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MINIREVIEW

Families of retinoid dehydrogenases regulating vitamin A function

Production of visual pigment and retinoic acid

Gregg Duester
Burnham Institute, North Torrey Pines Road, La Jolla, CA, USA

Vitamin A (retinol) and provitamin A (3-carotene) are metabolized to specific retinoid derivatives which function
in either vision or growth and development. The metabolite 11-cis-retinal functions in light absorption for vision
in chordate and nonchordate animals, whereas all-frans-retinoic acid and 9-cis-retinoic acid function as ligands
for nuclear retinoic acid receptors that regulate gene expression only in chordate animals. Investigation of
retinoid metabolic pathways has resulted in the identification of numerous retinoid dehydrogenases that
potentially contribute to metabolism of various retinoid isomers to produce active forms. These enzymes fall into
three major families. Dehydrogenases catalyzing the reversible oxidation/reduction of retinol and retinal are
members of either the alcohol dehydrogenase (ADH) or short-chain dehydrogenase/reductase (SDR) enzyme
families, whereas dehydrogenases catalyzing the oxidation of retinal to retinoic acid are members of the aldehyde
dehydrogenase (ALDH) family. Compilation of the known retinoid dehydrogenases indicates the existence of 17
nonorthologous forms: five ADHs, eight SDRs, and four ALDHs, eight of which are conserved in both mouse and
human. Genetic studies indicate in vivo roles for two ADHs (ADH1 and ADH4), one SDR (RDHS5), and two
ALDHs (ALDH1 and RALDH?2) all of which are conserved between humans and rodents. For several SDRs
(RoDHI1, RoDH4, CRADI1, and CRAD2) androgens rather than retinoids are the predominant substrates
suggesting a function in androgen metabolism as well as retinoid metabolism.
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PHYSIOLOGICAL ROLES OF VITAMIN A

The function of vitamin A in higher animals is unique in that it
functions in two completely different manners, i.e. light
absorption for vision [1] and gene regulation for growth and
development [2—4]. The functions of vitamin A are regulated
by a battery of enzymes that control conversion of the alcohol
form of vitamin A (retinol) to active retinoid aldehydes or
carboxylic acids needed for either vision or growth and
development. The metabolite needed for vision is the aldehyde
isomer 11-cis-retinal, which functions as a light-absorbing
pigment in the retina [1]. In order to regulate gene expression,
retinol must be converted to the carboxylic acid isomers
all-trans-retinoic acid or 9-cis-retinoic acid that serve as ligands
for two families of retinoid receptors that directly regulate
gene expression, i.e. the retinoic acid receptor (RAR) and the
retinoid X receptor (RXR) [5,6]. In most instances it appears

Correspondence to G. Duester, Gene Regulation Program, Burnham
Institute, 10901 North Torrey Pines Road, La Jolla, CA 92037, USA.
Fax: + 1 858 646 3195, Tel.: + 1 858 646 3138,

E-mail: duester@burnham.org

Abbreviations: ADH, alcohol dehydrogenase; Ahd, aldehyde
dehydrogenase; ALDH, aldehyde dehydrogenase; CRAD,
cis-retinol/androgen dehydrogenase; CRBPI, cellular retinol-binding
protein type I; MDR, medium-chain dehydrogenase/reductase; RALDH,
retinal dehydrogenase; RAR, retinoic acid receptor; RDH, retinol
dehydrogenase; RoDH, retinol dehydrogenase; RXR, retinoid X receptor;
SDR, short-chain dehydrogenase/reductase.

Enzymes: alcohol dehydrogenase (EC 1.1.1.1); aldehyde dehydrogenase
(EC 1.2.1.3); short-chain dehydrogenase/reductase (EC 1.1.1.-).
(Received 28 February 2000, revised 25 April 2000, accepted 22 May 2000)

that the active receptor is a RAR/RXR heterodimer that binds
DNA regulatory sequences and regulates gene transcription in
response to ligand binding [7]. RAR binds both all-trans-
retinoic acid and its isomer 9-cis-retinoic acid, whereas RXR
binds only 9-cis-retinoic acid suggesting unique functions for
each family of receptors. Mice carrying knockout mutations of
RARs or RXRs have multiple developmental defects, including
those previously observed during vitamin A deficiency, thus
providing proof that these receptors indeed mediate the
functions of vitamin A during development [§—12].

The role of 11-cis-retinal in vision must be evolutionarily
ancient as it used as the visual pigment by both invertebrate and
vertebrate animals [13,14]. On the other hand, all-frans-retinoic
acid and 9-cis-retinoic acid function as regulators of gene
expression only in chordate animals, including all vertebrates as
well as invertebrate chordates such as amphioxus and tunicates
[15,16]. This chordate-specific function of vitamin A in gene
regulation is mirrored by the evolution of RARs, which are
present in all chordates examined, but absent in nonchordate
animals such as arthropods (i.e. Drosophila) or nematodes
[17,18]. Drosophila possesses a nuclear receptor called USP,
which is most closely related to chordate RXR, but does not
bind all-trans-retinoic acid or 9-cis-retinoic acid [19]. These
findings indicate that the chordate animal lineage, the first to
evolve retinoid receptors, should also possess unique vitamin A
metabolic enzymes allowing production of all-frans-retinoic
acid or 9-cis-retinoic acid to enable vitamin A to function in
growth and development.

