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The function of vitamin A has remained
an enigma even though this vitamin was one
of the earliest to be discovered (1). The knowl-
edge that has accumulated from more than
half a century of investigations points to a
multitude of physiological and biochemical
changes that take place when the mammalian
body has insufficient vitamin A. At this time
it has become evident that at least three dif-
ferent physiological functions are dependent
on proper vitamin A nutrition:

(1) Somatic function or systemic func-
tion—this encompasses growth and differ-
entiation, and for vitamin A is best under-
stood in terms of development and differen-
tiation of epithelial structures and bone
(2-6). Forms of vitamin A capable of sup-
porting somatic functions include retinol,
retinyl esters, retinal and retinoic acid.

(2) Reproduction—vitamin A is essential
for spermatogenesis, oogenesis, placental de-
velopment, and fetal and embryonic growth.
While retinol, retinyl esters, and retinal are
active for these functions, retinoic acid is not
able to support all aspects of mammalian re-
production (2, 3, 7).

(3) Visual process—it is firmly established
that vitamin A is required for vision in the
dark, possibly also for color perception. The
active form of vitamin A for this function is
the aldehyde, retinal (8), derived from retinyl
esters and retinol. Retinoic acid is inactive (9).
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Some of the most significant developments in
the area of vitamin A function and metabo-
lism are outlined in this introductory section.

Utilization of vitamin A in the body is a
tightly regulated process; there are several sites
of control:

(1) Transport of vitamin A from its storage
site in liver to tissues is in the form of retinol
bound to its specific carrier protein, retinol-
binding protein (10, 11). Retinoic acid is ap-
parently transported by serum albumin (12).

(2) There is control at the level of entry
into cells: it has been shown that a specific
cell surface binding protein accepts the vita-
min from its carrier protein and then transfers
it across the membrane into the cell (13, 14).

(3) At the cellular level vitamin A appears
to be bound to a cellular receptor protein:
cytosolic binding proteins have been found
that specifically bind retinol, retinal and reti-
noic acid (15-18), and there is evidence of
nuclear receptors specific for retinol and reti-
noic acid (15, 18-23).

(4) Computer modeling studies suggest that
plasma retinol cycles repeatedly in a “futile
cycling” process that interfaces target issues,
circulation, and body pools (M. H. Green,
personal communication).

The question now arises: what exactly does
vitamin A do at the cellular and molecular
level? Although a great deal of effort has been
expended in many laboratories to answer this
question, the function of this important nu-
trient is still unknown. At the present time
there are three working models offered to ex-
plain the mode of action of vitamin A.

One is based on the mode of action of vi-
tamin A in vision, where, in the form of 11-
cis-retinal, it functions as the prosthetic group
on the visual protein, opsin, in the rhodopsin
cycle ((8, 9), reviewed in (5, 6)). This molec-
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ular mechanism of action for vitamin A, how-
ever, so far has not been found applicable to
other target sites of vitamin A function.

To explain the mode of action of vitamin
A in reproductive and general somatic func-
tions, such as growth and differentiation, there
are currently two models under active inves-
tigation:

(1) Vitamin A acts in a coenzyme fashion
as a sugar carrier for glycoprotein biosyn-
thesis. Work is in progress in several labora-
tories to seek substantiating evidence for this
hypothesis (5, 6, 24).

(2) Vitamin A functions via a specific re-
ceptor protein (16, 17). Since cellular binders
for all active forms of vitamin A have been
found (16, 17, 25, 26), this working model
has received wide acceptance.

Functions of vitamin A must be intimately
linked to its metabolism. Simultaneously with
research ongoing in the area of vitamin A
function, there has been a great deal of stim-
ulating work in the area of vitamin A metab-
olism. Of interest has been the work of Wolf
and De Luca, who have focused on retinyl
phosphate as the metabolically active form of
retinol. Retinyl phosphate has been detected
in several tissues and is biologically (growth
response) as active as retinol (27, 28). Retinyl
phosphate combines with monosaccharides
such as mannose and can transfer this sugar
to a protein (24). The physiological signifi-
cance of retinyl phosphate and the sugar-lipid
intermediate formed remains to be estab-
lished.

Extensive research has developed around
the concept that retinoic acid or a metabolite
of it might be the “active form” of vitamin
A for its somatic function. This concept con-
tinues to be viable because reductive metab-
olism (to retinol, retinal, or retinyl esters) does
not appear to occur in vivo. Storage forms
(retinyl esters) are not generated and the me-
tabolism of retinoic acid is rapid. Metabolism
of retinoic acid is still not fully elucidated and
thus metabolites remain yet to be identified
and tested for vitamin A activity.

