progression of AMD was evaluated. The original
AREDS formula included beta-carotene, which was found to increase the risk of lung cancer
in smokers. Therefore, in a new, improved AREDS2 formula, beta-carotene was replaced
with lutein and zeaxanthin. Regular use of AREDS2 has been shown to reduce the risk of
developing severe AMD [21–23].

Currently, two clinical studies with AMD patients are underway involving supple-
mentation of vitamin A in the form of retinyl palmitate (NCT03478865, NCT03478878).



Int. J. Mol. Sci. 2022, 23, 1014 18 of 27

Int. J. Mol. Sci. 2022, 23, x FOR PEER REVIEW  17  of  27 
 

 

Figure 7. Patient with Sorsby dystrophy due to pathogenic variant p.(Ser170Cys) in TIMP3. (A) Col‐

our fundus image, (B) fundus infrared image, and (C) FAF image with corresponding (C1,C2) SD‐

OCT images showing (arrows) geographic atrophy and (arrowheads) subretinal drusen‐like depos‐

its. (D, arrow) Hyperfluorescent area is compatible with choroidal neovascularisation. (E) The re‐

duced  indocyanine green  late‐phase angiography  fluorescence due  to decreased permeability of   

Bruch’s membrane. Patient’s best corrected Snellen decimal visual acuity was 0.4 on the right eye 

and  0.6  on  the  left  eye.  Scale  bars:  200  μm.  Source:  Eye Hospital, University Medical  Centre 

Ljubljana. 

Early attempts of SFD treatment included adding vitamin A to improve symptoms 

of night blindness. Although  initial  results were promising,  treatment did not become 

widely used due to the potential long‐term toxicity of high doses of vitamin A and lack of 

lower doses efficacy [77,189]. 

2.3.2. Age‐Related Macular Degeneration 

AMD is the most common cause of blindness in the elderly, with the risk increasing 

with age. It is a complex, multi‐factorial disease that is affected by both genetic factors as 

well as environmental factors like ageing itself, smoking and obesity [7,195]. 

In AMD, there is a marked thickening of the Bruch’s membrane, which reduces the 

permeability of nutrients and waste products through it [196,197]. As a result, waste ma‐

terial in the form of druses, consisting of cell residues, lipids, proteins and carbohydrates, 

is deposited between the RPE and the Bruch’s membrane [198,199]. 

With the thickening of the Bruch’s membrane, the access of vitamin A to the RPE and 

consequently photoreceptors is reduced, which causes similar consequences as in hypo‐

vitaminosis A [196,200]. Studies using scotopic microperimetry suggested that rod dys‐

function may be present early on in disease [201]. One subtype of disease is characterized 

by co‐called reticular drusen, which have been interestingly also observed in hypovita‐

minosis A [202] (Figure 8). 

 

Figure 8. Patient with age related macular degeneration. Representative (A) colour fundus image, 

(B) fundus infrared image and (C) FAF image with corresponding (C1) SD‐OCT image show (ar‐

rowheads) reticular drusen. Patient’s best corrected Snellen decimal visual acuity was 0.8 on both 

eyes. Scale bars: 200 μm. Source: Eye Hospital, University Medical Centre Ljubljana. 

Figure 8. Patient with age related macular degeneration. Representative (A) colour fundus image,
(B) fundus infrared image and (C) FAF image with corresponding (C1) SD-OCT image show (arrow-
heads) reticular drusen. Patient’s best corrected Snellen decimal visual acuity was 0.8 on both eyes.
Scale bars: 200 µm. Source: Eye Hospital, University Medical Centre Ljubljana.

3. Summary of the Relevant Clinical Trials

There are many different preclinical and clinical trials where researchers try to elucidate
the mechanisms and develop effective treatments for retinal diseases associated with
vitamin A. Some of them include targeted gene therapy, while others include non-genetic
therapies affecting the visual cycle. The most relevant trials for each disease are stated in
each chapter above and summarized in Table 2.

Table 2. Summary of the relevant clinical trials.

NCT Number Disease Drug Sponsor Number of
Subjects

Phase of the
Study Mechanism

NCT03772665 STGD1
Emixustat

(inhibitor of
RPE65)

Kubota Vision
Inc. 194 3 Slower regeneration

of 11-cis-retinal.

NCT03364153 STGD1 Zimura (anti-C5
aptamer) IVERIC bio, Inc. 120 2

Prevention of the
destructive effects

of the activated
complement

cascade.

NCT02402660 and
NCT04239625 STGD1

ALK-001
(C20-deuterated

vitamin A)

Alkeus
Pharmaceuticals,

Inc.
140 2

Impaired
dimerization of
vitamin A and

therefore reduced
production of A2E.

NCT03374657 RP CPK850 (RLBP1
promoter)

Novartis
Pharmaceuticals Recruiting 1 and 2 Gene therapy.

NCT03478865 and
NCT03478878 AMD Vitamin A

palmitate
National Eye

Institute (NEI) Recruiting 1 Vitamin A
supplementation.

Abbreviation explanation: AMD–age-related macular degeneration. Source: ClinicalTrials.gov, accessed on 7
January 2022.

ClinicalTrials.gov
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4. Conclusions

Normal level of vitamin A is essential for good vision, while either too much and
too little can be harmful. Vitamin A needs to be supplemented in night blindness due to
vitamin A deficiency but should be avoided in STGD1, where toxic products of vitamin A
accumulate excessively. Despite its known involvement in various other retinal diseases,
reviewed herein, routine administration of vitamin A is currently not advised for those
patients. This illustrates the need for further studies involving vitamin A metabolism and
the effect of treatment with vitamin A and/or other related compounds in these patients.
Currently, more than 100 different studies are underway on this topic, which we hope
will provide answers on the mechanisms and treatment of retinal diseases associated with
vitamin A metabolism.
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20. Zielińska, M.A.; Wesołowska, A.; Pawlus, B.; Hamułka, J. Health Effects of Carotenoids during Pregnancy and Lactation. Nutrients

2017, 9, 838. [CrossRef]
21. Omenn, G.S.; Goodman, G.E.; Thornquist, M.D.; Balmes, J.; Cullen, M.R.; Glass, A.; Keogh, J.P.; Meyskens, F.L., Jr.; Valanis, B.;

Williams, J.H., Jr.; et al. Risk factors for lung cancer and for intervention effects in CARET, the Beta-Carotene and Retinol Efficacy
Trial. J. Natl. Cancer Inst. 1996, 88, 1550–1559. [CrossRef]

