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Natural retinoids and 3-carotene:
From food to their actions on
gene expression
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Vitamin A (retinol) is found in foods of animal origin in the form of retinyl ester, or in fruits and vegetables as
carotenoids with provitamin A activity, especiapycarotene. Inside the enterocytes, retinol binds to cellular
retinol-binding protein, type Il (CRBPII), which directs its esterification by the enzyme lecithin:retinol
acyltransferase (LRATR-Carotene may undergo central or eccentric cleavage with the formation of retinoids,

or may be released into the circulation unchanged. The retinyl esters synthesized, aspvetiratene that has

not undergone cleavage, are incorporated into chylomicrons and taken up mainly by hepatocytes. In the liver,
retinol may be stored in stellate cells as retinyl esters, be oxidized to retinoic acid, or be liberated toward target
cells bound to retinol-binding protein (RBP). Atlnsretinoic acid and its Sisisomer have binding affinity for
nuclear receptors that activate transcription and that bind as dimers to specific nucleotide sequences present in
promoters of target genes. Retinoids also modulate gene expression acting at the posttranscriptional level. The
existence of nuclear receptors @fcarotene has not been reported thus far. However, it has been demonstrated
that B-carotene can also modulate gene expression. Information about the metabolism of retinoids and of
B-carotene has also had important repercussions from a clinical viewpoint, such as the administratiomasfsall-
retinoic acid to patients with acute promyelocytic leukemiél. Nutr. Biochem. 9:446—-456, 1998) Elsevier
Science Inc. 1998
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Introduction Vitamin A mainly occurs in foods of animal origin in the
form of preformed vitamin, and in orange and dark green
vegetables and fruits in the form of carotenoidSpproxi-
mately 600 carotenoids have been identified thus far in
nature. However, less than 10% of them are vitamin A
precursors, being denoted as pro-vitamins A. Among these,
B-carotene is the carotenoid presenting the highest biolog-
ical activity? This carotenoid is found in different organs
and tissues including bloctpoth in humans and in ani-
mals, where it performs its antioxidant action. There is also
evidence that it has anticarcinogenic actiity.Figure 1
presents a general view of the metabolism of natural
retinoids and off-carotene, from their presence in the
intestinal lumen to their actions at the target cell level.

It is important to emphasize the recent advances in our
understanding of the metabolism of retinoids and carote-
noids because of the clinical repercussions of these com-
pounds. This paper will focus on the metabolism of natural
retinoids and orB-carotene, because little information is
available in the literature about the metabolism of other
carotenoids. The termetinoid refers to substances includ-
ing vitamin A (retinol) and its natural metabolites retinal-
dehyde and retinoic acid, in addition to its synthetic deriv-
atives! This liposoluble vitamin has various actions in
many biological processes, participating, for example, in
fetal development and the regulation of several aspects of
cell metabolisn?.

From foods to the release from enterocytes
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Figure 1 A general view of the metabolism
of natural retinoids and of B-carotene, from
their presence in the intestinal lumen to their
actions at the target cell level. (B-Carotene,
BC; retinyl ester, RE; lecithin:retinol acyl-
transferase, LRAT; cellular retinol-binding
protein typell, CRBPII; retinyl ester hydro-
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The absorption of carotenoids basically occurs by passive
diffusion and depends on adequate amounts of lipids,
proteins, calories, and food fibers in the intestinal lu-
men!®! High B-carotene concentrations may inhibit dif-
fusionl? In the enterocytes, after being converted to retin-
oids or even after being absorbed unchandgedarotene
may be incorporated into chylomicrons for transport to
other cells of the organisn?.

lase, REH; retinol binding protein, RBP; trans-
thyretin, TTR; retinoic acid receptor, RAR;
retinoid X receptor, RXR).

latter are also possibly precursors of retinoic adtiy(re
2).2 However, there is no consensus in the literature about
the importance of central or eccentric cleavage in the
conversion off3-carotene to retinoids, although both are
known to occur?

It is assumed that in humans 1/6 of tlfiecarotene
present in food is converted to vitamin A in the organf&.
This ratio also depends on factors such as thyroid activity,
the presence or absence of stress, and on the presence of
dietary interferences such as higher or lower concentrations

Two hypotheses have been suggested for the conversionsf pitrates, proteins or lipids, and especially on the concen-

of this carotenoid to retinoids, i.e., that hydrolysis of

B-carotene molecules occurs by central cleavage and/or by

eccentric cleavag® In the decade of the 1960s and 1980s
it was demonstrated thds-carotene can be converted to
vitamin A through the action of the enzyme 15.boxy-
genase (involved in central cleavage), which is present in
the cytosol of enterocytes, in the liver, and in the corpus
luteum4-181n this case, molecular oxygen may first react
with the central two carbon atoms pfcarotene, producing

two retinal molecules. These are subsequently reduced to

trations of the carotenoid itself in focd.