Several important developments have sig-
nificantly contributed to the understanding of
metabolism of retinoic acid:

(1) The realization that retinoic acid exists
in many tissues and is a physiological metab-
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olite of all known vitamin A-active com-
pounds (29-32). This knowledge confirmed
what was previously only speculation con-
cerning the important role of retinoic acid as
a vitamin A-active compound.

(2) The discovery that vitamin A com-
pounds have anticarcinogenic potential and
that among natural vitamin A compounds
retinoic acid is the most promising antitumor
agent (33-35). This finding has generated a
tremendous interest within the medical field
and has expanded our understanding of vi-
tamin A in nutrition and metabolism.

(3) Geometric isomers of retinoic acid oc-
cur in vivo in certain target organs and may
have physiological functions (36, 37).

(4) The development of new chromato-
graphic and isolation technology for the sep-
aration of organic compounds. Methods such
as liquid-gel partition chromatography (30,
38), improved isolation methods (36, 39), and
especially high-pressure liquid chromatogra-
phy [HPLC] (40-42) have practically revo-
lutionized the field of vitamin A metabolism
allowing separation of vitamin A compounds
from each other and their isomers. Unfortu-
nately, much of the earlier work on vitamin
A compounds must now be viewed with some
reservation because earlier methods permit-
ted the destruction of the very labile vitamin
A compounds.

It has now been possible to characterize
several tissue metabolites of retinoic acid. One
such metabolite is 5,6-epoxyretinoic acid (43),
previously thought to be a highly active vi-
tamin A compound (44, 45), but now proven
to be almost totally inactive (46). Other re-
cently identified metabolites of retinoic acid
include 4-oxoretinoic acid and 4-hydroxy-
retinoic acid (47, 48); they, too, are biologi-
cally inactive and represent early catabolic
products of vitamin A metabolism.

Another newly characterized metabolite of
retinoic acid is retinoyl glucuronide (49-51)
originally isolated and studied by Olson and
co-workers (52-54). Postulated to be primar-
ily a biliary metabolite of retinoic acid, reti-
noyl glucuronide was found to be 30-100%
as active as all-trans-retinoic acid (52) and has
been thought to represent the major excretory
product of retinoic acid metabolism (53).
However, the recent demonstration of only
very small amounts of all-trans-retinoyl gluc-
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uronide in bile (49-51) suggests that glucu-
ronidation is a minor metabolic pathway for
retinoic acid elimination. The excretion of
other polar metabolites of retinoic acid as
glucuronides is, however, very probable.

Of particular interest is the report that ret-
inoyl glucuronide is the major intestinal me-
tabolite from administered physiological con-
centrations of retinoic acid to vitamin A-de-
ficient, bile duct-cannulated rats (36). The
authors suggest that glucuronidation of reti-
noic acid to form the mixed anhydride-ketal,
may have a physiological function in tissues.

Another recent finding is that in the intes-
tinal mucosa, a target tissue for vitamin A
action, retinoic acid exists in an equilibrium
mixture, 2:1, of its all-tfrans and 13-cis forms,
respectively (36). Although both forms appear
to be equally active in the somatic function
(growth response) (55), it has not been estab-
lished if each form is active on its own ac-
count or because of a conversion to the other
isomer. It is possible that in vivo isomerization
of all-trans-retinoic acid is crucial to the cel-
lular function of retinoic acid. Thus, 13-cis
isomerization may be the initial physiological
event in the action of retinoic acid at the cel-
lular level, followed by further metabolic re-
actions. This idea gains support from studies
with vitamin A-deficient rats: in the small in-
testinal mucosa of retinoic acid-dosed, bile
duct-cannulated rats a similar equilibrium ex-
ists between the 13-cis and all-trans retinoyl
glucuronides (36). Also, the 13-cis isomer of
4-keto-retinoic acid, although inactive, has
been found to be a metabolite of all-trans-
retinoic acid in liver (48). Recently, several
isomers of retinoic acid have been detected in
varying amounts in a number of tissues after
administration of all-trans-retinoic acid to vi-
tamin A-sufficient rats (37). Cis-trans isomers
of retinol and retinal are also present in livers
of mammals, birds, and fish (56, 57), sug-
gesting that they are naturally occurring forms
of vitamin A. The importance of isomeriza-
tion for a particular expression of vitamin A
activity thus may not be limited only to the
rhodopsin cycle in retina but may be of a
more universal occurrence.