22. Albanes, D.; Heinonen, O.P.; Huttunen, J.K.; Taylor, P.R.; Virtamo, J.; Edwards, B.K.; Haapakoski, J.; Rautalahti, M.; Hartman,
A.M.; Palmgren, J. Effects of alpha-tocopherol and beta-carotene supplements on cancer incidence in the Alpha-Tocopherol
Beta-Carotene Cancer Prevention Study. Am. J. Clin. Nutr. 1995, 62, 1427S–1430S. [CrossRef] [PubMed]

23. Chew, E.Y.; Clemons, T.E.; Sangiovanni, J.P.; Danis, R.P.; Ferris, F.L., 3rd; Elman, M.J.; Antoszyk, A.N.; Ruby, A.J.; Orth, D.;
Bressler, S.B.; et al. Secondary analyses of the effects of lutein/zeaxanthin on age-related macular degeneration progression:
AREDS2 report No. 3. JAMA Ophthalmol. 2014, 132, 142–149. [CrossRef] [PubMed]

24. Wankhade, V.H.; Kowe, P.A.; Kulkarni, M.M.; Singh, R.P. Co-existent Erythromelanosis Follicularis Faciei et Colli and Erythroses
Pigmentosa Mediofacialis in a Patient of Generalized Keratosis Pilaris—A Rare Report in a Young Female. Indian Dermatol. Online
J. 2020, 11, 818–822. [CrossRef] [PubMed]

25. Gilbert, C. The eye signs of vitamin A deficiency. Community Eye Health 2013, 26, 66–67. [PubMed]
26. Choi, E.H.; Daruwalla, A.; Suh, S.; Leinonen, H.; Palczewski, K. Retinoids in the visual cycle: Role of the retinal G protein-coupled

receptor. J. Lipid Res. 2021, 62, 100040. [CrossRef] [PubMed]
27. Harrison, E.H. Mechanisms involved in the intestinal absorption of dietary vitamin A and provitamin A carotenoids. Biochim.

Biophys. Acta 2012, 1821, 70–77. [CrossRef] [PubMed]
28. Harrison, E.H.; Kopec, R.E. Chapter 50—Digestion and Intestinal A. In Physiology of the Gastrointestinal Tract, 6th ed.; Said, H.M.,

Ed.; Academic Press: Cambridge, MA, USA, 2018; pp. 1133–1151. [CrossRef]
29. Perusek, L.; Maeda, T. Vitamin A derivatives as treatment options for retinal degenerative diseases. Nutrients 2013, 5, 2646–2666.

[CrossRef]
30. Penniston, K.L.; Tanumihardjo, S.A. The acute and chronic toxic effects of vitamin A. Am. J. Clin. Nutr. 2006, 83, 191–201.

[CrossRef] [PubMed]
31. Zhong, M.; Kawaguchi, R.; Kassai, M.; Sun, H. Retina, retinol, retinal and the natural history of vitamin A as a light sensor.

Nutrients 2012, 4, 2069–2096. [CrossRef]
32. Harrison, E.H. Mechanisms of Transport and Delivery of Vitamin A and Carotenoids to the Retinal Pigment Epithelium. Mol.

Nutr. Food Res. 2019, 63, e1801046. [CrossRef]
33. Greaves, R.F.; Woollard, G.A.; Hoad, K.E.; Walmsley, T.A.; Johnson, L.A.; Briscoe, S.; Koetsier, S.; Harrower, T.; Gill, J.P. Laboratory

medicine best practice guideline: Vitamins a, e and the carotenoids in blood. Clin. Biochem. Rev. 2014, 35, 81–113.
34. Seeliger, M.W.; Biesalski, H.K.; Wissinger, B.; Gollnick, H.; Gielen, S.; Frank, J.; Beck, S.; Zrenner, E. Phenotype in retinol deficiency

due to a hereditary defect in retinol binding protein synthesis. Investig. Ophthalmol. Vis. Sci. 1999, 40, 3–11.
35. van Bennekum, A.M.; Wei, S.; Gamble, M.V.; Vogel, S.; Piantedosi, R.; Gottesman, M.; Episkopou, V.; Blaner, W.S. Biochemical

basis for depressed serum retinol levels in transthyretin-deficient mice. J. Biol. Chem. 2001, 276, 1107–1113. [CrossRef] [PubMed]
36. Kanai, M.; Raz, A.; Goodman, D.S. Retinol-binding protein: The transport protein for vitamin A in human plasma. J. Clin. Investig.

1968, 47, 2025–2044. [CrossRef]
37. Berry, D.C.; Croniger, C.M.; Ghyselinck, N.B.; Noy, N. Transthyretin blocks retinol uptake and cell signaling by the holo-retinol-

binding protein receptor STRA6. Mol. Cell. Biol. 2012, 32, 3851–3859. [CrossRef] [PubMed]
38. Kawaguchi, R.; Yu, J.; Wiita, P.; Honda, J.; Sun, H. An essential ligand-binding domain in the membrane receptor for retinol-

binding protein revealed by large-scale mutagenesis and a human polymorphism. J. Biol. Chem. 2008, 283, 15160–15168.
[CrossRef]

39. Kawaguchi, R.; Yu, J.; Honda, J.; Hu, J.; Whitelegge, J.; Ping, P.; Wiita, P.; Bok, D.; Sun, H. A membrane receptor for retinol binding
protein mediates cellular uptake of vitamin A. Science 2007, 315, 820–825. [CrossRef]

40. Kelly, M.; Widjaja-Adhi, M.A.K.; Palczewski, G.; von Lintig, J. Transport of vitamin A across blood-tissue barriers is facilitated by
STRA6. FASEB J. 2016, 30, 2985–2995. [CrossRef] [PubMed]

41. Kawaguchi, R.; Zhong, M.; Kassai, M.; Ter-Stepanian, M.; Sun, H. STRA6-catalyzed vitamin A influx, efflux, and exchange. J.
Membr. Biol. 2012, 245, 731–745. [CrossRef] [PubMed]