Studies in chordate animals are beginning to reveal a
complex network of enzymes involved in the metabolism of
vitamin A to active retinoid metabolites. Discussed below is
evidence for the existence of three distinct families of retinoid
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Table 1. Retinoid dehydrogenases of chordate animals.
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Recommended name

Other names

Homologs identified in the following organisms

Alcohol dehydrogenase (ADH) family

ADHI1
ADH2
ADH4
ADH7
ADH8

Class I ADH, «, B, v, hADH1,2,3

Class IT ADH, m, ADHII, hADH4

Class IV ADH, o, w, hADH7, mAdh7, mAdh3
Class VII ADH, ADH-F

Class VIII ADH, NADP(H)-dependent ADH

Short-chain dehydrogenase/reductase (SDR) family

RoDHI1
RoDH2
RoDH3
RoDH4
CRADI
CRAD2
RDH5
retSDR1

RoDH(I)
RoDH(II)
RoDH(III)
hRDH-E

11-cis-RDH, 11-cis-RoDH, RDH4, 9cRDH

Aldehyde dehydrogenase (ALDH) family:

Mouse, rat, human, chick, frog, fish
Mouse, rat, human, ostrich

Mouse, rat, human, frog

Chick

Frog

Mouse, rat

Mouse, rat

Rat

Human

Mouse

Mouse

Mouse, human, bovine
Mouse, human, bovine

Mouse, rat, human, chick, frog
Mouse, human, chick
Mouse, rat, human, chick

ALDHI Class I ALDH, Ahd2, RALDH, RalDH(I)
ALDH6 V1 enzyme

RALDH2 RALDH-2, RalDH(II), V2 enzyme
ALDH-t

Tunicate

dehydrogenases that participate in the interconversion of
various isomers of retinol, retinal, and retinoic acid to produce
the active retinoids needed for either vision or gene regulation.
These enzymes are members of three families each having an
ancient origin, i.e. alcohol dehydrogenase (ADH) [20,21],
short-chain dehydrogenase/reductase (SDR) [22], and aldehyde
dehydrogenase (ALDH) [23]. ADHs are members of the
medium-chain dehydrogenase/reductase (MDR) family, which
for the most part consists of enzymes containing subunits of
about 350 residues with active sites possessing catalytic a zinc

Table 2. Functions of retinoid dehydrogenases.

[24]. ADHs have wide substrate specificities and are respon-
sible for the metabolism of ethanol, retinoids, and many other
alcohols and aldehydes of physiological importance [21]. SDR
enzymes typically have subunits containing approximately 250
residues (thus shorter than ADHs or MDRs), with active sites
including the motif YXXXK but lacking a metal ion [22].
SDRs, like ADHs, have wide substrate specificities encom-
passing many physiologically important alcohols and
aldehydes including hydroxysteroids and retinoids [25].
ALDH enzymes typically have subunits about 500 residues

Enzyme Cofactor pref.

Preferred substrate activity

Alcohol dehydrogenase (ADH) family

ADHI1 NAD
ADH2 NAD
ADH4 NAD
ADH7 NAD
ADHS8 NADPH
Short-chain dehydrogenase/reductase (SDR) family
RoDH1 NADP
RoDH2 NADPH
RoDH3
RoDH4 NAD
CRADI NAD
CRAD2 NAD
RDHS5 NAD
retSDR1 NADPH
Aldehyde dehydrogenase (ALDH) family
ALDHI1 NAD
ALDH6 NAD
RALDH2 NAD
ALDH-t NAD

Oxidation: all-trans-retinol and 9-cis-retinol
Oxidation: all-trans-retinol and 9-cis-retinol
Oxidation: all-trans-retinol and 9-cis-retinol
Oxidation: all-trans-retinol (equally active with androgens)
Reduction: all-trans-retinal and 9-cis-retinal

Oxidation: all-trans-retinol (androgen activity 25-fold higher)
Reduction: all-frans-retinal (stimulated when bound to CYP2D1)
Probably same as RoDH1 which shares 98% sequence identity
Oxidation: all-trans-retinol (androgen activity 15-fold higher)
Oxidation: 9-cis + 11-cis-retinol (androgen activity 60-fold higher)
Oxidation: 11-cis-retinol (androgen activity 40-fold higher)
Oxidation: 11-cis-retinol (visual cycle) and 9-cis-retinol

Reduction: all-frans-retinal (visual cycle)

Oxidation: all-trans-retinal and 9-cis-retinal
Oxidation: all-trans-retinal
Oxidation: all-trans-retinal
Oxidation: all-trans-retinal
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in length with activesites containing a catalytic cysteine
[23]. ALDHs alsohave a wide substrate specificity, meta-
bolizing acetaldehyde, retinoids, and many other physio-
logically important aldehydes to the corresponding carboxylic
acids [26]