Progress in elucidation of vitamin A me-
tabolism has not yet led to an understanding
of the function of vitamin A. Presently the
function of this vitamin can not be explained
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by a single unifying mechanism involving a
common metabolic intermediate. Equally ac-
tive forms of vitamin A, such as retinol, ret-
inal, and retinoic acid, may in fact each act
by divergent mechanisms and may possibly
even affect different functions in specific tar-
get tissues.

A brief examination of the vitamin A mol-
ecule (Fig. 1) reveals three important features:
(1) a hydrophobic head: the S-ionone ring; (2)
a conjugated isoprenoid side chain: this con-
jugated double bond system lends itself to
isomerization (by light, or enzyme, or heat)
and thus allows for a change in shape of the
molecule; (3) a polar terminal group that can
be enzymatically or chemically modified to
become an ester as in retinyl palmitate or an
aldehyde (-CHO) as in retinal or be oxidized
to a very polar carboxylic (-COOH) group as
in retinoic acid.

It is clear that a molecule with such diverse
chemical properties of its components may
readily enter into several different biochemi-
cal reactions, the choice of reaction type gov-
erned by endogenous and exogenous influ-
ences in the biological environment sur-
rounding it.

Our discussion to follow is primarily di-
rected at an examination of the current un-
derstanding of physiological function(s) of vi-
tamin A in light of present and past concepts
of possible mechanism(s) of action.

Visual Function of Vitamin A. Vitamin A,
because of the diversity of its molecular com-
ponents, can serve in various different bio-
chemical functions at the molecular level. It
is obvious that in the course of evolution ad-
vanced organisms have utilized this unique
molecule in several biological systems.

The best example is the function of vitamin
A aldehyde, retinal, in vision. A change in
shape of the molecule, such as that resulting
from isomerization of all-frans-retinal to 11-
cis form, allows this molecule to fit the surface
of a specific glycoprotein, opsin, located in the
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rods of the retina, where it is bound to protein
in an imine linkage (Schiff base). Here retinal
acts as a specific chromophore that responds
to white light by isomerization to all-trans
form, releasing retinal from the protein and
thus causing a change in charge distribution
on the protein and initiating events that lead
to neurotransmission. This process was dis-
covered by Wald (8) and has been intensively
studied and reviewed (5, 6).

The unique properties of vitamin A are also
thought to account for color perception. In
the cones of the retina, 11-cis-retinal fits into
three specific cone opsins, each of which pro-
vides a different environment in terms of dis-
tribution of negative charges along the length
of the molecule and enables retinal to absorb
at visible (longer) wavelengths (bathochrome
shift). When a wavelength characteristic of a
certain color (e.g., red) enters the eye, the 11-
cis retinal that is bound to opsin in the “red”
cones can absorb this light and is isomerized
to its all-zrans form. This change in shape of
the molecule dissociates the chemical bonds
between retinal and the protein, causes a re-
distribution of charges and a change in cur-
rent, that finally results in a signal to brain,
perceived as red color.

This experimental model for color percep-
tion, described above, has been recently pro-
posed by Honig er al. (58, 59) and is expected
to be applicable to all color-perceiving visual
systems.

Much of the understanding of the role of
retinal as chromophore stems from studies on
the purple membrane in Halobacterium hal-
obium (60-63). This membrane contains the
protein bacteriorhodopsin with all-trans- and
13-cis-retinal as its chromophore. Since bac-
teriorhodopsin is a small molecule (in con-
trast to the large protein molecules in rods
and cones of the vertebrate eye), it has been
possible to progress much more rapidly in un-
derstanding the functioning of the protein-
retinal complex, the chemistry of which is
similar to that of the visual pigment, rhodop-
sin. In the bacterial membrane system the en-
ergy of light, absorbed by the retinal chro-
mophore on the bacteriorhodopsin, is con-
verted into an electrochemical proton gradient
across the membrane, providing a source of
energy for this unusual salt-adapted micro-
organism.
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Thus, molecular functions of several retinal
pigments have been clearly established. Even
as bacteriorhodopsin is a light-driven proton
pump (61-63), another retinal pigment, halo-
rhodopsin, has been found to function as a
light-driven sodium ion pump (64). Finally,
in higher organisms, rhodopsin in the eye en-
ables them to utilize the visible region of the
spectrum and transform a light stimulus into
an electrical signal that causes neurotrans-
mission and perception of dim light and, pos-
sibly, also perception of color.

The specific protein-retinal interactions
that enable vitamin A to perform light-ab-
sorbing functions are dependent not only on
the photosensitivity of retinal because of con-
jugated double-bond system, but also on hy-
drophobic properties of the S-ionone ring of
the molecule and on the reactivity of the al-
dehyde group on the side chain terminal; all
parts of the molecule are essential for this bio-
chemical event to be accomplished.

