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Abstract: The visual system produces visual chromophore, 11-cis-retinal from dietary vitamin A,
all-trans-retinol making this vitamin essential for retinal health and function. These metabolic events
are mediated by a sequential biochemical process called the visual cycle. Retinol dehydrogenases
(RDHs) are responsible for two reactions in the visual cycle performed in retinal pigmented epithelial
(RPE) cells, photoreceptor cells and Müller cells in the retina. RDHs in the RPE function as
11-cis-RDHs, which oxidize 11-cis-retinol to 11-cis-retinal in vivo. RDHs in rod photoreceptor cells in
the retina work as all-trans-RDHs, which reduce all-trans-retinal to all-trans-retinol. Dysfunction of
RDHs can cause inherited retinal diseases in humans. To facilitate further understanding of human
diseases, mouse models of RDHs-related diseases have been carefully examined and have revealed
the physiological contribution of specific RDHs to visual cycle function and overall retinal health.
Herein we describe the function of RDHs in the RPE and the retina, particularly in rod photoreceptor
cells, their regulatory properties for retinoid homeostasis and future therapeutic strategy for treatment
of retinal diseases.
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1. Introduction

Vitamin A and its derivatives play important roles not only in development of the eye but also in
day-to-day visual function. The most significant role of vitamin A in vision is to regenerate the visual
chromophore of rhodopsin for receiving light. Light perception in vertebrates is initiated by activation
of rhodopsin, which leads to a cascade reaction starting with stimulation of the G protein called
phototransduction in the photoreceptor outer segments [1]. To make rhodopsin light sensitive, covalent
linkage between a vitamin A derivative 11-cis-retinal and opsin is essential. Photoisomerization of
11-cis-retinal to all-trans-retinal causes conformational changes in the opsin molecule that enable it to
stimulate transducin. Continuous vision depends on recycling of the photoproduct all-trans-retinal
back to visual chromophore 11-cis-retinal. This process is enabled by the visual (retinoid) cycle,
a series of biochemical reactions in photoreceptor, adjacent RPE and Müller cells. Production of visual
chromophore to bind rhodopsin in the rod photoreceptor is largely understood and is executed by RPE
cells, which is called the rod visual cycle or canonical visual cycle [2]. Accumulating evidence supports
the notion that rapid production of visual chromophore in the cone photoreceptor is performed by
mainly Müller cells, which is called the cone visual cycle [3]. Retinoid dehydrogenases (RDHs) play
important roles in the rod and cone visual cycle. In this review, the rod visual cycle, which biochemistry
has been well studied, is mainly discussed as the visual cycle. Impairments in the visual cycle can
cause retinal degeneration and mutations in RDHs can be detected in human retinal diseases.
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2. The Visual Cycle

The principal reactions of the visual cycle were delineated by George Wald in the 1940s.
He discovered 11-cis-retinal which is bound to opsin by Schiff base formation to produce light sensitive
rhodopsin [4–6]. He also proposed that, after exposed to light, all-trans-retinal was dissociated from
rhodopsin. These important discoveries brought him the Nobel Prize in 1967 in Physiology and
Medicine [7].