Those ADHs, SDRs, and ALDHs that have been implicated
as retinoid dehydrogenases are examined further here. A listing
of known chordate retinoid dehydrogenases representing non-
orthologous forms is presented, which provides for each
enzyme a single unified name to represent all orthologs iden-
tified across species boundaries (Table 1). The vertebrate ADH
nomenclature which has been previously reported includes the
names ADH1-ADH?7 that are used here [21]. Recently, a new
class of ADH distinct from ADH1-7 has been described in the
frog [27], and this enzyme has been given the name ADHS8
here. The SDRs involved in retinoid metabolism have been
previously reviewed [28], and the names described therein have
been used here with the exception of RDH4 which is now
known to be the mouse homolog of human RDHS5 (see
below). The long-standing nomenclature for human ALDHs
(ALDH1-10) which includes ALDH1 and ALDH6 [29] is used
here for those enzymes; RALDH?2 represents a new form never
formally included in that nomenclature and ALDH-t is a new
name proposed first here. A recently described new ALDH
nomenclature based upon that used for P450 enzymes would
place all the ALDHs described in Table 1 within the same
subfamily ALDHI1A [30]. The mouse has been examined most
extensively and has so far been found to possess 12 of the 17
enzymes listed here. Of these 12 enzymes, eight are also found
in human (ADHI1, ADH2, ADH4, RDHS5, retSDR1, ALDHI,
ALDH6, and RALDH2) suggesting they have conserved
functions.

The cofactor and substrate preferences for each retinoid
dehydrogenase are summarized (Table 2). It is noted that the
SDR enzymes RoDHI1, RoDH4, CRADI1, and CRAD2 have
much higher activities with androgen substrates than with
retinoid substrates (Table 2), suggesting that the in vivo roles
of these enzymes may lie primarily in the control of hydroxy-
steroid metabolism. In general, retinoid dehydrogenases pre-
ferring NAD(H) are most likely to perform oxidations in vivo
and those preferring NADP(H) are most likely to perform
reductions in vivo as previously reviewed [31] and as shown in
Fig. 1.

ALCOHOL DEHYDROGENASE (ADH)
FAMILY

ADH1

Liver ADH1 was one of the first retinoid dehydrogenases to be
identified, and was found to function in vitro as a catalyst for
the NAD-dependent oxidation of retinol to retinal [32,33]. It is
now known that there exists a family of ADHs able to utilize
retinoids, all of which are cytosolic zinc-dependent enzymes
with subunit molecular masses around 40 kDa [31]. Humans
possess three isoforms of ADH1 (ADHI1A, B, and C sharing
about 94% sequence identity), whereas rodents possess one
form [21]. Purified rat ADH1 and human ADH1A have been
demonstrated to catalyze the oxidation of all-frans-retinol
similarly (kn /K = 0.3 defl'minfl), whereas the other human
isoforms have less activity [34—36]. Thus, ADHI may con-
tribute to the production of all-trans-retinal that is further
metabolized to all-trans-retinoic acid needed for gene regula-
tion. Because alcohol dehydrogenation is a reversible reaction,
ADHI can also catalyze the NADH-dependent reduction of
retinal to retinol [34,35]. However, under physiological
conditions where the ratio of NAD/NADH is close to 1000
[37], ADH1 can contribute significantly only to retinol
oxidation.

ADHI1 has also been demonstrated to utilize 9-cis-retinoids,
but the relative catalytic efficiencies for oxidation of all-trans-
retinol and 9-cis-retinol have not been reported [34,35,38].
X-ray crystal structures of ADH1 from horse, human, and cod
fish reveal a conserved active site that can accommodate long-
chain alcohols [39-41]. Molecular docking studies have shown
that the ADHI1 active site is well-designed to bind all-trans-
retinol [42], but that 9-cis-retinol does not fit as well as all-
trans-retinol [43]. The human ADHI1B isoform has been found
to utilize 3a,5B8-hydroxysteroids (bile acid intermediates) [44].
Human ADHIC, but not ADH1A or ADHI1B, can metabolize
3B,5B-hydroxysteroid substrates but not Sa-hydroxysteroids
[45]. Because steroid hormones have the Sa configuration when
possessing a hydrogen at that position, whereas bile acids have
the 5B configuration, ADHIB and ADH1C may contribute to
bile acid metabolism rather than steroid hormone metabolism.
On the other hand, ADH1A does not metabolize hydroxysteroids,
but is efficient with all-trans-retinol as mentioned above.
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ADHI is conserved across many species including bony fish,
frogs, birds, rodents, and humans; amino-acid sequence conser-
vation between mouse and human forms is 85% [21]. ADHI is
found at very high levels in liver representing about 1% of
cytosolic liver protein in humans [46], mouse [47], frog [48], or
cod fish [49]. However, ADHI1 is also expressed at high levels
in many retinoid target tissues including human fetuses [50],
mouse embryos [51,52], frog embryos [53], adult mouse
(intestine, kidney, adrenal, testis, epididymis, uterus, ovary)
[54-57] and adult frog (intestine, mesonephros, air sac) [53].
Thus, the expression pattern of ADHI is indicative of a role in
retinoid signaling during development and then afterwards in
several adult epithelial tissues known to require retinoic acid for
proper differentiation.