The Somatic Functions of Vitamin A. a.
Differentiation. 1t is universally accepted that
vitamin A is required for growth and differ-
entiation. These functions, however, are in-
separable processes in higher organisms, in-
volving complex functioning of many tissues
and cells. Indeed, the earliest symptom of vi-
tamin A deficiency—a loss of appetite and an
ensuing decrease of growth, is followed by
multiple changes in tissue morphology, mostly
involving changes in epithelial tissue differ-
entiation. All this inevitably points to an in-
volvement of vitamin A in some very fun-
damental process.

A general observation of the effect of vi-
tamin A upon differentiation is that the vi-
tamin most certainly exerts its action upon
bipotential cells: cells that have retained their
differentiating ability in the growing and ma-
ture animal and can differentiate in more than
one direction. Vitamin A deficiency effects at
the cellular level are most readily seen in those
differentiating tissues that have a rapid turn-
over rate, such as epithelia of oral cavity, re-
spiratory tract, gastrointestinal tract, urinary
tract, and ducts of various secretory glands (2,
3, 6, 65). Similarly, effects of vitamin A on
embryonic development (66-68), develop-
ment of bone and teeth (69, 70), maintenance
of spermatogenesis (7, 71), and limb regen-
eration (72-75) have also been explained by
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an effect upon differentiation. Early (76) as
well as recent (reviewed in (25)) studies with
cell cultures have substantiated the involve-
ment of vitamin A in cellular differentiation.

Regulation of differentiation of eukaryotic
cells is still one of the major unsolved prob-
lems in biology. Programming of cell function
has multiple control mechanisms that are in-
directly influenced by environmental factors.
It has become increasingly clear that vitamin
A nutriture may be one such factor involved
in regulation of differentiation of certain tis-
sues.

It is well established that lowered immu-
noresponsiveness is a sign of vitamin A de-
ficiency (reviewed in (6, 77, 78)) and that an
increased level of dietary vitamin A provides
protection against infection (reviewed in (77)).
Certain xenobiotics, such as TCDD (tetra-
chlorodiphenyldioxane) (79, 80), ethanol (81),
phenobarbital (82, 83), PBB (polybrominated
biphenyls), and PCB (polychlorinated biphe-
nyls) (84-86) increase vitamin A turnover
from liver stores. Other stress factors, such as
infection, accentuate vitamin A utilization and
decrease assimilation ((87), reviewed in (88)).
It is clear that optimal vitamin A stores and
intake have a protective effect against adverse
enviromental factors that could lead to mis-
guided gene expression and altered cell phe-
notype. A case in point is the accumulating
epidemiological evidence that adequate vita-
min A nutriture has a significant protective
effect against lung cancer in smokers (89, 90).

Differentiation is almost certainly based
upon gene expression. Many biochemical
studies suggest that vitamin A affects nuclear
events ((91-98), reviewed in (6)), but the exact
molecular site of its action has not been iden-
tified.

The mechanism of action of steroid hor-
mone-induced differentiation has been suc-
cessfully explored by the receptor model (99,
100); this model proposes that specific pro-
teins facilitate interactions with nucleus. The
model is also being applied to study the role
of vitamin A in differentiation. This approach
to elucidation of vitamin A function at the
molecular level, pioneered by Chytil and Ong
(16, 17, 101), has gained wide acceptance be-
cause cytosolic and nuclear binding proteins
for vitamin A-active compounds have been
found in many tissues (16-23) and their con-
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centrations appear to be regulated by vitamin
A status (101).

Additional support that vitamin A modifies
genomic expression comes from the recent
demonstration of nuclear binding of retinol
in liver (18, 23) and the observation that ret-
inol regulates the concentration of poly(A)
RNA (mRNA) in several target tissues (97,
101). In epidermal cells it has been possible
to correlate alterations in mRNA concentra-
tion with appearance of specific keratins (97,
98). The exact nuclear sites of these events
remain to be identified.

Cellular binding proteins for vitamin A-ac-
tive compounds have also been detected in
some transformed cells ((16) reviewed in (25)),
suggesting that a vitamin A-receptor complex
is involved in expression of the anticarcino-
genic properties of this vitamin. Presence of
cellular binding proteins, however, does not
always correlate with retinoid-induced effects
on proliferation or differentiation.