http://doi.org/10.1515/acph-2016-0039
http://www.ncbi.nlm.nih.gov/pubmed/27749251
http://doi.org/10.1073/pnas.0401936101
http://doi.org/10.1016/S0167-4838(99)00232-0
http://doi.org/10.1073/pnas.0737855100
http://www.ncbi.nlm.nih.gov/pubmed/12671074
http://doi.org/10.7759/cureus.5218
http://www.ncbi.nlm.nih.gov/pubmed/31565621
http://doi.org/10.3390/nu9080838
http://doi.org/10.1093/jnci/88.21.1550
http://doi.org/10.1093/ajcn/62.6.1427S
http://www.ncbi.nlm.nih.gov/pubmed/7495243
http://doi.org/10.1001/jamaophthalmol.2013.7376
http://www.ncbi.nlm.nih.gov/pubmed/24310343
http://doi.org/10.4103/idoj.IDOJ_535_19
http://www.ncbi.nlm.nih.gov/pubmed/33235855
http://www.ncbi.nlm.nih.gov/pubmed/24782581
http://doi.org/10.1194/jlr.TR120000850
http://www.ncbi.nlm.nih.gov/pubmed/32493732
http://doi.org/10.1016/j.bbalip.2011.06.002
http://www.ncbi.nlm.nih.gov/pubmed/21718801
http://doi.org/10.1016/B978-0-12-809954-4.00050-5
http://doi.org/10.3390/nu5072646
http://doi.org/10.1093/ajcn/83.2.191
http://www.ncbi.nlm.nih.gov/pubmed/16469975
http://doi.org/10.3390/nu4122069
http://doi.org/10.1002/mnfr.201801046
http://doi.org/10.1074/jbc.M008091200
http://www.ncbi.nlm.nih.gov/pubmed/11036082
http://doi.org/10.1172/JCI105889
http://doi.org/10.1128/MCB.00775-12
http://www.ncbi.nlm.nih.gov/pubmed/22826435
http://doi.org/10.1074/jbc.M801060200
http://doi.org/10.1126/science.1136244
http://doi.org/10.1096/fj.201600446R
http://www.ncbi.nlm.nih.gov/pubmed/27189978
http://doi.org/10.1007/s00232-012-9463-1
http://www.ncbi.nlm.nih.gov/pubmed/22815070


Int. J. Mol. Sci. 2022, 23, 1014 21 of 27

42. Sundaram, M.; Sivaprasadarao, A.; DeSousa, M.M.; Findlay, J.B. The transfer of retinol from serum retinol-binding protein to
cellular retinol-binding protein is mediated by a membrane receptor. J. Biol. Chem. 1998, 273, 3336–3342. [CrossRef] [PubMed]

43. Kawaguchi, R.; Zhong, M.; Kassai, M.; Ter-Stepanian, M.; Sun, H. Vitamin A Transport Mechanism of the Multitransmembrane
Cell-Surface Receptor STRA6. Membranes 2015, 5, 425–453. [CrossRef] [PubMed]

44. Saari, J.C.; Nawrot, M.; Garwin, G.G.; Kennedy, M.J.; Hurley, J.B.; Ghyselinck, N.B.; Chambon, P. Analysis of the visual cycle in
cellular retinol-binding protein type I (CRBPI) knockout mice. Investig. Ophthalmol. Vis. Sci. 2002, 43, 1730–1735.

45. Sears, A.E.; Palczewski, K. Lecithin:Retinol Acyltransferase: A Key Enzyme Involved in the Retinoid (visual) Cycle. Biochemistry
2016, 55, 3082–3091. [CrossRef]

46. Kiser, P.D.; Golczak, M.; Maeda, A.; Palczewski, K. Key enzymes of the retinoid (visual) cycle in vertebrate retina. Biochim. Biophys.
Acta 2012, 1821, 137–151. [CrossRef] [PubMed]

47. Saari, J.C. Vitamin A metabolism in rod and cone visual cycles. Annu. Rev. Nutr. 2012, 32, 125–145. [CrossRef] [PubMed]
48. Stecher, H.; Gelb, M.H.; Saari, J.C.; Palczewski, K. Preferential release of 11-cis-retinol from retinal pigment epithelial cells in the

presence of cellular retinaldehyde-binding protein. J. Biol. Chem. 1999, 274, 8577–8585. [CrossRef]
49. Winston, A.; Rando, R.R. Regulation of isomerohydrolase activity in the visual cycle. Biochemistry 1998, 37, 2044–2050. [CrossRef]

[PubMed]
50. Zeng, S.; Zhang, T.; Madigan, M.C.; Fernando, N.; Aggio-Bruce, R.; Zhou, F.; Pierce, M.; Chen, Y.; Huang, L.; Natoli, R.; et al.

Interphotoreceptor Retinoid-Binding Protein (IRBP) in Retinal Health and Disease. Front. Cell. Neurosci. 2020, 14, 577935.
[CrossRef] [PubMed]

51. Saari, J.C.; Nawrot, M.; Stenkamp, R.E.; Teller, D.C.; Garwin, G.G. Release of 11-cis-retinal from cellular retinaldehyde-binding
protein by acidic lipids. Mol. Vis. 2009, 15, 844–854. [PubMed]

52. Wang, J.-S.; Kefalov, V.J. The cone-specific visual cycle. Prog. Retin. Eye Res. 2011, 30, 115–128. [CrossRef] [PubMed]
53. Molday, R.S.; Moritz, O.L. Photoreceptors at a glance. J. Cell Sci. 2015, 128, 4039–4045. [CrossRef] [PubMed]
54. Kevany, B.M.; Palczewski, K. Phagocytosis of retinal rod and cone photoreceptors. Physiology 2010, 25, 8–15. [CrossRef] [PubMed]
55. Li, J.; Xiao, X.; Li, S.; Jia, X.; Guo, X.; Zhang, Q. RGR variants in different forms of retinal diseases: The undetermined role of

truncation mutations. Mol. Med. Rep. 2016, 14, 4811–4815. [CrossRef] [PubMed]
56. Morimura, H.; Saindelle-Ribeaudeau, F.; Berson, E.L.; Dryja, T.P. Mutations in RGR, encoding a light-sensitive opsin homologue,

in patients with retinitis pigmentosa. Nat. Genet. 1999, 23, 393–394. [CrossRef]
57. Wenzel, A.; Oberhauser, V.; Pugh, E.N., Jr.; Lamb, T.D.; Grimm, C.; Samardzija, M.; Fahl, E.; Seeliger, M.W.; Remé, C.E.;

von Lintig, J. The retinal G protein-coupled receptor (RGR) enhances isomerohydrolase activity independent of light. J. Biol.
Chem. 2005, 280, 29874–29884. [CrossRef] [PubMed]

58. Maeda, T.; Van Hooser, J.P.; Driessen, C.A.; Filipek, S.; Janssen, J.J.; Palczewski, K. Evaluation of the role of the retinal G
protein-coupled receptor (RGR) in the vertebrate retina in vivo. J. Neurochem. 2003, 85, 944–956. [CrossRef]

59. Kefalov, V.J. Rod and cone visual pigments and phototransduction through pharmacological, genetic, and physiological ap-
proaches. J. Biol. Chem. 2012, 287, 1635–1641. [CrossRef]

60. Sahu, B.; Maeda, A. Retinol Dehydrogenases Regulate Vitamin A Metabolism for Visual Function. Nutrients 2016, 8, 746.
[CrossRef]