Rhodopsin activation is initiated by photoisomerization of 11-cis-retinal to all-trans-retinal in
50 femtoseconds [8,9], and photo signals are converted to electrical signals which are transduced to
the visual cortex of the brain. The visual cycle is a series of biochemical reactions to regenerate
11-cis-retinal from photoisomerized chromophore all-trans-retinal (Figure 1). All-trans-retinal is
reduced to all-trans-retinol by all-trans-RDHs including RDH8 [10] and RDH12 [11]. A fraction
of all-trans-retinal that enters the luminal space of the disc in photoreceptor outer segments is flipped
by the ATP-binding cassette transporter 4 (ABCA4) to the cytoplasmic side where it can be accessed as
a substrate by all-trans-RDHs [2]. All-trans-retinol is transported to the intra photoreceptor space where
it is chaperoned by intra photoreceptor binding protein (IRBP), which carry it to the RPE. In the RPE,
all-trans-retinol further binds to cellular retinol binding protein 1 (CRBP1) and is esterified by lecithin
retinol acyltransferase (LRAT) [2]. Retinal pigmented epithelium 65 (RPE65) catalyzes the reaction from
all-trans-retinyl ester to 11-cis-retinol. The final process of the cycle from 11-cis-retinol to 11-cis-retinal
is conducted by 11-cis-RDHs including RDH5, RDH10 and RDH11. The above biochemical process is
the canonical visual cycle and is also called the rod visual cycle.
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RDH, retinol dehydrogenase; LRAT, lecithin retinol acyltransferase; RPE65, retinal pigmented
epithelium-specific 65-kDa; ABCA4, ATP-binding cassette transporter 4.
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There is a cone photoreceptor specific visual cycle for visual function at daytime. In this
cone, visual cycle all-trans-retinal is reduced to all-trans-retinol by RDH8, which is transported to
Müller cells where all-trans-retinol is isomerized to 11-cis-retinol by the recently discovered DES1
enzyme [12]. Finally, 11-cis-retinol is carried away to cone cells where it is oxidized to 11-cis-retinal by
some unidentified retinol dehydrogenases [13]. Recently, the cone dominant retina of carp displays
efficient oxidation of 11-cis-retinol by dehydrogenases in absence of NADP+ or NAD+. Instead
simultaneous reduction of all-trans-retinal to all-trans-retinol is needed which is called retinal-retinol
redox (AL-OL)-coupling reaction. AL-OL coupling reaction supplies 11-cis-retinal at the 240 times
higher rate in cone photoreceptor cells as compared to rod visual cycle [14].

3. Short Chain Dehydrogenases/Reductases (SDRs)

RDHs belong to the family of short-chain dehydrogenases/reductases (SDRs) protein with
a polypeptide of approximately 250 to 350 amino acid sharing 20%–30% identity in pair wise
comparison indicating distance duplication [15]. The SDR family proteins have a conserved structure
of Rossmann-fold comprised of 6-7 β-strands, which are flanked by 3-4 α-helices from each side.
The strand topology is 3-2-1-4-5-6-7 with a long cross over binding site between strand 3 and 4
making a binding site for nicotinamide [16]. The SDR super family has more than 120,000 members,
which are distributed in 464 families [17] (http://sdr-enzymes.org). The SDR family protein has two
characteristically conserved domains [1] N-terminal glycine rich motif (GXXXGXG) for binding to
nucleotide and [2] C-terminal catalytic tetrad N-S-Y-K, which constitutes the active site [18]. In contrast
to medium chain dehydrogenase/reductases (MDRs) including alcohol dehydrogenases which require
Zn for its catalytic activity, the SDR family protein does not require any metal for its catalytic
activity [19]. A wide variety of molecules such as steroids, fatty acid and retinoids are substrates for
the SDR family of enzymes [17].

4. Retinol Dehydrogenases (RDHs) in the RPE

RDHs in the RPE in vivo catalyze the final oxidation step in the visual cycle namely conversion of
11-cis-retinol to 11-cis-retinal, the visual chromophore of mammalian visual pigments. These RDHs are
also named as 11-cis-RDHs. RDH5, RDH10 and RDH11 have been identified in the RPE as 11-cis-RDHs.

4.1. RDH5

In 1995, Simon et al. isolated RDH5 as a 32-kDa membrane-associated protein (p32) consisting of
318 amino acids, which forms a complex with RPE65 [20].