Although the receptor model is an excellent
tool for investigating the specific site of action
of vitamin A at the molecular level, this
mechanism may not account for all vitamin
A functions. A correlation between the pres-
ence of cellular vitamin A binding proteins
and gene regulation is not of universal oc-
currence. An example is the abundance in the
retina of “receptors” for almost every known
vitamin A-active compound (26, 103), while
retina is a tissue where the function of vitamin
A in the visual cycle is known #not to involve
gene expression. Thus the physiological func-
tion(s) of these cellular binding proteins is not
clear. There is recent evidence that in retina
the proteins may function as inter- and in-
tracellular carriers for the various forms of
vitamin A (26, 102, 103). It is also possible
that the proteins may be enzymes for the in-
terconversion of the vitamin A compounds
or they may be needed to stabilize the labile
vitamin A compounds or to decrease the tox-
icity of free retinol and retinoic acid (104).

An argument against the receptor model
has been raised in view of the data that there
are vitamin A target tissues without detectable
vitamin A-binding proteins as well as that
there are nontarget tissues containing binding
proteins (16, 17). It is likely, however, that
these discrepancies exist because of our pres-
ent incomplete knowledge of vitamin A target
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tissues and the inability to detect small
amounts of vitamin A binding proteins. The
availability and application of sensitive im-
munochemical (105, 106) and radioimmu-
noassay (103, 107, 108) techniques may ab-
rogate these differences.

The striking morphological changes in cer-
tain epithelial tissues that are the result of al-
terations in vitamin A nutrition (3, 5, 6, 65),
are often accompanied by altered mucus se-
cretion. Thus, a role of vitamin A in glyco-
protein metabolism has been suggested to ex-
plain its effect on differentiation (5, 6, 24).
The ability of vitamin A to alter glycoprotein
biosynthesis has been documented in many
in vivo and in vitro systems (5, 6, 24). Wolf
and De Luca propose a coenzyme role for
vitamin A, where retinol, as retinyl-phos-
phate-sugar complex, functions in mem-
branes in post-translational transfer of mono-
saccharides to an acceptor protein, this
resulting in synthesis of a specific glycopro-
tein that may affect cellular differentiation
(5, 6, 24).

At the present time it has not been possible
to demonstrate the existence of a protein that
specifically accepts a sugar moiety from
vitamin A. Furthermore, the model is not
applicable to retinoic acid, even though this
vitamin A-active compound stimulates gly-
coprotein synthesis and fulfills the somatic
functions of vitamin A. Also lacking is a
working hypothesis as to how a change in the
biosynthesis of a vitamin A-dependent gly-
coprotein might result in modulation of cel-
lular phenotype.

The demonstration that retinoic acid can
regulate release of the glycoprotein, fibronec-
tin, in an enucleated cell (109) indicates that
cytoplasmic function may be another molec-
ular mechanism for vitamin A.

b. Growth. Elucidation of somatic func-
tions of vitamin A becomes even more com-
plicated in the light of some important con-
cepts of vitamin A action that have received
very limited attention.

Pathological lesions associated with vita-
min A deficiency in animals have been de-
scribed in great detail (2, 3, 110), but it is not
known what initial biochemical events are re-
sponsible for the eventual morphological
changes. Physiological and biochemical
changes have been observed in young animals
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when their dietary vitamin A is withheld even
though they still have adequate amounts of
vitamin A stored in their livers, and therefore
have an endogenous supply of vitamin A that
is supposedly “‘available” for release to needy
tissues. The outward appearance of such an-
imals, their growth rate, and their serum vi-
tamin A give no indication of an ensuing
vitamin A deficiency; the animals are in ap-
parent good health. However, the devel-
opment of tissues that have been examined
was found to be restricted (77, 111). One ex-
planation could be that the amount of vita-
min A adequate to maintain body weight and
general health may not be sufficient for op-
timal growth and development of all tissues,
as is the case with testes (112). The mecha-
nism(s) regulating the release of retinol-RBP
from liver of normal animals is not under-
stood. This process might partially depend on
newly absorbed (dietary) vitamin A, mostly
retinyl esters. In the absence of this exogenous
stimulus, the rate of release of the retinol-
RBP complex may be sufficient to keep the
blood concentration of retinol normal, but
not sufficient to satisfy the needs of rapidly
proliferating tissues.

The principal cause of an impairment in
growth in a nutritional insufficiency might be
connected with alterations in protein metab-
olism (113). The initial biochemical effect thus
could be either at the nuclear level or epige-
netic; for example, some function of vitamin
A may be concerned with maintenance of sta-
bility or specificity of complex proteins, par-
ticularly in membranes.