In humans, most of the absorbpetarotene is converted

to retinol in the enterocytes. However, approximately 15%
of this carotenoid is found in the lymphatic system in the
intact form2® Thus, human beings can accumulate the intact
B-carotene molecule in the blood and tissues, the same
occurring with other mammals such as horses and fetfets.
In other animals, such as rats and chickens, it has been
reported that large amounts of the carotenoid present in food

retinol (vitamin A) by the enzyme retinal reductase, or even &€ converted to vitamin A. Thus, the rat may not be

oxidized to retinoic acid. A later study on the intestinal
mucosa of rabbits and rats confirmed the formation of
retinal molecules frong-carotené’

The occurrence of eccentric cleavageBetarotene was
first detected in plants and microorganistiand later in
the intestine of rats, ferrets, monkeys, and human be-
ings12° The reaction gives origin to different chains of
B-carotenals 12, 10'-, 8-, which may be converted into
retinal or even be oxidized tp-apo-carotenoic acids. The

indicated as an in vivo model for the study @fcarotene
metabolisn?’ However, recent studies have demonstrated
that this species can accumulate large amount3-céro-
tene, especially in the liver, when the substance is added to
the diet or administered by gavage&:?®The presence of a
protein-carotenoid complex has also been demonstrated in
the liver of rats fed3-carotene, and it has been suggested
that this complex may be involved in the storage and
transport of the intact molecule of this caroten®id.
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Retinoids cholate, and preferentially acts in the hydrolysis of long-

chain retinyl esterg!

Free retinol is obtained as a result of the activity of these
enzymes and is absorbed by the enterocytes by facilitated
diffusion at physiological concentrationsigure 2), or by
passive diffusion at pharmacological concentratithstter

Two pancreatic enzymes have been identified in the lumen
of the small intestine as being responsible for the hydrolysis
of retinyl esters. One of them, cholesterol ester hydrolase, is
stimulated by bile salts, acting on a wide variety of

esterified substrates. In contrast, the other, pancreatic Iipaseb ; bsorbed. vitamin A (retinol) und terificat
is inhibited by bile salt$° In this respect, little attention has ~ °€!Ng abSorbed, vitamin (retinol) undergoes esterification

been paid to the activity of pancreatic lipase, and it is W't_h long-chain fatty acids, espema_lly_ palm!tlc or stearic
believed that cholesterol ester hydrolase is mainly respon-2cid- The enzymes involved are lecithin: retinol acyltrans-
sible for the hydrolysis of retinyl esters in the intestinal ferase (LRAT), which utilizes the acyl group at tse-1
lumen. position of phosphatidylcholine as a source of fatty acids,
Two enzymes located on the apical plasma membrane ofe_md acyl:CoA retinol acyltransferase (ARAT), which uti-
the brush borders of enterocytes have also been reported tdzes free acyl group$’3* .
have hydrolytic activity on retinyl esters. These enzymes  Retinolin its free form may cause deleterious effects on
were first detected in rats and, more recently, in human cells**However, this vitamin has a high binding affinity for
beings3! One of them has properties similar to those of two specific cytoplasmic proteins, the cellular retinol-
pancreatic cholesterol ester hydrolase, i.e., it is stimulatedbinding proteins CRBP and CRBPH. These, although
by bile salts, especially taurocholate, and acts more specif-sharing 56% of identical amino-acid sequences, differ in
ically in the hydrolysis of short-chain retinyl esters. As to its their physiological action®® CRBPII is located exclusively
origin, it is still being debated whether it is in the pancreas in enterocytes, where it represents about 1% of cytosol
itself with later binding to the membrane of the brush border protein, whereas CRBP is present in different tissues such as
of enterocytes. The other enzyme, intrinsically present in liver, kidneys, testicles, lungs, and small intestine mus-
this membrane, is stimulated by bile salts, especially deoxy- cles2”*8 CRBPII and CRBP bind to retinaldehyde, the first
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Figure 3 Aspects of the hepatic metabolism of natural reti-
noids and of B-carotene, from their uptake by the hepatocyte
to their release toward the respective target cells. (B-carotene,
BC; retinyl ester, RE; retinol, ROL; retinal, RAL; retinoic acid,
RA; neutral and acid retinyl ester hydrolases, NREH and
AREH,; retinol dehydrogenase, RODH; retinal dehydrogenase,
RALDH; retinyl ester hydrolase, REH; lecithin:retinol acyltrans-
ferase, LRAT; retinol binding protein, RBP; transthyretin, TTR;
cellular retinoic acid binding protein, CRABP; cellular retinol
binding protein, CRBP; very low density lipoprotein, VLDL).