61. Wang, J.S.; Kefalov, V.J. An alternative pathway mediates the mouse and human cone visual cycle. Curr. Biol. 2009, 19, 1665–1669.
[CrossRef]

62. Mata, N.L.; Radu, R.A.; Clemmons, R.C.; Travis, G.H. Isomerization and oxidation of vitamin a in cone-dominant retinas: A novel
pathway for visual-pigment regeneration in daylight. Neuron 2002, 36, 69–80. [CrossRef]

63. Kaylor, J.J.; Yuan, Q.; Cook, J.; Sarfare, S.; Makshanoff, J.; Miu, A.; Kim, A.; Kim, P.; Habib, S.; Roybal, C.N.; et al. Identification of
DES1 as a vitamin A isomerase in Müller glial cells of the retina. Nat. Chem. Biol. 2013, 9, 30–36. [CrossRef] [PubMed]

64. Kiser, P.D.; Kolesnikov, A.V.; Kiser, J.Z.; Dong, Z.; Chaurasia, B.; Wang, L.; Summers, S.A.; Hoang, T.; Blackshaw, S.;
Peachey, N.S.; et al. Conditional deletion of Des1 in the mouse retina does not impair the visual cycle in cones. FASEB J. 2019, 33,
5782–5792. [CrossRef]

65. Sato, S.; Frederiksen, R.; Cornwall, M.C.; Kefalov, V.J. The retina visual cycle is driven by cis retinol oxidation in the outer
segments of cones. Vis. Neurosci. 2017, 34, E004. [CrossRef] [PubMed]

66. Parker, R.O.; Crouch, R.K. The interphotoreceptor retinoid binding (IRBP) is essential for normal retinoid processing in cone
photoreceptors. Adv. Exp. Med. Biol. 2010, 664, 141–149. [CrossRef] [PubMed]

67. Morshedian, A.; Kaylor, J.J.; Ng, S.Y.; Tsan, A.; Frederiksen, R.; Xu, T.; Yuan, L.; Sampath, A.P.; Radu, R.A.; Fain, G.L.; et al.
Light-Driven Regeneration of Cone Visual Pigments through a Mechanism Involving RGR Opsin in Müller Glial Cells. Neuron
2019, 102, 1172–1183. [CrossRef]

68. Young, R.W. The renewal of rod and cone outer segments in the rhesus monkey. J. Cell Biol. 1971, 49, 303–318. [CrossRef]
[PubMed]

69. Molday, R.S.; Zhong, M.; Quazi, F. The role of the photoreceptor ABC transporter ABCA4 in lipid transport and Stargardt macular
degeneration. Biochim. Biophys. Acta 2009, 1791, 573–583. [CrossRef] [PubMed]

70. Lenis, T.L.; Hu, J.; Ng, S.Y.; Jiang, Z.; Sarfare, S.; Lloyd, M.B.; Esposito, N.J.; Samuel, W.; Jaworski, C.; Bok, D.; et al. Expression of
ABCA4 in the retinal pigment epithelium and its implications for Stargardt macular degeneration. Proc. Natl. Acad. Sci. USA
2018, 115, E11120–E11127. [CrossRef]

http://doi.org/10.1074/jbc.273.6.3336
http://www.ncbi.nlm.nih.gov/pubmed/9452451
http://doi.org/10.3390/membranes5030425
http://www.ncbi.nlm.nih.gov/pubmed/26343735
http://doi.org/10.1021/acs.biochem.6b00319
http://doi.org/10.1016/j.bbalip.2011.03.005
http://www.ncbi.nlm.nih.gov/pubmed/21447403
http://doi.org/10.1146/annurev-nutr-071811-150748
http://www.ncbi.nlm.nih.gov/pubmed/22809103
http://doi.org/10.1074/jbc.274.13.8577
http://doi.org/10.1021/bi971908d
http://www.ncbi.nlm.nih.gov/pubmed/9485331
http://doi.org/10.3389/fncel.2020.577935
http://www.ncbi.nlm.nih.gov/pubmed/33328889
http://www.ncbi.nlm.nih.gov/pubmed/19390642
http://doi.org/10.1016/j.preteyeres.2010.11.001
http://www.ncbi.nlm.nih.gov/pubmed/21111842
http://doi.org/10.1242/jcs.175687
http://www.ncbi.nlm.nih.gov/pubmed/26574505
http://doi.org/10.1152/physiol.00038.2009
http://www.ncbi.nlm.nih.gov/pubmed/20134024
http://doi.org/10.3892/mmr.2016.5847
http://www.ncbi.nlm.nih.gov/pubmed/27748892
http://doi.org/10.1038/70496
http://doi.org/10.1074/jbc.M503603200
http://www.ncbi.nlm.nih.gov/pubmed/15961402
http://doi.org/10.1046/j.1471-4159.2003.01741.x
http://doi.org/10.1074/jbc.R111.303008
http://doi.org/10.3390/nu8110746
http://doi.org/10.1016/j.cub.2009.07.054
http://doi.org/10.1016/S0896-6273(02)00912-1
http://doi.org/10.1038/nchembio.1114
http://www.ncbi.nlm.nih.gov/pubmed/23143414
http://doi.org/10.1096/fj.201802493R
http://doi.org/10.1017/S0952523817000013
http://www.ncbi.nlm.nih.gov/pubmed/28359344
http://doi.org/10.1007/978-1-4419-1399-9_17
http://www.ncbi.nlm.nih.gov/pubmed/20238012
http://doi.org/10.1016/j.neuron.2019.04.004
http://doi.org/10.1083/jcb.49.2.303
http://www.ncbi.nlm.nih.gov/pubmed/19866760
http://doi.org/10.1016/j.bbalip.2009.02.004
http://www.ncbi.nlm.nih.gov/pubmed/19230850
http://doi.org/10.1073/pnas.1802519115


Int. J. Mol. Sci. 2022, 23, 1014 22 of 27

71. Molday, R.S. Insights into the Molecular Properties of ABCA4 and Its Role in the Visual Cycle and Stargardt Disease. Prog. Mol.
Biol. Transl. Sci. 2015, 134, 415–431. [CrossRef]

72. Kim, H.J.; Montenegro, D.; Zhao, J.; Sparrow, J.R. Bisretinoids of the Retina: Photo-Oxidation, Iron-Catalyzed Oxidation, and
Disease Consequences. Antioxidants 2021, 10, 1382. [CrossRef]

73. Sparrow, J.R.; Wu, Y.; Kim, C.Y.; Zhou, J. Phospholipid meets all-trans-retinal: The making of RPE bisretinoids. J. Lipid Res. 2010,
51, 247–261. [CrossRef]