The ADH inhibitor 4-methylpyrazole has been shown to
inhibit metabolism of a dose of all-trans-retinol in mice
resulting in lower levels of all-frans-retinoic acid in embryos
and maternal plasma [58]. However, it was not clear if the
inhibitory effect was on ADHI or another ADH. Genetic
studies have shown that Adhl knockout mice lacking ADHI1
activity exhibit a large reduction in the metabolism of a dose of
all-trans-retinol to all-trans-retinoic acid compared to wild-type
mice [59]. This provides evidence that ADH1 indeed functions
as a retinoid dehydrogenase in vivo. However, survival of Adhl
knockout mice under normal laboratory conditions indicates
that at least one additional retinol dehydrogenase exists that can
produce sufficient all-trans-retinal to fuel synthesis of all-trans-
retinoic acid and thus compensate for a lack of ADHI.

ADH2

ADH2 is a distinct class of cytosolic ADH sharing 60%
sequence identity with ADHI1 [21]. Human ADH2 been
demonstrated to catalyze NAD-dependent oxidation of all-
trans-retinol [35,36] and may thus contribute to the production
of all-trans-retinal needed for retinoic acid synthesis. Rat
ADH2 is more active with  9-cis-retinol  (kca/
Kn =047 pm~"min~") and has relatively low activity
with  all-trans-retinol  (keye/Km = 0.09 uM ™~ “min "), but it
accounts for only 2% of the cytosolic retinol dehydrogenase
activity in rat liver whereas ADH1 accounts for > 80% [38]. In
contrast to these studies, mouse ADH2 has no activity with all-
trans-retinol (9-cis-retinol activity was not tested) [60]. Mouse
and human forms of ADH2 have relatively low sequence
conservation (72%) and many differences in substrate specifi-
city, but both have high activity with benzyl alcohol and
aldehyde substrates [60] suggesting that ADH2 may have
evolved for this purpose rather than for retinoid metabolism. In
addition, ADH2 is inactive with hydroxysteroid substrates [45].
ADH?2 has a very limited tissue distribution, being found only
in adult liver [60] and possibly human skin [61]. These findings
suggest that ADH2 may not play an evolutionarily conserved
role as a retinol dehydrogenase, but may play a species-specific
role.

ADH4

ADH4 represents another class of cytosolic ADH sharing 70%
sequence identity with ADHI1 [21]. Mouse, rat, and human
ADH4 have been shown to quite efficiently catalyze NAD-
dependent oxidation of either all-trans-retinol [34—36,62,63] or
9-cis-retinol [64] and may thus contribute to the production of
all-trans-retinal and 9-cis-retinal for synthesis of all-trans-
retinoic acid and 9-cis-retinoic acid. A comparison of human
ADHs for oxidation of all-trans-retinol has demonstrated
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that ADH4 is most efficient. Catalytic efficiencies are as
follows: ADHI1 isoforms (k¢./K, = 0.01-0.3 pqul'minfl),
ADH2  (kew/Km = 0.5-0.7 pM 'min~'), and ADH4
(keat/Km = 1.9-4.5 pM~"“min~") [35,36]. A comparison of
the catalytic efficiencies of human ADH4 for all-trans-
retinol  (keoo/Ky = 4.5 MM71~min7]) and  9-cis-retinol
(keat/ Ky = 13.3 pﬁMfl-minfl) indicates that the enzyme pre-
fers the cis substrate [64], thus contrasting with ADH1 which
prefers the trans substrate [35]. The tertiary structure of ADH4
has shown that it, like ADHI1, has an active site well-suited
to bind long-chain alcohols such as all-frans-retinol [65].
Substrate docking studies have indicated that all-trans-retinol,
9-cis-retinol, and 11-cis-retinol can bind better to the ADH4
active site than to the ADHI1 active site [42,43]. ADH4 is
inactive with hydroxysteroid substrates [66].

Rodent and human ADH4 orthologs are highly conserved,
sharing 90% sequence identity [21]. A frog cDNA has been
found to most likely encode ADH4 based upon its sequence
homology to mammalian forms (65%) and its highly conserved
pattern of expression that is highly conserved with that of the
mammalian forms [53]. ADH4 is not expressed in the liver, but
is found at high levels in the epithelial cells of the stomach,
esophagus, skin, eye, adrenal, and reproductive tissues of
mouse [55-57,67] and stomach, esophagus, and skin of frog
[53] as well as in mouse embryos [51,52] and in several ocular
tissues where it may play a role in the visual cycle [68]. High
expression in many retinoid target tissues suggests a role as a
retinoid dehydrogenase.

Genetic studies on Adh4 knockout mice have demonstrated
that a lack of ADH4 leads to decreased fetal survival during
vitamin A deficiency compared to wild-type mice [69]. This
provides physiological evidence that ADH4 retinol dehydro-
genase activity indeed functions in retinoic acid synthesis
during development. However, ADH4 may only be important
when vitamin A is low in the diet. The survival of Adh4
knockout mice under normal laboratory conditions (i.e. vitamin
A sufficiency) shows that another retinol dehydrogenase can
compensate for the lack of ADH4 under these conditions.