< 9@© —— Target-cell

G—Dr >

——————— »ROL-RBP
REW ROL-CRBP )
O ] B S ——

{nar  RAL-CRBP
() RALDH

PERISINUSOIDAL
STELLATE

= fRIAanap

A

with the same affinity it shows for retinol. Retinaldehyde, tissue, and to bone marrdt® Figure 3illustrates aspects of

however, can dislocate retinol only from CRBPBYIFur- the hepatic metabolism of natural retinoids and3edaro-
thermore, CRBPII has the ability to bind to the &i3- tene, from their uptake by the hepatocytes to their release
isomer of retinol and to 3-dehydroretinol. toward the respective target cells.

Several lines of evidence suggest that CRBPII plays
fundamental roles in the regulation of retinol absorption into B-Carotene
enterocytes and its intracellular metabolism, also acting on
the reaction of retinaldehyde (a product Ppfcarotene
cleavage) reduction to retind®:4%4* CRBPII bound to
retinol directs the aldehyde more specifically toward micro-
somal reductase, thus preventing its free access to cytoso
reductaseé! Inside the enterocytes, CRBPII-bound retinol ma
undergoes esterification specifically by the enzyme LRAT ' . . . .
(Figurg 2. However, whe% preser{t i)r/1 high in)t/racellular It has been observed that the liver is the major site of

concentrations, vitamin A will be esterified by the enzyme P-carotene accumulation in the organism when diets sup-
ARAT 42 plemented with this carotenoid are administered to various

species such as ferrets, rats, and chickér8With respect

to its subcellular localization, studies in chicken and rat liver
From the enterocyte to the hepatocyte and to the  have demonstrated th@tcarotene is mainly present in the
stellate perisinusoidal cell mitochondrial fraction, followed by the lysosom&s®

The carotenoids present in the chylomicron remnants may
be converted to retinoids in the liver or be incorporated into
very low density lipoproteins (VLDL) and thus be again
fransported to peripheral cefté.Low density lipoprotein
(LD4L5) represents the major carrier @-carotene in plas-

Synthesized retinyl esters, as well as carotenoids that did notRetinoids

undergo cleavage, are incorporated into chylomicrons,

which are transferred to the lymphatic system by exocytosis Most of the retinyl esters present in chylomicron remnants,
(Figure 2. In the systemic circulation, this lipoprotein is about 70 to 80%, are taken up by the li¥éThe presence
submitted to hydrolysis of its triacylglycerols and also to of two different cell types responsible for vitamin A
changes in the respective apoproteins, resulting in the metabolism has been reported in this organ. One of them,
formation of chylomicron remnantS. These remnants, in  represented by hepatocytes, is directly involved in the
turn, play an important role in the distribution of retinoids uptake of chylomicron remnants as well as with the synthe-
and carotenoids to the liver, to adipose and skeletal musclesis and secretion of retinol-binding protein (RBP). The
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other, consisting of the stellate, or Ito or perisinusoidal cells, lism. An in vitro study demonstrated that retinoic acid at
is responsible for the storage of vitamin A in the form of high concentrations inhibits the conversion of retinol to

retinyl esters, especially in the periportal regfgrf®4° retinal in addition to stimulating retinyl ester synthesis
Thus, the chylomicron remnants are taken up by hepa- (Figure 3).%°
tocytes, which present B/E receptors on their surfaeith For retinol to be released from stellate cells into the

subsequent endocytosis. The retinyl esters constituting theseirculation, the stored retinyl esters must first be hydro-
remnants are then rapidly hydrolyzed. This is possibly lyzed. After retinol formation occurs, retinol associates with
brought about by acid and neutral hydrolases, with activities the RBP molecule. However, the ability of stellate cells to
independent of bile salts, and which are present on the synthesize and secrete RBP is debafédure 3).6¢7

