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Preface

Retinoic acid and its relatives, natural products of vitamin A metabolism,

have been discovered to be critical ligands for key receptors of the steroid

receptor superfamily, such as the retinoic acid receptor and the RXR recep-

tor. Vitamins and Hormones has not had a review of this important fat-

soluble vitamin for some time, and it seemed important not only to touch on

the modern aspects of the retinoic acid receptor and its relatives but also of

the roles of vitamin A in development and diVerentiation as well as its

activity in certain tissues and in disease states. Chapters in this volume focus

on many of these topics and should be of interest to biochemists, pharma-

cologists, nutritionists, and medical scientists as well as students in a wide

variety of fields.

The volume begins with chapters on receptors and signaling pathways

followed by chapters on development and diVerentiation. Vitamin A-storing

cells are considered and then studies on compartmental analysis and meta-

bolism. Continuing chapters discuss the regulation of antibody responses,

the skin, the heart, therapeutics, and the eVects of vitamin A in various

disease states such as HIV/AIDS and emphysema.

The first chapter is entitled: ‘‘RXR: From Partnership to Leadership in

Metabolic Regulations’’ by B. Desvergne. K. A. Murphy, L. Quadro, and

L. A. White discuss: ‘‘The Intersection Between the Aryl Hydrocarbon Recep-

tor (AhR) and Retinoic Acid Signaling Pathways.’’ ‘‘Role of Retinoic Acid in

the DiVerentiation of Embryonal Carcinoma and Embryonic Stem Cells’’ is

contributed by D. R. Soprano, B. W. Teets, and K. J. Soprano. G. Marceau,

D. Gallot, D. Lemery, and V. Sapin produce a review on: ‘‘Metabolism of

Retinol During Mammalian Placental and Embryonic Development.’’

‘‘Conversion of �-Carotene to Retinal Pigment’’ is a chapter prepared by

xix



H. K. Biesalski, G. R. Chichili, J. Frank, J. von Lintig, and D. Nohr,

H. Senoo, N. Kojima, and M. Sato contribute a study entitled: ‘‘Vitamin

A-Storing Cells (Stellate Cells).’’ The next article shifts to kinetics and

metabolism in a chapter entitled: ‘‘Use of Model-Based Compartmental

Analysis to Study Vitamin A Kinetics and Metabolism’’ by C. J. Cifelli,

J. B. Green, and M. H. Green. A. C. Ross discusses: ‘‘Vitamin A Supple-

mentation and Retinoic Acid Treatment in the Regulation of Antibody

Responses In Vivo.’’ A detailed chapter on vitamin A and the skin bears

the title: ‘‘Physiological Role of Retinyl Palmitate in the Skin’’ by P. P. Fu,

Q. Xia, M. D. Boudreau, P. C. Howard, W. H. Tolleson, and W. G. Wamer.

Shifting to organs and disease states, the remainder of the volume is filled

by the chapters whose titles follow. ‘‘Retinoic Acid and the Heart’’ is the

chapter reviewed by J. Pan and K. M. Baker. ‘‘Tocotrienols in Cardiopro-

tection’’ is written by S. Das, K. Nesaretam, and D. K. Das, E. Garattini,

M. Gianni, and M. Terao discuss: ‘‘CytodiVerentiation by Retinoids, a

Novel Therapeutic Option in Oncology: Rational Combinations with Other

Therapeutic Agents.’’ ‘‘EVects of Vitamins, Including Vitamin A, on HIV/

AIDS Patients’’ is contributed by S. Mehta. The final chapter written by

R. C. Baybutt and A. Molteni focuses on ‘‘Vitamin A and Emphysema.’’

The Editor-in-Chief is grateful to Renske van Dijk and Tari Broderick of

Academic Press/Elsevier whose cooperation in furthering this Serial is most

appreciated.

Gerald Litwack

Toluca Lake, California
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Vitamin A signaling occurs through nuclear receptors recognizing

diverse forms of retinoic acid (RA). The retinoic acid receptors (RARs)

bind all‐trans RA and its 9‐cis isomer (9‐cis RA). They convey most of

the activity of RA, particularly during embryogenesis. The second

subset of receptors, the rexinoid receptors (RXRs), binds 9‐cis RA only.

However, RXRs are obligatory DNA‐binding partners for a number of

nuclear receptors, broadening the spectrum of their biological activity to

the corresponding nuclear receptor‐signaling pathways.

The present chapter more particularly focuses on RXR‐containing
transcriptional complexes for which RXR is not only a structural com-

ponent necessary for DNA binding but also acts as a ligand‐activated
partner. After positioning RXR among the nuclear receptor superfamily

in the first part, we will give an overview of three major signaling path-

ways involved in metabolism, which are sensitive to RXR activation:

LXR:RXR, FXR:RXR, and PPAR:RXR. The third and last part is

focused on RXR signaling and its potential role in metabolic regulation.

Indeed, while the nature of the endogenous ligand for RXR is still in

question, as we will discuss herein, a better understanding of RXR

activities is necessary to envisage the potential therapeutic applications

of synthetic RXR ligands. # 2007 Elsevier Inc.

I. INTRODUCTION

Vitamin A or retinol is required at many stages during vertebrate devel-

opment and remains crucial for the body homeostasis in the adult organism.

Most of its numerous activities are due to the action of all‐trans retinoic acid
(atRA) and its 9‐cis isomer (9‐cis RA). Two classes of receptors convey the

activity of retinoic acid (RA). The retinoic acid receptors (RARs) bind atRA

and 9‐cis RA. This class is well‐characterized for its predominant but not

exclusive role in embryogenesis and organogenesis (reviewed in Mark et al.,

2006). The second class corresponds to the rexinoid receptors (RXRs), which

bind 9‐cis RA only. Both RARs and RXRs belong to the nuclear receptor

superfamily, the largest class of transcription factors. Within this family,

RXRs occupy a particular place as they are obligatory DNA‐binding part-

ners for a number of other nuclear receptors. RXRs work in three diVerent
configurations: (1) as a structural component of the heterodimer complex,

required for DNA binding but not acting as a receptor per se, these are

the so‐called ‘‘nonpermissive’’ heterodimers; (2) as both a structural and

a functional component of the heterodimer, allowing 9‐cis RA to signal

through the corresponding heterodimer, forming the so‐called permissive

heterodimers; and (3) as conveyers of a 9‐cis RA signal, independently of

other nuclear receptors, by forming functional homodimers. However, one

2 Desvergne



lingering question about RXR signaling concerns the true nature of the

endogenous ligand, as will be discussed herein.

The present chapter is focused on the properties of RXR‐containing tran-
scriptional complexes, more particularly those playing a role in metabolic

regulation. After positioning RXR among the nuclear receptor superfamily,

we will discuss the three major signaling pathways involved in metabolism

that are sensitive to RXR activation, that is, LXR:RXR, FXR:RXR, and

PPAR:RXR pathways. The third and last part is focused on RXR signaling

and its potential‐specific role in metabolic regulations. Indeed, while the

nature of the endogenous ligand for RXR is still in question, RXR synthetic

ligands are already in use in clinical trials for their antitumorigenic activity.

Experimental data also indicated a potential use in the treatment of metabolic

diseases such as the type 2 diabetes. However, an extended understanding of

RXR activities is still necessary to envisage the potential and safe therapeutic

applications of synthetic RXR ligands.

II. RXRs AND THEIR MANY PARTNERS

BELONG TO THE NUCLEAR

RECEPTOR SUPERFAMILY

A. OVERVIEW OF THE NUCLEAR

RECEPTOR SUPERFAMILY

Nuclear receptors are transcription factors characterized by two impor-

tant properties: first, they are activated on the binding of specific ligands and

second, they bind to specific response elements mainly located within the

promoters of their target genes. Thus, in a simplified view, the eVector func-
tion of nuclear receptors in a cell is to adapt gene expression according to

signals received in the form of specific ligands. An oYcial nomenclature for

these receptors across species is now used, organized according to their

phylogeny (Nuclear Receptors Nomenclature Committee, 1999; reviewed

in Aranda and Pascual, 2001).

Nuclear receptors share a common structural organization and functional

behavior. The poorly structured N‐terminal domain encompasses, depend-

ing on the receptor, a very weak to strong ligand‐independent transactiva-
tion domain. The DNA‐binding domain (DBD) is folded in two zinc fingers

and is the hallmark of the nuclear receptor family. The hinge region links the

DBD to the ligand‐binding domain (LBD). The general fold of the LBD is

structured by 12 a‐helices and 3 b‐sheets defining the ligand‐binding pocket.

Most nuclear receptors function as dimers, either homodimers, such

as the glucocorticoid receptor (GR) or the estrogen receptor (ER), but more

often as heterodimers with RXR. The DNA response element of nuclear

receptors comprises two motifs corresponding to or closely related to the

RXR: From Partnership to Leadership in Metabolic Regulations 3



hexamer AGGTCA. The organization of these two motifs in direct, inverted,

or palindromic repeats and the spacing between the two hexamers determine

the specificity of these response elements toward each receptor dimer.

The general scheme for transactivation via nuclear receptors is thought to

occur in at least two steps. In absence of ligand, nuclear receptor dimers may

bind a corepressor protein that inhibits their transactivation properties.

In the presence of ligand, or due to an alternative pathway of activation

such as phosphorylation, the corepressor is released and a coactivator is

recruited, allowing interactions with the transcription initiation complex as

well as local histone modifications, eventually triggering or enhancing tran-

scription. These cofactors are shared by numerous transcription factors,

among which are the nuclear receptors, and might play key roles in the

integration and coordination of the response of multiple genes to a variety of

signals (Nettles and Greene, 2005; Tsai and Fondell, 2004).

B. CLASSIFYING NUCLEAR RECEPTORS:

AN INFORMATIVE MEAN FOR POSITIONING

RXR‐RELATED SIGNALING PATHWAYS

Analyses of the human genome identified 48 nuclear receptor genes, some

of them generating more than 1 receptor isoform. DiVerent classifications
have been proposed according to diVerent criteria.

1. Classification According to the Phylogenetic Tree

A classification according to the position along the phylogenetic tree

provided a practical and significant tool for unifying the nomenclature of all

nuclear receptors across species. This system is based on the evolution of the

twowell‐conserved domains of nuclear receptors (theDBDand the LBD) and

distinguishes six subfamilies (Nuclear Receptors Nomenclature Committee,

1999). Interestingly, besides their phylogenic relationship, some common

functional properties may be found within each group. All receptors con-

tained in subfamily I are forming heterodimers with RXR. The three RARs

(RARa, RARb, and RARg), the thyroid hormone receptors (TRa and TRb),
the vitamin D receptor (VDR), and the peroxisome proliferator‐activated
receptors (PPARa, PPARb, and PPARg) belong to this subfamily. Steroid

receptors, which comprise the estrogen receptor, androgen receptor, proges-

terone receptor, mineralocorticoid receptor, and glucocorticoid receptor

(ER, AR, PR, MR, and GR, respectively), mostly function as homodimers

and are all found in subfamily III. Intriguingly, RXR that can function in

both configurations (homodimer and heterodimer) is linked to yet another

subfamily (subfamily II) together with HNF4.

This phylogeny‐based classification can be in part superimposed to a

structurally based classification, where nuclear receptors are ordered regard-

ing the conservation of an amino acid located in the main dimer interface of
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the LBD and determinant for homodimer versus RXR‐containing hetero-

dimer formation (Brelivet et al., 2004). This ability to structurally distinguish

the two classes, homodimers versus heterodimers, might become a very

useful tool to further understand ligand interference, as will be discussed

below, or some properties of orphan nuclear receptors. Intriguingly, RXR

along this structural partitioning falls into the class of homodimers, consis-

tent with its ability to function as a homodimer, while being the required

partner for nuclear receptor heterodimers.

2. Classification According to the Ligand‐Binding Properties

Ordering nuclear receptors according to their ligand‐binding properties

oVers a functional classification in which they fall into three groups.

The orphan receptors possess the structural characteristics of nuclear

receptors, including a sequence consistent with the presence of an LBD.

However, no ligand has been identified so far for these receptors. Interest-

ingly, the tight structure of the 12 helices in the Nurr1 LBD has been shown

to preclude the formation of a ligand‐binding pocket (Wang et al., 2003b),

suggesting that at least some of the orphan receptors function in a ligand‐
independent manner. Interestingly, orphan receptors are mainly grouped in

the phylogenetic subfamilies IV, V, and VI (the latter containing only one

nuclear receptor, GCNF1). As for now, the functions of many orphan

receptors remain elusive.

On the opposite, the ‘‘classic’’ hormone receptors bind a narrow range of

molecules with very high aYnity. They comprise the steroid receptors (ER,

AR, PR,MR, andGR), whichmediate the corresponding endocrine functions.

It also includes TRa and TRb, which bind triiodothyronine and VDR. Finally,

the three RARs (RARa, RARb, and RARg) also belong to this class. While

steroid receptors form homodimers, TRs, VDR, and RARs are functioning as

RXR heterodimer.

The receptors of the ‘‘intermediary’’ class are metabolic sensors. This

group comprises receptors binding to a broad range of molecules with, as a

corollary, a relatively poor aYnity. Rather than responding to hormones

secreted by endocrine glands with tight feedback controls, these receptors

can bind to molecules that are components of metabolic pathways as sub-

strates, intermediates, or end‐products. In this class are the PPARs, which

are involved in many aspects of lipid metabolism, and more generally in

energy metabolism. They can bind a wide variety of fatty acids, from dietary

lipids to lipids derivatives such as eicosanoids. The liver X receptors

(LXRa and LXRb) recognize cholesterol metabolites such as oxysterols.

Together with the farnesoid X receptor (FXR), which binds bile acid deriva-

tives, they are closely involved in cholesterol metabolism. The pregnane X

receptor (PXR) is activated by many endobiotic and xenobiotic compounds,

a property shared with its close relative, the constitutive androstane receptor

(CAR). Their activities induce the expression of multiple genes from the
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CYP family, forming a redundant network for the detoxification and excre-

tion of potentially harmful molecules, including therapeutic drugs (Jacobs

et al., 2005; Xie et al., 2000). In addition, they also contribute to the enter-

ohepatic circulation of bile acids as well as bile acid detoxification (Cao et al.,

2004; Kullak‐Ublick et al., 2004). In summary, the receptors of this class

are sensors of the metabolic status, respond both to incoming dietary signals

and to metabolites, and orchestrate the metabolic adaptation at the cell,

organ, and whole organism levels. Interestingly, all these receptors act as

heterodimers with RXR.

RXR itself is diYcult to assign to a distinct class following this criterium.

While it behaves as a classic receptor with respect to 9‐cis RA, the nature of

its endogenous ligand(s) is still unclear (see Section IV.B).

3. Classification According to the Active Regulatory Role of RXR

Among the RXR heterodimer‐forming receptors, a further functional

distinction may be done between nonpermissive and permissive receptors,

very important with respect to rexinoid signaling. In permissive heterodi-

mers, the DNA‐binding complex is active in the presence of an agonist for

either RXR or the partner receptor (Mangelsdorf and Evans, 1995; Minucci

and Ozato, 1996). PPAR:RXR, LXR:RXR, and FXR:RXR are the best

characterized permissive heterodimers. The mechanism underlying such

a property is not well known, especially regarding cofactor recruitment.

In the context of PPAR:RXR, the AF2 domain of RXR is not required

for permissiveness, suggesting that transcriptional activation by RXR ago-

nists results from an indirect conformational change of the PPAR LBD,

transmitted through the heterodimerization interface (Schulman et al.,

1998). However, it might not be a general rule as the AF2 domain of RXR

is required for the permissiveness of PPARb:RXR bound to the Hmgcs2

promoter (Calleja et al., 2006). TR and VDR form nonpermissive complexes,

in which the RXR ligand cannot trigger transcription, except in the context of

the prolactin gene promoter where RXRmay also be an active partner of TR

(Castillo et al., 2004; Li et al., 2004). The fact that permissive receptors belong

to the ‘‘sensor’’ receptors whereas TR and VDR are classic high‐aYnity

hormonal receptors led to a detailed molecular analysis of the structural

determinant for receptor permissiveness. One attractive hypothesis is that

loss of this property in TR and VDR arose during evolution in parallel with

the ability to recognize endocrine ligands with high aYnity (Shulman et al.,

2004). CAR:RXRheterodimers seem to be neither strictly permissive nor non-

permissive for RXR signaling, as rexinoids have distinct eVects depending on
the context, particularly that of the response element (Tzameli et al., 2003).

Finally, in this mode of action, RAR is not truly permissive since an RXR

agonist is only active when the RAR agonist is previously bound to RAR

(Germain et al., 2002), creating a so‐called subordination mechanism.
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Besides direct transcriptional activation, RXR may play an active mod-

ulating role by regulating the subcellular localization of its partners. This is

convincingly described for VDR:RXR (Prufer and Barsony, 2002; Yasmin

et al., 2005) and for Nurr/TR3/NGF1‐B:RXR (Cao et al., 2004; Jacobs and

Paulsen, 2005), but has not been reported for other RXR‐dependent nuclear
receptors.