4.1.1. Expression and Localization

The human RDH5 gene locates on chromosome 12 at 12q13-q14 and chromosome 10 in mice,
and is expressed predominantly in the RPE (Figure 2). Apart from the RPE, RDH5 also expresses
in the liver (100–500 fold less as compared to the RPE), mammary gland, colon, thymus, small
intestine, kidney, bladder, pancreas and spleen [21]. RDH5 anchors to RPE microsomes by its N- and
C-terminal transmembrane segment and the catalytic domain is located towards the luminal side of the
microsome [22]. The eight amino acids at C-terminal tail of RDH5 is proposed to be crucial for activity
and mutations within or close to this tail identified in patients with Fundus albipunctatus (FA) [23–25].
Therefore, this tail proposed to have putative role in interacting with protein present in the cytoplasmic
side of microsomes. RDH5 is found as a dimer or tetramer protein. Additionally, it is postulated that
murine Rdh5 displays a cytosolic topology with N-terminal anchoring to the membrane [26,27]. RDH5
has been reported to localize in the endoplasmic reticulum (ER) [22,28].

http://sdr-enzymes.org
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Figure 2. Localization of RDHs in the RPE and the retina. OS, outer segments; IS, inner segments.

4.1.2. Biochemical Properties

RDH5 displays NAD+ preference and has highest specificity towards 11-cis-retinal followed by
13-cis-retinal and 9-cis-retinal [20,29,30]. It also recognizes steroids (5α-androstan-3α, androsterone) as
its substrates [21].

4.1.3. Animal Studies

Rdh5−/− mice failed to mimic the phenotype observed in humans with RDH5 mutations [29].
Dark adaption is normal in Rdh5−/−mice and no white spot are visible in their fundus. Under intensive
light conditions, Rdh5−/− mice exhibit a delay in dark adaption. One of the predominant features
of Rdh5−/− phenotype is accumulation of 11-cis and 13-cis-retinyl esters [29,31–33]. The residual
dehydrogenase in Rdh5−/− mice is responsible for production of 11-cis-retinal and 9-cis-retinal but not
13-cis-retinal [30]. Lack of 13-cis-RDH activities is a reason for accumulation of 13-cis-retinyl esters.
The accumulation of 13-cis-retinyl esters could be related to white dots in human retinas due to RDH5
mutations [2].

4.1.4. Disease

Mutations in RDH5 can cause autosomal recessive Fundus albipunctatus (FA), which is
characterized by numerous white dots in fundus [34]. FA was initially reported as congenital stationary
night blindness, but more recent studies revealed that 30% of these patients develop cone dystrophy in
their 4th decade of life [35–38].

4.2. RDH11

RDH11 gene was initially known as prostate short-chain dehydrogenase 1 (PSDR1) since it was
first discovered in a prostate cancer cell line after exposure to androgen [39]. Later, Rdh11 was
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identified to be up-regulated in adipose tissues (brown and white) and the liver in transgenic mice
with over expressed sterol regulatory element-binding protein-2 (SREBP-2). SREBPs are transcription
factors that bind to the sterol regulatory element DNA sequence and facilitate cholesterol and fatty acid
biosynthesis [40]. RDH11/PSDR1 is also recognized as retinal reductase 1 (RalR1) [41] and short-chain
aldehyde reductase (SCALD) [42].

4.2.1. Expression and Localization

Human RDH11 gene locates on chromosome 14 at 14q24.1 and exhibits 85% identity to murine
Rdh11 that locates on chromosome 12. In humans, RDH11 is expressed in wide varieties of tissues such
as the kidney, pancreas, liver, testis and prostate [43]. Immunohistochemistry assay revealed a signal
of RDH11 expression in the RPE in monkey and bovine eyes, whereas a faint signal was found in the
rod photoreceptor inner segment and Müller cells [43]. More recent studies with mice found Rdh11
expression in the rod photoreceptor inner segment [31,44] (Figure 2). RDH11 locates in microsomes
with the help of the N-terminal hydrophobic segment [41]. The N-terminal domain is anchored to the
membrane (residue 2–22 reference to human RalR1 polypeptides) and the rest of the polypeptide faces
to the cytosolic side of the membrane [45]. RDH11 has also been reported to localize to the ER [41].