plasma membrane and/or in the endosome of the hepato- Excessive retinol ingestion over long periods of time
cyte>-*?The retinol formed, instead of being transferred to (hypervitaminosis A) may cause liver damage and later
the lysosomes, goes to the endoplasmic reticulum, wheregijrrhosis. It has been suggested that the toxicity of vitamin
RBP is also synthesized and is present in high concentra-A may be caused by the high retinol concentration that may
tions (Figure 3. After retinol binding to RBP, the holo-  exceed the binding ability of the RBP molecule, resulting
protein migrates to the Golgi complex, with subsequent into retinol precipitation and therefore damage to the cell
secretion outside the céff.Each retinol molecule circulates  membrane&® Another possible mechanism responsible for

several times between the liver and extrahepatic tissuestoxicity may be through the interaction of retinoids with
before being irreversibly degraded. As the half-life of RBP thejr respective nuclear receptors.

in plasma is shorter than the half-life of retinol, this implies
the need for additional RBP synthesis for vitamin A
recirculation to occur?
In this way, the retinol-RBP complex liberated by the Transport to the target cell and
hepatocytes has the basic function of satisfying the vitamin subsequent uptake

':té?gdUIiLeggn;Steor;éngs %rﬁ]: mzngﬁg:}grézebrewﬁ?ﬁféﬁ%rg The retinol-RBP complex of hepatic cells associates in the
: y systemic circulation, or even while still inside the cell in the

is transferred from hepatocytes to stellate cells are not fully . . . .
understood. It has been suggested that the holo-RBP molg/umen of the endoplasmic reticulunfigure 3, with the
cule may be responsible for intercellular transfer. The protein transthyretin (TTR) This protein also presents a

possible occurrence of incorporation of this complex into 2Nding site with a high affinity for thyroxine, and its
stellate cells has been discusS&t’ Another possibility function is to reduce glomerular filtration of the retinol-RBP

may be the existence of a carrier protein identified thus far complex. However, a recent study on knockc_)ut TTRice

only in the reting® but not in the liver. This protein may ~demonstrated that, even though these animals have low
mediate retinol transfer between hepatocytes and stellatePl@Sma concentrations of the retinol-RBP complex, they do
cells. Furthermore, it has been suggested that retinol may be'0t present vitamin A deficiency. This may be possibly

directly transferred by intracellular communications of the Justified by the fact that mice also show increased plasma
desmosome typ¥.>? concentrations of alfrans retinoic acid, suggesting the

Stellate cells represent the major site of vitamin A €Xistence of a possible compensatory mechafifsfur-
storage in the liver, containing 80 to 90% of total hepatic N€rmore, no increase in RBP concentrations was observed
retinol, which is present in the form of retinyl esters in 98% N the kidney and urine in the same study, suggesting that
of cases® Stellate cells also have large quantities of cellular transthyretin probabl3/7gontrols the hepatic release of the
retinol binding protein (CRBP) and cellular retinoic acid 'etinol-RBP complex®Figure 4illustrates aspects of the
binding protein (CRABP), as well as enzymes capable of metabolism of natural retmou_is and @fcarote_ne from their
synthesizing (LRAT and ARAT) and hydrolyzing retinyl uptake t_)y target cells to their eventual actions at the gene
ester*96% As also observed in the small intestine, under expression level. . _
physiological conditions, retinol bound to CRBP is esteri- ~ The mechanisms by which the cells of the organism take
fied in the liver preferentially by the enzyme LRAFigure up ret!nol present in the ret|noI-RBP-.transthyretm complex
3). When present in high concentrations, retinol can also be are still quite debatable. Some studies have suggested the
esterified by the enzyme ARAT. Thus, the two enzymes €Xistence of a specific RBP receptor present on the cell
may be involved in the esterification of hepatic retinol membranes~"® This was first identified in pigmented
depending on the concentrations of the latter and whether orféetinal cells and later also in the placenta, kidneys, small
not it is bound to CRBP%%! However, the low level of intestine, spleen, liver, bone marrow, choroid plexus, and
saturation of the CRBP molecule, i.e., the presence of high the pineal gland? In 1991, the RBP receptor present on the
apo-CRBP concentrations, blocks retinol esterification in membrane of the retinal epithelium was isolated and found
addition to stimulating the mobilization of stored retinyl to be a 63-kDa glycosylated proteifi.
esters. This basically occurs through two major mecha-  There is also evidence that cells can take up retinol from
nisms, i.e., LRAT inhibition, and stimulation of retinyl ester the retinol-RBP-transthyretin complex without the need for
hydrolysis independent of bile saltgigure 3).62:63 specific receptors present on the plasma membtamaus,