74. Sparrow, J.R.; Gregory-Roberts, E.; Yamamoto, K.; Blonska, A.; Ghosh, S.K.; Ueda, K.; Zhou, J. The bisretinoids of retinal pigment
epithelium. Prog. Retin. Eye Res. 2012, 31, 121–135. [CrossRef] [PubMed]

75. Yung, M.; Klufas, M.A.; Sarraf, D. Clinical applications of fundus autofluorescence in retinal disease. Int. J. Retin. Vitr. 2016, 2, 12.
[CrossRef] [PubMed]

76. Sofi, F.; Sodi, A.; Franco, F.; Murro, V.; Biagini, D.; Miele, A.; Abbruzzese, G.; Mucciolo, D.P.; Virgili, G.; Menchini, U.; et al. Dietary
profile of patients with Stargardt’s disease and Retinitis Pigmentosa: Is there a role for a nutritional approach? BMC Ophthalmol.
2016, 16, 13. [CrossRef]

77. Anand-Apte, B.; Chao, J.R.; Singh, R.; Stöhr, H. Sorsby fundus dystrophy: Insights from the past and looking to the future. J.
Neurosci. Res. 2019, 97, 88–97. [CrossRef]

78. Brito-García, N.; Del Pino-Sedeño, T.; Trujillo-Martín, M.M.; Coco, R.M.; Rodríguez de la Rúa, E.; Del Cura-González, I.; Serrano-
Aguilar, P. Effectiveness and safety of nutritional supplements in the treatment of hereditary retinal dystrophies: A systematic
review. Eye 2017, 31, 273–285. [CrossRef]

79. Miyazono, S.; Shimauchi-Matsukawa, Y.; Tachibanaki, S.; Kawamura, S. Highly efficient retinal metabolism in cones. Proc. Natl.
Acad. Sci. USA 2008, 105, 16051–16056. [CrossRef]

80. Saker, S.; Morales, M.; Jhittay, H.; Wen, Y.; Amoaku, W. Electrophysiological and microperimetry changes in vitamin A deficiency
retinopathy. Doc. Ophthalmol. 2015, 130, 231–240. [CrossRef] [PubMed]

81. McBain, V.A.; Egan, C.A.; Pieris, S.J.; Supramaniam, G.; Webster, A.R.; Bird, A.C.; Holder, G.E. Functional observations in vitamin
A deficiency: Diagnosis and time course of recovery. Eye 2007, 21, 367–376. [CrossRef]

82. Kakiuchi, D.; Uehara, T.; Shiotani, M.; Nakano-Ito, K.; Suganuma, A.; Aoki, T.; Tsukidate, K.; Sawada, K. Oscillatory potentials
in electroretinogram as an early marker of visual abnormalities in vitamin A deficiency. Mol. Med. Rep. 2015, 11, 995–1003.
[CrossRef]

83. Jevnikar, K.; Šuštar, M.; Kozjek, N.R.; Štrucl, A.M.; Markelj, Š.; Hawlina, M.; Fakin, A. Disruption of the outer segments of the
photoreceptors on OCT as a feature of vitamin A deficiency. Retin. Cases Brief Rep. 2020. [CrossRef] [PubMed]

84. Aleman, T.S.; Garrity, S.T.; Brucker, A.J. Retinal structure in vitamin A deficiency as explored with multimodal imaging. Doc.
Ophthalmol. 2013, 127, 239–243. [CrossRef]

85. Apushkin, M.A.; Fishman, G.A. Improvement in visual function and fundus findings for a patient with vitamin A-deficient
retinopathy. Retina 2005, 25, 650–652. [CrossRef] [PubMed]

86. Lima de Carvalho, J.R., Jr.; Tsang, S.H.; Sparrow, J.R. Vitamin a Deficiency Monitored by Quantitative Short Wavelength Fundus
Autofluorescence in a Case of Bariatric Surgery. Retin. Cases Brief Rep. 2019. [CrossRef] [PubMed]

87. Oh, J.K.; Lima de Carvalho, J.R.; Ryu, J.; Tsang, S.H.; Sparrow, J.R. Short-Wavelength and Near-Infrared Autofluorescence in
Patients with Deficiencies of the Visual Cycle and Phototransduction. Sci. Rep. 2020, 10, 8998. [CrossRef] [PubMed]

88. Braunstein, A.; Trief, D.; Wang, N.-K.; Chang, S.; Tsang, S.H. Vitamin A deficiency in New York City. Lancet 2010, 376, 267.
[CrossRef]

89. Wang, N.K.; Chuang, L.H.; Lai, C.C.; Chou, C.L.; Chu, H.Y.; Yeung, L.; Chen, Y.P.; Chen, K.J.; Wu, W.C.; Chen, T.L.; et al.
Multimodal fundus imaging in fundus albipunctatus with RDH5 mutation: A newly identified compound heterozygous
mutation and review of the literature. Doc. Ophthalmol. 2012, 125, 51–62. [CrossRef]

90. Owsley, C.; McGwin, G.; Jackson, G.R.; Heimburger, D.C.; Piyathilake, C.J.; Klein, R.; White, M.F.; Kallies, K. Effect of short-term,
high-dose retinol on dark adaptation in aging and early age-related maculopathy. Investig. Ophthalmol. Vis. Sci. 2006, 47,
1310–1318. [CrossRef] [PubMed]

91. Cremers, F.P.M.; Lee, W.; Collin, R.W.J.; Allikmets, R. Clinical spectrum, genetic complexity and therapeutic approaches for retinal
disease caused by ABCA4 mutations. Prog. Retin. Eye Res. 2020, 79, 100861. [CrossRef]

92. Tsybovsky, Y.; Molday, R.S.; Palczewski, K. The ATP-binding cassette transporter ABCA4: Structural and functional properties
and role in retinal disease. Adv. Exp. Med. Biol. 2010, 703, 105–125. [CrossRef]

93. Quazi, F.; Molday, R.S. ATP-binding cassette transporter ABCA4 and chemical isomerization protect photoreceptor cells from the
toxic accumulation of excess 11-cis-retinal. Proc. Natl. Acad. Sci. USA 2014, 111, 5024–5029. [CrossRef] [PubMed]

94. Conley, S.M.; Cai, X.; Makkia, R.; Wu, Y.; Sparrow, J.R.; Naash, M.I. Increased cone sensitivity to ABCA4 deficiency provides
insight into macular vision loss in Stargardt’s dystrophy. Biochim. Biophys. Acta 2012, 1822, 1169–1179. [CrossRef]