4.2.2. Biochemical Properties

Although RDH11 can catalyze both oxidation and reduction depending upon cofactors and
substrates [43], NADPH is a preferred cofactor for RDH11. RDH11 can catalyze a reduction of
retinal ~50-fold more efficiently than oxidation of retinol in vitro [41]. RDH11 also has dual substrate
specificity towards both cis- and trans-retinoids such as all-trans-retinal, 9-cis-retinal and 11-cis-retinal.

4.2.3. Animal Studies

RDH5 is responsible for most of the 11-cis-RDH activity in the RPE, but formation of 11-cis-retinal
in Rdh5−/−mice suggests that another enzyme(s) is present. One of these enzymes is RDH11. Although
Rdh11−/− mice failed to show a significant dysfunctional retinal phenotype, 73% more cis-retinyl
esters were detected in Rdh5−/−Rdh11−/− mice than in Rdh5−/− mice after intense light illumination.
Rdh5−/−Rdh11−/− mice displayed normal ERG responses under dark- and light-adapted conditions,
but an enhanced delay in dark adaptation was observed as compared with Rdh5−/− mice. These
studies with mice revealed that RDH11 has a complementary role in 11-cis-retinal regeneration along
with RDH5 [31].

4.2.4. Disease

A compound heterozygous nonsense mutation c.C199T:p.R67 and c.c322T:p.R108 in RDH11 has
been reported in a syndromic retinitis pigmentosa [46]. The syndromic features in the patient include
facial dysmorphologies, psychomotor developmental delays since childhood, learning disability and
short stature.

4.3. RDH10

RDH10 was cloned from the retina in humans, bovines and mice [47].

4.3.1. Expression and Localization

RDH10 gene encodes a protein of 341 amino acids in humans and mice, and locates on
chromosome 8 at 8q21.11 and chromosome 1, respectively. Human RDH10 has high sequence
identity to bovine and mouse. RDH10 predominantly expresses in the microsomal fraction of the RPE
along with the Müller cells, kidney, liver, small intestine, placenta, lung, heart and skeletal muscle
(Figure 2). RDH10 has two hydrophobic sites (2–23 and 293–329), which are proposed to anchor
the microsomal membrane of the RPE [48]. Rdh10−/− mice show embryonic lethality, and therefore



Nutrients 2016, 8, 746 6 of 16

RDH10 is an essential enzyme for synthesis of embryonic retinoic acid [49]. RDH10 is demonstrated to
be co-localized with RPE65 and CRALBP in the RPE indicating involvement in the visual cycle [50].
It localizes to the ER [51].

4.3.2. Biochemical Properties

A preferred cofactor for RDH10 is NAD+ and the sequence analysis revealed that aspartic acid
at position 67 in the characteristic βαβ region would favor the NAD+ binding [32,52]. The substrate
specificity of RDH10 is as follows all-trans-retinol > 9-cis-retinol > 11-cis-retinol [32].

4.3.3. Animal Studies

RPE-specific deletion of Rdh10 (rtTA-Cre+/−Rdh10flox/flox, cRdh10KO) does not show any retinal
abnormalities under room light conditions. However, with an intense light condition, cRdh10KO
mice display a delayed dark adaption and a delay in 11-cis-retinal regeneration. Double knockout of
Rdh10 and Rdh5 (Rdh5−/−cRdh10KO) also has normal retinal morphology, which is an indication of
redundancy of retinol dehydrogenase in the RPE [32].

4.3.4. Disease

There is no report of RDH10 involvement in human retinal diseases.

5. Retinol Dehydrogenases (RDHs) in the Retina

RDHs that are present in the retina are also called all-trans-RDHs. These RDHs reduce
all-trans-retinal to all-trans-retinol in presence of NADPH as a cofactor. RDH8, RDH12–14 and retSDR1
have been identified in the retina with all-trans-RDH activity as described below.

5.1. RDH8

RDH8 (also known as photoreceptor RDH, prRDH) was first identified by Rattner and colleagues
from the bovine retina using cDNA subtraction, normalization and high throughput sequencing [53].
Bovine and human RDH8 are highly homologous and exhibits 48% identity with 17-hydroxysteroid
dehydrogenase type 1.