Furthermore, it has been reported that CRBP is also it has also been demonstrated that retinol crosses the plasma
involved in the conversion of hepatic retinol to retinoic acid membrane simply by a “flip-flop” mechanism and that this
via retinaldehydé? Retinoic acid, in turn, also plays an occurs in the presence of high intracellular apo-CRBP
important role in the regulation of hepatic retinol metabo- concentrationg®
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Figure 4 Aspects of the metabolism of natural retinoids and of

B-carotene, from their uptake by target cells to their eventual actions at
the gene expression level. (B-carotene, BC; retinyl ester, RE; retinol,
ROL; retinal, RAL; all-trans retinoic acid, RA at; 9-cis retinoic acid,
RA9c; retinol binding protein, RBP; transthyretin, TTR; cellular retinol-
binding protein, CRBP; cellular retinoic acid binding protein, CRABP;
retinol dehydrogenase, RODH,; retinal dehydrogenase, RALDH; retinyl
ester hydrolase, REH; lecithin:retinol acyltransferase, LRAT; alcohol
dehydrogenase, ADH; retinoic acid receptor, RAR; retinoid X receptor,
RXR; retinoic acid response element, RARE; retinoid X response ele-
ment, RXRE; vitamin D response element, VDRE; thyroid hormone
response element, TRE; activator protein 1, AP1; AP1 response ele-
ment, AP1-RE).

Metabolism of retinol to retinoic acid

Inside the cells, retinol may follow different metabolic
pathways Figure 4). It may be stored in the form of retinyl

of this retinoid?®’” Conversion of retinol to retinoic acid
initially involves the oxidation of vitamin A to retinal and
later the oxidation of the latter to retinoic acid. In this
respect, the enzymes alcohol dehydrogenase and retinol
dehydrogenase have been reported to act on the formation
of retinal, the limiting step in the pathway of retinoic acid
formation’® Alcohol dehydrogenase is present in the cell
cytosol where it catalyzes the oxidation not only of ethyl
alcohol and other substrates, but also otiedhsretinol and

its 9-cis and 13eis isomers’® In contrast, retinol dehydro-
genase is present both in the cytosol and in the microsome
fraction, where it catalyzes the oxidation of retinol to
retinal® The retinol dehydrogenase isoenzyme present in
the cytosol has little affinity for the substrate and is
inhibited by apo-CRBP. In contrast, the microsomal isoen-
zyme has high affinity for retinol in its free or CRBP-bound
forms, and is not inhibited by the latter. Neither enzyme can
oxidize the Qeis or 13<is isomers of retinof1:81-83

The enzyme retinal dehydrogenase and members of the
cytochrome P450 family, its 1A1 and 1A2 forms, have been
described as participating in the oxidation reactions of
retinal and of its Sis isomer to their respective retinoic
acids. Four retinal dehydrogenase isoenzymes have been
identified thus far. They recognize as a substrate the retinal
generated by the enzyme retinol dehydrogenase, synthesiz-
ing in this way retinoic acid. Several other isoenzymes of
the cytochrome P450 system can also participate in the
metabolism of retinoid acid, producing polar compounds
such as 4-OH and 18-OH-retinoic acidsigure 4), which
will later be excreted by the célf8485

Thus, in view of the observation that the microsomal
enzyme retinol dehydrogenase recognizes the retinol-CRBP
complex as a substrate, it has been suggested that retinol is
transferred from this complex through a protein-protein
interaction to the enzyme retinol dehydrogenase, which
oxidizes vitamin A, producing retinaldehy@® The latter,
in the form of a retinal-CRBP complex, then migrates to the
cytosol, where the enzyme retinal dehydrogenase is also
present and can oxidize it to retinoic acid. It has been
reported that the derivation of retinoic acid fr@@rcarotene
(Figure 4 may preferentially occur from the eccentric
pathway of cleavage of the carotenoid moled#l€lhis
pathway results ifB-apo-carotenals that may give origin to
retinoic acid directly, and not retinaldehyde, as the latter,
when bound to CRBPII, is not so actively directed toward
the enzyme retinal dehydrogenase.