95. Fakin, A.; Robson, A.G.; Fujinami, K.; Moore, A.T.; Michaelides, M.; Holder, G.E.; Webster, A.R. Phenotype and Progression of
Retinal Degeneration Associated with Nullizigosity of ABCA4. Investig. Ophthalmol. Vis. Sci. 2016, 57, 4668–4678. [CrossRef]

96. Tanna, P.; Strauss, R.W.; Fujinami, K.; Michaelides, M. Stargardt disease: Clinical features, molecular genetics, animal models and
therapeutic options. Br. J. Ophthalmol. 2017, 101, 25–30. [CrossRef] [PubMed]

97. Federspiel, C.A.; Bertelsen, M.; Kessel, L. Vitamin A in Stargardt disease-an evidence-based update. Ophthalmic Genet. 2018, 39,
555–559. [CrossRef] [PubMed]

http://doi.org/10.1016/bs.pmbts.2015.06.008
http://doi.org/10.3390/antiox10091382
http://doi.org/10.1194/jlr.R000687
http://doi.org/10.1016/j.preteyeres.2011.12.001
http://www.ncbi.nlm.nih.gov/pubmed/22209824
http://doi.org/10.1186/s40942-016-0035-x
http://www.ncbi.nlm.nih.gov/pubmed/27847630
http://doi.org/10.1186/s12886-016-0187-3
http://doi.org/10.1002/jnr.24317
http://doi.org/10.1038/eye.2016.286
http://doi.org/10.1073/pnas.0806593105
http://doi.org/10.1007/s10633-015-9484-z
http://www.ncbi.nlm.nih.gov/pubmed/25626405
http://doi.org/10.1038/sj.eye.6702212
http://doi.org/10.3892/mmr.2014.2852
http://doi.org/10.1097/ICB.0000000000001060
http://www.ncbi.nlm.nih.gov/pubmed/33181799
http://doi.org/10.1007/s10633-013-9403-0
http://doi.org/10.1097/00006982-200507000-00016
http://www.ncbi.nlm.nih.gov/pubmed/16077363
http://doi.org/10.1097/ICB.0000000000000931
http://www.ncbi.nlm.nih.gov/pubmed/31599792
http://doi.org/10.1038/s41598-020-65763-x
http://www.ncbi.nlm.nih.gov/pubmed/32488013
http://doi.org/10.1016/S0140-6736(09)61874-2
http://doi.org/10.1007/s10633-012-9336-z
http://doi.org/10.1167/iovs.05-1292
http://www.ncbi.nlm.nih.gov/pubmed/16565362
http://doi.org/10.1016/j.preteyeres.2020.100861
http://doi.org/10.1007/978-1-4419-5635-4_8
http://doi.org/10.1073/pnas.1400780111
http://www.ncbi.nlm.nih.gov/pubmed/24707049
http://doi.org/10.1016/j.bbadis.2011.10.007
http://doi.org/10.1167/iovs.16-19829
http://doi.org/10.1136/bjophthalmol-2016-308823
http://www.ncbi.nlm.nih.gov/pubmed/27491360
http://doi.org/10.1080/13816810.2018.1488174
http://www.ncbi.nlm.nih.gov/pubmed/29939824


Int. J. Mol. Sci. 2022, 23, 1014 23 of 27

98. Radu, R.A.; Yuan, Q.; Hu, J.; Peng, J.H.; Lloyd, M.; Nusinowitz, S.; Bok, D.; Travis, G.H. Accelerated accumulation of lipofuscin
pigments in the RPE of a mouse model for ABCA4-mediated retinal dystrophies following Vitamin A supplementation. Investig.
Ophthalmol. Vis. Sci. 2008, 49, 3821–3829. [CrossRef]

99. Piotter, E.; McClements, M.E.; MacLaren, R.E. Therapy Approaches for Stargardt Disease. Biomolecules 2021, 11, 1179. [CrossRef]
100. Hussain, R.M.; Ciulla, T.A.; Berrocal, A.M.; Gregori, N.Z.; Flynn, H.W.; Lam, B.L. Stargardt macular dystrophy and evolving

therapies. Expert Opin. Biol. Ther. 2018, 18, 1049–1059. [CrossRef]
101. Marmor, M.F.; Jain, A.; Moshfeghi, D. Total rod ERG suppression with high dose compassionate Fenretinide usage. Doc.

Ophthalmol. 2008, 117, 257–261. [CrossRef]
102. Zhang, J.; Kiser, P.D.; Badiee, M.; Palczewska, G.; Dong, Z.; Golczak, M.; Tochtrop, G.P.; Palczewski, K. Molecular pharmacody-

namics of emixustat in protection against retinal degeneration. J. Clin. Investig. 2015, 125, 2781–2794. [CrossRef]
103. Dobri, N.; Qin, Q.; Kong, J.; Yamamoto, K.; Liu, Z.; Moiseyev, G.; Ma, J.X.; Allikmets, R.; Sparrow, J.R.; Petrukhin, K. A1120, a non-

retinoid RBP4 antagonist, inhibits formation of cytotoxic bisretinoids in the animal model of enhanced retinal lipofuscinogenesis.
Investig. Ophthalmol. Vis. Sci. 2013, 54, 85–95. [CrossRef] [PubMed]

104. Mata, N.L.; Lichter, J.B.; Vogel, R.; Han, Y.; Bui, T.V.; Singerman, L.J. Investigation of oral fenretinide for treatment of geographic
atrophy in age-related macular degeneration. Retina 2013, 33, 498–507. [CrossRef] [PubMed]

105. Charbel Issa, P.; Barnard, A.R.; Herrmann, P.; Washington, I.; MacLaren, R.E. Rescue of the Stargardt phenotype in Abca4
knockout mice through inhibition of vitamin A dimerization. Proc. Natl. Acad. Sci. USA 2015, 112, 8415–8420. [CrossRef]
[PubMed]

106. Kaufman, Y.; Ma, L.; Washington, I. Deuterium enrichment of vitamin A at the C20 position slows the formation of detrimental
vitamin A dimers in wild-type rodents. J. Biol. Chem. 2011, 286, 7958–7965. [CrossRef]

107. Ma, L.; Kaufman, Y.; Zhang, J.; Washington, I. C20-D3-vitamin A slows lipofuscin accumulation and electrophysiological retinal
degeneration in a mouse model of Stargardt disease. J. Biol. Chem. 2011, 286, 7966–7974. [CrossRef]

108. Cai, X.; Conley, S.M.; Naash, M.I. RPE65: Role in the visual cycle, human retinal disease, and gene therapy. Ophthalmic Genet.
2009, 30, 57–62. [CrossRef]

109. Cideciyan, A.V. Leber congenital amaurosis due to RPE65 mutations and its treatment with gene therapy. Prog. Retin. Eye Res.
2010, 29, 398–427. [CrossRef] [PubMed]