Recent studies have provided evidence that
rapidly proliferating tissues are very sensitive
to suboptimal vitamin A nutrition: DNA syn-
thesis phase in the small intestinal crypt cells
is prolonged (111), addition of new cells to
growing organs is decreased (77), and DNA
labeling index (114), cell mitoses (115), and
DNA synthesis (116, 117) are decreased in
several tissues of animals prior to manifes-
tation of external deficiency symptoms. The
lowering in DNA synthesis activity may be a
conservation mechanism for vitamin A in the
presence of a limited supply of this micro-
nutrient. Under suboptimal nutritional con-
ditions, cells cease to multiply and, to survive,
may revert to a differentiated state that is bet-
ter adapted to existing nutritional conditions.
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Temporal effects in target tissues of decreased
DNA synthetic activity, followed by hyper-
plasia, might also be explained by a prolif-
erative dependence for vitamin A in rapidly
dividing target cells. Such cells would be
trapped in G, permitting other juxtaposed
cells, not dependent on vitamin A, to con-
tinue proliferating. Recent in vivo experi-
ments, using vitamin A-depleted and -re-
pleted animals, suggest that both mechanisms
may be operating simultaneously in tracheal
epithelium (114, 118, 119). Whether these
changes in cellular behavior caused by vita-
min A insufficiency are phenotypic altera-
tions of target cells or the “overgrowth” of
other nondependent cell types in vivo, cannot
be answered with our present knowledge.

Studies with rats in germ-free environment
(120, 121) have been very useful in separating
various components associated with vitamin
A function: growth, differentiation, reproduc-
tion, vision. The germ-free experimental
model illustrates clearly the vitamin A re-
quirement for reproduction, vision in the dark,
and epithelial tissue differentiation: such an-
imals cannot reproduce or see in the dark;
many epithelia undergo keratinization; ac-
cumulated keratinized debris obstructs vital
passages to organs and is often the primary
cause of death of the animal.

In the germ-free environment rats can live
and maintain their body weight in the absence
of vitamin A. The experimental model illus-
trates a very important concept: if all stresses
are removed, animals can survive without vi-
tamin A. However, if demands are imposed
upon the body, such as growth or need for
rapid tissue regeneration or turnover, the an-
imal must have vitamin A to survive. This
concept is also supported by the observation
that the requirement of vitamin A depends
on the rate of growth (122-126, also reviewed
in (6)). Similarly, bone lesions due to inade-
quate vitamin A nutrition are observed only
in young, growing animals (2-6) and are
probably related to the need for this vitamin
in proliferation and differentiation of bone
cells, particularly osteoblasts and osteoclasts.
Despite extensive studies with hypo- and hy-
pervitaminotic-A animals (2-6), regulation by
vitamin A of bone growth and development
is still completely obscure.

Reproduction. The requirement of vitamin
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A for reproductive functions in higher ani-
mals has been known since 1922 (127). In
studies with animals restricted to vitamin A-
deficient diets and repleted with various active
forms of vitamin A, Thompson et al. (7) es-
tablished a dichotomy of vitamin A function:
while retinoic acid maintained somatic epi-
thelial function in testes, it did not maintain
germinal epithelium or spermatocytogenesis.
The reduced forms of vitamin A, retinol, or
retinal, are required for these functions. In
female rats, hormone production, oogenesis,
fertilization, and implantation are supported
equally well by retinoic acid, retinol, and ret-
inal, but the reduced forms are required for
placental and fetal development.

Recent studies, however, suggest that in ad-
dition to its general, somatic role in epithelial
maintenance, retinoic acid does have a spe-
cific function in testes: it supports testosterone
biosynthesis in Leydig (interstitial) cells (128).
Both retinol and retinoic acid appear to be
required for complete testicular function. It
remains to be determined why retinoic acid
alone can support spermatogenesis and oo-
genesis in birds (129).

The partial vitamin A activity of retinoic
acid has been very useful in sorting out the
various functions of vitamin A, particularly
in separating the multiple somatic lesions (that
often lead to complicating consequences) from
the more specific effect of vitamin A on re-
production (and vision). At this time it is still
not clear what biochemical systems are in-
volved.

Wald and Dowling suggested (9) that reti-
nol serves merely as a precursor to two active
forms of vitamin A: retinal and retinoic acid.
This idea is still a valid model for proposing
a function for retinal in reproduction: (a.) ret-
inal supports all aspects of reproduction (7);
(b.) retinol-retinal interconversions occur in
tissues ((30, 130) discussed in (6)). Cellular
binding proteins for retinal have been de-
tected in eye tissues (26, 102, 158); no data
on other tissues are available. At this time one
can not assume that retinal is functional only
in vision. Present evidence supports the con-
cept that reproduction in higher animals is an
example of a specialized system that utilizes
several available active forms of vitamin A,
each for its unique potential.