We have emphasized in these classifications the particular place occupied

by RXR heterodimers. We will now focus our attention on the RXR

permissive complexes which are key metabolic regulators (Desvergne et al.,

2006). These heterodimers are ideal targets in drug research on metabolic

diseases, and understanding their main activities underlines the possible

positive or negative therapeutic interference that rexinoids may provoke.

III. RXR IN PARTNERSHIP: THE PERMISSIVE

HETERODIMERS AS METABOLIC SENSORS

A. AN OVERVIEW OF LXR:RXR

PHYSIOLOGICAL ACTIVITIES

The endogenous activators of LXRs (NR1H3) are oxysterols and other

derivatives of cholesterol metabolism. As such, they participate in cholester-

ol sensing and regulate important aspects of cholesterol and fatty acid

metabolism (Tontonoz and Mangelsdorf, 2003).

Two isotypes, LXRa and LXRb, share 77% amino acid identity in their

DBD and LBD, and are highly conserved between rodents and human.

LXRa is highly expressed in the liver but is also found in kidney, intestine,

adipose tissue, and macrophages, whereas LXRb is expressed ubiquitously.

LXRs heterodimerize with RXR to bind to their DNA response element,

formed of a direct repeat of two hexamers related to the sequence AGTTCA,

separated by four nucleotides.

Mono‐oxidized derivatives of cholesterol are potent LXR ligands. Themost

potent of these are 22(R)‐hydroxycholesterol, 24(S)‐hydroxycholesterol, and
24(S),25‐epoxycholesterol, which activate both LXRa and LXRb (Janowski

et al., 1996; Lehmann et al., 1997). Little is known about the sterol hydro-

xylases that produce these metabolites, but it is assumed that oxysterol con-

centrations parallel those of cholesterol. Importantly, oxysterols are found at

micromolar concentrations in tissues that express high levels of LXRa or

LXRb.
LXR was initially characterized by its role in the positive regulation of the

gene encoding cholesterol 7a‐hydroxylase (CYP7A), the rate‐limiting en-

zyme in the neutral bile acid biosynthetic pathway that diverts cholesterol

into bile acids. The nature of LXR endogenous ligands further emphasized

the importance of this receptor in cholesterol metabolism. This function has

been confirmed by the phenotype of LXRa null mice, which display a
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severely impaired cholesterol and bile acid metabolism when fed with a

cholesterol‐enriched diet. Indeed, these mutant mice fail to induce CYP7A

and consequently suVer from a dramatic accumulation of cholesteryl esters

in the liver with no increase in bile acid production (Peet et al., 1998).

However, it is now clear that the human CYP7A is not responsive to LXR

andmight even be repressed by LXRa activation (Chen et al., 2002; Goodwin

et al., 2003). This diVerence between mouse and human is of interest as

it might explain at least in part both the higher capability of mouse to face

high‐cholesterol diet and its increased resistance to the development of

atherosclerosis.

As a consequence, the research focuses now more on other important

LXR‐mediated regulations that converge on the reverse cholesterol trans-

port pathway. This pathway limits the exposure of peripheral cells to cho-

lesterol excess and its modulation by LXR has been reported in both human

and mouse, at least at three levels. First, LXR upregulates the expression of

several genes encoding members of the ABC transporter family. ABCG5

and ABCG8, which are expressed almost exclusively in the liver and small

intestine, favor the secretion of sterols from the liver epithelial cells to the

bile duct and from the gut epithelial cells to the intestinal lumen (Berge et al.,

2000). Activation of these two genes by LXR is considered as the main

mechanism by which an LXR agonist in mice causes a total blockade of

cholesterol absorption (Plosch et al., 2002; Repa et al., 2002). Another

important target is the widespread ABCA1 transporter, which promotes

eZux of intracellular and plasma membrane cholesterol to the nascent

high‐density lipoprotein (HDL) particles via interaction with ApoA1, there-

by increasing HDL levels (Repa et al., 2000b). Second, LXR increases ApoE

expression. EZuxed cholesterol from cell membrane can also be charged on

HDL particles by ApoE, increasing their total capacity of accepting choles-

terol. In addition, ApoE containing particles can interact with the scavenger

receptor that increases the uptake of these particles in the liver. Third, LXR

increases the expression of the cholesteryl ester transfer protein (CETP),

which promotes cholesteryl ester transfer from VLDL to HDL and from

HDL to low‐density lipoprotein (LDL), a lipoprotein which is also eYciently

taken up by the liver. By these means, LXR increases cholesterol clearance

from the blood (reviewed in Tall et al., 2002). Some of these regulations are

shared by LXRa and LXRb. If LXRb null mice do not have the dramatic

phenotype described for LXRa, the double mutant mice are more strongly

aVected than the LXRa null mice (Repa and Mangelsdorf, 1999). However,

no functional compensation by LXRb is seen in LXRa null mutant mice and

a specific role for LXRb has not been clearly defined yet.

Activated LXR also acts on fatty acid synthesis mainly by mediating the

insulin‐induced expression of SREBP‐1c (Chen et al., 2004), a transcription

factor playing a major lipogenic role in hepatocytes (Repa et al., 2000a;

Schultz et al., 2000). This lipogenic activity is also reinforced by the
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LXR‐dependent increase of fatty acid synthase (FAS) expression (Joseph

et al., 2002). Together, these eVects might explain the steatosis and the

massive increase in VLDL and triglyceride blood levels observed in mice

treated with pharmacological doses of an LXR ligand (Grefhorst et al.,

2002).

In summary, LXR is a major transcription factor, which acts as a sensor

of cholesterol levels via its interaction with oxysterols and, in turn, drives the

disposal of the excess of cholesterol. It also acts at the level of individual

cells, by increasing the ABC transporter molecules responsible for cholester-

ol eZux, and at the level of the organism by decreasing the cholesterol

uptake from the diet. In mouse liver, it also increases the conversion of

cholesterol into bile acids. These positive activities on cholesterol metabo-

lism are, however, minored by the strong lipogenic and hypertriglyceridemia

eVects of LXR agonists.

B. AN OVERVIEW OF FXR:RXR

PHYSIOLOGICAL ACTIVITIES

FXR acts as a bile acid sensor and is involved in a negative feedback

regulation controlling bile acid production (reviewed in Edwards et al.,

2002). FXR was initially cloned as an RXR‐interacting protein called

RIP14 (Seol et al., 1995). Its expression is restricted to adrenal cortex, intes-

tine, colon, kidney, and liver. FXR forms heterodimers with RXR to bind to

DNA response elements (FXREs), most often consisting of two hexamers

(GGGTCA or close derivatives), organized in an inverted palindromic

configuration, and spaced by one nucleotide.

Initially proposed as a receptor of farnesol metabolites, FXR was shown

to bind and be activated by physiological concentrations of free and conju-

gated bile acids that are the end‐products of the neutral and acidic bile acid

biosynthetic pathway: chenodeoxycholic acid, lithocholic acid, and deoxy-

cholic acid (Makishima et al., 1999; Parks et al., 1999; Wang et al., 1999).

FXR senses bile acids and responds by inhibiting further bile acid synthesis,

as illustrated in FXR null mice. These mice, which have no overt phenotype

except increased bile acid levels in the blood, cannot sustain a cholic acid‐
enriched diet. They suVer from a severe wasting syndrome with hypother-

mia, and around 30% of them die by day 7 on such a diet (Sinal et al., 2000).

FXR acts at multiple levels of bile acid metabolism. First, it negatively

regulates CYP7A whose expression positively controls the neutral pathway

of bile acid synthesis (Goodwin et al., 2000; Lu et al., 2000). Second, it

decreases the expression of the sodium taurocholate cotransporting poly-

peptide (NTCP), which mediates the uptake of bile acids in hepatocytes

along the enterohepatic cycle (Denson et al., 2001; Sinal et al., 2000). These

two inhibitions of gene expression occur via an indirect mechanism, involv-

ing the upregulation of the expression of the short heterodimerization
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partner (SHP‐1), which inhibits in turn the activity of several transcription

factors. Third, FXR:RXR positively regulates the gene encoding the bile salt

export pump (BSEP), which belongs to the ABC transporter superfamily

and allows the extrusion of bile acids from hepatocytes into the biliary

canaliculus (Ananthanarayanan et al., 2001; Schuetz et al., 2001). These

coordinated actions of FXR on CYP7A, NTCP, and BSEP result in lower-

ing the potentially deleterious high levels of bile acids to which hepatocytes

are exposed (reviewed in Francis et al., 2003). In contrast, the FXR‐
mediated induction of the ileal bile acid‐binding protein (IBABP), an intra-

cellular carrier of bile acids expressed in the ileal epithelial cells, favors the

reuptake of bile acids from the gut lumen (Grober et al., 1999). Finally, FXR

might also act directly on circulating lipoproteins by inducing the expression

and secretion of hepatic ApoCII (Kast et al., 2001), and by increasing the

levels of the secreted enzyme phospholipid transfer protein (PLTP) that

facilitates the transfer of cholesterol and phospholipids from triglyceride‐
rich lipoproteins to HDL (Urizar et al., 2000). However, because of the more

prominent eVects of FXR on bile acid metabolism, it remains uneasy to

identify the specific outcome of these increased gene expressions.

In summary, FXR is the transcription factor that senses the intracellular

levels of bile acids and is required for limiting bile acid accumulation in

the liver. It inhibits bile acid synthesis via the downregulation of CYP7A

and increases bile acid eZux in the bile via increased BSEP expression. In

the ileal enterocytes, the reabsorbed bile acids are taken in charge by the

cytosolic IBABP whose expression is also increased by FXR.

C. AN OVERVIEW OF PPAR:RXR

PHYSIOLOGICAL ACTIVITIES

1. General Properties of PPARs

PPARs were the first nuclear receptors identified as ‘‘sensors’’ rather than

classic hormone receptors. They are nuclear, lipid‐activable molecules that

control a variety of genes in several pathways of lipidmetabolism (reviewed in

Desvergne and Wahli, 1999; Feige et al., 2006). Three isotypes of PPAR,

PPARa, PPARb (also called PPARd, NUCI, and FAAR), and PPARg, have
been cloned inXenopus, rodents, and human. Two PPARg isoforms, PPARg1
and PPARg2, are splice variants in their N‐terminal domain. PPARa is highly
expressed in tissues with high‐lipid catabolism, for example liver, brown

adipose tissue, skeletal, and heart muscle. PPARb is ubiquitously expressed.

PPARg1 is mainly expressed in adipose tissues but is also present in the colon,

spleen, retina, hematopoietic cells, and skeletal muscle. PPARg2 has been

found mainly in the brown and white adipose tissue (Braissant et al., 1996;

Escher et al., 2001). Their modular structure is that of all nuclear receptors.

The less conserved N‐terminal region bears a ligand‐independent activation
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domain at least in PPARa and PPARg. TheDBD is extremely well conserved.

The ligand‐binding pocket of PPARs is much larger than that of the other

nuclear receptors and relatively easily accessible (Xu et al., 2001 and reference

therein).

PPARs bind to DNA as heterodimers with RXR on PPAR response

elements (PPRE) comprising a direct repeat of two hexamers, closely related

to the sequence AGGTCA and separated by one nucleotide (DR‐1 sequ-

ence). The five nucleotides flanking the 50 end of this core sequence are also

important for the eYciency of PPARa:RXR binding.

The first molecules to be recognized as PPARa activators, and later on

characterized as ligands, belong to a group of molecules that induce peroxi-

some proliferation in rodents, thus explaining the name of PPAR given to

this receptor. This diverse group of substances includes, for example, some

plasticizers and herbicides. More interestingly, various fatty acids, more

particularly unsaturated fatty acids and some eicosanoids mainly derived

from arachidonic acid and linoleic acid, bind to PPARa, PPARb, and

PPARg with varying aYnities. In addition to being activated by fatty acids,

PPARa responds to fibrates which are hypolipidemic drugs, and PPARg
responds to thiazolidinediones which are insulin sensitizers, demonstrating

their potential as drug targets.

In the process of transcriptional regulation, ligand‐bound PPARs recruit

coactivators, most likely organized in large complexes (Surapureddi et al.,

2002). Cofactor recruitment may be PPAR isotype specific and may ensure

the specificity of target gene activation. In addition to PPAR ligand binding,

PPARs can also be activated by phosphorylation of serines located in the

A/B domain (Gelman et al., 2005).

As can be expected from sensors, PPARs, which recognize and bind a

variety of fatty acids, regulate in turn most of the pathways linked to lipid

metabolism. Most fascinating is their balanced regulatory actions between

fatty acid oxidation in the liver and other organs via PPARa, and fatty acid

storage in the adipose tissue via PPARg. In contrast, the role of PPARb in

metabolism remains elusive, albeit evidence is emerging for its function in lipid

and cholesterol metabolism and transport (reviewed in Michalik et al., 2003).

2. PPARg: A Major Regulator of Fatty Acid Storage and Adipogenesis

PPARg is a late marker of adipocyte diVerentiation, and its artificial

expression is suYcient to force fibroblasts to undergo adipogenesis. Whereas

PPARg null mice are not viable, due to defects in placenta formation (Barak

et al., 1999), the lack of adipocytes carrying the genotype PPARg�/� in

chimeric PPARgþ/þ:PPARg�/� mice has demonstrated the importance,

in vivo, of PPARg for adipogenesis (Rosen et al., 1999). In addition, mice

with an adipose tissue‐specific deletion of PPARg exhibit a severe reduction

of the number of mature adipocytes both in white and brown adipose

tissues, while small and likely nascent adipocytes are appearing. In this
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model, the expression of the CRE enzyme responsible for the gene deletion is

under the activity of the aP2 promoter, thus triggering the deletion only after

adipogenesis has taken place. This suggests that PPARg is also essential for

the survival of mature adipocytes (He et al., 2003; Imai et al., 2004b). Among

PPARg target genes are those encoding the adipocyte fatty acid‐binding
protein (aP2), the lipoprotein lipase (LPL), the acyl‐CoA synthase (ACS),

the fatty acid transport protein (FAT/CD36), the glycerol kinase, and the

adipose diVerentiation‐related protein (reviewed in Rosen and Spiegelman,

2001). Hence, PPARg target genes are involved in each step of lipid entry and

storage in the cells. Finally, PPARg increases the expression of the uncoupling
protein, thereby promoting increased energy expenditure via a futile cycle

(Guan et al., 2002).

A puzzling observation made a decade ago was that glitazones, which

were developed for the treatment of insulin resistance, are PPARg‐selective
ligands. The link between the promotion of adipocyte diVerentiation and

lipid storage by PPARg and the antidiabetic eVects of these compounds is

not fully understood. One hypothesis is fat redistribution from muscle to

adipose tissue more particularly to subcutaneous fat, which is itself more

sensitive to insulin than visceral fat (Gurnell et al., 2003; Wajchenberg,

2000). Alternately, some data support the hypothesis that adiponectin, an

adipokine with insulin‐sensitizing property and a PPARg target gene, might

be a crucial component connecting PPARg activation in the adipose tissue

and the metabolic response of the peripheral organs (Gurnell et al., 2003).

Other possibilities are the inhibition of hepatic neoglucogenesis or induction

of a futile cycle, as mentioned above. Unexpectedly, PPARgþ/� heterozygous

mice, rather than being prone to insulin resistance, are partially protected

from high‐fat diet‐induced or monosodiumglutamate‐induced weight gain

and insulin resistance (Kubota et al., 1999; Miles et al., 2000). A similar

protection is obtained via the use of PPARg partial antagonists (Rieusset

et al., 2002). Besides the fact that glitazones have nonnegligible side eVects,
these observations led to the current approaches searching for PPARg
modulators rather than for full agonists.

3. PPARb: From Adipogenesis to Fatty Acid Oxidation

The identity of PPARb natural ligands remains the most elusive. Carba-

prostacyclin (cPGI), a stable analogue of prostacyclin (PGI2), acts as an

agonist of PPARb, supporting the notion that the cyclooxygenase‐2 arachi-

donate metabolite PGI2 might itself act as a bona fide natural ligand for

PPARb (Shao et al., 2002). In addition, like PPARa and PPARg, PPARb
binds fatty acids and, therefore, is also most likely a sensor of dietary lipids

and lipid derivatives.

PPARb may play a role in the early steps of adipogenesis. Together with

two additional transcription factors, C/EBPb and C/EBPd, PPARb appears

to be implicated in the induction of PPARg expression (Bastie et al., 1999;
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Holst et al., 2003). In turn, high expression of PPARg and C/EBPa in

adipocytes establishes and maintains the terminal diVerentiation program.

However, an adipose tissue‐specific deletion of PPARb does not alter fat

mass (Barak et al., 2002), whereas overexpression of a constitutively active

form of PPARb in brown and white adipose tissues generates lean mice and

increases the mobilization and oxidation of fatty acids (Wang et al., 2003a).

Such activities are also found in the muscle (reviewed in Bedu et al., 2005).