5.1.1. Expression and Localization

Human RDH8 gene encodes a polypeptide of 331 amino acids and presents on chromosome 19
at 19p13.2 whereas mouse Rdh8 encodes 317 amino acids with location on chromosome 9. RDH8
expression is limited to the outer segments of cone and rod photoreceptors [53] (Figure 2). RDH8 is
an enzyme anchored to the outer segment of the photoreceptor with its C-terminal 16 amino acids.
This region contains palmitoylation on three potential cysteines, which are conserved among different
species [15].

5.1.2. Biochemical Properties

RDH8 used NADPH and all-trans-retinal as its preferred cofactor and substrate, respectively [53,54].

5.1.3. Animal Studies

Rdh8−/− mice display normal retinal morphology and retinal function under room lighting
conditions [10]. However, after light exposure, accumulation of all-trans-retinal and delayed
dark adaption was observed [10]. Delayed clearance of all-trans-retinal results in increased
amounts of di-retinoid-pyridinium-ethanolamine (A2E) in aged mice. A2E is biosynthesized
with two all-trans-retinal molecules and one phosphatidylethanolamine, which is abundant in the
retina [55]. In retinal diseases including Stargardt disease and age-related macular degeneration
(AMD), accumulation of autofluroscence granule called lipofuscin is observed where A2E is the major
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fluorophore [56]. A2E oxidation products could play a crucial role in activation of complementation
factors and inflammation in retinal disease [57–59]. In vivo, clearance of all-trans-retinal is conducted by
RDH8 together with ATP-binding cassette transporter 4 (ABCA4). ABCA4 flips all-trans-retinal which
is released into the inner-leaflets of discs to the cytosolic lumens where RDH8 exists [60]. In contrast
to normal retinal morphology in Rdh8−/− mice, Rdh8−/−Abca4−/− mice display progressive retinal
degeneration [61–63] and Rdh8−/−Abca4−/− mice serve as a useful animal model to study Stargardt
disease and AMD.

5.1.4. Disease

There is no disease association found in human retinal diseases. Mutations of RDH8 were found
in myopia cases [64].

5.2. RDH12

Haeseleer et al. identified RDH12 (accession number AK054835) together with RDH13 (accession
number BE736147) and RDH14 (accession number AF237952). RDH12 expression was found in the
inner segment of the photoreceptor in monkeys and mice [43].

5.2.1. Expression and Localization

RDH12 gene of humans encodes 316 amino acids and locates on chromosome 14 at 14q24.1
whereas mouse Rdh12 locates on chromosome 12 encoding 316 amino acids. RDH12 expresses in the
inner segment of rod and cone photoreceptors [65,66] (Figure 2). RDH12 expression was also detected
in the kidney, pancreas, liver, prostrate, testis and brain [67]. RDH12 has single α-helix spanning in the
membrane and the catalytic domain is present in the cytosol [15]. Subcellular localization of RDH12 is
the ER [51].

5.2.2. Biochemical Properties

RDH12 is a NADPH-dependent reductase and has maximum activity with 9-cis and
all-trans-retinal. It also catalyzes medium-chain aldehydes as its substrates [43].

5.2.3. Animal Studies

Rdh12−/− mice fail to display any retinal pathology under room lighting conditions (~50 lux)
and do not recapitulate the pathology observed in humans [65,66]. As compared with Rdh8−/− mice,
delay in all-trans-retinal clearance and a slow dark adaption are milder in Rdh12−/− mice. Rdh12−/−

mice display more susceptible to light induced retinal degeneration as compared to WT mice [66,68].
A study from Rdh8−/−, Rdh12−/− and Rdh8−/−Rdh12−/− mice revealed that Rdh8 and Rdh12 impart
~70% and ~30% of all-trans-RDH activity in vivo respectively [69]. Rdh8−/−Rdh12−/− mice display
mild retinal abnormality by six months of age though 98% of all-trans-RDH activity is abolished.
Age-related accumulation of A2E was also observed in these three lines of animals, and A2E amounts
were correlated with in vivo clearance rates of all-trans-retinal after light illumination.