The mechanisms of action of vitamin A
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proposed for maintenance of growth and dif-
ferentiation have also been suggested for the
function of vitamin A in reproduction. Cel-
lular binding proteins for both retinol and ret-
inoic acid have been isolated from testes, ovary
and uterus (16), oviduct (131) and mammary
gland (132). Extensive studies with testicular
retinol- and retinoic acid-specific binding pro-
teins have strengthened the view that the ac-
tion of vitamin A compounds in reproduction
is mediated by specific intracellular carrier
proteins and that vitamin A exerts its effect
on reproduction at the gene level via a nuclear
receptor.

Membrane Phenomena. Vitamin A, when
added in excess to biological systems, acts on
cellular membranes and glycocalyx. Mem-
brane effects have shown a high degree of cor-
relation with biological activity. As a result of
these observations as well as the surface-active
effect of vitamin A (see Fig. 1), a working
hypothesis has been proposed by Lucy (133)
that one function of this vitamin may be to
physically alter lipoprotein membranes and
thus to affect differentiation.

Effects of vitamin A on membrane struc-
ture and function have been studied exten-
sively in biological and physical experimental
systems. When high nonphysiological con-
centrations of vitamin A are employed, bio-
logical studies demonstrate that free retinol
(not bound to its physiological carrier, RBP),
labilizes membranes causing leakage of en-
zymes (134-136). Lucy (133) has suggested
that physiological concentration of vitamin A
might similarly regulate release of membrane-
enclosed enzymes essential for normal met-
abolic processes and thus account for the var-
ied functions influenced by vitamin A.

For explanation of the physiological func-
tion of vitamin A the membrane model has
been discounted at this time, since there are
several lines of evidence that indicate that the
hypervitaminotic effects of vitamin A are not
related to the physiological function of this
vitamin. For example, a-retinol, an analog of
retinol capable of producing the membrane
effects, has very low growth-promoting activ-
ity (135). Also, an excessive amount of reti-
nol, when added to cell culture in its physi-
ologically circulating form (bound to RBP),
did not cause the deleterious alterations in
membrane structure and function that are as-

FUNCTION OF VITAMIN A

sociated with the action of free retinol (137).
Furthermore, considering the very low con-
centration of vitamin A in membranes (ex-
cept in the membrane discs of retinal rods),
it is difficult to envision this compound in the
role of a structural component.

Much of the available evidence, however,
does point to membranes as the most likely
biological structures for the site of action of
vitamin A (138-144). Also, length of the vi-
tamin A molecule is appropriate to span
the lipid bilayer of some cellular mem-
branes (145).

Although vitamin A is distributed among
various soluble intracellular compartments,
some of it is always associated with membra-
nous structures (138, 139, 146, 147). Fur-
thermore, in recent studies demonstrating the
delivery of retinol via cellular receptor to nu-
cleus, it was noted that free retinol was as-
sociated with the nuclear membrane (23).

Evidence is increasing that membranous
structures play an essential part in many cel-
lular events. Since vitamin A influences the
biosynthesis of glycoproteins, characteristic
components of membranes, it may affect cel-
lular differentiation by a nonnuclear mecha-
nism. Glycoproteins on the surface of mam-
malian cells are important in a variety of
membrane-mediated functions, such as cell
adhesion and communication. In vitro studies
have demonstrated that these cellular inter-
actions are affected by vitamin A ((140-143),
reviewed in (25)). Evidence also suggests that
changes in membrane glycosylation affect cell
surface recognition mechanisms (148-150)
and that glycosylation of membrane-asso-
ciated proteins may be an integral part of cel-
lular differentiation (151).

Recent morphogenesis studies indicate that
vitamin A compounds exert striking systemic
effects on the anatomical patterns of regen-
erating limbs in amphibians (72-75) and de-
veloping limb buds in chick and mouse (152-
155). Maden (74) suggests that the effect of
retinoids on cell surface glycoprotein glyco-
sylation, on gap junction formation, and on
secretion of matrix proteins may be respon-
sible for alterations in cellular communica-
tion during limb pattern formation and thus
may influence the determination and mainte-
nance of tissue positional information.

The highly reactive nature of the molecular



FUNCTION OF VITAMIN A

species of vitamin A indicates that this com-
pound could be involved in electron transfer.
Lucy ((133), see also (6)) has suggested that
vitamin A may be involved in the electron
transfer chain of the membrane-bound en-
zymes [e.g., Cyt Pso-mixed function oxi-
dases] in microsomes. This possibility is
strengthened by the observation in model sys-
tems that flavins catalyze the isomerization of
retinal (156).