In situations of relative vitamin A deficiency, there is an
increase in apo-CRBP concentratinin turn, this can
stimulate the hydrolysis of stored retinyl esters and inhibit
LRAT, but not microsomal retinol dehydrogenase, thus
permitting the continuous production of retinoic acid under

esters, it may be metabolized to retinoic acid, or it may be these condition8’

again recycled into the systemic circulation, because several

Cells of different tissues such as brain, ovary, testicle,

tissues such as the kidney, placenta, Sertoli cells, adiposeuterus, kidney, and liver present a cytosol protein capable of

tissue, and the liver can synthesize RBP# Retinoic acid

binding to retinoic acid (CRABP) whose real function is

is also present in plasma in low concentrations and is takenstill unclear Figure 4).% This protein mainly has binding

up by the cells, presumably by diffusiéh.

affinity for all-transretinoic acid but also binds to its @s

After 1987, with the important discovery of the existence and 13eis isomers and to its polar metabolite, 4-OH-
of nuclear retinoic acid receptors, researchers started toretinoic acid®®8° Furthermore, a protein with affinity for
devote more time to studies related to the mechanismsretinoic acid has been reported, CRABPII, which has
involved in the regulation of the intracellular concentrations properties similar to those of CRABP. This protein is
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detected during embryogenesis, being restricted to the skinfunctions in the regulation of gene transcription. For exam-

in adults®®

ple, expression of the genes that code for Rédhd RXR3

The CRABP molecule has been reported to be possibly receptors has been observed in several tissues of both

involved in the transport of retinoic acid from the cytosol to
the nucleus Kigure 4). However, CRABP can also direct

this retinoid to the cytochrome P450 system. On this basis,

embryos and adult animals, whereas expression of the gene
that codes for the RARreceptor has been observed only in
the kidneys, muscle, and prostate of adult anir&fe°In

it has been suggested that this protein participates in theaddition, expression of the gene that codes for the RAR
homeostasis of retinoic acid inside the cell, sequestering itreceptor has been observed in the skin, suggesting its

and limiting its distribution and biological effect§:2*

Formation of 9-cis retinoic acid

The observation that 6is retinoic acid has a high binding
affinity for nuclear receptors has led to questions about its
origin in the organism. However, its exact mechanism of
synthesis is unknown. A possibility is the isomerization of
all-trans retinoic acid to Qeis, with questions about the
participation of enzymes in this proce¥sAnother possi-
bility is that 9<is retinoic acid is formed in the organism
from 9<is B-carotene and from 8is retinol, which are
present in the die¥? These compounds, after cleavages(9-
B-carotene) or oxidation (8is retinol) of their molecules
may give origin to Seis retinal. This, in turn, after being

involvement with morphogenesis and epithelial differentia-
tion.2°* RXRa and RXRy receptors are expressed in only
some tissues, with the former being present in the liver,
skin, and kidneys, and the latter only in muscle and in the
heart!%©

Studies have been conducted on knockout mice to
identify the functions of these receptors in vivo. Thus,
RARy knockout mice have been reported to present con-
genital alterations, growth deficiency, and premature
death!®? The same features have been observed in AR
knockout mice, which also demonstrate testicular degener-
ation1°3194Furthermore, in a recent study on F9 cells, in
which mutation of the gene for the RARreceptor was
induced, there was a loss of expression of some genes that
respond to retinoids, such as Hoxa-1, Hoxa-3, laminin B1,

oxidized by the enzyme retinal dehydrogenase, may give and collagenase IV, as well as reduced metabolism of

origin to 9<is retinoic acid®*°*A recent study on humans
has reported that after the administration ofi9-caro-
tene, cis-trans isomerization of the carotenoid occurred
before its secretion into the bloodstre&hT his mechanism

all-transretinoic acid to its polar derivativé$? In this same
study, the induction of mutation in the RARyene resulted
in increased metabolism of the retinoid and reduction of the
expression of the genes for CRBPII and Hoxb-1. On this

may be responsible for the reduced concentrations of thisbasis, it can be concluded that each receptor subtype

isomer in chylomicrons, a fact that might actually limit the
synthesis of Sis retinoids at the tissue levé?. Neverthe-
less, Qeis B-carotene is found in tissues, representing 25%
of the totalB-carotene in the livet’

Nuclear receptors for retinoids

Many of the actions of retinoids are mediated by nuclear
receptors belonging to the family of receptors for steroid
and thyroid hormones, as well as receptors for vitamin D,
which act as transcription factors depending on their li-
gands?® These nuclear receptors are structurally similar,
presenting an A/B region close to the amino-terminal end of
the protein, which is important in the activation of gene
transcription. They also hava C region containing two
zinc-binding motifs involved in receptor binding to specific
DNA sequences. Finally, an E region close to the carboxyl-
terminal region is responsible for the receptor binding to its
ligand and for the formation of dimers. The functions of the

presents a specific function, modulating the expression of
certain genes.