5.2.4. Disease

Mutations of RDH12 can cause an autosomal recessive childhood onset of retinal dystrophy
termed as Leber Congenital Amaurosis (LCA) [11,70,71]. Until now, 76 mutations have been reported
by HGMD professional where most of mutations are reported as autosomal recessive traits [72]. Patient
with LCA exhibit visual impairment with attenuated rod and cone function in early life with macular
atrophy, nystagmus, sluggish or absent papillary response, photophobia and night blindness [73,74].

5.3. RDH13

Haeseleer et al. identified RDH13 in the retina together with RDH12 and RDH14 [43].
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5.3.1. Expression and Localization

Human RDH13 encodes 331 amino acids and locates on chromosome 19 at 19q13.42. Mouse
Rdh13 encodes 334 amino acids and locates on chromosome 7. Human RDH13 shares 83%
protein identity to the mouse counterpart. RDH13 expresses in the eye, pancreas, placenta and
lung. Immunohistochemistry revealed RDH13 expression in the inner segment of rod and cone
photoreceptors in humans, monkeys and mice (Figure 2). RDH13 shares greatest sequence similarities
with RDH11, RDH12 and RDH14, which are integral membrane proteins of the ER. RDH13 localizes
to the outer side of the inner mitochondrial membrane [75]. Sub-mitochondrial localization analysis
revealed that RDH13 is not an integral but a peripheral protein anchored to the N-terminal segment
(2–21 amino acids) to the external face of the inner membrane.

5.3.2. Biochemical Properties

RDH13 prefers NADPH over NADH as its cofactor (20-fold greater) and has retinal reductase
activity for all-trans-retinal [43].

5.3.3. Animal Studies

No retinal structural and functional abnormalities were found in Rdh13−/− mice as compared
with WT mice [76]. However, intense light exposure (48 h with 3000 lux) can cause retinal degeneration
and attenuation of scotopic ERG. Mitochondrial dependent apoptosis of the retina was also found in
Rdh13−/− mice [76].

5.3.4. Disease

Although RDH13 has not been associated with any retinal diseases in humans, possible contribution
to pathogenesis has been reported in bilateral convergent strabismus with exophthalmus [77].

5.4. RDH14

RDH14 was discovered in the retina by Haeseleer et al. [43].

5.4.1. Expression and Localization

Human RDH14 encodes 336 amino acids and locates on chromosome 2 at 2p24.2 and in mice on
chromosome 12. Immunoblotting analysis revealed the expression of Rdh14 in bovine cone and rod
outer segments and Müller cells [43] (Figure 2).

5.4.2. Biochemical Properties

RDH14 has shown NADPH dependent catalysis of all-trans-retinal, 9-cis-retinal, 11-cis-retinal
and 13-cis-retinal isomer. The activity towards 13-cis-retinal is lowest among all substrates [43].
RDH14 displays an equal catalysis of 11-cis-retinal and all-trans-retinal when they are
present together in the reaction and exhibit efficient catalysis of reaction in both directions,
NAPH/retinals↔NADP+/retinols [43]. It has no steroid dehydrogenase activity [43]. The mouse
Rdh14 displays retinal-retinol redox (AL-OL)-coupling reaction where it regenerates 11-cis-retinal
in vitro [14]. Sato et al. identified an efficient regeneration mechanism of 11-cis-retinal in carp cone
photoreceptors where carp RDH13 and RDH13-like (RDH13L) oxidize 11-cis-retinal to 11-cis-retinal
in presence of hydrophobic aldehydes and does not need exogenous NADPH cofactor [14]. Thus,
we speculate that human RDH14 might be involved in aldehyde dependent and NADP+ dependent
11-cis-retinal production in cone photoreceptor cells.

5.4.3. Animal Studies

No animal studies have been conducted.
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5.4.4. Disease

RDH14 has not been associated with any retinal diseases in humans.