Elucidation of the molecular function
of retinal as a photosensitive chromophore,
powerfully demonstrates how the various parts
of the vitamin A molecule can be utilized by
the cell to accomplish a biological task. The
photoprocess (photoisomerization) induces a
conformational change in membrane protein,
this leading to an increased permeability of
the membrane to ions and to the consequent
generation of a charge. While not directly ap-
plicable to the elucidation of other physio-
logical functions of vitamin A, the retinal
chromophore does provide us with an addi-
tional working model: in the somatic cells vi-
tamin A-active compounds could be enzy-
matically isomerized and then utilized, in a
similar fashion, to perform some fundamen-
tal biochemical function.

It is definitely premature to speculate
whether some action of vitamin A at the gene
level affects membrane function or whether
some function of vitamin A at the membrane
site alters gene expression.

Conclusions. All available evidence indi-
cates that vitamin A has a very complex func-
tion in the body, involving cellular prolifer-
ation, differentiation, as well as specialized
functions, such as vision and reproduction.

The search for a link between a biochem-
ical reaction, initiated by vitamin A, and a
physiological or morphological change, has
progressed in several directions. The foltow-
ing models are being explored to study the
regulation of molecular events by vitamin A:

(1) Isomerization of vitamin A to affect
conformation and charge of complex pro-
teins. Although this model has been useful to
elucidate the function of vitamin A in vision,
so far it has not been found applicable to so-
matic functions of this vitamin. It is likely that
in higher organisms an enzymatic isomeriza-
tion will link a critical biochemical event
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to the physiological change elicited by
vitamin A.

(2) Regulation of nuclear events via spe-
cific vitamin A—cellular binding protein com-
plexes. This model appears to explain the ef-
fect of vitamin A in certain target epithelia.
However, specific alterations in proliferative
or differentiative response do not always cor-
relate with presence of vitamin A binding pro-
teins.

(3) Modulation of glycoprotein biosyn-
thesis by participation in sugar transfer re-
actions. The importance of glycoprotein pro-
cessing in cellular control mechanisms makes
this hypothesis attractive. Demonstration of
a specific protein acceptor and identification
of a retinoic acid intermediate would further
substantiate this hypothesis.

(4) Membrane phenomena. It is possible
that the ability to penetrate and modify bio-
logical membranes is the basis for some phys-
iological activity of vitamin A such as stabi-
lizing complex protein, i.e., membrane-bound
enzymes.

(5) Electron transfer. The conjugated dou-
ble-bond system of vitamin A molecule can
provide an electron mobility that might be
utilized for some systemic actions.

It is certain that a single unifying mecha-
nism cannot explain the molecular action of
vitamin A. Several active forms of this vita-
min exist in the body: retinol, retinal, and
retinoic acid. They may function each in a
specific tissue or simultaneously in the same
tissue, possibly each modulating cellular be-
havior by a different mode of action.

The significance of retinoic acid is still not
clear. Is retinoic acid a partially active me-
tabolite of vitamin A or must retinol and ret-
inal be converted to retinoic acid for the vi-
tamin A function in growth and maintenance
of somatic epithelial tissues? So far, it is not
known whether the biochemical event caused
by retinoic acid is specific only for retinoic
acid, because the reduced forms of vitamin A
are as effective as retinoic acid and can be
physiologically metabolized to retinoic acid.
A specific function could be ascribed to re-
tinoic acid with the demonstration of a dif-
ferentiation product specific only for retinoic
acid in a target tissue that responds to all forms
of vitamin A.
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Addendum. Vitamin A research has been
characterized by a considerable progress in
recent years. This is reflected not only in the
vast number of publications in the area, but
also in the availability of several excellent re-
cent reviews. Particularly informative is the
comprehensive survey and evaluation of the
vitamin A field by Wolf (6). Other recent re-
views dealing with specific areas include: an
update of RBP research (11), an examination
of natural and synthetic vitamin A com-
pounds (collectively designated as retinoids)
and their in vivo and in vitro effect on neo-
plasia (25); a review on the involvement of
vitamin A in sugar transfer reactions in mam-
malian membranes (24); a discussion of cel-
lular binding proteins for vitamin A com-
pounds (16, 18); a general review of vitamin
A, including nutritional information, and
chemical and biological assay procedures (88);
reviews on vitamin A and cancer (33-35); a
review on vitamin A deficiency as a public
health problem in many parts of the world
(157) and a review of retinoids in ocular tis-
sues (158).
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