In vivo, transgenic mice that overexpress PPARb or a constitutively active

PPARb‐VP16 fusion protein in muscle exhibit an enrichment of the muscle

in red oxidative fibers, with an increased oxidative capacity assessed both at

the gene expression and functional levels (Luquet et al., 2003; Wang et al.,

2004). Similar results were obtained in wild‐type mice treated with the

PPARb agonist (GW501516). Such a treatment results in a dose‐dependent
activation of fatty acid b‐oxidation in the muscles, sustained by the higher

expression of genes encoding enzymes involved in mitochondrial fatty acid

catabolism, such as fatty acid transport proteins (FAT and LCAD) as well

as uncoupling protein UCP2 and UCP3, associated to an increased energy

expenditure (Tanaka et al., 2003). Interestingly, the energy source of heart

muscle cells depends on fatty acid oxidation, and a tissue‐specific gene

deletion of PPARb in heart led to cardiomyopathy (Cheng et al., 2004).

The activity of PPARb also directly aVects glucose metabolism, increasing

glucose transport in muscle cells (Kramer et al., 2005) and favoring glucose

utilization via the pentose phosphate pathway in the liver (Lee et al., 2006).

Whereas these results are very encouraging and have prompted the search

for PPARb agonists for the treatment of obesity and/or the metabolic

syndrome, how and when PPARb is activated in muscle cells, in the liver,

or in adipocytes in the physiological context remain to be elucidated.

In addition, there is accumulating evidence for an important role of PPARb
both in development and in wound healing. The latter involves an active

PPARb‐dependent prosurvival activity (Di‐Poi et al., 2002; Michalik et al.,

2001) and raises concerns over the potential but still debated protumorigenic

activity of PPARb (reviewed in Michalik et al., 2004).

4. PPARa: A Major Regulator of Fatty Acid Oxidation

PPARa target genes constitute a comprehensive set of genes that partici-

pate in many if not all aspects of lipid catabolism. This includes fatty acid

transport across the cell membrane (fatty acid transporter protein genes),

intracellular binding (liver fatty acid binding protein gene), activation via the

formation of acyl‐CoA (long‐chain fatty acid acyl‐CoA synthase gene),

catabolism by b‐oxidation in peroxisomes and mitochondria, and cata-

bolism by o‐oxidation in microsomes (acyl‐CoA oxidase gene, CYP4A1

and CYP4A6 genes, medium‐chain acyl‐CoA dehydrogenase gene, and

3‐hydroxy‐3‐methylglutaryl‐CoA synthase gene) (reviewed in Desvergne

and Wahli, 1999). The role of PPARa in fatty acid oxidation is particularly
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highlighted during fasting that results in an enhanced load of fatty acids in

the liver, then used as the source of energy. Food deprivation provokes an

increased expression and activity of PPARa, which stimulates b‐oxidation.
PPARa null mice, which are viable and exhibit only subtle abnormalities in

lipid metabolism when kept under normal laboratory confinement and diet

(Lee et al., 1995; Patel et al., 2001), cannot sustain fasting. Their inability to

enhance fatty acid oxidation results in hypoketonemia, associated with

severe hypothermia and hypoglycemia (Kersten et al., 1999; Leone et al.,

1999). Thus, PPARa is crucial for the organism to adapt to an increased

demand in fatty acid oxidation, while it seems to play a marginal role in the

basal situation with normal diets.

The contribution of PPARa in fatty acid oxidation in muscle tissues,

where it is also well expressed, is possibly hidden by other factors, notably

PPARb (Muoio et al., 2002). However, high levels of PPARa activity in

muscles have been observed in diabetic mice both in heart and skeletal muscle

(Finck et al., 2002, 2003; Yechoor et al., 2002). In parallel, overexpression of

PPARa in skeletal muscle increases fatty acid oxidation and decreases

insulin‐stimulated glucose uptake via inhibition of Glut4 expression (Finck

et al., 2005), suggesting that the increased activity of PPARa in the muscles of

diabetic patients may contribute to insulin resistance. A contrasting pattern is

described in the pathological cardiac hypertrophy. In this context, the expres-

sion of PPARa is downregulated, the utilization of fatty acids as energy

substrate is decreased, and the genes implicated in the utilization of glucose

as the main energy source are reinduced (Barger et al., 2000). It is presently

unclear whether the decline in PPARa activity and fatty acid oxidation is a

cause or a consequence of cardiac hypertrophy. Interestingly, PPARa null

mice exhibit a decreased contractile and metabolic reserve in heart, rescued

by favoring glucose transport and utilization (Luptak et al., 2005). At pres-

ent, it is still unclear whether PPARa ligands in human would be beneficial or

detrimental to the heart in the context of cardiac hypertrophy.

5. The Role of PPARs in Lipoprotein Metabolism

As a consequence of their activities in lipid metabolism, all three PPARs act

on blood lipid levels. PPARa increases reverse cholesterol transport by upre-

gulating the expression of the genes encoding the cholesterol acceptor apolipo-

proteinApoAI andApoAII, and that of the hepatic expression of the scavenger

receptor BI (SR‐BI)/CLA‐1, thereby increasing the selective uptake of HDL

cholesteryl esters from the blood. Indeed, fibrates have been used for the

treatment of dyslipidemia, much before the discovery of their mechanism of

action via PPARa. In addition, both PPARa and PPARg upregulate the

expression of the lipoprotein lipase gene (reviewed in Bocher et al., 2002).

Together with a decreased expression of ApoCIII, these eVects increase free
fatty acid delivery to peripheral tissues. This explains in part why thiazolidi-

nediones, which potently activate PPARg, not only act on insulin sensitivity
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but also decrease plasma free fatty acid concentrations and improve the

overall lipoprotein profile (Mayerson et al., 2002; Oakes et al., 1997).

Treatment with a PPARb agonist of obese rhesus monkeys, used as a

relevant animal model for human obesity and the associated metabolic disor-

ders, caused an increase in the level of serum HDL cholesterol, while lowering

the level of small‐dense LDL, fasting triglycerides, and fasting insulin (Oliver

et al., 2001). Similar results were obtained in db/db mice (Leibowitz et al.,

2000). Further studies in non‐obese mice demonstrate that PPARb activation

results in both increased HDL concentration in the blood and accelerated

fecal cholesterol removal from the body via downregulation of the intestinal

gene expression of cholesterol absorption protein Niemann‐Pick C1‐like
1 (NPC1L1) (van der Veen et al., 2005).

In summary, each PPAR acts as a lipid sensor with distinct activities

that adjust at the cellular and organism levels the metabolic status, with

balancing actions on fatty acid oxidation and fatty acid storage processes.

These metabolic regulations also involve a PPAR‐dependent coordination of

glucose metabolism.

IV. THE REXINOID‐SIGNALING PATHWAYS:

FROM PARTNERSHIP TO LEADERSHIP

As mentioned above, RXR is itself a nuclear receptor that can be acti-

vated by 9‐cis RA, an isomer of atRA. The present chapter discusses the

observations more specifically linked to RXR activities.

A. THE RECEPTORS

There are three isotypes of RXR, a, b, and g, and several isoforms for

each of them (Mangelsdorf et al., 1992; reviewed in Chambon, 1996). Each

isotype and isoform has its specific expression pattern. RXRa is widely

expressed, with a high expression in the liver, kidney, spleen, placenta, and

epidermis. RXRa null mutation is embryonic lethal, consistent with its

crucial implication in development. RXRb is ubiquitously present. However,

the defective spermatogenesis in RXRb null male mice underscores its spe-

cific role in the testis, more particularly in Sertoli cells. RXRg expression is

more restricted to the muscle and the brain, and the phenotype of RXRg null
mice is mainly characterized by metabolic and behavioral defects (reviewed

in Mark et al., 2006).

Thus, while at least one functional RXRa allele is strictly required for a

successful development, analyses of the simple, double, and triple RXR

knockout mice demonstrated a partial redundancy in RXRa, RXRb, and
RXRg functions.
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B. THE NATURE OF THE ENDOGENOUS LIGAND(S)

RXR can be activated by 9‐cis RA, an isomer of atRA (Heyman et al.,

1992). While the occurrence of this molecule in vivo has been questioned, the

identification of two enzymes that participate in the isomerization of atRA to

form 9‐cis RA lends support for its relevance in the whole organism (Mertz

et al., 1997; Romert et al., 1998). However, some doubts linger about the

nature of the major natural RXR ligand, if any. More particularly, a contra-

diction is raised by the subordination mechanism. As mentioned above, this

mechanism allows ligand‐activated RXR to enhance RAR:RXR transcrip-

tional activity only if RAR is first liganded. In this mechanism, it is indeed

quite essential to ensure that the RAR:RXR activity is initially driven by

RAR signals and then amplified by an RXR agonist, thereby avoiding signal-

ing pathway promiscuity. This control, however, must consider that the

ligand for RXR is diVerent from the ligand for RAR. This is clearly not the

case for 9‐cisRA,which bindsRARmore eYciently thanRXR. This question

was more precisely raised in the context of the formation of lamellar granules

in the epidermal keratinocytes. In this context, it is proposed that RAR:RXR

must remain unliganded to maintain repression of yet uncharacterized target

genes. In the very same context, RXRagonist is required for an eYcient activity

of PPARb:RXR on the 3‐hydroxy‐3‐methylglutaryl coenzyme A (Hmgcs2)

gene expression, thus suggesting that 9‐cisRA cannot be the RXR‐activating
ligand in suprabasal keratinocytes (Calleja et al., 2006). It must be noted

that independently of the nature of the rexinoid present in vivo, the promis-

cuity on the signaling via permissive but not subordinate partners cannot be

avoided.

Phytanic acid or dietary phytol metabolites have been proposed as pos-

sible natural RXR ligands (Kitareewan et al., 1996; Lemotte et al., 1996).

An oleic acid molecule was found in the RXR ligand‐binding pocket in a

crystal of RAR:RXR LBDs (Bourguet et al., 2000), while a cell‐based
reporter assay identified in lipid cellular extracts some unsaturated fatty acids

as active components for RXR activation (Goldstein et al., 2003; Lengqvist

et al., 2004). In support of this notion, RXR is activated in the adult mouse

brain by the long‐chain polyunsaturated fatty acid docohexaenoic acid (de

Urquiza et al., 2000). A comparison of high‐resolution structures of the

RXRa LBD bound to 9‐cis RA or to docohexaenoic acid favors the latter

as having the highest number of ligand‐protein contacts (Egea et al., 2002).

This binding activity seems to be specific to n‐3 PUFA, as no functional

activity via RXR is found with n‐6 PUFA (Fan et al., 2003). These results

complement those obtained with transgenic mice and Xenopus engineered to

detect RXR ligands, which identified the presence of an RXR ligand in the

developing spinal cord (Luria and Furlow, 2004; Solomin et al., 1998).

However, even though a specific deletion of the AF2 domain in RXRa
clearly emphasizes the importance of a fully functional RXR LBD for the

16 Desvergne



proper function of RXR in vivo (Calleja et al., 2006; Mascrez et al., 1998),

one can still question whether any RXR endogenous ligand is biologically

active in vivo.

C. THE NATURE OF THE FUNCTIONAL COMPLEXES

RXR behavior in cells is unusual in that homotetramer, homodimers, and

heterodimers are proposed to mediate its activity. Indeed, RXR can self‐
associate to form in solution inactive homotetramers that are transcriptionally

inactive (Gampe et al., 2000; Kersten et al., 1995, 1998). Their dissociation on

ligand binding allows the formation of transcriptionally active homodimers

and heterodimers (Chen et al., 1998). A possible role of the RXR homote-

tramer is to act as an architectural complex, allowing the looping of DNA

between two RXR response elements positioned in tandem along a promoter

sequence (Yasmin et al., 2004). To which extent RXR tetramers form in the

living cells remains unsettled. That an RXR ligand is required to direct the

dissociation would indicate that this ligand is ubiquitously present, since

permissive and nonpermissive RXR heterodimers are formed in absence of

known ligand for RXR. In addition, fluorescence studies in living cells dem-

onstrate that the formation of RXR heterodimers do not depend on the

presence of an exogenous RXR agonist (Feige et al., 2005). Alternately, the

dissociation from homotetramers might operate according to an equilibrium

shifted in the presence of a ligand for a partner, increasing the aYnity and

formation of the corresponding heterodimers. This seems to apply for the

PPARa:RXR heterodimer (Feige et al., 2005; Tudor et al., 2006), although

the eVect is weak and such a mechanism remains to be explored for other

RXR partners.

Regardless the functional relevance of RXR tetramers, RXR can form

homodimers. The formation and DNA binding of RXR homodimers were

demonstrated in vitro (Zhang et al., 1992) as well as in vivo (IJpenberg et al.,

2004). Accordingly, fluorescence correlation spectroscopy further demonstra-

ted the formation of homodimers of RXR LBD in living cells exposed to an

RXR agonist (Chen et al., 2005). Indeed, binding of 9‐cis RA triggers the for-

mation of RXR homodimers, followed by the recruitment of specific coacti-

vators, such as SRC1 and TIF2. These key steps stabilize the RXR:RXR

complex onto DR1 elements, that is, similar elements as for PPAR:RXR

complexes, increasing the promiscuity between these two signaling pathways

(IJpenberg et al., 2004). However, as long as the nature of the endogenous

ligand for RXR is not solved, the extent of the physiological relevance of

the homodimer activity cannot be properly evaluated.

Finally, and as previously discussed, the various permissive heterodimers

are the main characterized conveyors of RXR agonist activity, as these

complexes may be turned on by an RXR ligand, independently of the part-

ner activation. Interestingly, a structural analysis of ligand binding and
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protein dynamics revealed a dynamic range of possible conformations,

persisting after ligand binding, in line with the multiple partnership of

RXR (Lu et al., 2006).

We have discussed in Chapter 3 the physiological activities of the permis-

sive RXR heterodimers, as viewed from the agonist‐activated partner. In the

next section, we will review the activities of RXR more specifically from the

RXR point of view.

D. RXR FUNCTIONAL ACTIVITIES

Insights in specific RXR activity come from loss of function experiments

in mouse lacking RXR alleles, and from gain of function experiments in mice

treated with RXR specific agonists. The first approach demonstrates the

confounding actions of RXR on the permissive partner signaling pathways;

the second may more specifically addresses the rexinoid pathway in vivo,

assuming that a natural ligand for RXR do exist in vivo. Independently of

the physiological questions, this latter approach is essential for determining

the range of possible therapeutic activities of RXR agonists.

1. Lessons from Knockout Mice

RXR is an obligatory partner for many nuclear receptors important

during development (Mangelsdorf and Evans, 1995). Thus, its constitutive

deletion likely aVects a very diverse array of developmental and physiologi-

cal pathways. This has been clearly underlined by the thorough phenotypic

analyses of the developmental defects occurring in mice carrying various

RXR gene deletions or mutations. Whereas RXRb and RXRg null mutations

give rise to rather minor developmental defects, RXRa null mice die at early

embryonic stages (Kastner et al., 1994; Sucov et al., 1994). This lethality

might be due to defects in the PPARb‐ and PPARg‐signaling pathways, since
the invalidation of any of these genes leads to embryonic lethality with

placental defects that are timely overlapping with those observed in RXRa
null placenta (Barak et al., 1999; Nadra et al., 2006; Wendling et al., 1999).

Other defects analyzed in the various RXR mutants are seen in various

tissues, such as the skin, the eye, the heart, and the testis, and reflect altera-

tions in the pathways of other receptors. While RARs, which transduce the

vitamin A activities through the RA signal, play a major role, TR‐ and VDR‐
dependent pathways are also aVected (Mark et al., 1999; Wendling et al.,

1999; reviewed in Mark et al., 2006).

From the metabolic point of view, analyzing the importance of RXRa in

‘‘metabolic’’ adult tissues required the generation of tissue‐specific knock-

outs. Specific invalidation of RXRa has been generated in liver, and meta-

bolic studies were performed to identify which pathways were most aVected.
As could be expected, many PPARa‐mediated functions in fatty acid oxida-

tion were altered due to the lack of RXRa. However, other pathways that
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include LXR and FXR pathways were also compromised, at least partially,

by the absence of RXRa. These eVects could not be compensated for by

RXRb and RXRg (Imai et al., 2001b; Wan et al., 2000a,b). Invalidation of

RXRa in the adipose tissue of adult animals resulted in an alteration of

preadipocyte diVerentiation as well as in resistance to induced obesity (Imai

et al., 2001a). These results are reminiscent of the observations obtained with

PPARg heterozygous mice (Kubota et al., 1999) and with an adipose‐specific
deletion of PPARg (Imai et al., 2004a), suggesting that most of the eVects
due to the lack of RXRa expression reflect altered PPARg functions (Imai

et al., 2001a). However, the impaired lipolysis observed in these mice might

be related to an alteration of LXR:RXR heterodimer signaling.

2. The Pharmacological Activity of RXR Agonists

As mentioned above, RXR is a bona fide receptor but the nature of its

endogenous ligand, if any, remains elusive. Thus, all observations made so

far were obtained in a pharmacological context, treating mice with 9‐cis RA

or synthetic RXR agonists. On such treatments, RXR may regulate tran-

scription as a homodimer (RXR:RXR), binding to DR‐1 like response

elements. However, most of RXR agonist activities likely rely on the activa-

tion of permissive heterodimers, raising a major interest in the exploitation

of this ability for therapeutic purposes.