ADH7

An ADH identified in the fetal chick originally called ADH-F
was found to catalyze NAD-dependent oxidation of all-trans-
retinol to produce all-trans-retinal [70]. ADH-F was found to
be a unique form of cytosolic ADH sharing 67% sequence
identity with ADHI1 and was thus given the name class VII
ADH or ADH7 [21]. No ADH7 homolog has been identified in
mammals or any other chordate animal and its expression
appears to be quite limited, so far being detected only in liver
[70]. ADHY7 is equally active in the oxidation of either all-trans-
retinol (kea/Km = 0.03 uM ™~ "-min~") or various 3B,5a-hydro-
xysteroids (keq /K = 0.02 uM_l-min_l), but is inactive with
3B,5B-hydroxysteroids [70], suggesting that this enzyme may
also metabolize specific steroids. More studies are needed to
determine if ADH7 plays an important role as a retinoid or
hydroxysteroid dehydrogenase.

ADH8

A recently discovered form of cytosolic ADH has been
identified in the frog Rana perezi that prefers NADP(H) over
NAD(H) and shares about 60% sequence identity with ADH1
[27]. This represents the only form of vertebrate ADH known
that prefers the phosphorylated cofactor, and it is thus recom-
mended that this form be given a new designation as class VIII
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ADH or ADHS. ADHS8 has not yet been reported in a
mammalian species. ADHS8 should be expected to catalyze
reduction reactions in vivo due to the high ratio of NADPH to
NADP physiologically [37]. Indeed, ADH8 has very high
activity for reduction of all-trans-retinal to all-trans-retinol
(keat/Km = 33.8 pM~ "min "), and also high activity for reduc-
tion of 9-cis-retinal to 9-cis-retinol (k.. /K, = 7.8 p“Mfl-minfl)
[27]. Hydroxysteroid substrates have not been tested.

ADHS is found at high levels in the stomach and intestine of
R. perezi [27], thus distinct from Xenopus laevis ADH4 which
is expressed in stomach but not intestine [53]. ADHS has also
been identified in Xenopus where it is likewise expressed in the
stomach and intestine (G. Duester, H. L. Ang & I. Hoffmann,
unpublished data). The substrate and cofactor preferences of
ADHS as well as its expression in the digestive tract indicates
that it may play a very significant role in the reduction of retinal
produced by B-carotene cleavage (see Fig. 1), a reaction occur-
ring to a large extent in the intestine [71]. Thus, ADHS8 may
contribute physiologically to the uptake and storage of vitamin
A derived from provitamin A sources.

SHORT-CHAIN DEHYDROGENASE/
REDUCTASE (SDR) FAMILY

RoDH1

A microsomal retinol dehydrogenase activity has been found in
rodent liver, thus being distinct from the retinol dehydrogenase
activity of ADH, which is a cytosolic enzyme. Five related
forms of liver microsomal retinol dehydrogenase have been
identified in rodents (RoDH1,2,3 and CRAD1,2) all sharing
sequence homology with members of the SDR family and
characterized by subunits of about 35 kDa with no catalytic
metal ion [72—-76]. RoDHI1 catalyzes the oxidation of all-trans-
retinol to all-frans-retinal, but cannot oxidize 9-cis-retinol to
9-cis-retinal, and prefers NADP as cofactor over NAD [72,77].
Thus, even though RoDH1 has been proposed to function in the
oxidative direction, its cofactor preference with retinoids argues
for a role in the reduction of all-frans-retinal (i.e. see below for
studies supporting a role for its close homolog RoDH2 as a
retinal reductase).

RoDHI1 has been found to utilize all-trans-retinol bound to
cellular retinol-binding protein type I (CRBPI), and this
property has been proposed to make RoDHI is a more
‘specific’ enzyme for oxidation of all-frans-retinol than so-
called ‘nonspecific dehydrogenases’ including ADHs [77].
However, CRBPI sequestration of all-trans-retinol has also
been proposed to limit ADH to metabolism of the low levels of
free all-trans-retinol present even in the presence of CRBPI
[63], thus sparing retinol from wasteful usage but still allowing
a small amount to be converted to retinal for retinoic acid
synthesis. Also, it should be noted that RoDHI1 is itself a
‘nonspecific dehydrogenase’ as shown by its high activity with
androgens as detailed below. In addition, the ability of CRBPI
to hinder retinol oxidation is limited to only all-zrans-retinol as
CRBPI cannot bind 9-cis-retinol [78]. Genetic studies on
knockout mice lacking CRBPI do not support a role as a
facilitator of RoDH-catalyzed retinol oxidation, but instead
indicate that it promotes retinol storage (esterification) and thus
limits retinol oxidation as mice survive and reproduce but have
depleted stores of liver retinyl esters and slightly higher levels
of retinoic acid [79]. Those studies also demonstrated that
CRBPI knockout mice maintained on a vitamin-A-deficient
diet undergo the symptoms of hypovitaminosis A much sooner
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than wild-type mice by fully exhausting their retinyl ester
stores.

Interestingly, RoDH1 was also isolated as an enzyme that
efficiently catalyzes oxidation of the inactive androgen
Sa-androstane-3a,17B-diol  (3a-diol) to the active form
dihydrotestosterone (Viax/Kn = 5.0 nmol~min71-mg71-pLM71)
[80]. RoDH1 has 25-fold higher activity for 3a-diol than for
all-trans-retinol bound to CRBPI (V,,/K;, = 0.2 nmol-
min~ "mg~'-um!) [77] and with androgen substrates it prefers
NAD over NADP as expected for catalysis of an oxidative
reaction [80].