110. Takahashi, Y.; Moiseyev, G.; Nikolaeva, O.; Ma, J.-x. Identification of the key residues determining the product specificity of
isomerohydrolase. Biochemistry 2012, 51, 4217–4225. [CrossRef]

111. Li, S.; Xiao, X.; Yi, Z.; Sun, W.; Wang, P.; Zhang, Q. RPE65 mutation frequency and phenotypic variation according to exome
sequencing in a tertiary centre for genetic eye diseases in China. Acta Ophthalmol. 2020, 98, e181–e190. [CrossRef] [PubMed]

112. Aoun, M.; Passerini, I.; Chiurazzi, P.; Karali, M.; De Rienzo, I.; Sartor, G.; Murro, V.; Filimonova, N.; Seri, M.; Banfi, S. Inherited
Retinal Diseases Due to RPE65 Variants: From Genetic Diagnostic Management to Therapy. Int. J. Mol. Sci. 2021, 22, 7207.
[CrossRef] [PubMed]

113. Kumaran, N.; Moore, A.T.; Weleber, R.G.; Michaelides, M. Leber congenital amaurosis/early-onset severe retinal dystrophy:
Clinical features, molecular genetics and therapeutic interventions. Br. J. Ophthalmol. 2017, 101, 1147–1154. [CrossRef] [PubMed]

114. Jacobson, S.G.; Aleman, T.S.; Cideciyan, A.V.; Roman, A.J.; Sumaroka, A.; Windsor, E.A.; Schwartz, S.B.; Heon, E.; Stone, E.M.
Defining the residual vision in leber congenital amaurosis caused by RPE65 mutations. Investig. Ophthalmol. Vis. Sci. 2009, 50,
2368–2375. [CrossRef] [PubMed]

115. Lorenz, B.; Wabbels, B.; Wegscheider, E.; Hamel, C.P.; Drexler, W.; Preising, M.N. Lack of fundus autofluorescence to 488
nanometers from childhood on in patients with early-onset severe retinal dystrophy associated with mutations in RPE65.
Ophthalmology 2004, 111, 1585–1594. [CrossRef] [PubMed]

116. Kumaran, N.; Georgiou, M.; Bainbridge, J.W.B.; Bertelsen, M.; Larsen, M.; Blanco-Kelly, F.; Ayuso, C.; Tran, H.V.; Munier, F.L.;
Kalitzeos, A.; et al. Retinal Structure in RPE65-Associated Retinal Dystrophy. Investig. Ophthalmol. Vis. Sci. 2020, 61, 47. [CrossRef]

117. Katz, M.L.; Redmond, T.M. Effect of Rpe65 knockout on accumulation of lipofuscin fluorophores in the retinal pigment epithelium.
Investig. Ophthalmol. Vis. Sci. 2001, 42, 3023–3030.

118. Van Hooser, J.P.; Aleman, T.S.; He, Y.-G.; Cideciyan, A.V.; Kuksa, V.; Pittler, S.J.; Stone, E.M.; Jacobson, S.G.; Palczewski, K. Rapid
restoration of visual pigment and function with oral retinoid in a mouse model of childhood blindness. Proc. Natl. Acad. Sci. USA
2000, 97, 8623. [CrossRef]

119. Maeda, T.; Dong, Z.; Jin, H.; Sawada, O.; Gao, S.; Utkhede, D.; Monk, W.; Palczewska, G.; Palczewski, K. QLT091001, a 9-cis-retinal
analog, is well-tolerated by retinas of mice with impaired visual cycles. Investig. Ophthalmol. Vis. Sci. 2013, 54, 455–466. [CrossRef]

120. Scholl, H.P.N.; Moore, A.T.; Koenekoop, R.K.; Wen, Y.; Fishman, G.A.; van den Born, L.I.; Bittner, A.; Bowles, K.; Fletcher, E.C.;
Collison, F.T.; et al. Safety and Proof-of-Concept Study of Oral QLT091001 in Retinitis Pigmentosa Due to Inherited Deficiencies
of Retinal Pigment Epithelial 65 Protein (RPE65) or Lecithin:Retinol Acyltransferase (LRAT). PLoS ONE 2015, 10, e0143846.
[CrossRef]

121. Koenekoop, R.K.; Sui, R.; Sallum, J.; van den Born, L.I.; Ajlan, R.; Khan, A.; den Hollander, A.I.; Cremers, F.P.; Mendola, J.D.;
Bittner, A.K.; et al. Oral 9-cis retinoid for childhood blindness due to Leber congenital amaurosis caused by RPE65 or LRAT
mutations: An open-label phase 1b trial. Lancet 2014, 384, 1513–1520. [CrossRef]

122. Wang, X.; Yu, C.; Tzekov, R.T.; Zhu, Y.; Li, W. The effect of human gene therapy for RPE65-associated Leber’s congenital amaurosis
on visual function: A systematic review and meta-analysis. Orphanet J. Rare Dis. 2020, 15, 49. [CrossRef] [PubMed]

http://doi.org/10.1167/iovs.07-1470
http://doi.org/10.3390/biom11081179
http://doi.org/10.1080/14712598.2018.1513486
http://doi.org/10.1007/s10633-008-9132-y
http://doi.org/10.1172/JCI80950
http://doi.org/10.1167/iovs.12-10050
http://www.ncbi.nlm.nih.gov/pubmed/23211825
http://doi.org/10.1097/IAE.0b013e318265801d
http://www.ncbi.nlm.nih.gov/pubmed/23023528
http://doi.org/10.1073/pnas.1506960112
http://www.ncbi.nlm.nih.gov/pubmed/26106163
http://doi.org/10.1074/jbc.M110.178640
http://doi.org/10.1074/jbc.M110.178657
http://doi.org/10.1080/13816810802626399
http://doi.org/10.1016/j.preteyeres.2010.04.002
http://www.ncbi.nlm.nih.gov/pubmed/20399883
http://doi.org/10.1021/bi300144n
http://doi.org/10.1111/aos.14181
http://www.ncbi.nlm.nih.gov/pubmed/31273949
http://doi.org/10.3390/ijms22137207
http://www.ncbi.nlm.nih.gov/pubmed/34281261
http://doi.org/10.1136/bjophthalmol-2016-309975
http://www.ncbi.nlm.nih.gov/pubmed/28689169
http://doi.org/10.1167/iovs.08-2696
http://www.ncbi.nlm.nih.gov/pubmed/19117922
http://doi.org/10.1016/j.ophtha.2004.01.033
http://www.ncbi.nlm.nih.gov/pubmed/15288992
http://doi.org/10.1167/iovs.61.4.47
http://doi.org/10.1073/pnas.150236297
http://doi.org/10.1167/iovs.12-11152
http://doi.org/10.1371/journal.pone.0143846
http://doi.org/10.1016/S0140-6736(14)60153-7
http://doi.org/10.1186/s13023-020-1304-1
http://www.ncbi.nlm.nih.gov/pubmed/32059734