The first application of rexinoids in clinical studies took advantage of

their eYcacy in triggering apoptosis, in contrast to cell diVerentiation seen

with retinoids (Mehta et al., 1996; Nagy et al., 1995). This led to their

successful use since the 1980s in the treatment of refractory or persistent

early‐stage cutaneous T‐cell lymphoma. Presently, a number of cancer types

and cell types are being tested for their possible responsiveness to rexinoids,

such as acute myeloid leukemia (Altucci et al., 2005), aerodigestive tract

cancer (Dragnev et al., 2005), human breast cancer cells (Toma et al., 1998),

or pancreatic cancer cells (Balasubramanian et al., 2004). Along the same

line, chemopreventive n‐3 fatty acids in colon were shown to activate RXR

in colonocytes (Fan et al., 2003).

However, initial studies as well as phase 2 and 3 clinical trials with bexar-

otene (TargretinÒ capsules corresponding to the well‐characterized rexinoid

LG1069) reported high triglyceridemia, hypothyroidism, and hypercholester-

olemia (Duvic et al., 2001; Rizvi et al., 1999). In parallel, global gene expres-

sion profiles of various tissues from rats treated with bexarotene further

underscore its action on metabolic pathways (Wang et al., 2006).

Actually, numerous studies have reported the broad impact of RXR

synthetic ligands on metabolic regulations in the adult organism. The first

seminal observation was that in vivo administration of the synthetic specific

RXR ligands mimics—and increases when given in combination with

TZD—the metabolic eVects of PPARg ligands, by decreasing hypergly-

cemia, and improving insulin sensitivity (Mukherjee et al., 1997, 1998).
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The crucial role of muscle physiology in insulin sensitivity oriented the

search for the mechanism on this tissue, where rexinoids were shown to

activate a number of genes related to fatty acid uptake (CD36) and desatura-

tion (SCD1), while increasing glycogen synthase activity in muscle cells in

culture and improving glucose disposal in skeletal muscles (Cha et al., 2001;

Shen et al., 2004; Singh Ahuja et al., 2001; reviewed in Szanto et al., 2004b).

Because PPARg agonists are also insulin sensitizer, the first hypothesis was

that PPARg is the partner of RXR in these rexinoid activities. However,

careful and extensive gene expression analyses comparing TZD and rexi-

noids activities revealed some common but also some clearly distinct target

genes and tissue‐specific activities. More particularly, rexinoids act primarily

in the liver and the skeletal muscle, in contrast to TZD which exert their

eVects mainly on the adipose tissue and to a lesser extent in muscle (Shen

et al., 2004; Singh Ahuja et al., 2001). Thus, PPARa, PPARb, and LXR

must be considered as likely partners accounting for rexinoid action, since all

were found to have some antidiabetic activity (Cao et al., 2003; Lee et al.,

2006; Park et al., 2006). In addition, the regulation of many genes by

rexinoids in the liver was also PPARa dependent (Ouamrane et al., 2003).

With respect to lipid metabolism, rexinoids provoke a very eYcient

inhibition of cholesterol absorption. A dual mechanism for this is proposed:

repression of bile acid production via inhibition of Cyp7A in an FXR‐
dependent manner and increased eZux of cholesterol from enterocytes into

the lumen via an LXR:RXR‐dependent induced expression of the transport

protein ABC1 (Repa et al., 2000b). Positive eVects are also observed in the

apoE�/� mouse model where rexinoids reduced the development of athero-

sclerosis (Claudel et al., 2001), likely through the concomitant activation of

PPAR‐ and LXR‐signaling pathways in macrophages (Szanto et al., 2004a).

Paradoxically, rexinoids may also antagonize FXR activity, an eVect
which may result from the disruption of the ability of the FXR:RXR heter-

odimer to interact with coactivators, as seen on the BSEP promoter (Kassam

et al., 2003). Another paradoxical eVect concerns a severe hypertriglyceride-

mia frequently observed in human and in some animal models (Miller et al.,

1997). It has been linked to reduced LPL activity in skeletal and cardiac

tissue (Davies et al., 2001), but the nature of corresponding heterodimer

involved is elusive, as neither PPARs, nor LXR or RAR may explain this

eVect. Also unexpectedly, rexinoid treatment provokes a central hypothy-

roidism, due to the specific inhibition of TSH expression and secretion (Liu

et al., 2002; Sharma et al., 2006), and which may explain some cases of

rexinoid‐associated hypercholesterolemia.

These observations underline the problem that faces the experimentalist

with such a promiscuous agent. On the one hand, it is diYcult to predict the

scope of changes that a specific RXR ligand may provoke in the whole

organism with respect to metabolic homeostasis. On the other hand, the

pleiotropic action of RXR might also be an advantage in the context of
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complex and multifactorial diseases, still raising interest in the identification

of RXR ligands specific for a given or a limited number of heterodimers,

allowing more targeted therapeutic approaches of metabolic diseases. In that

respect, new agonists but also antagonists are proposed (Cavasotto et al.,

2004; Cesario et al., 2001; Deng et al., 2005). In parallel, intensive screening

for RXRmodulators are performed (Gernert et al., 2003, 2004; HaVner et al.,
2004), more particularly searching for molecules active on type 2 diabetes

(Leibowitz et al., 2006; Michellys et al., 2003a,b).

V. CONCLUSIONS

New insights in the regulation of expression, mechanisms of action, and

physiological role of RXR‐dependent signaling pathways have led to a better

understanding of energy homeostasis regulation. While the perspectives are

promising, it clearly appears that further exploration is needed to better

define the potential of RXR as a therapeutic target. The diYculty comes first

from the high levels of complexity generated by the multiplicity of the dimers

in which RXR is engaged, including RXR homodimers. More particularly,

each dimer may fulfill regulatory functions that antagonize the action of other

dimers. This is, for example, seen with the opposite action of LXR:RXR

and FXR:RXR on the neutral bile acid biosynthesis, or of PPARa:RXR and

PPARg:RXR on fatty acid oxidation and storage. A second level of diYcul-

ties comes from the fact that all intermediary metabolisms (glucose, lipid, and

amino acid metabolisms) are highly connected, particularly through the cross

talk between the numerous transcription factors involved (reviewed in

Desvergne et al., 2006). One example is the positive regulation of LXR

expression by PPARg:RXR. A third diYculty is that most RXR‐containing
heterodimers are not only aVecting metabolic regulation but also act on

systemic regulations such as inflammation or immune processes. In addition,

they act on various key cellular functions, such as cell migration, prolifera-

tion, diVerentiation, and survival, as particularly emphasized for PPARb:
RXR functions. Although these accumulating levels of complexity might

deter from envisioning RXR as a therapeutic target, it also might be consid-

ered as a possibility to smoothly shift an overall equilibrium from a patho-

logical to a more physiological status. This is indeed the road already taken

when looking for modulators, partial agonists, or dual agonists, rather than

highly specific activators of nuclear receptors.
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J.‐L., Dollé, P., and Chambon, P. (1994). Genetic analysis of RXRa developmental function:

Convergence of RXR and RAR signalling pathways in heart and eye morphogenesis.Cell 78,

987–1003.

Kersten, S., Kelleher, D., Chambon, P., Gronemeyer, H., and Noy, N. (1995). Retinoid X

receptor a forms tetramers in solution. Proc. Natl. Acad. Sci. USA 92, 8645–8649.

Kersten, S., Dong, D., Lee, W., Reczek, P. R., and Noy, N. (1998). Auto‐silencing by the

retinoid X receptor. J. Mol. Biol. 284(1), 21–32.

Kersten, S., Seydoux, J., Peters, J. M., Gonzalez, F. J., Desvergne, B., and Wahli, W. (1999).

Peroxisome proliferator‐activated receptor a mediates the adaptive response to fasting.

J. Clin. Invest. 103, 1489–1498.

Kitareewan, S., Burka, L. T., Tomer, K. B., Parker, C. E., Deterding, L. J., Stevens, R. D.,

Forman, B. M., Mais, D. E., Heyman, R. A., McMorris, T., and Weinberger, C. (1996).

Phytol metabolites are circulating dietary factors that activate the nuclear receptor RXR.

Mol. Biol. Cell 7(8), 1153–1166.

Kramer, D. K., Al‐Khalili, L., Perrini, S., Skogsberg, J., Wretenberg, P., Kannisto, K.,

Wallberg‐Henriksson, H., Ehrenborg, E., Zierath, J. R., and Krook, A. (2005). Direct

activation of glucose transport in primary human myotubes after activation of peroxisome

proliferator‐activated receptor delta. Diabetes 54(4), 1157–1163.

Kubota, N., Terauchi, Y., Miki, H., Tamemoto, H., Yamauchi, T., Komeda, K., Satoh, S.,

Nakano, R., Ishii, C., Sugiyama, T., Eto, K., Tsubamoto, Y., et al. (1999). PPAR gamma

26 Desvergne



mediates high‐fat diet‐induced adipocyte hypertrophy and insulin resistance. Mol. Cell 4(4),

597–609.

Kullak‐Ublick, G. A., Stieger, B., and Meier, P. J. (2004). Enterohepatic bile salt transporters in

normal physiology and liver disease. Gastroenterology 126(1), 322–342.

Lee, C. H., Olson, P., Hevener, A., Mehl, I., Chong, L. W., Olefsky, J. M., Gonzalez, F. J.,

Ham, J., Kang, H., Peters, J. M., and Evans, R. M. (2006). PPARdelta regulates glucose

metabolism and insulin sensitivity. Proc. Natl. Acad. Sci. USA 103(9), 3444–3449.

Lee, S. S., Pineau, T., Drago, J., Lee, E. J., Owens, J. W., Kroetz, D. L., Fernandez‐Salguero,
P. M., Westphal, H., and Gonzalez, F. J. (1995). Targeted disruption of the a isoform of the

peroxisome proliferator‐activated receptor gene in mice results in abolishment of the

pleiotropic eVects of peroxisome proliferators. Mol. Cell. Biol. 15, 3012–3022.

Lehmann, J. M., Kliewer, S. A., Moore, L. B., Smith‐Oliver, T. A., Oliver, B. B., Su, J. L.,

Sundseth, S. S., Winegar, D. A., Blanchard, D. E., Spencer, T. A., and Willson, T. M.

(1997). Activation of the nuclear receptor LXR by oxysterols defines a new hormone

response pathway. J. Biol. Chem. 272(6), 3137–3140.

Leibowitz,M.D., Fievet, C., Hennuyer, N., Peinado‐Onsurbe, J., Duez,H., Bergera, J., Cullinan,

C. A., Sparrow, C. P., BaYc, J., Berger, G. D., Santini, C., Marquis, R. W., et al. (2000).

Activation of PPARdelta alters lipid metabolism in db/db mice. FEBS Lett. 473(3), 333–336.

Leibowitz, M. D., Ardecky, R. J., Boehm, M. F., Broderick, C. L., Carfagna, M. A., Crombie,

D. L., D0Arrigo, J., Etgen, G. J., Faul, M. M., Grese, T. A., Havel, H., Hein, N., et al.

(2006). Biological characterization of a heterodimer‐selective retinoid X receptor modulator:

Potential benefits for the treatment of type 2 diabetes. Endocrinology 147(2), 1044–1053.

Lemotte, P. K., Keidel, S., and Apfel, C. M. (1996). Phytanic acid is a retinoid X receptor

ligand. Eur. J. Biochem. 236, 328–333.

Lengqvist, J., Mata De Urquiza, A., Bergman, A. C., Willson, T. M., Sjovall, J., Perlmann, T.,

and GriYths, W. J. (2004). Polyunsaturated fatty acids including docosahexaenoic and

arachidonic acid bind to the retinoid X receptor alpha ligand‐binding domain. Mol. Cell.

Proteomics 3(7), 692–703.

Leone, T., Weinheimer, C., and Kelly, D. (1999). A critical role for the peroxisome proliferator‐
activated receptor a (PPARa) in the cellular fasting response: The PPARa‐null mouse as a

model of fatty acid oxidation disorders. Proc. Natl. Acad. Sci. USA 96, 7473–7478.

Li, D., Yamada, T., Wang, F., Vulin, A. I., and Samuels, H. H. (2004). Novel roles of retinoid

X receptor (RXR) and RXR ligand in dynamically modulating the activity of the thyroid

hormone receptor/RXR heterodimer. J. Biol. Chem. 279(9), 7427–7437.

Liu, S., Ogilvie, K.M.,Klausing,K., Lawson,M.A., Jolley,D., Li, D., Bilakovics, J., Pascual, B.,

Hein,N., Urcan,M., andLeibowitz,M.D. (2002).Mechanism of selective retinoidX receptor

agonist‐induced hypothyroidism in the rat. Endocrinology 143(8), 2880–2885.

Lu, J., Cistola, D. P., and Li, E. (2006). Analysis of ligand binding and protein dynamics of

human retinoid X receptor alpha ligand‐binding domain by nuclear magnetic resonance.

Biochemistry 45(6), 1629–1639.

Lu, T. T., Makishima, M., Repa, J. J., Schoonjans, K., Kerr, T. A., Auwerx, J., and

Mangelsdorf, D. J. (2000). Molecular basis for feedback regulation of bile acid synthesis by

nuclear receptors. Mol. Cell 6(3), 507–515.

Luptak, I., Balschi, J. A., Xing, Y., Leone, T. C., Kelly, D. P., and Tian, R. (2005). Decreased

contractile and metabolic reserve in peroxisome proliferator‐activated receptor‐alpha‐null
hearts can be rescued by increasing glucose transport and utilization. Circulation 112(15),

2339–2346.

Luquet, S., Lopez‐Soriano, J., Holst, D., Fredenrich, A., Melki, J., Rassoulzadegan, M., and

Grimaldi, P. A. (2003). Peroxisome proliferator‐activated receptor delta controls muscle

development and oxidative capability. FASEB J. 17(15), 2299–2301.

Luria, A., and Furlow, J. D. (2004). Spatiotemporal retinoid‐X receptor activation detected in

live vertebrate embryos. Proc. Natl. Acad. Sci. USA 101(24), 8987–8992.

RXR: From Partnership to Leadership in Metabolic Regulations 27



Makishima, M., Okamoto, A. Y., Repa, J. J., Tu, H., Learned, R. M., Luk, A., Hull, M. V.,

Lustig, K. D., Mangelsdorf, D. J., and Shan, B. (1999). Identification of a nuclear receptor

for bile acids. Science 284(5418), 1362–1365.

Mangelsdorf, D. J., and Evans, R. M. (1995). The RXR heterodimers and orphan receptors.

Cell 83(6), 841–850.

Mangelsdorf, D. J., Borgmeyer, U., Heyman, R. A., Zhou, J. Y., Ong, E. S., Oro, A. E.,

Kakizuka, A., and Evans, R. M. (1992). Characterization of three RXR genes that mediate

the action of 9‐cis retinoic acid. Genes Dev. 6(3), 329–344.

Mark, M., Ghyselinck, N. B., Wendling, O., Dupe, V., Mascrez, B., Kastner, P., and Chambon,

P. (1999). A genetic dissection of the retinoid signalling pathway in the mouse. Proc. Nutr.

Soc. 58(3), 609–613.

Mark, M., Ghyselinck, N. B., and Chambon, P. (2006). Function of retinoid nuclear receptors:

Lessons from genetic and pharmacological dissections of the retinoic acid signaling pathway

during mouse embryogenesis. Annu. Rev. Pharmacol. Toxicol. 46, 451–480.

Mascrez, B., Mark, M., Dierich, A., Ghyselinck, N., Kastner, P., and Chambon, P. (1998). The

RXRa ligand‐dependent activation function (AF‐2) is important for mouse development.

Development 125, 4691–4707.

Mayerson, A. B., Hundal, R. S., Dufour, S., Lebon, V., Befroy, D., Cline, G. W., Enocksson, S.,

Inzucchi, S. E., Shulman, G. I., and Petersen, K. F. (2002). The eVects of rosiglitazone on

insulin sensitivity, lipolysis, and hepatic and skeletal muscle triglyceride content in patients

with type 2 diabetes. Diabetes 51(3), 797–802.

Mehta, K., McQueen, T., Neamati, N., Collins, S., and AndreeV, M. (1996). Activation of

retinoid receptors RAR alpha and RXR alpha induces diVerentiation and apoptosis,

respectively, in HL‐60 cells. Cell Growth DiVer. 7(2), 179–186.

Mertz, J. R., Shang, E., Piantedosi, R., Wei, S., Wolgemuth, D. J., and Blaner, W. S. (1997).

Identification and characterization of a stereospecific human enzyme that catalyzes 9‐cis‐
retinol oxidation. A possible role in 9‐cis‐retinoic acid formation. J. Biol. Chem. 272(18),

11744–11749.

Michalik, L., Desvergne, B., Tan, N. S., Basu‐Modak, S., Escher, P., Rieusset, J., Peters, J. M.,

Kaya, G., Gonzalez, F. J., Zakany, J., Metzger, D., Chambon, P., et al. (2001). Impaired

skin wound healing in peroxisome proliferator‐activated receptor (PPAR)alpha and

PPARbeta mutant mice. J. Cell Biol. 154(4), 799–814.

Michalik, L., Desvergne, B., and Wahli, W. (2003). Peroxisome proliferator‐activated receptors

beta/delta: Emerging roles for a previously neglected third family member. Curr. Opin.