RoDHI1 has been found in the mouse and rat [76], but no
homolog was found in humans when investigated [81]; no
homologs have yet been described in other vertebrate species.
RoDHI expression is found mostly in the adult rodent liver, but
was also reported to exist at very low levels in kidney, lung,
testis, and brain [28,72,80]. The lack of evolutionary conserva-
tion of RoDH1 and its ability to metabolize 3a-hydroxysteroid
androgens 25-fold more efficiently than all-frans-retinol sug-
gests that although this enzyme may play a species-specific role
in retinoid metabolism, it may play a larger role in rodent
androgen metabolism.

RoDH2

Another microsomal SDR, RoDH2, which has 82% sequence
identity to RoDHI1, has been found to catalyze the oxidation of
all-trans-retinol to all-trans-retinal with NADP as the preferred
cofactor over NAD [73]. RoDH2 is expressed mostly in liver
and kidney with trace amounts in lung, brain, and testis [73].
RoDH?2 homologs have been found in mouse and rat [76], but
not in humans or other vertebrates. RoDH2 has been found
to function efficiently in the reduction of all-frans-retinal to
all-trans-retinol with NADPH as cofactor (3 nmol~min71~mg71),
and this activity is stimulated by the addition of the cytochrome
P450 CYP2D1 (7 nmol-min~"-mg ") [82]. RoDH2 and CYP2D1
have been shown to form a stable complex [82], and during the
initial purification of RoDH it was isolated as a stable complex
with a 54-kDa protein [77], that being the size of CYP2DI.
Thus, the available evidence points strongly to RoDH2 func-
tioning with CYP2D1 as a retinal reductase for retinoid storage
rather than in the oxidation of retinol for production of retinoic
acid.

RoDH3

A third microsomal SDR, RoDH3, which has 98% sequence
identity to RoDHI1, has been reported in the rat [74], but
homologs in mouse, humans, or other vertebrates have not been
found. This enzyme is expressed only in adult liver [74]. Other
properties have not been reported, but are likely to be similar to
RoDHI.

RoDH4

A human microsomal SDR RoDH4 has been described that
catalyzes the oxidation of all-trans retinol to all-trans-retinal,
but it was suggested that RoDH4 is not the human ortholog
of rodent RoDHI, 2, or 3 as NAD is the preferred cofactor
over NADP and the sequence identity is only 73% [81].
As is the case for RoDHI, RoDH4 is much more
efficient in the oxidation of 3a-hydroxysteroid androgens
(Vinax /Ky = 31 nmol~min71«mg71~p“M71) than in the oxidation
of all-trans retinol (V,.x/K, not reported) [81]. RoDH4
expression was initially reported to exist only in adult liver,
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fetal liver and fetal lung [81], but was later found also in human
epidermis where it was called hRDH-E [83]. Activity studies of
cells transfected with epidermal RoDH4 indicated 15-fold
higher activity with the androgen 3a-diol (3.1 nmol~mg71-h71)
than with all-trans retinol (0.2 nmol-mg_l-h_l) [83].

CRAD1

CRADI is a distinct microsomal SDR identified so far only in
the mouse (80% sequence identity to RoDHI1) that has been
reported to catalyze the NAD-dependent oxidation of cis-
retinols much more efficiently than trans-retinols, i.e. oxidation
of 9-cis-retinol or 11-cis-retinol to 9-cis-retinal or 11-cis-retinal
[75]. However, CRADI has 60-fold higher activity with the
androgen 3a-diol (V./K, = 135 nmol~min_]~mg_1-uM_')
than with 9-cis-retinol or 11-cis-retinol which behave similarly
(Vimax/Km = 2.3 nmol-min71~mg71~de71) [75]. The much
greater activity with androgens makes it unclear whether it
also plays a major role in retinoid metabolism. CRADI
expression is primarily in kidney, liver, and heart with trace
amounts in lung, brain, and testis [75].

CRAD2

Another microsomal SDR identified so far only in the
mouse is CRAD2 (82% sequence identity to RoDHI) that
also has much higher activity with 3a-hydroxysteroids than
with retinoids, but which shows much higher activity for
11-cis-retinol than for 9-cis-retinol or all-frans retinol [76].
CRAD2 has 40-fold higher activity with 3a-diol
(Vimax/Km = 1.6 nmol-min71~mg71~de71) than with 11-cis-
retinol (V. /Ky, = 0.04 nmol~min_1-mg_1-p,M_l) [76]. Com-
pared with the studies described above on CRADI, these
findings indicate that CRAD2 is 60-fold less efficient than
CRADI1 with retinoid substrates. This combined with its more
favorable kinetic properties with androgen substrates suggests
CRAD?2 does not play a significant role in retinoid metabolism.
CRAD?2 is expressed primarily in liver with trace amounts in
lung, kidney, and brain [76].