Actions of retinoids on gene expression

Nuclear retinoid receptors are believed to act as activators
of gene transcription, binding as dimers to specific nucleo-
tide sequences present in the response elements of their
target gened® This process is callettansactivation RXR
receptors are the only ones capable of forming homodimers
(RXR-RXR), acting in this way on genes such as CRBPII
and apo-Al. On the other hand, they also form heterodimers
with receptors for retinoic acid (RXR-RAR), for vitamin D
(RXR-DR), for thyroid hormone (RXR-TR)Higure 4), and
with the peroxisome proliferator activated receptor (PPAR).
Heterodimers are more stable than homodimers and have
greater affinity for the promoting region of DN#9:106

The regulation of transcription by the RXR-RAR het-
erodimer has been reported to require only the presence of

D and F regions of these receptors have not been fullythe RAR receptor ligand, i.e., the presence ofths

clarified ®°
Two different types of nuclear receptors for retinoids

retinoic acid*®” However, recent studies have reported the
presence of the two ligands in the RXR-RAR heterodimer

have been described, i.e., RAR, and RXR receptors, with (Figure 4), suggesting an active role of RXR also in gene

their respectivex, B, and+y subtypes Figure 4), coded by
separate genes. RAR receptors can bind both ttraaik
retinoic acid and to its isomer, @s retinoic acid, and to
4-oxo-retinol. However, they have no affinity for the t
isomer. In contrast, RXR receptors have affinity only for
9-cis retinoic acid*®

The RAR and RXR receptors vary in terms of distribu-
tion in the various tissues both during development and in

transcription. RXR may stabilize the binding of the het-
erodimer to specific DNA sequences. It has also been
demonstrated that only the ligand of the RAR receptor
stimulates the binding of the heterodimer to the DNA
promoting region, but the presence of the RXR receptor
ligand enhances gene expressi8h.
The RXR-RAR heterodimer and the RXR-RXR ho-

modimer recognize specific sequences of nucleotides

adult life. Thus, it has been suggested that they have distinctpresent in retinoid-responsive genelBiglre 4). These
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elements consist of three or more repetitions of the AGG been observed th@-carotene can also act at the molecular
TCA sequence. The sequences of the retinoic acid responséevel. This carotenoid has been reported to regulate the
element (RARE), i.e., for the RXR-RAR heterodimer, are expression of the connexin 43 gene in an intrinsic manner
separated by two or five nucleotides (DR2 and DR5), with independent of its activity as pro-vitaminA® B-Carotene
the DR5 spacing being actually the madsequent. In can also act at the posttranscriptional level. Thus, it has been
contrast, the RXR-RXR homodimer response element described that this carotenoid inhibits HMGCOoA reductase
(RXRE) recognizes these same sequences when they argene expression, an enzyme considered to be the rate-
separated by only one nucleotide (DR1). RAREs and limiting step in the metabolism of cholesterol, in rat treated
RXREs are also able to bind homo- or heterodimer with the carotenoid and submitted to partial hepatectdffly.
complexes of orphan nuclear receptors such as the
apo-Al regulatory protein (ARP-1), nuclear hepatocyte
receptors (HNF-4), and the erbA-related protein 3  Retinoids and acute promyelocytic leukemia
(EAR 3)_106,109,110

Retinoids can stimulate or even inhibit gene transcrip-
tion. Examples of transactivation are the genes for growth
hormone and oxytocin, some cell growth factors, enzymes
such as phosphoenolpyruvate and alcohol dehydrogenas
genes for the CRBPI and CRABPII proteins, and some
proteins of the extracellular matrix, such as certain collag-
enases and laminin B! In this case, retinoids may act in a
direct manner by synthesizing a protein after the binding of
their nuclear receptors (RAR or RXR) to the response
element of a given gene in DNA, or even in an indirect
manner, producing a transcription factor that will act on
target genes. Examples of genes whose transcription is
inhibited by retinoids are thellqenes for certain growth the RARx/PML protein blocks neutrophil differentiation
factors such as IGF-1 and TGk=""as well as the gene for "o ransactivation of retinoic acid responsive
protein Gla of the extracellular matri?2 genesi23124 P
{he amounta and ypes of recep(ore present as wellas on the T1US:the adminisizaton of tfans etinoic acid resuls
concentrations of their ligands. Thus, in the presence of a:amld in restor%ltion c;;pthe (Ijifferentiation of immaturg neo-
I(;WRgAg sréitelg?gsaiﬁefgr;sce;t;?g]% Te%?i%ogolrar‘rzg%oim;um: plastic cells into neutréophlls,_wnh consequent improvement
RXR-RAR heteroaimer. Under these conditions, the RXR- of the coagulopathy® Despite the progress in the treat-