Lipidol. 14(2), 129–135.

Michalik, L., Desvergne, B., and Wahli, W. (2004). Peroxisome‐proliferator‐activated receptors

and cancers: Complex stories. Nat. Rev. Cancer 4(1), 61–70.

Michellys, P. Y., Ardecky, R. J., Chen, J. H., Crombie, D. L., Etgen, G. J., Faul, M. M.,

Faulkner, A. L., Grese, T. A., Heyman, R. A., Karanewsky, D. S., Klausing, K., Leibowitz,

M. D., et al. (2003a). Novel (2E,4E,6Z)‐7‐(2‐alkoxy‐3,5‐dialkylbenzene)‐3‐methylocta‐
2,4,6‐trienoic acid retinoid X receptor modulators are active in models of type 2 diabetes.

J. Med. Chem. 46(13), 2683–2696.

Michellys, P. Y., Boehm, M. F., Chen, J. H., Grese, T. A., Karanewsky, D. S., Leibowitz,

M. D., Liu, S., Mais, D. A., Mapes, C. M., Reifel‐Miller, A., Ogilvie, K. M., Rungta, D.,

et al. (2003b). Design and synthesis of novel RXR‐selective modulators with improved

pharmacological profile. Bioorg. Med. Chem. Lett. 13(22), 4071–4075.

Miles, P. D., Barak, Y., He, W., Evans, R. M., and Olefsky, J. M. (2000). Improved insulin‐
sensitivity in mice heterozygous for PPAR‐gamma deficiency. J. Clin. Invest. 105(3), 287–292.

Miller, V. A., Benedetti, F. M., Rigas, J. R., Verret, A. L., Pfister, D. G., Straus, D., Kris,

M. G., Crisp, M., Heyman, R., Loewen, G. R., Truglia, J. A., and Warrell, R. P., Jr. (1997).

Initial clinical trial of a selective retinoid X receptor ligand, LGD1069. J. Clin. Oncol. 15(2),

790–795.

28 Desvergne



Minucci, S., and Ozato, K. (1996). Retinoid receptors in transcriptional regulation. Curr. Opin.

Genet. Dev. 6, 567–574.

Mukherjee, R., Davies, P. J. A., Cromble, D. L., BischoV, E. D., Cesario, R. M., Jow, L.,

Hamann, L. G., Boehm, M. F., Mondon, C. E., Nadzan, A. M., Paterniti, J. R., Jr., and

Heyman, R. A. (1997). Sensitization of diabetic and obese mice to insulin by retinoid

X receptor agonists. Nature 386, 407–410.

Mukherjee, R., Strasser, J., Jow, L., Hoener, P., Paterniti, J. R., Jr., and Heyman, R. A. (1998).

RXR agonists activate PPARa‐inducible genes, lower triglycerides, and raise HDL levels

in vivo. Arterioscler. Thromb. Vasc. Biol. 18(2), 272–276.

Muoio, D. M., MacLean, P. S., Lang, D. B., Li, S., Houmard, J. A., Way, J. M., Winegar,

D. A., Corton, J. C., Dohm, G. L., and Kraus, W. E. (2002). Fatty acid homeostasis and

induction of lipid regulatory genes in skeletal muscles of peroxisome proliferator‐activated
receptor (PPAR) alpha knock‐out mice. Evidence for compensatory regulation by PPAR

delta. J. Biol. Chem. 277(29), 26089–26097.

Nadra, K., Anghel, S. I., Joye, E., Tan, N. S., Basu‐Modak, S., Trono, D., Wahli, W., and

Desvergne, B. (2006). DiVerentiation of trophoblast giant cells and their metabolic functions

are dependent on peroxisome proliferator‐activated receptor beta/delta.Mol. Cell. Biol. 26(8),

3266–3281.

Nagy, L., Thomazy, V. A., Shipley, G. L., Fesus, L., Lamph,W., Heyman, R. A., Chandraratna,

R. A. S., and Davies, P. J. A. (1995). Activation of retinoid X receptors induces apoptosis in

HL‐60 cell lines.Mol. Cell. Biol. 15, 3540–3551.

Nettles, K. W., and Greene, G. L. (2005). Ligand control of coregulator recruitment to nuclear

receptors. Annu. Rev. Physiol. 67, 309–333.

Nuclear Receptors Nomenclature Committee (1999). A unified nomenclature system for the

nuclear receptor superfamily. Cell 97, 161–163.

Oakes, N. D., Camilleri, S., Furler, S. M., Chisholm, D. J., and Kraegen, E. W. (1997). The

insulin sensitizer, BRL 49653, reduces systemic fatty acid supply and utilization and tissue

lipid availability in the rat. Metabolism 46(8), 935–942.

Oliver, W. R., Jr., Shenk, J. L., Snaith, M. R., Russell, C. S., Plunket, K. D., Bodkin, N. L.,

Lewis, M. C., Winegar, D. A., Sznaidman, M. L., Lambert, M. H., Xu, H. E., Sternbach,

D. D., et al. (2001). A selective peroxisome proliferator‐activated receptor delta agonist

promotes reverse cholesterol transport. Proc. Natl. Acad. Sci. USA 98(9), 5306–5311.

Ouamrane, L., Larrieu, G., Gauthier, B., and Pineau, T. (2003). RXR activators molecular

signalling: Involvement of a PPARalpha‐dependent pathway in the liver and kidney, evidence
for an alternative pathway in the heart. Br. J. Pharmacol. 138(5), 845–854.

Park, C. W., Zhang, Y., Zhang, X., Wu, J., Chen, L., Cha, D. R., Su, D., Hwang,M. T., Fan, X.,

Davis, L., Striker, G., Zheng, F., et al. (2006). PPARalpha agonist fenofibrate improves

diabetic nephropathy in db/db mice. Kidney Int. 69(9), 1511–1517.

Parks,D.J.,Blanchard,S.G.,Bledsoe,R.K.,Chandra,G.,Consler,T.G.,Kliewer,S.A.,Stimmel,

J. B., Willson, T. M., Zavacki, A. M., Moore, D. D., and Lehmann, J. M. (1999). Bile acids:

Natural ligands for an orphan nuclear receptor. Science 284(5418), 1365–1368.

Patel, D. D., Knight, B. L., Wiggins, D., Humphreys, S. M., and Gibbons, G. F. (2001).

Disturbances in the normal regulation of SREBP‐sensitive genes in PPAR alpha‐deficient
mice. J. Lipid Res. 42(3), 328–337.

Peet, D. J., Turley, S. D., Ma, W., Janowski, B. A., Lobaccaro, J. M., Hammer, R. E., and

Mangelsdorf, D. J. (1998). Cholesterol and bile acid metabolism are impaired in mice

lacking the nuclear oxysterol receptor LXR alpha. Cell 93(5), 693–704.

Plosch, T., Kok, T., Bloks, V. W., Smit, M. J., Havinga, R., Chimini, G., Groen, A. K., and

Kuipers, F. (2002). Increased hepatobiliary and fecal cholesterol excretion upon activation

of the liver X receptor is independent of ABCA1. J. Biol. Chem. 277(37), 33870–33877.

Prufer, K., and Barsony, J. (2002). Retinoid X receptor dominates the nuclear import and

export of the unliganded vitamin D receptor. Mol. Endocrinol. 16(8), 1738–1751.

RXR: From Partnership to Leadership in Metabolic Regulations 29



Repa, J. J., and Mangelsdorf, D. J. (1999). Nuclear receptor regulation of cholesterol and bile

acid metabolism. Curr. Opin. Biotechnol. 10(6), 557–563.

Repa, J. J., Liang, G., Ou, J., Bashmakov, Y., Lobaccaro, J. M., Shimomura, I., Shan, B.,

Brown, M. S., Goldstein, J. L., and Mangelsdorf, D. J. (2000a). Regulation of mouse sterol

regulatory element‐binding protein‐1c gene (SREBP‐1c) by oxysterol receptors, LXRalpha

and LXRbeta. Genes Dev. 14(22), 2819–2830.

Repa, J. J., Turley, S. D., Lobaccaro, J. A., Medina, J., Li, L., Lustig, K., Shan, B., Heyman,

R. A., Dietschy, J. M., and Mangelsdorf, D. J. (2000b). Regulation of absorption and

ABC1‐mediated eZux of cholesterol by RXR heterodimers. Science 289(5484), 1524–1529.

Repa, J. J., Berge, K. E., Pomajzl, C., Richardson, J. A., Hobbs, H., and Mangelsdorf, D. J.

(2002). Regulation of ATP‐binding cassette sterol transporters ABCG5 and ABCG8 by the

liver X receptors alpha and beta. J. Biol. Chem. 277(21), 18793–18800.

Rieusset, J., Touri, F., Michalik, L., Escher, P., Desvergne, B., Niesor, E., and Wahli, W.

(2002). A new selective peroxisome proliferator‐activated receptor gamma antagonist with

antiobesity and antidiabetic activity. Mol. Endocrinol. 16(11), 2628–2644.

Rizvi, N. A., Marshall, J. L., Dahut, W., Ness, E., Truglia, J. A., Loewen, G., Gill, G. M., Ulm,

E. H., Geiser, R., Jaunakais, D., and Hawkins, M. J. (1999). A Phase I study of LGD1069 in

adults with advanced cancer. Clin. Cancer Res. 5(7), 1658–1664.

Romert, A., Tuvendal, P., Simon, A., Dencker, L., and Eriksson, U. (1998). The identification

of a 9‐cis retinol dehydrogenase in the mouse embryo reveals a pathway for synthesis of 9‐cis
retinoic acid. Proc. Natl. Acad. Sci. USA 95(8), 4404–4409.

Rosen, E. D., and Spiegelman, B. M. (2001). PPARgamma: A nuclear regulator of metabolism,

diVerentiation, and cell growth. J. Biol. Chem. 276(41), 37731–37734.

Rosen, E. D., Sarraf, P., Troy, A. E., Bradwin, G., Moore, K., Milstone, D. S., Spiegelman,

B. M., and Mortensen, R. M. (1999). PPAR gamma is required for the diVerentiation of

adipose tissue in vivo and in vitro. Mol. Cell 4(4), 611–617.

Schuetz, E. G., Strom, S., Yasuda, K., Lecureur, V., Assem, M., Brimer, C., Lamba, J., Kim,

R. B., Ramachandran, V., Komoroski, B. J., Venkataramanan, R., Cai, H., et al. (2001).

Disrupted bile acid homeostasis reveals an unexpected interaction among nuclear hormone

receptors, transporters, and cytochrome P450. J. Biol. Chem. 276(42), 39411–39418.

Schulman, I. G., Shao, G., and Heyman, R. A. (1998). Transactivation by retinoid X receptor‐
peroxisome proliferator‐activated receptor gamma (PPARgamma) heterodimers: Intermo-

lecular synergy requires only the PPARgamma hormone‐dependent activation function.

Mol. Cell. Biol. 18(6), 3483–3494.

Schultz, J. R., Tu, H., Luk, A., Repa, J. J., Medina, J. C., Li, L., Schwendner, S., Wang, S.,

Thoolen, M., Mangelsdorf, D. J., Lustig, K. D., and Shan, B. (2000). Role of LXRs in

control of lipogenesis. Genes Dev. 14(22), 2831–2838.

Seol, W., Choi, H. S., and Moore, D. D. (1995). Isolation of proteins that interact specifically

with the retinoid X receptor: Two novel orphan receptors. Mol. Endocrinol. 9(1), 72–85.

Shao, J., Sheng, H., and DuBois, R. N. (2002). Peroxisome proliferator‐activated receptors

modulate K‐Ras‐mediated transformation of intestinal epithelial cells. Cancer Res. 62(11),

3282–3288.

Sharma, V., Hays, W. R., Wood, W. M., Pugazhenthi, U., St Germain, D. L., Bianco, A. C.,

Krezel, W., Chambon, P., and Haugen, B. R. (2006). EVects of rexinoids on thyrotrope

function and the hypothalamic‐pituitary‐thyroid axis. Endocrinology 147(3), 1438–1451.

Shen, Q., Cline, G. W., Shulman, G. I., Leibowitz, M. D., and Davies, P. J. (2004). EVects of

rexinoids on glucose transport and insulin‐mediated signaling in skeletal muscles of diabetic

(db/db) mice. J. Biol. Chem. 279(19), 19721–19731.

Shulman, A. I., Larson, C., Mangelsdorf, D. J., and Ranganathan, R. (2004). Structural

determinants of allosteric ligand activation in RXR heterodimers. Cell 116(3), 417–429.

30 Desvergne



Sinal, C. J., Tohkin, M., Miyata, M., Ward, J. M., Lambert, G., and Gonzalez, F. J. (2000).

Targeted disruption of the nuclear receptor FXR/BAR impairs bile acid and lipid

homeostasis. Cell 102(6), 731–744.

Singh Ahuja, H., Liu, S., Crombie, D. L., Boehm, M., Leibowitz, M. D., Heyman, R. A.,

Depre, C., Nagy, L., Tontonoz, P., and Davies, P. J. (2001). DiVerential eVects of rexinoids

and thiazolidinediones on metabolic gene expression in diabetic rodents. Mol. Pharmacol.

59(4), 765–773.

Solomin, L., Johansson, C. B., Zetterstrom, R. H., Bissonnette, R. P., Heyman, R. A., Olson, L.,

Lendahl, U., Frisen, J., and Perlmann, T. (1998). Retinoid‐X receptor signalling in the

developing spinal cord. Nature 395(6700), 398–402.

Sucov, H. M., Dyson, E., Gumeringer, C. L., Price, J., Chien, K. R., and Evans, R. M. (1994).

RXR alpha mutant mice establish a genetic basis for vitamin A signaling in heart

morphogenesis. Genes Dev. 8(9), 1007–1018.

Surapureddi, S., Yu, S., Bu, H., Hashimoto, T., Yeldandi, A. V., Kashireddy, P., Cherkaoui‐
Malki, M., Qi, C., Zhu, Y. J., Rao, M. S., and Reddy, J. K. (2002). Identification of a

transcriptionally active peroxisome proliferator‐activated receptor alpha‐interacting cofac-

tor complex in rat liver and characterization of PRIC285 as a coactivator. Proc. Natl. Acad.

Sci. USA 99(18), 11836–11841.

Szanto, A., Benko, S., Szatmari, I., Balint, B. L., Furtos, I., Ruhl, R., Molnar, S., Csiba, L.,

Garuti, R., Calandra, S., Larsson, H., Diczfalusy, U., et al. (2004a). Transcriptional

regulation of human CYP27 integrates retinoid, peroxisome proliferator‐activated receptor,

and liver X receptor signaling in macrophages. Mol. Cell. Biol. 24(18), 8154–8166.

Szanto, A., Narkar, V., Shen, Q., Uray, I. P., Davies, P. J., and Nagy, L. (2004b). Retinoid X

receptors: X‐ploring their (patho)physiological functions. Cell Death DiVer. 11(Suppl. 2),

S126–S143.

Tall, A. R., Costet, P., and Wang, N. (2002). Regulation and mechanisms of macrophage

cholesterol eZux. J. Clin. Invest. 110(7), 899–904.

Tanaka, T., Yamamoto, J., Iwasaki, S., Asaba, H., Hamura, H., Ikeda, Y., Watanabe, M.,

Magoori, K., Ioka, R. X., Tachibana, K., Watanabe, Y., Uchiyama, Y., et al. (2003).

Activation of peroxisome proliferator‐activated receptor delta induces fatty acid beta‐
oxidation in skeletal muscle and attenuates metabolic syndrome. Proc. Natl. Acad. Sci. USA

100(26), 15924–15929.

Toma, S., Isnardi, L., Riccardi, L., and Bollag, W. (1998). Induction of apoptosis in MCF‐7
breast carcinoma cell line by RAR and RXR selective retinoids. Anticancer. Res. 18(2A),

935–942.

Tontonoz, P., and Mangelsdorf, D. J. (2003). Liver X receptor signaling pathways in cardio-

vascular disease.Mol. Endocrinol. 17(6), 985–993.

Tsai, C. C., and Fondell, J. D. (2004). Nuclear receptor recruitment of histone‐modifying

enzymes to target gene promoters. Vitam. Horm. 68, 93–122.

Tudor, C., Feige, J. N., Pingali, H., Bhushan Lohray, V., Wahli, W., Desvergne, B.,

Engelborghs, Y., and Gelman, L. (2006). Association with coregulators is the major

determinant governing PPAR mobility in living cells. J. Biol. Chem. (in press).

Tzameli, I., Chua, S. S., Cheskis, B., and Moore, D. D. (2003). Complex eVects of rexinoids

on ligand dependent activation or inhibition of the xenobiotic receptor, CAR. Nucl. Recept.

1(1), 2.

Urizar, N. L., Dowhan, D. H., and Moore, D. D. (2000). The farnesoid X‐activated receptor

mediates bile acid activation of phospholipid transfer protein gene expression. J. Biol. Chem.

275(50), 39313–39317.

van der Veen, J. N., Kruit, J. K., Havinga, R., Baller, J. F., Chimini, G., Lestavel, S., Staels, B.,

Groot, P. H., Groen, A. K., and Kuipers, F. (2005). Reduced cholesterol absorption upon

PPARdelta activation coincides with decreased intestinal expression of NPC1L1. J. Lipid

Res. 46(3), 526–534.