Int. J. Mol. Sci. 2022, 23, 1014 24 of 27

123. Miraldi Utz, V.; Coussa, R.G.; Antaki, F.; Traboulsi, E.I. Gene therapy for RPE65-related retinal disease. Ophthalmic Genet. 2018, 39,
671–677. [CrossRef] [PubMed]

124. Russell, S.; Bennett, J.; Wellman, J.A.; Chung, D.C.; Yu, Z.F.; Tillman, A.; Wittes, J.; Pappas, J.; Elci, O.; McCague, S.; et al.
Efficacy and safety of voretigene neparvovec (AAV2-hRPE65v2) in patients with RPE65-mediated inherited retinal dystrophy: A
randomised, controlled, open-label, phase 3 trial. Lancet 2017, 390, 849–860. [CrossRef]

125. Verbakel, S.K.; van Huet, R.A.C.; Boon, C.J.F.; den Hollander, A.I.; Collin, R.W.J.; Klaver, C.C.W.; Hoyng, C.B.; Roepman, R.;
Klevering, B.J. Non-syndromic retinitis pigmentosa. Prog. Retin. Eye Res. 2018, 66, 157–186. [CrossRef] [PubMed]

126. Daiger, S.P.; Sullivan, L.S.; Bowne, S.J. Genes and mutations causing retinitis pigmentosa. Clin. Genet. 2013, 84, 132–141. [CrossRef]
127. Beryozkin, A.; Levy, G.; Blumenfeld, A.; Meyer, S.; Namburi, P.; Morad, Y.; Gradstein, L.; Swaroop, A.; Banin, E.; Sharon, D.

Genetic Analysis of the Rhodopsin Gene Identifies a Mosaic Dominant Retinitis Pigmentosa Mutation in a Healthy Individual.
Investig. Ophthalmol. Vis. Sci. 2016, 57, 940–947. [CrossRef]

128. Xiao, T.; Xu, K.; Zhang, X.; Xie, Y.; Li, Y. Sector Retinitis Pigmentosa caused by mutations of the RHO gene. Eye 2019, 33, 592–599.
[CrossRef]

129. Dryja, T.P.; Mukai, S.; Petersen, R.; Rapaport, J.M.; Walton, D.; Yandell, D.W. Parental origin of mutations of the retinoblastoma
gene. Nature 1989, 339, 556–558. [CrossRef]

130. Berson, E.L.; Rosner, B.; Sandberg, M.A.; Hayes, K.C.; Nicholson, B.W.; Weigel-DiFranco, C.; Willett, W. A randomized trial of
vitamin A and vitamin E supplementation for retinitis pigmentosa. Arch. Ophthalmol. 1993, 111, 761–772. [CrossRef]

131. Berson, E.L.; Rosner, B.; Sandberg, M.A.; Weigel-DiFranco, C.; Willett, W.C.ω-3 intake and visual acuity in patients with retinitis
pigmentosa receiving vitamin A. Arch. Ophthalmol. 2012, 130, 707–711. [CrossRef] [PubMed]

132. Berson, E.L.; Rosner, B.; Sandberg, M.A.; Weigel-DiFranco, C.; Brockhurst, R.J.; Hayes, K.C.; Johnson, E.J.; Anderson, E.J.; Johnson,
C.A.; Gaudio, A.R.; et al. Clinical trial of lutein in patients with retinitis pigmentosa receiving vitamin A. Arch. Ophthalmol. 2010,
128, 403–411. [CrossRef] [PubMed]

133. Bahrami, H.; Melia, M.; Dagnelie, G. Lutein supplementation in retinitis pigmentosa: PC-based vision assessment in a randomized
double-masked placebo-controlled clinical trial [NCT00029289]. BMC Ophthalmol. 2006, 6, 23. [CrossRef] [PubMed]

134. Parker, R.O.; Crouch, R.K. Retinol dehydrogenases (RDHs) in the visual cycle. Exp. Eye Res. 2010, 91, 788–792. [CrossRef]
135. Simon, A.; Lagercrantz, J.; Bajalica-Lagercrantz, S.; Eriksson, U. Primary structure of human 11-cis retinol dehydrogenase and

organization and chromosomal localization of the corresponding gene. Genomics 1996, 36, 424–430. [CrossRef]
136. Simon, A.; Hellman, U.; Wernstedt, C.; Eriksson, U. The retinal pigment epithelial-specific 11-cis retinol dehydrogenase belongs

to the family of short chain alcohol dehydrogenases. J. Biol. Chem. 1995, 270, 1107–1112. [CrossRef]
137. Krill, A.E.; Klien, B.A. Flecked Retina Syndrome. Arch. Ophthalmol. 1965, 74, 496–508. [CrossRef] [PubMed]
138. Yamamoto, H.; Simon, A.; Eriksson, U.; Harris, E.; Berson, E.L.; Dryja, T.P. Mutations in the gene encoding 11-cis retinol

dehydrogenase cause delayed dark adaptation and fundus albipunctatus. Nat. Genet. 1999, 22, 188–191. [CrossRef]
139. Sergouniotis, P.I.; Sohn, E.H.; Li, Z.; McBain, V.A.; Wright, G.A.; Moore, A.T.; Robson, A.G.; Holder, G.E.; Webster, A.R. Phenotypic

variability in RDH5 retinopathy (Fundus Albipunctatus). Ophthalmology 2011, 118, 1661–1670. [CrossRef]
140. Katagiri, S.; Hayashi, T.; Nakamura, M.; Mizobuchi, K.; Gekka, T.; Komori, S.; Ueno, S.; Terasaki, H.; Sakuramoto, H.;

Kuniyoshi, K.; et al. RDH5-Related Fundus Albipunctatus in a Large Japanese Cohort. Investig. Ophthalmol. Vis. Sci. 2020,
61, 53. [CrossRef]

141. Schatz, P.; Preising, M.; Lorenz, B.; Sander, B.; Larsen, M.; Eckstein, C.; Rosenberg, T. Lack of autofluorescence in fundus
albipunctatus associated with mutations in RDH5. Retina 2010, 30, 1704–1713. [CrossRef] [PubMed]

142. Skorczyk-Werner, A.; Pawłowski, P.; Michalczuk, M.; Warowicka, A.; Wawrocka, A.; Wicher, K.; Bakunowicz-Łazarczyk, A.;
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