5.5. retSDR1/DHRS3

A conserved domain of retinol dehydrogenase was searched against the EST database and the
identified EST clone was confirmed as retSDR1 by Haeseleer et al. in 1998 [78].

5.5.1. Expression and Localization

Human retSDR1/DHRS3 gene locates on chromosome 1 at 1p36.1. retSDR1/DHRS3 expresses
predominantly in outer segments of the cone photoreceptors [78] (Figure 2). retSDR1/DHRS3 localizes
on the microsomal membrane and anchors to the ER membrane [79].

5.5.2. Biochemical Properties

retSDR1/DHRS3 displays specificity towards all-trans-retinal but not 11-cis-retinal in the presence
of NADPH [78]. Human retSDR1/DHRS3 and RDH10 activate each other in a reciprocal manner to
maintain retinoid homeostasis [80]. The activation occurs as a result of protein-protein interaction of
retSDR1/DHRS3 and RDH10.

5.5.3. Animal Studies

DHRS3 null mice display postnatal lethality and survive until embryonic stage 18.5 [80,81].
Ddhrs3−/− embryo has small eyes, unfused eyelids as compared to WT littermate. Dhrs3−/− embryo
has also shown sign of edema. Dhrs3−/− embryo at Day 13.5 has four-fold-reduced level of retinol
and retinyl ester but elevated level of all-trans-retinoic acid (atRA). The atRA toxicity is due to increase
activity of RDH10 in the early phase of development cause lethality in mice.

5.5.4. Disease

retSDR1/DHRS3 has not been associated with any retinal diseases in humans. Association
between retSDR1/DHRS3 and neuroblastoma has been reported [82].

6. Maintenance of Retinoid Homeostasis by RDHs

Recent discoveries of many dehydrogenases in the RPE and the retina suggest the redundancy
of genes for regeneration of visual chromophore. In the RPE, RDH5, RDH11 and RDH10 have been
identified to mediate the production of 11-cis-retinal. Among these RDHs, RDH5 plays a primary role
for this reaction. Similarly, the retina has RDH8, RDH11–RDH14 and retSDR1/DHRS3 for reducing
all-trans retinal aldehyde to alcohol in the visual cycle.

In addition to the existence of multiple RDHs, compensatory up-regulation in expression for
missing RDHs was observed in mice. Rdh10 expression was found up-regulated in Rdh5−/− in the
RPE [32]. Similarly, up-regulation of Rdh5 gene was detected in RPE-specific Rdh10 deficient mice.
Such up-regulation was evident both in transcriptional and translational levels. This regulation can
contribute to maintain the retinoid homeostasis and could be a reason for mild phenotype of Rdh5−/−

and Rdh10 cKO mice.

7. Proposed Pharmacologic Treatments for RDH Diseases

7.1. Supplementation with 9-cis-Derivatives to Maintain the Visual Cycle

Supplementation with vitamin A derivatives is a potential treatment for retinal diseases that
are associated with delayed 11-cis-retinal regeneration, such as FA caused by RDH5 mutations.
Supplementation of 9-cis-retinal to Rdh5−/−Rdh11−/− mice by oral gavage significantly increased
rod and cone functions of mice [83]. A pilot clinical trial of supplementation to treat patients with
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FA was performed. Oral capsules containing 9-cis-β-carotene from the alga Dunaliella bardawil were
administered daily for 90 days. After this treatment, significant increases in the peripheral visual
field and rod function measured by electroretinogram were demonstrated [84]. Administration of
9-cis-retinyl acetate for a long term to WT mice can increase the visual function in old mice (10 months
and 14 months) [85]. This observation suggests a potential benefit of vitamin A supplementation to
elder populations who experienced age-related visual dysfunction.

7.2. Treatments with Inhibitors to Alleviate from Accumulation of Toxic Visual Cycle By-Products

The visual cycle inhibitors as outlined below debilitate the flux of retinoids in the eye by inhibiting
specific steps in the visual cycle. The inhibitors are classified into six groups depending upon their
chemical structure and mode of action [86].