RXR: From Partnership to Leadership in Metabolic Regulations 31



Wajchenberg, B. L. (2000). Subcutaneous and visceral adipose tissue: Their relation to the

metabolic syndrome. Endocr. Rev. 21(6), 697–738.

Wan, Y. J., An, D., Cai, Y., Repa, J. J., Hung‐Po Chen, T., Flores, M., Postic, C., Magnuson,

M. A., Chen, J., Chien, K. R., French, S., Mangelsdorf, D. J., et al. (2000a). Hepatocyte‐
specific mutation establishes retinoid X receptor alpha as a heterodimeric integrator of

multiple physiological processes in the liver. Mol. Cell. Biol. 20(12), 4436–4444.

Wan, Y. J., Cai, Y., Lungo, W., Fu, P., Locker, J., French, S., and Sucov, H. M. (2000b).

Peroxisome proliferator‐activated receptor alpha‐mediated pathways are altered in

hepatocyte‐specific retinoid X receptor alpha‐deficient mice. J. Biol. Chem. 275(36),

28285–28290.

Wang, H., Chen, J., Hollister, K., Sowers, L. C., and Forman, B. M. (1999). Endogenous bile

acids are ligands for the nuclear receptor FXR/BAR. Mol. Cell 3(5), 543–553.

Wang, Y., Yao, R., Maciag, A., Grubbs, C. J., Lubet, R. A., and You, M. (2006). Organ‐
specific expression profiles of rat mammary gland, liver, and lung tissues treated with

targretin, 9‐cis retinoic acid, and 4‐hydroxyphenylretinamide. Mol. Cancer Ther. 5(4),

1060–1072.

Wang, Y. X., Lee, C. H., Tiep, S., Yu, R. T., Ham, J., Kang, H., and Evans, R. M. (2003a).

Peroxisome‐proliferator‐activated receptor delta activates fat metabolism to prevent obesity.

Cell 113(2), 159–170.

Wang, Y. X., Zhang, C. L., Yu, R. T., Cho, H. K., Nelson, M. C., Bayuga‐Ocampo, C. R.,

Ham, J., Kang, H., and Evans, R. M. (2004). Regulation of muscle fiber type and running

endurance by PPARdelta. PLoS Biol. 2(10), e294.

Wang, Z., Benoit, G., Liu, J., Prasad, S., Aarnisalo, P., Liu, X., Xu, H., Walker, N. P., and

Perlmann, T. (2003b). Structure and function of Nurr1 identifies a class of ligand‐
independent nuclear receptors. Nature 423(6939), 555–560.

Wendling, O., Chambon, P., and Mark, M. (1999). Retinoid X receptors are essential for early

mouse development and placentogenesis. Proc. Natl. Acad. Sci. USA 96(2), 547–551.

Xie, W., Barwick, J. L., Simon, C. M., Pierce, A. M., Safe, S., Blumberg, B., Guzelian, P. S.,

and Evans, R. M. (2000). Reciprocal activation of xenobiotic response genes by nuclear

receptors SXR/PXR and CAR. Genes Dev. 14(23), 3014–3023.

Xu, H. E., Lambert, M. H., Montana, V. G., Plunket, K. D., Moore, L. B., Collins, J. L.,

Oplinger, J. A., Kliewer, S. A., Gampe, R. T., Jr., McKee, D. D., Moore, J. T., and Willson,

T. M. (2001). Structural determinants of ligand binding selectivity between the peroxisome

proliferator‐activated receptors. Proc. Natl. Acad. Sci. USA 98(24), 13919–13924.

Yasmin, R., Yeung, K. T., Chung, R. H., Gaczynska, M. E., Osmulski, P. A., and Noy, N.

(2004). DNA‐looping by RXR tetramers permits transcriptional regulation ‘‘at a distance’’.

J. Mol. Biol. 343(2), 327–338.

Yasmin, R., Williams, R. M., Xu, M., and Noy, N. (2005). Nuclear import of the retinoid X

receptor, the vitamin D receptor, and their mutual heterodimer. J. Biol. Chem. 280(48),

40152–40160.

Yechoor, V. K., Patti, M. E., Saccone, R., and Kahn, C. R. (2002). Coordinated patterns of

gene expression for substrate and energy metabolism in skeletal muscle of diabetic mice.

Proc. Natl. Acad. Sci. USA 99(16), 10587–10592.

Zhang, X. K., Lehmann, J., HoVmann, B., Dawson, M. I., Cameron, J., Graupner, G.,

Hermann, T., Tran, P., and Pfahl, M. (1992). Homodimer formation of retinoid X‐Receptor

induced by 9‐cis retinoic acid. Nature 358, 587–591.

32 Desvergne



2

The Intersection

Between the Aryl

Hydrocarbon Receptor

(AhR)‐ and Retinoic

Acid‐Signaling
Pathways

Kyle A. Murphy,* Loredana Quadro,
{
and

Lori A. White*

*Department of Biochemistry and Microbiology, Rutgers, The State University of

New Jersey, New Brunswick, New Jersey 08901
{
Department of Food Science, Rutgers, The State University of New Jersey

New Brunswick, New Jersey 08901

I. Introduction

II. Retinoid Signaling

III. The AhR/Arnt Pathway

IV. AhR and RA Availability

A. RA Synthesis

B. RA Catabolism

C. Interconversion

D. Storage and Transport

V. Molecular Interactions Between the RA and

AhR Pathways

References

Vitamins and Hormones, Volume 75 0083-6729/07 $35.00
Copyright 2007, Elsevier Inc. All rights reserved. DOI: 10.1016/S0083-6729(06)75002-633



Data from a variety of animal and cell culture model systems have demon-

strated an interaction between the aryl hydrocarbon receptor (AhR)‐ and
retinoic acid (RA)‐signaling pathways. The AhR1 was originally identified

as the receptor for the polycyclic aromatic hydrocarbon family of

environmental contaminants; however, recent data indicate that the AhR

binds to a variety of endogenous and exogenous compounds, including

some synthetic retinoids. In addition, activation of the AhR pathway

alters the function of nuclear hormone‐signaling pathways, including

the estrogen, thyroid, and RA pathways. Activation of the AhR pathway

through exposure to environmental compounds results in significant

changes in RA synthesis, catabolism, transport, and excretion. Some

eVects on retinoid homeostasis mediated by the AhR pathway may result

from the interactions of these two pathways at the level of activating or

repressing the expression of specific genes. This chapter will review these

two pathways, the evidence demonstrating a link between them, and the

data indicating the molecular basis of the interactions between these two

pathways. # 2007 Elsevier Inc.

I. INTRODUCTION

2,3,7,8‐Tetrachlorodibenzo‐p‐dioxin (TCDD) and related polycyclic and

halogenated aromatic hydrocarbons (PAH/HAH) are ubiquitous environ-

mental contaminants that are the unintentional by‐products of industrial

combustion (Bertazzi et al., 1989, 2001). Exposure to these compounds

results in a variety of lesions in mammals, including alterations in liver

function and lipid metabolism, weight loss, immune system suppression,

endocrine and nervous system dysfunction, as well as severe skin lesions

(Mukerjee, 1998). TCDD is of particular interest due to its persistence in

biological tissues (DeVito et al., 1995; Ott and Zober, 1996). TCDD expo-

sure occurs mainly through oral ingestion and is concentrated through the

food chain. As TCDD accumulates in the adipose tissue, an individual’s

1Abbreviations: ADH, alcohol dehydrogenase; AhR, aryl hydrocarbon receptor; ALDH,

aldehyde dehydrogenase; Arnt, AhR nuclear translocator; atRA, all‐transRA; CRABP, cellular

retinoic acid‐binding protein; CRBPI, cellular retinol‐binding protein type I; CYP450, cyto-

chrome P450; GST, glutathione S‐transferases; HAT, histone acetyltransferase; HDACs,

histone deacetylases; HMTs, histone methyltransferases; LRAT, lecithin:retinol acyltransferase;

MMPs, matrix metalloproteinases; RAL, retinal; RALDH, retinaldehyde dehydrogenase;

RAR, RAR gene; RAREs, retinoic acid response elements; RARs, retinoic acid receptors; RBP,

retinol‐binding protein; RDH, retinol dehydrogenase; RE, retinyl ester; REHs, retinyl ester

hydrolases; ROH, retinol; RXR, RXR gene; RXRs, retinoid X receptors; SCADs, short‐chain
alcohol dehydrogenases; SMRT, silencing mediator of retinoid and thyroid receptors; TCDD,

2,3,7, 8‐tetrachlorodibenzo‐p‐dioxin; UGTs, UDP‐glucuronosyltransferases; XREs, xenobiotic

response elements; N‐CoR, nuclear receptors corepressor; RA, retinoic acid.
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body burden increases with age (DeVito et al., 1995). Although the exact

mechanism underlying TCDD‐mediated pathologies has not been completely

elucidated, it is accepted that TCDD mediates the majority of these eVects
through activation of the aryl hydrocarbon receptor (AhR)‐signaling path-

way. However some AhR‐independent eVects of TCDD have been reported

(Ahmed et al., 2005; Kondraganti et al., 2003; Park et al., 2003, 2005a,b;

Sanders et al., 2005).

Retinoic acid (RA) is a natural product (lipid soluble hormone) derived

from the metabolism of vitamin A. Vitamin A is an essential nutrient ob-

tained from food either as preformed vitamin A (retinyl ester, retinol, and

small amounts of RA) from animal products (eggs, liver, and milk) or as

provitamin A (carotenoids) from fruits and vegetables (Fisher and Voorhees,

1996; Sporn et al., 1994). Vitamin A and its natural and synthetic derivatives

are also known as retinoids. Dietary‐derived all‐trans RA (atRA) is the

main signaling retinoid in the body and is vital for biological functions

such as embryogenesis, growth and diVerentiation, as well as for vision and

reproduction (Dragnev et al., 2000). Levels of atRA in the tissue are tightly

regulated through its biosynthesis, metabolism, and storage in the liver

(Fig. 1).

The observation that TCDD exposure results in lesions that are reminis-

cent of those observed in vitamin A‐deficient animals of several species, in-

cluding reduced growth, abnormal immune function, and developmental

abnormalities, was the first suggestion that TCDD and related compounds

had an impact on retinoid homeostasis and the RA‐signaling pathway

(Table I). In addition, the low endogenous retinoid levels in the kidney are

increased by both exposure to TCDD (Hakansson and Ahlborg, 1985) and

vitamin A deficiency (Morita and Nakano, 1982). These observations led

to the hypothesis that TCDD and the AhR pathway were altering retinoid

metabolism to mimic a vitamin A‐deficient state. Indeed, a reduction in

hepatic retinoid storage following exposure to TCDD was observed in a

variety of species (Fletcher et al., 2001; Hakansson et al., 1991). Evidence for

a link between TCDD exposure and vitamin A deficiency is further strength-

ened by findings demonstrating that rats pretreated with TCDD store and

metabolize an oral dose of vitamin A as if they were deficient, despite

considerable retinoids in storage (Hakansson and Ahlborg, 1985). Further,

vitamin A‐administered post‐TCDD exposure accumulates to a lesser

extent than in control rats, and endogenously stored retinoids are released

more rapidly following TCDD treatment (Hakansson and Ahlborg, 1985;

Hakansson and Hanberg, 1989; Kelley et al., 1998, 2000).

However, not all data support the conclusion that exposure to TCDD and

related compounds results in a vitamin A‐deficient state. Some data indicate

that exposure perpetuates a vitaminA‐excess state, particularly in reference to
bone lesions (Jamsa et al., 2001; Lind et al., 2000) and teratogenesis (Abbott

and Birnbaum, 1990; Peters et al., 1999). Therefore, although it is clear that
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TCDD has an impact on retinoid homeostasis, it is less clear as to whether it

pushes the system toward a vitamin A‐deficient state or simulates a vitamin

A‐excess state.
A situation where TCDD appears to mimic vitamin A excess is demon-

strated by the synergistic eVect of TCDDand atRAon palatal development in

mice. Both excess atRA and TCDD cause developmental defects in mice and

share a common target, the developing palate (Birnbaum et al., 1989), and

data demonstrate a synergistic eVect of TCDD and atRA on palate defects.

These studies show that coadministration of atRA and TCDD result in 100%

cleft palate formation at lower concentrations than required when atRA or

TCDD is administered separately. The increase in cleft palate is attributed to

increased expression of growth factors such as transforming growth factor

(TGF)‐b1 (Abbott and Birnbaum, 1990). This eVect can be recapitulated in
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action of REHs. Within the hepatocytes and stellate cells, the ROH is bound to CRBPI which is

thought to transfer the ROH to the RBP for transport out of the liver, where the RBP–ROH

complex is transferred to the circulation for use in extrahepatic tissues. In situations where

vitamin A is in excess, it is stored in the stellate cells as RE.
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TABLE I. TCDD Exposure Produces Lesions That Are Similar to Vitamin A Deficiency in

a Variety of Animal Model Systems

Vitamin A deficiency TCDD

General eVects

Loss of appetite r, mu, g, h, mo r, mu, g, h, mo

Growth inhibition r, mu, g, h, mo r, mu, g, h, mo

Adipose reduction r, mu, mo r, mu, g, h

Inactivity/listlessness r, mu r, mu, g

Rough coat r, mu, g, h, mo r, mu, g, h

Death r, mu, g, h, mo r, mu, g, h, mo

Hyperplasia/metaplasia

Gastrointestinal r, g, mo g, h, mo

Urinary tract r, mu, g, mo g, mo

Bile duct/gall bladder r r, mu, mo

Respiratory system r, mu, g, h, mo r

Uterus r, g r

Reproduction

Testes degeneration r, mo, h r, mu, g, mo

Spermatogenesis mo

Abnormal estrous cycle r, mu r, mu, mo

Fetus resorption r, mu r, mu, mo

Congenital abnormalities

Cleft palate r mu, mo*

Abnormal kidneys r r*, mu, mo*

Immunosuppression

Thymic atrophy r, mu*, g r, mu, g, h, mo

Impaired cellular immunity r, mu r, mu, g

Impaired humoral immunity r*, mu r#, mu, g*

Eye lesions

Xerophthalmia r, mu, g*, h, mo Not tested

Closed eyes/exudate r, mu r, mo

EVects of TCDD exposure and vitamin A deficiency. This table is modified from Nilsson

and Hakansson (2002). Many of the lesions observed following TCDD exposure resemble those

seen in vitamin A deficiency. The animal model demonstrating the eVect is indicated by r—rat,

mu—mouse, g—guinea pig, h—hamster, and mo—monkey. All denote an increase in the

described lesion, except when noted by an *: reduction or a #: moderate to small eVect.
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embryonic palatal cultures, where TCDD and atRA synergistic eVects are

mediated by diVerent cellular processes: atRA‐induced cleft palates were a

result of abnormal epithelial proliferation and diVerentiation, whereas

TCDD altered only the medial epithelial diVerentiation (Abbott and

Buckalew, 1992). Together these data demonstrate that the interactions be-

tween these two pathways can have significant eVects on developmental

processes. Furthermore, the mechanisms of this synergy may involve parallel

and intersecting pathways. Therefore, exposure to TCDD results in lesions

reminiscent of both vitamin A deficiency and vitamin A excess. Given the

complex regulation of retinoid homeostasis, these data suggest that TCDD

and the AhR‐signaling pathway have a variety of eVects on the regulation of

retinoid metabolism and directly on the signaling of atRA in the cell.

II. RETINOID SIGNALING

The majority of RA’s biological activity is mediated through regulation of

gene expression. RA binds to two types of nuclear receptors, the retinoic

acid receptors (RARs), which bind both 9‐cis and all‐trans forms of RA, and

retinoid X receptors (RXRs), which bind 9‐cis RA (reviewed in Chambon,

1996; Mangelsdorf et al., 1995). The RARs and RXRs each contain a well‐
conserved DNA‐binding domain, a well‐conserved ligand‐binding domain,

and three or four domains that are not as well conserved (Renaud and

Moras, 2000). Both RAR and RXR have three subtypes (a, b, and g), and
gene knockout experiments suggest that the RAR subtypes may be function-

ally redundant (Mark et al., 1999). Further, RAR and RXR subtypes form

multiple isotypes through the use of alternate promoters, alternative splic-

ing, and alternative initiation of translation (Chambon, 1996). Although

these isoforms appear to have tissue‐specific expression, it is unclear whether
they diVerentially regulate gene transcription. RAR and RXR homo‐ and
heterodimers stimulate transcription of target genes through binding to

retinoic acid response elements (RAREs) consisting of direct repeats of

50‐AGGTCA‐30 separated by one to five spaces (termed DR‐1 or DR‐5, re-
spectively) (Glass et al., 1997). Although RARs and RXRs can form homo-

dimers, heterodimerization of RARs with RXRs increases the aYnity of

these receptors for the RARE. In addition to directly altering gene expres-

sion, atRA also can reduce the expression of certain genes through interfer-

ence with other transcription factors, most notably AP‐1 (Schule et al.,

1991). In an uninduced state, the RAR/RXR heterodimers are in complex

with the RARE and are bound to the nuclear corepressors silencing media-

tor of retinoid and thyroid receptors (SMRT) or nuclear receptors corepres-

sor (N‐CoR) (Li et al., 1997; Yoh and Privalsky, 2001). These corepressors

function by recruiting complexes containing histone deacetylases to the
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promoter. On binding of ligand, the RAR/RXR heterodimers are released

from this complex and interact with coactivator complexes (SRC‐1/TIF2/
RAC3 and CBP/p300) that mediate transactivation (Chen and Li, 1998).