RAR heterodimer binds to the RXRE element, thus inhib- ment of acute promyelocyitic leukemia with the adminis-

L L . . _tration of alltrans retinoic acid, most patients acquire
gg%%?lnﬁstranscnptmn, asin the case of the gene for Protein esistance to this retinoid. It is believed that this fact is

S o related to the increased concentration of CRABII protein
Retinoids can also act at the posttranscriptional level, . .
increasing the stability* or half-life gf messenggr RNAL> and of cytochrome P450 enzymes, resulting in greater

and regulating the processing of transcript precursts. Iree\tllgl(;llczsamd catabolism and in a decrease in its plasma
Furthermore, retinoids can inhibit the actions of some :
oncogenes, of certain collagenases, and of P&y the

In this respect, the use of cytochrome P450 enzyme
interaction of RAR and RXR receptors with the AP-1 inhibitors is being investigated, and a recent publication has
protein complex (a dimer of the fos and jun proteins). This

reported that fluconazole administration reversed the accel-
process is denotemansrepressiorand results in the loss of erated metabollism of T‘"ﬁ;Sf?éigai\c acrid in patients with
the ability of this transcription factor to bind to the response acute promyelocytic leukemia” Another strategy pro-

. . 111117 posed is the use of retinoids with low binding affinity for
elements of the respective gendsglre 4.~ =" AP-1 CRAPII protein such as 8is retinoic acid*?®
deregulation is associated with inflammatory states and '
malignant transformatioht® Thus, AP-1 transrepression
seems to represent an important mechanism responsible fo : ;
the anti-inflammatory and antiproliferative activities of Future directions
retinoids. Retinoids that preferentially transrepress AP-1 Natural retinoids are fundamental for the regulation of
may represent valuable therapeutic agétts. biological processes such as vision, reproduction, embryo-
genesis, growth, and cell differentiation. Among them,
retinoic acid, formed by intracellular retinol (vitamin A)
oxidation or by cleavage gs-carotene, is considered to be
There are no reports thus far of the existence of nuclearthe major retinoid responsible for most functions of vitamin
carotenoid receptors or of data demonstrating their affinity A. This is due to the ability of retinoic acid to act at the
for the nuclear retinoid receptors themselves. However, themolecular level by regulating the expression of several
possible existence of a new class of nuclear receptors forgenes. Various specific proteins and enzymes involved in
certain carotenoids has been suggeskdufe 4 as it has retinoid andB-carotene metabolism have been identified.

It has been recently demonstrated thatmhsretinoic acid

can induce remission in a large proportion of patients with
acute promyelocytic leukemia. This is a subtype of acute
myeloid leukemia mainly characterized by leucocytosis and
ethrombocytopenié?l’lzzAt the molecular level, the exis-
tence 6 a t (15;17) chromosome translocation has been
reported in these patients, fusing the gene PML of chromo-
some 15 with the gene for the RARreceptor located on
chromosome 17. This generates the PML/RARanscript

in all individuals and, to a lesser extent, the RARML
transcript, detectable in 70% of patients. It has also been
reported that the PML/RAR protein has dominant effects
on RAR receptors and on the PML protein. On this basis,

Actions of B-carotene on gene expression
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However, several aspects of the metabolism of these sub-

stances still need clarification.

For example, are the mechanisms involved in the con-

version off-carotene to vitamin A at the intestinal level or
other levels capable of justifying the variations reported in
the literature for this conversion ratio? Are they homeo-
static? Could they be coupled tB-carotene cleavage?

Which of the carotenoid cleavage forms, central or eccen-

tric, is responsible for the formation of larger amounts of
retinoic acid? What mechanisms are involved in the intra-
cellular homeostasis of alfans and 9¢is retinoic acids?
How are the retinoids with binding affinity for nuclear

receptors transferred to the nucleus? What is the participa-

tion of the protein identified in rat liver in the form of a
complex with B-carotene in the metabolism of this carot-
enoid or even of others? And finally, are there nuclear
receptors fo3-carotene and other carotenoids?
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