7.2.1. Retinoic Acid Derivative

13-cis-retinoic acid (13-cis-RA, Accutane, Isotretinoin) and hydroxyphenyl amide (4-HPR or
fenretinide): 13-cis-RA inhibits 11-cis-retinol dehydrogenase which is involved in oxidation of
11-cis-retinol to 11-cis-retinal and decrease the production of chromophore. 11-cis-RA also binds
to RPE65 to attenuate the 11-cis-retinol production [86,87]. Fenretinide reduces the vitamin
A/all-trans-retinol flux to the eye by interfering with binding of vitamin A to retinol binding protein
4. Retinol binding protein 4 unloads vitamin A cargo in the eye with help of STRA6 receptor [88].
Both 13-cis-RA and fenretinide reduce the accumulation of A2E in eye [87,89–91].

7.2.2. Positively Charged Retinoids

All-trans-retinylamine (Ret-NH2) and its derivative: Ret-NH2 inhibits 11-cis-retinol production
by reducing the isomerization of RPR65. It binds to proteins of the RPE microsome but does not
bind Rpe65 [92]. Ret-NH2 is reversibly converted to retinyl amides by LRAT and stored in the
retinosome within the RPE, which slowly hydrolysed to evoke long lasting suppression of retinoid
isomerase activity [93] Ret-NH2 protects retinal degeneration in Abca4−/−Rdh8−/− mice induce by
light exposure [63,86,93]. A non-retinoid derivative of Ret-NH2, emixustat (ACU-4429), inhibits
isomerarization activity by binding to RPE65 enzyme and protects against light-induced retinal
degeneration [94,95]. The production of 11-cis-retinol is inhibited more strongly by emixustat as
compared to Ret-NH2 with prolong blockage of visual pigment regeneration.

7.2.3. Farnesyl-Containing Isoprenoids

These two compounds, (2E,6E)-N-hexadecyl-3,7,11-trimethyldodeca-2,6,10-trienamine (TDH) and
(12E,16E)-13,17,21-trimethyldocosa-12,16,20-trien-11-one (TDT), limit the production of 11-cis-retinal
through interaction with RPE65 [96].

7.2.4. Nonretinoid Hydrophobic Primary Amines

Fernesylamine decreases the isomerization reaction and 11-cis-retinol production [86].

7.2.5. Primary Amine for atRAL Scavenging

Amine containing compounds such as such as A20S (S-3-(aminomethyl)-5-methylhexanoic
acid), A20R (R-3-(aminomethyl)-5-methylhexanoic acid) and A22 (5-amino-2-hydroxybenzoic
acid) make Schiff base with free all-trans-aldehyde and reduce the effective concentration of
all-trans-aldehyde [97]. Primary amine containing compounds protect from light induced retinal
degeneration in Abca4−/−Rdh8−/− mice. A20S, A20R and A22 do not cause inhibition of
11-cis-retinal production.
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7.2.6. Aromatic Lipophilic Spin Trap Compound

The spin trap compounds, α-phenyl N-tertiary-butyl nitrone (PBN), 2-methyl-2-nitrosopropane
(MNP), and nitrosobenzene have been identified to trap carotonoids and retinoids radical [98,99]. PBN
is found to trap retinyl ester radical by binding to RPE65 and inhibits the isomerohydrolyase activity
of RPE65 [100]. The spin trap compounds have great therapeutic potential to modulate the visual cycle
in diseases such as Stargardt disease and geographic form of age-related macular degeneration where
A2E accumulation is a potential causative agent for vision loss [55,101].

8. Conclusions

Continuous regeneration of the visual chromophore through the visual cycle is essential for vision.
The reactions of these pathways have been well documented, and RDHs play an important role in
this cycle. Further studies of RDHs enzymatic function and regulation in vitamin A metabolism in the
eye could lead to development of potential therapeutics for human retinal diseases.
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