Coactivators and corepressors that associate with RARs/RXRs are listed in

Table II.

Although atRA is considered the primary signaling retinoid in the body,

data indicate that other RA isoforms also contribute to signaling (Fig. 2).

9‐cis RA has long been accepted as the other potent signaling retinoid, bind-

ing eVectively to the RXRs. No binding activity is associated with the 13‐cis
RA isomer, and it is believed that the biological eVects of 13‐cis RA were

mediated through isomerization to 9‐cisRA.However, data now suggest that,

although the 13‐cis isomer is unable to activate transcription through the

retinoid receptors, it may function through inhibition of enzymes involved

in steroid metabolism or through other membrane receptors (Blaner, 2001).

The 9,13‐di‐cis‐RA binds to the RARa and increases cellular fibrogenesis

by formation of TGF‐b (Imai et al., 1997; Okuno et al., 1999). A novel RA

metabolite, 9‐cis‐4‐oxo‐13,14‐dihydroRA, was identified with particularly

high hepatic levels (Schmidt et al., 2002); however, the function of this isoform

is unclear. In addition, 4‐oxo‐RA, 4‐oxo‐ROH, and 4‐oxo‐retinaldehyde are
able to activate transcription through the RAR and RXR receptors, and

are thought to be important in Xenopus development (Achkar et al., 1996;

Blumberg et al., 1996; Pijnappel et al., 1998) (Fig. 3).

TABLE II. Coactivator and Corepressor Proteins Interacting with the AhR‐ and

RA‐Signaling Pathways

Pathway References

Coactivators

SRC‐1 AhR Beischlag et al., 2002

RA Yao et al., 1996

RIP 140 AhR Kumar et al., 1999

RA Vincenti et al., 1996

p300 AhR Tohkin et al., 2000

RA Yao et al., 1996

p/CIP AhR Beischlag et al., 2002

NCoA‐2 AhR Beischlag et al., 2002

Brg‐1 AhR Wang and Hankinson, 2002

Corepressors

SMRT AhR Nguyen et al., 1999; Rushing and Denison, 2002

RA Li et al., 1997

N‐CoR RA Yoh and Privalsky, 2001
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III. THE AhR/Arnt PATHWAY

The AhR and its dimerization partner AhR nuclear translocator (Arnt)

are members of the basic helix‐loop‐helix per‐Arnt‐sim (bHLH‐PAS)

domain family of transcription factors. Members of this family have diverse

biological roles ranging from developmental regulation to environmental

sensing (Crews and Fan, 1999). The DNA‐binding and heterodimerization

domains are located in the N‐terminal portion of AhR and Arnt, which

contains the bHLH motif and the PAS domain. The C‐terminal regions of

AhR and Arnt contain the transactivation domain sequences (TADs).

In addition to ligand activation, AhR activity is also modulated by phos-

phorylation of serine residues in the C‐terminal portion of the protein (Long

et al., 1998; Mahon and Gasiewicz, 1995).

The latent form of AhR resides in the cytoplasm in complex with acces-

sory proteins, including two heat shock protein 90 (HSP90) molecules, a

cochaperon p‐23, and an immunophilin‐like protein, ARA9 (XAP2; AIP)

(Carver et al., 1998; Kazlauskas et al., 2001). ARA9 appears to stabilize

AhR protein levels in the cytoplasm by protecting the receptor from

proteasome‐mediated degradation and by altering AhR cytoplasmic distri-

bution (LaPres et al., 2000). Binding of ligand to the AhR results in the

release of the p23/ARA9 molecules and translocation of the ligand/AhR/

HSP90 complex into the nucleus. Once in the nucleus, AhR releases the
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FIGURE 2. Structures of vitamin A metabolites.
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Retinol (ROH) bound to retinol‐binding protein (RBP) in the blood is taken up by the cell, and

becomes associated with cellular retinol‐binding protein (CRBP). (1) Conversion of ROH to

retinal (RAL) is catalyzed by either alcohol dehydrogenases (ADH) or retinol dehydrogenases

(RDHs). In vitro, CYP1A1, 1A2, and 1B1 are able to catalyze this reaction. (2) RAL is further

oxidized to RA through the action of RALDHs. At this point, the retinoid is released from

CRBP, and becomes bound to the cellular retinoic acid‐binding proteins (CRABP). There are

two XREs in the promoter for RALDH2, indicating that it may be a target for the AhR pathway

(Wang et al., 2001). Also, several CYP450s are known to catalyze this reaction in vitro and in vivo

(Raner et al., 1996;Roberts et al., 1992;Tomita et al., 1996;Zhang et al., 2000). (3) Interconversion

between the atRA and 9‐cis RA can alter its RAR‐binding specificity and alter RA signaling.

TCDD reduces the levels of glutathione and nonprotein sulfhydryl contents in the liver, which are

involved in catalyzing RA interconversion (Shertzer et al., 1998; Stohs, 1990; Stohs et al., 1990).

Further, TCDD exposure results in increased glutathione S‐transferase (GST) expression and

activity, which is also implicated in RA isomerization (Aoki, 2001; Safe, 2001). (4) To mediate

changes in gene expression,RAbinds specific receptors in the nucleus, theRARs andRXRs.Data

indicate that TCDDand theAhRpathway alter receptor expression (Murphy et al., 2004;Weston

et al., 1995), and alter binding of the receptors to the RARE perhaps by altering availability of

coactivators and corepressors (Rushing and Denison, 2002; Widerak et al., 2005). (5) RA

metabolism and excretion involve hydroxylation and glucuronidation. Several CYP450s are

known tomediate the hydroxylation ofRA, includingCYP26 (Andreola et al., 1997;Loudig et al.,

2000; Ray et al., 1997). Although UDP‐glucuronosyltransferase 1A1 (UGT1A1) is induced by

TCDD in rodent livers and human cell lines (Munzel et al., 1994; Yueh et al., 2003, 2005), its

involvement inmetabolismofRA is unclear. (6)For storage,ROHbound toCRBP is converted to

retinyl esters (REs) through the activity of lecithin:retinol acyltransferase (LRAT). RE in storage

is hydrolyzed to ROH through the action of retinol ester hydrolases (REHs). TCDD exposure

reduces LRATactivity in hepatic stellate cells (Nilsson et al., 1997). Further, LRATmRNA levels

are reduced in whole liver homogenates from TCDD‐exposed rats (Hoegberg et al., 2003).
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HSP90 molecules and dimerizes with another bHLH‐PAS family member,

Arnt (Reyes et al., 1992; Sogawa et al., 1995). The AhR/Arnt heterodimer is a

transcription factor, binding to specific DNA sequences in the 50 regions of
AhR‐responsive genes termed xenobiotic response elements (XRE: 50‐
GCGTG‐30) (Matsushita et al., 1993; Watson and Hankinson, 1992)

(Fig. 4). Data indicate that binding to the XRE does not require the TAD

of AhR or Arnt; however, interaction with the CCAAT and TATA box for

transcriptional activation requires the AhR TAD (Ko et al., 1997; Sogawa

et al., 1995). Heterodimer binding to the XRE results in nucleosomal disrup-

tion and recruitment of transcription activation factors to the promoter

region. This is mediated through direct binding to the transcriptional
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FIGURE 4. AhR‐signaling pathway. Inactive AhR resides in the cytoplasm in complex with

accessoryproteins, including twoHSP90molecules, a cochaperonp‐23, andan immunophilin‐like
protein, ARA9 (XAP2;AIP) (Carver et al., 1998;Kazlauskas et al., 2001). Binding of ligand to the

AhR results in dissociation from the HSP90/p23/ARA9 complex and translocation of the ligand/

AhR/HSP90 complex into the nucleus. Once in the nucleus, AhR dissociates from the HSP90

molecules and dimerizes with Arnt (Reyes et al., 1992; Sogawa et al., 1995). The AhR/Arnt

heterodimer binds to specific DNA sequences in the 50 regions of AhR‐responsive genes termed

xenobiotic response elements (XRE: 50‐GCGTG‐30) (Matsushita et al., 1993; Watson and

Hankinson, 1992). Data now indicate that the AhR/Arnt complex recruits coactivator proteins to

the transcriptional start site, and alters nucleosomal configuration to facilitate transcriptional

activation (Hankinson, 2005).
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activation machinery: mouse AhR binds directly to TFIIB, whereas human

AhRhas been demonstrated to bind to bothTBP andTFIIF (Rowlands et al.,

1996; Swanson and Yang, 1998; Watt et al., 2005).

AhR binding to the XRE and transcriptional regulatory proteins is

associated with interactions with a variety of coactivators that mediate nucleo-

somal disruption. Coactivator CBP, a histone acetyltransferase (HAT), physi-

cally interacts with Arnt, as does SRC‐1 and RIP140 (Beischlag et al., 2002;

Kobayashi et al., 1997). The p160 HAT coactivators SRC‐1, NCoA‐1, and
p/CIP associate with the cytochrome P450 1A1 (CYP1A1) promoter region

following TCDD exposure (Hankinson, 2005). This, along with other data,

indicates that the p160 coactivators are physiologically relevant coactivators

for the AhR/Arnt‐signaling pathway. Data also indicate a role for the

Brahma/SWI‐related gene protein (Brg‐1) in AhR/Arnt‐mediated changes in

chromatin structure (Wang and Hankinson, 2002). A list of coactivator and

corepressor proteins that interact with AhR/Arnt are shown in Table II.

Studies of the molecular mechanisms of the AhR/Arnt heterodimer

have focused on the transcriptional activation of xenobiotic metabolizing

genes, including Phase I drug‐metabolizing enzymes, such as the cytochrome

P450 (CYP450) family of monooxygenase enzymes (Fujii‐Kuriyama et al.,

1992; Watson and Hankinson, 1992), as well as Phase II enzymes, including

UGT1A1, GST‐Ya subunit, and NADPH‐quinone‐oxido‐reductase (re-

viewed in Mimura and Fujii‐Kuriyama, 2003). A number of genes unrelated

to xenobiotic metabolism are also activated by TCDD exposure. These in-

clude genes involved in growth control, such as TGF‐a (Hankinson, 1995),

TGF‐b2 (Hankinson, 1995), ∂‐aminolevulinic acid synthetase (Hankinson,

1995), Bax (Matikainen et al., 2001), and p27kip1 (Kolluri et al., 1999);

cytokines such as interleukin‐1b (Sutter et al., 1991; Yin et al., 1994); other

nuclear transcription factors such as c‐Fos, Jun‐B, c‐Jun, and Jun‐D (HoVer
et al., 1996; Puga et al., 1992); and plasminogen activator inhibitor‐2 (PAI‐2)
and several matrix metalloproteinases, regulator of ECM proteolysis

(Murphy et al., 2004; Sutter et al., 1991; Villano et al., 2006; Yin et al., 1994).

Although originally identified as the receptor for the PAH family of

environmental contaminants, data indicate that the AhR binds to a variety

of endogenous and exogenous compounds, including flavonoids, UV photo-

products of tryptophan, as well as some synthetic retinoids (Carver and

Bradfield, 1997; Denison et al., 2002; Oberg et al., 2005; Song et al., 2002;

Soprano and Soprano, 2003; Soprano et al., 2001) (Fig. 5). The ability of

synthetic retinoids to bind to and activate the AhR pathway has interesting

implications for the cross talk between the AhR and RA pathways. Further,

these retinoids were developed as therapies for skin disorders, inflammatory

diseases, and for use as chemopreventatives (Nagpal and Chandraratna,

2000; Sporn and Suh, 2000; Thacher et al., 2000); therefore, their ability to

activate pathways other than the RA pathway is important to determining

potential side eVects. Experiments have shown that the pan‐RAR antagonist
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AGN 193109 induces CYP1A1 expression in mouse embryos (Soprano

et al., 2001). The activation of CYP1A1, a CYP450 and an AhR‐responsive
gene, by AGN 193109 was confirmed in Hepa‐1c1c7 cells (Soprano et al.,

2001). No similar increase in CYP1A1 was observed following exposure

of mice or Hepa1c7c cells with atRA, suggesting that AGN 193109 may

not be activating CYP1A1 expression via the RAR/RXRs. Exposure of
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FIGURE 5. AhR ligands. The AhR was originally identified as the receptor for polycyclic

aromatic hydrocarbons (PAHs). The most potent of these compounds is 2,3,7,8‐TCDD. Other

synthetic ligands include 2,3,7,8‐tetrachlorodibenzofuran (TCDF) and 3‐methylcholanthrene (3‐
MC).Data indicate that theAhRbinds toand is activatedbyavarietyofunrelated ligands (reviewed

inDenison et al., 2002). Some natural ligands for theAhR include lipoxinA4 (an arachidonic acid

metabolite), indirubin and indigo (components of human urine and blood), bilirubin (a heme

degradation product), and FICZ (6‐formylindolo[3,2‐b]carbazole, a tryptophan photoproduct).

In addition, several synthetic retinoids also eVectively bind to the AhR (Soprano and Soprano,

2003; Soprano et al., 2001).
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Hepa1c7c cells that are lacking AhR or Arnt activity to AGN 193109 demon-

strates a requirement for AhR/Arnt for AGN 193109‐induced CYP1A1

expression (Soprano et al., 2001). To demonstrate whether other synthetic

retinoids can also function through the AhR pathway, these compounds

were tested for their ability to transactivate a luciferase reporter linked to the

portion of the CYP1A1 promoter containing four XREs (Garrison et al.,

1996). Of the 23 retinoids tested, 3 (AGN 190730, AGN 193109, and AGN

192837) were found to greatly stimulate activity of this promoter construct,

in addition several others were shown to have moderate or minimal eVects
(Soprano and Soprano, 2003). Transcriptional activation by AGN 190730

was inhibited by the AhR agonist, a‐naphthoflavone, suggesting that acti-

vation is AhR‐dependent, and mobility shift assays demonstrate that this

retinoid can stimulate binding of the AhR/Arnt complex to the XRE

(Gambone et al., 2002; Soprano and Soprano, 2003). Further, competitive

binding experiments demonstrated that AGN 190730 can inhibit TCDD

interactions with the AhR and the XRE (Gambone et al., 2002).

IV. AhR AND RA AVAILABILITY

Endogenous levels of atRA in the body are maintained through a balance

between atRA biosynthesis, metabolism, and storage. Data indicate that

TCDD and the AhR pathway alter all three of these processes, resulting in

substantial changes in the levels of atRA in the liver, as well as in extrahe-

patic tissues. TCDD‐mediated decrease in hepatic retinoid levels is a well‐
characterized eVect that is described in all rodent models (reviewed in

Nilsson and Hakansson, 2002). Further, fish and other wild‐life exposed to

dioxin‐like compounds in their environment also demonstrate changes in

retinoid levels (Rolland, 2000). TCDD exposure results in an increased

mobilization of retinoids from retinyl ester stores (Brouwer et al., 1989;

Jurek et al., 1990; Kelley et al., 2000; Van Birgelen et al., 1995a,b), altered

retinol esterification (Hoegberg et al., 2005; Nilsson et al., 1997), altered tis-

sue levels of atRA (Hoegberg et al., 2005; Kelley et al., 1998; Nilsson et al.,

2000), increased turnover of retinoids (Kelley et al., 1998), and increased

metabolism and excretion (Brouwer et al., 1989; Hakansson and Ahlborg,

1985) (Fig. 3). The eVects on hepatic retinoids are observed not only in

directly exposed animals but also in animals exposed to TCDD in utero

(Morse and Brouwer, 1995) and lactationally (Hakansson et al., 1987). Most

of these data are from animals treated with a high acute dose of TCDD or

related hydrocarbon (10 mg/kg). However, data indicate that reduction of

hepatic retinoid stores is also a result of a single ‘‘no‐eVect’’ dose (0.1 mg/kg)
of TCDD (Nilsson et al., 2000). These data indicate that TCDD‐mediated

alterations in hepatic retinoid stores may be the most sensitive measure of

TCDD exposure.
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Although TCDD and the AhR pathway alter vitamin A processing in a

variety of species, there are some species‐specific diVerences in the eVects of
TCDD on retinoid processing. One in particular concerns the tissue levels of

atRA. In the rat, TCDD exposure causes a dose‐dependant increase in

serum, liver, and kidney levels of atRA levels (Hoegberg et al., 2003; Kelley

et al., 2000; Nilsson et al., 2000; Schmidt et al., 2003). Concomitantly, a

substantial decrease in the 9‐cis‐4‐oxo‐13,14‐dihydroRA is observed in the

liver (Schmidt et al., 2003). There is no observable increase in hepatic atRA

levels in mice following exposure to TCDD or 3‐methylcholanthrene (3‐MC)

(Hoegberg et al., 2005; Kalin et al., 1984). However, the decrease in 9‐cis‐
4‐oxo‐13,14‐dihydroRA in mouse liver in response to TCDD is observed,

indicating that this metabolite is a sensitive measure of TCDD/PAH

exposure in both rats and mice (Fletcher et al., 2005). The reason for the

diVerence in response between the rat and mouse models is unclear. How-

ever, it is postulated to result from a diVerence in substrate specificities of,

yet unidentified, dioxin‐induced retinoid‐metabolizing enzymes.