RDH5

A microsomal 11-cis-retinol dehydrogenase present in the
bovine pigment epithelium believed to function in 11-cis-retinal
production for the visual cycle was shown to be a member of
the SDR family [84,85]. This SDR was shown to be in a family
quite distinct from the RoDH/CRAD family with which it
shares only about 52% sequence identity [86]. The human SDR
homolog sharing 91% sequence identity to the bovine form was
named RDHS5 [87,88]; this human SDR was independently
isolated and named 9cRDH due to its ability to use 9-cis-retinol
as a substrate [86], although it was later found to use both
11-cis-retinol and 9-cis-retinol [89]. A mouse SDR homolog
with 86% sequence identity to the bovine form was found to
use both 11-cis-retinol and 9-cis-retinol, but was given the
name RDH4 as it was thought to possibly represent a gene
distinct from RDHS due to expression outside the eye in several
adult and embryonic tissues [90]. This same mouse SDR was
independently isolated and named 11-cis-RoDH by one group
because expression in the eye as well as other sites was verified
[91], and named cRDH by another group because it was found
to use both 11-cis-retinol and 9-cis-retinol [89]. The sequence
homologies among these human, bovine, and mouse enzymes
clearly indicate that all represent one gene called RDHS here,
and direct comparisons of their activities indicate that they are
all indeed the same enzyme [92].
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RDHS can produce the visual pigment 11-cis-retinal by
NAD-dependent oxidation of 11-cis-retinol, and is equally
effective in the oxidation of 9-cis-retinol to 9-cis-retinal
(Vimax /K = 3.5 nmol-minfl-mgﬂuM*l), but has very low
activity with all-trans-retinol (V,.x/Ky, not reported); activity
with the androgen 3a-diol (V. /K, =14 nmol-min -
mg "um ") is less than that seen with retinoids [88]. In
another study, human and mouse RDHS5 were both found to
have the highest activity with 11-cis and 9-cis-retinol, and both
had low activity with all-frans-retinol amounting to about 20%
the activity seen with cis-retinols, but neither had activity with
androgens [89]. One major finding from these studies is that
RDHS5 may be able to participate in the production of 9-cis-
retinal for synthesis of 9-cis-retinoic acid as well as function
in the visual cycle. This is supported by reports of RDHS
expression in several retinoid-responsive adult tissues outside
the pigment epithelium [86,88,91] and expression in mouse
embryos [90].

Genetic evidence supporting the role of RDHS in 11-cis-
retinal production has come from the identification of muta-
tions in the human RDHS5 gene that cause delayed dark
adaptation and fundus albipunctatus, correlated with decreased
activity of RDHS for 11-cis-retinol oxidation [93].

retSDR1

Another microsomal SDR functioning in the visual cycle is
retSDR1, which prefers NADPH as cofactor and catalyzes
reduction of all-trans-retinal to all-frans-retinol in the retina
[94]. retSDR1 lies in a distinct class of SDR as it has no
3a-hydroxysteroid activity and it shares only 26—29% sequence
identity with the RoODH/CRAD family and 29% with RDHS.
The reaction catalyzed by retSDR1 is essential for completion
of the visual cycle in higher animals as a tremendous amount of
11-cis-retinal is isomerized to all-trams-retinal during photo
bleaching of rhodopsin and then released into the retina where
it must be metabolized to all-trans-retinol and then transported
to the pigment epithelium to regenerate 11-cis-retinal. Mouse,
human, and bovine forms of retSDR1 have been identified
(human and mouse forms share 94% amino-acid sequence
identity) and expression is highest in cone photoreceptor cells
of the retina [94].

ALDEHYDE DEHYDROGENASE (ALDH)
FAMILY

ALDH1

ALDH consists of a large family of enzymes containing some
members able to use retinoids as substrates [29]. The original
cytosolic class I ALDHs identified as being able to oxidize
retinal to retinoic acid were called ALDHI1 in the human [95],
Ahd2 in the mouse [96], and RALDH or RalDHI in the rat
[97,98]. The long-standing human name ALDHI1 has been
adopted here for all these mammalian orthologs as well as those
known to exist in the chick [99] and frog [100]. ALDHI
catalyzes the NAD-dependent oxidation of both all-trans-
retinal and 9-cis-retinal to all-trans-retinoic acid and 9-cis-
retinoic acid with nearly equal efficiency [97]. Thus, ALDH1
can participate in production of retinoids needed to bind either
RAR or RXR to regulate gene expression. The tertiary structure
of ALDH1 has demonstrated that it possesses an active site that
can easily accommodate all-trans-retinal [101].

ALDHI is a highly conserved protein with human and mouse
forms sharing 87% amino-acid sequence identity [102]; mouse
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and frog forms share 76% identity [100]. ALDHI1 expression is
conserved in embryos and several adult epithelial tissues of
both the mouse [103] and frog [104]. Expression of ALDHI1
in the dorsal retina has been associated with retinoic acid
synthesis in that tissue [105]. Genetic studies in Xenopus
embryos have shown that overexpression of ALDHI leads to
premature synthesis of retinoic acid, thus providing evidence
that ALDH1 can indeed function to produce retinoic acid in
vivo [100].

ALDH6

A unique cytosolic ALDH activity present in the mouse
embryonic ventral retina (V1 enzyme) is associated with
retinoic acid synthesis in that tissue [105]. However, the ALDH
family member responsible has not previously been reported.
Human ALDH6 is distinct cytosolic ALDH sharing 70%
sequence identity with ALDHI1 [106] that has been shown to
catalyze the oxidation of all-frans-retinal to all-trans-retinoic
acid [29]. In situ hybridization studies show that the human
ALDH6 cDNA can detect Aldh6 mRNA in the ventral retina
of mouse and chick embryos (G. Duester & M. Maden,
unpublished data). This indicates that ALDH6 most likely
represents the V1 enzyme, a conserved retinoic acid synthetic
enzyme in the ventral retina.

RALDH2

RALDH?2 (originally called V2 enzyme of mouse embryonic
retina or RalDHII of rat testis) represents another cytosolic
ALDH (72% sequence identity to ALDH1) able to catalyze the
NAD-dependent oxidation of all-trans-retinal to all-trans-
retinoic acid [107,108]. RALDH2 homologs cloned from
human [109] and chick [110] have revealed amino-acid
sequence identities of 98 and 94% with the mouse form,
respectively, showing that RALDH?2 is remarkably well con-
served during evolution. The catalytic activity of RALDH?2
with all-trans-retinal (V. /Ky, = 49 nmol-min71~mg7]~MM71)
[108] is about 15-fold higher than that of ALDHI
(Vimax/Km = 3.3 nmol-min_l-mg_l-p,M_l) [111]. The crystal
structure of RALDH? indicates the presence of a disordered
loop in its active site that accommodates all-frans-retinal in a
different manner than that seen for ALDH1 [112]. RALDH2 is
expressed in mouse adult reproductive organs and embryos
[103,113] as well as in chick embryos [110,114]. Over-
expression of RALDH2 in Xenopus embryos leads to high
levels of retinoic acid synthesis [103]. Raldh2 knockout mice
suffer from embryonic lethality at E10.5 and display an almost
total lack of retinoic acid, thus providing genetic evidence that
RALDH2 indeed functions to produce retinoic acid for
embryonic growth and development [115].

ALDH-t

Tunicates are invertebrate chordates that have been reported to
have endogenous all-trans-retinal and all-trans-retinoic acid as
well as an ALDH able to oxidize retinal to retinoic acid in
developing bud tissues produced during asexual reproduction
[16]. This ALDH has not been purified or cloned and is referred
to here as ALDH-t. Tunicates also possesses an RAR clearly
related to vertebrate RARs [18]. The presence of both a retinoic
acid synthetic enzyme and a retinoic acid receptor in tunicates
indicates that primitive chordate animals have already evolved
a retinoid signaling pathway controlling growth and develop-
ment [16]. In contrast, there is no evidence that nonchordate
animals such as insects or worms have evolved the ability to
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produce retinoic acid from vitamin A and use it to control
growth and development.

CONCLUSIONS

The compilation of retinoid dehydrogenases described here
indicates the existence of five ADHs, eight SDRs, and four
ALDHs. However, it is unclear if all these enzymes play
significant roles in retinoid metabolism and whether their roles
are conserved in evolution or species-specific. This is most
evident in the identification of no less than 13 ADHs and SDRs
able to catalyze retinol/retinal metabolism in vitro. The mouse
has 12 of the 17 retinoid dehydrogenases compiled here, and
eight of these 12 are conserved between mouse and human
(ADHI1, ADH2, ADH4, RDHS, retSDR1, ALDHI1, ALDHS6,
and RALDH?2) providing confidence that these enzymes may
play significant roles in all mammals rather than species-
specific roles. Several enzymes have been found so far only in
mouse/rat (RoDH1, RoDH2, RoDH3, CRADI1, and CRAD?2),
human (RoDH4), chick (ADH7), or frog (ADHS). Further
evolutionary studies are needed to determine if they have
conserved or species-specific functions.

Genetic studies indicate physiological roles for two ADHs
(ADHI1 and ADH4) as retinol dehydrogenases to produce all-
trans-retinal or 9-cis-retinal needed for retinoic acid synthesis;
a physiological role for one SDR (RDHY) as a retinol dehydro-
genase to produce 11-cis-retinal for vision; and physiological
roles for two ALDHs (ALDHI and RALDH2) as retinal
dehydrogenases to produce all-trans-retinoic acid or 9-cis-
retinoic needed for gene regulation. Biochemical studies sug-
gest potentially significant roles for several other enzymes in
retinoid metabolism: (a) ADH2, ADH7, RoDH1, RoDH4, and
CRADI1 as retinol dehydrogenases for retinoic acid synthesis;
(b) ADH8 and RoDH2 (plus possibly RoDHI1) as retinal
reductases to convert retinal to retinol for retinoid storage; (c)
retSDR1 as a retinal reductase for completion of the visual
cycle; and (d) ALDH6 as a retinal dehydrogenase to produce
retinoic acid. The tunicate enzyme ALDH-t may represent an
early chordate retinal dehydrogenase that was the progenitor of
the vertebrate ALDH1/ALDH6/RALDH?2 subfamily. There are
several enzymes (RoDH1, RoDH4, CRADI, and CRAD2) for
which androgens act as the predominant substrates, thus
providing impetus to examine the function of these enzymes
in more detail from the perspective of androgen metabolism as
well as retinoid metabolism.
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