Given the observation that TCDD exposure alters RA synthesis and

storage, it is not entirely surprising that the AhR null mouse demonstrated

elevated levels of atRA and its derivatives in the liver (Andreola et al., 1997).

RA, retinol, and retinyl palmitate were found to be two to three times higher

in AhR null animals in comparison to the wild‐type controls. This is postu-
lated to result from a reduced ability of the AhR null animals to catabolize

RA (see below). In confirmation of the elevated levels of atRA, there was

also an observed increase in tissue type transglutaminase‐2, an atRA‐
responsive gene. Indeed, increased expression and activity of transglutami-

nase in the AhR null animals are believed to be related to the liver fibrosis

observed in these animals. In support of this hypothesis, liver fibrosis in AhR

null mice can be reversed by feeding mice a vitamin A‐deficient diet

(Andreola et al., 2004).

A. RA SYNTHESIS

The involvement of TCDD and the AhR pathway in the synthesis of

retinoids is indicated by increased retinoid metabolism in TCDD‐treated
animals, and in the reduced retinoid metabolism observed in AhR null mice

(Andreola et al., 1997). TCDD induction of atRA metabolism is seen both in

hepatic and extrahepatic tissues, demonstrated by an increase in RA metab-

olism using microsomes isolated from animals exposed to TCDD (Fiorella

et al., 1995). Although increased atRA metabolism was observed in a variety

of tissues, there was variation in the magnitude, with the highest induction

in liver microsomes, followed by lung, kidney, and testes (Fiorella et al.,

1995). Changes in RA metabolism are observed following both acute and

chronic TCDD exposure of rats. Rats exposed to long‐term low dose of

TCDD demonstrated dose‐dependant decreases in retinyl esters and atRA in
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liver (Fletcher et al., 2005). Indeed, a 60% decrease in 9‐cis‐4‐oxo‐13,
14‐dihydroRA levels was observed at a very low dose of TCDD (1 ng/kg

per day), indicating that this metabolite is a sensitive measure of TCDD/

PAH exposure (Fletcher et al., 2005).

A variety of metabolizing enzymes including CYPs, UGTs, and ALDHs

are potentially involved in the synthesis and catabolism of RA (Fig. 3).

Under normal physiological conditions, the cytosolic medium‐chain alcohol

dehydrogenases (ADHs) and the microsomal short‐chain alcohol dehydro-

genases (SCADs) are responsible for the oxidation of ROH to RAL. Alter-

natively, retinol dehydrogenase (RDH) can catalyze the oxidation of 9‐cis
ROH, but not atROH (Gamble et al., 1999). The irreversible oxidation of

retinal to atRA is catalyzed by members of the aldehyde dehydrogenase

(ALDH) family (Duester, 2000), including retinal dehydrogenase type 2

(RALDH2). Interestingly, two potential XRE‐binding sites have been identi-

fied in the promoter of the mouse RALDH2 gene (Wang et al., 2001),

suggesting that activation of RALDH2 by the AhR pathway may contribute

to accumulation of atRA in TCDD‐exposed animals. In addition, TCDD

activates expression of ALDH3; however, there are no data to suggest the

involvement of this enzyme in RA metabolism (Lindros et al., 1998). In vitro

and in vivo evidence suggests that the CYP450s may play a critical role in

the changes in atRA biosynthesis following TCDD exposure (Ahmad et al.,

2000; Leo et al., 1984; Martini and Murray, 1994; McSorley and Daly, 2000;

Roberts et al., 1992; Van Wauwe et al., 1990; Vanden Bossche et al., 1988).

The CYP450 superfamily of hemoproteins is composed of more than

3000 molecules distributed over species ranging from bacteria to vertebrates.

These enzymes catalyze monooxygenation of various endogenous and exog-

enous substrates (Nebert and Russell, 2002; Nelson et al., 1996). Members

of the families are classified according to structure similarity; members of

families 1–4 are mainly involved in the metabolism of exogenous chemicals,

including drugs, food additives, and environmental pollutants. CYP450s

are typically inducible, with members of the CYP1 family being targets

for the AhR‐signaling pathway and members of the CYP2 family being

regulated by the CAR/PXR/PPAR‐signaling pathways. In vitro, TCDD‐
induced CYP1A1, 1A2, and 1B1 are able to catalyze the oxidative conver-

sion of free atROH to atRAL (Chen et al., 2000) and atRAL to atRA (Raner

et al., 1996; Roberts et al., 1992; Tomita et al., 1996; Zhang et al., 2000). It is

thought that under normal conditions the contribution of CYPs may not be

significant to RA synthesis. However, the activation of the CYP450s by

TCDD or related congeners may result in changes in atRA availability

(Hoegberg et al., 2003; Tomita et al., 1996). It is unclear what the eVect of
TCDD stimulation of CYP1A1 would be in humans, as the data on the

activity of CYP1A1 toward retinoids is inconclusive at this time.

Some data indicate that the human CYP1A1 is involved in retinal oxida-

tion and the synthesis of atRA (Chen et al., 2000), while other data suggest
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that CYP1A1 activity results in the oxidation of atRA and ultimately its

excretion (Lampen et al., 2000).

Although the CYP1 enzymes have demonstrated atRA biosynthetic

activity, neither 1A1 nor 1A2 metabolize atRA in the mouse liver (Andreola

et al., 1997). However, some novel CYP450 enzymes with activity toward

retinoids have been recently identified that may provide a definitive link

between the AhR pathway and atRA biosynthesis. One potential enzyme for

atRA synthesis is CYP2C39 which is expressed at lower levels in AhR null

animals in comparison to their wild‐type counterparts, suggesting that this

enzyme may contribute to the altered retinoid levels in the AhR null animals

(Andreola et al., 2004). However, CYP2C39 expression is not altered follow-

ing TCDD exposure, indicating that this enzyme is not likely involved in

biosynthesis and metabolism changes in retinoid levels in TCDD‐exposed
animals (Andreola et al., 2004).

Another CYP450 with activity toward atRA is CYP2S1, the sole member

of an identified branch of the CYP2 family (Saarikoski et al., 2005). CYP2S1

is inducible by AhR activation directly through XREs in its promoter region

(Saarikoski et al., 2005). Exposure to retinoids or UV light also results in

increased expression and activity of CYP2S1. To date, the only endogenous

substrates identified for CYP2S1 are retinoids; CYP2S1 canmetabolize atRA

to 4‐hydroxy RA and 5,6‐epoxy RA. Further, this enzyme is highly ex-

pressed in epithelial tissues, suggesting that CYP2S1 may play an important

role in maintaining retinoid levels in diVerentiating skin (Du et al., 2005).

Furthermore, CYP2S1 is expressed in all fetal stages suggesting a role in

development/teratogenesis (Choudhary et al., 2003, 2005).

B. RA CATABOLISM

The primary pathway of atRA metabolism and excretion in vertebrates

begins with a hydroxylation reaction followed by glucuronidation. The

NADPH‐dependant 4‐hydroxylation of atRA is inhibited by carbon monox-

ide, suggesting the involvement of the CYP450s (Gonzalez and Fernandez‐
Salguero, 1998; Napoli, 1999). In humans, CYP2C8 appears to be the major

hepatic RA 4‐hydroxylase with CYP3A4 playing a minor role (McSorley

and Daly, 2000). In mice, it is unclear which CYP enzyme is the primary

hydroxylase for retinoid metabolism. However, CYP2C39 shows similar

kinetic properties as CYP2C8 in humans, and it is suggested that it may be

the prominent murine retinoid hydroxylase (Andreola et al., 2004).

A variety of CYP450s are known to havemetabolizing activity towardRAs,

including members of the CYP1A, 2, 3A, and CYP26 families (Honkakoski

andNegishi, 2000). Assays using microsomal extracts implicate CYP1A1 and

1A2 as the enzymes that mediate the hydroxylation of RA following TCDD

exposure (Ahmad et al., 2000; Schmidt et al., 2003). However, data implicate

other CYP450 families in atRA metabolism. An early study suggested that
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CYP2C7 and 2B1 may have significant contributions in rat (Leo et al., 1984).

However, these enzymes are not TCDD inducible (Chu et al., 2001),

indicating that 2B1 does not contribute to changes following TCDD expo-

sure. CYP26 is known to catabolize atRA; however, its levels are the same in

wild‐type and AhR null animals, indicating that this enzyme is not contri-

buting to changes in RA levels in the AhR null animals (Andreola et al.,

1997; Loudig et al., 2000; Ray et al., 1997). These data suggest that the eVect
of AhR on RA catabolism is perhaps mediated through a yet undescribed

oxidative enzyme, or through changes in glucuronidation.

Glucuronidation is catalyzed by a superfamily of UDP‐glucuronosyl-
transferases (UGTs). TCDD exposure results in increased UGT activity in

rodents (Bank et al., 1989; Kessler and Ritter, 1997; Malik and Owens, 1981)

and cultured human cells (Munzel et al., 1999). In the human HEPG2 cells,

UGT1A1 expression is mediated through an XRE in its promoter (Yueh

et al., 2003, 2005). UGT1A1 has been shown to be able to catalyze glucur-

onidation of atRA in rat liver; however, the UGT1A1 Km for atRA is high

(59 mM) (Radominska et al., 1997). These data suggest that TCDD activa-

tion of UGT expression and activity could result in increased metabolism of

atRA in liver; however, given its high Km for atRA, the relative contribution

of UGT1A1 is less clear.

C. INTERCONVERSION

Steric interconversions of atRA occur in vitro and in vivo (Kojima et al.,

1994; Marchetti et al., 1997; Sundaresan and Bhat, 1982; Vane et al., 1982;

Zile et al., 1967), and the conversion between atRA and 9‐ and 13‐cis RAs

alters the available binding forms. Further, glucuronidation is more eVective
on cis‐isomers than on trans‐isomers (Genchi et al., 1996; Marchetti

et al., 1997), therefore changes in isomerization will alter metabolism and

clearance. It is unclear how atRA interconversion is regulated; however,

glutathione S‐transferases (GSTs) and a variety of sulfhydryl compounds

are able to catalyze these reactions (Chen and Juchau, 1997, 1998a,b;

Urbach and Rando, 1994a,b). Additionally, retinol saturase converts atROH

to at13,14‐dihydroretinol (Moise et al., 2005) which can activate transcrip-

tion through the RAR/RXR heterodimer (Moise et al., 2005). Exposure to

TCDD results in decreased levels of glutathione and nonprotein sulfhydryl

contents in the liver, through activation of oxidative stress (Shertzer et al.,

1998; Stohs, 1990; Stohs et al., 1990). Further, TCDD exposure results in

increased GST expression and activity (Aoki, 2001; Safe, 2001). These data

suggest that TCDD and the AhR pathway may alter isomerization of atRA

in the liver as well, which would influence atRA activity, metabolism, and

clearance. However, the ultimate consequence of TCDD and the AhR

pathway on RA isomerization is unclear. For example, 9,13‐di‐cis RA can

transactivate through RARa. The production of this isomer could result
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from reduced trans–cis isomerization (from decreased glutathione and sulf-

hydryl contents) or from increased cis–trans isomerization (from increased

GST expression).

D. STORAGE AND TRANSPORT

Vitamin A is obtained from the diet, either as preformed vitamin A (retinyl

ester, retinol, and small amount of RA) or as provitamin A (carotenoids)

(Fig. 1). In the lumen of the small intestine or in the intestinal mucosa,

dietary retinyl esters are hydrolyzed to retinol, through the action of retinyl

ester hydrolases (REHs). Provitamin A (mainly in the form of b‐carotene)
absorbed by the mucosal cells is converted to retinaldehyde through the

actions of carotene‐15,150‐dioxygenase, and this form is further reduced to

retinol by retinaldehyde reductase. Within the enterocyte, retinol, indepen-

dently of its dietary origin, is reesterified by the enzyme lecithin:retinol acyl-

transferase (LRAT), and retinyl esters are packaged into chylomicrons,

together with other dietary lipids. Although LRAT is considered the primary

enzyme for esterification of retinoids, LRAT null mice maintain some ability

to convert retinol to retinyl esters, supporting the notion that another enzyme,

namely acyl‐CoA:retinol acyltransferase is involved in this process (O’Byrne

et al., 2005).

Once packaged into chylomicrons, the bulk of dietary retinoid is taken up

by the liver, while the remaining 25% is taken up by extrahepatic tissues

(Goodman, 1962; Goodman et al., 1965). Upon uptake in the liver, chylo-

micron retinyl esters are once again hydrolyzed to retinol, which can either

be secreted by the hepatocyte bound to retinol‐binding protein (RBP) or it

can be transferred to the hepatic stellate cells for storage (Vogel et al., 1999).

At this time the mechanism of transfer of retinol from the hepatocytes to the

stellate cells for storage is still not completely elucidated. However, when

dietary vitamin A is abundant, �80–90% of the stored retinyl esters are in

the stellate cells. Both hepatocyte and stellate cells produce significant

amounts of REH and LRAT, as well as the cellular retinol‐binding protein

type I (CRBPI). CRBPI is a chaperone protein necessary to solubilize retinol

in the aqueous environment of the cell (Vogel et al., 1999).

One of the earliest observations of dioxin toxicity was that exposure to

these compounds altered hepatic retinyl ester storage in a variety of mam-

malian model systems (Hakansson et al., 1991). In rats exposed to an acute

dose of TCDD, storage of retinyl ester in the stellate cells was reduced, until

the TCDD was eliminated from the liver (Hakansson and Hanberg, 1989;

Hakansson et al., 1994; Thunberg et al., 1979, 1980). This is postulated to be

somewhat influenced by a TCDD‐induced mobilization of retinoids from

hepatic and extrahepatic storage, as well as increased elimination in the urine

(Brouwer et al., 1989). The inhibition of retinyl ester storage following
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TCDD exposure is most likely responsible for the reduction of retinoids in

the rest of the animal (Hakansson et al., 1991).

Although it is clear that TCDD and related congeners alter hepatic retinyl

ester storage, the mechanism of this reduction is less clear. The reduction

in storage in the hepatic stellate cell population is not a result of a reduction

in the number of stellate cells, or from any toxicity of TCDD on the stellate

cell population (Hanberg et al., 1996). However, exposure to TCDD does

appear to reduce LRAT activity in stellate cells (Nilsson et al., 1997).

Further, LRAT mRNA levels are reduced in whole liver homogenates from

TCDD‐exposed rats (Hoegberg et al., 2003). These data indicate that TCDD

may directly alter the expression of LRAT in hepatic stellate cells, and

thereby reduce LRAT‐induced retinyl ester formation for storage. Interest-

ingly, TCDD treatment results in an increase in retinyl esters in the kidney,

and this is preceded by an increase in the expression of LRAT (Hoegberg

et al., 2003).

To maintain solubility in an aqueous environment, retinoids are bound

to retinoid‐specific binding proteins. The cellular retinol‐binding proteins

(CRBPs) and the cellular retinoic acid‐binding proteins (CRABPs) are en-

tirely intracellular; whereas the RBP and the intracellular retinol‐binding
proteins (IRBP) are extracellular. CRBPI is thought to have a critical role in

regulation of retinoid storage by regulating ROH esterification by LRAT in

the stellate cells (Ghyselinck et al., 1999; Nilsson et al., 1997). Further,

several microsomal enzymes that are involved in retinoid metabolism prefer

ROH bound to CRBPI, including RDHs I, II, and III. Also, SCADs prefer

retinol that is bound to CRBPI (Napoli, 1999). There are also RALDH that

are more eVective toward retinal in complex with CRBPI. It has been

suggested that retinol bound to CRBPI is protected from metabolism from

liver enzymes such as ADH and the CYP450s (Napoli, 1999). CRBPI also

acts as an atRA chaperone which may result in the metabolism of the low

levels of free atROH, thus preventing excessive ROHoxidation but allowing a

small amount to be converted to RAL for atRA synthesis (Duester, 2000).

CRBPI is also critical to delivery of retinol to newly synthesized RBP for

secretion from the liver into circulation, and it is implicated in facilitating

uptake of retinol–RBP complexes by the extrahepatic cells. Therefore, CRBPI

is an essential intracellular transporter of retinol and forms a link between

retinol mobilization, metabolism, and uptake.

Although it is compelling to postulate that TCDD and the AhR pathway

may alter the expression of the CRBPs, no change in CRBPI expression

in the liver of TCDD‐treated rats is observed (Schmidt et al., 2003). How-

ever, data from knockout animals suggest that the CRBP proteins somehow

modulate the eVect of TCDD on RA storage. TCDD exposure of mice that

lack CRBPI, CRABPI, and CRABPII results in complete depletion of total

retinoids in the liver. However, exposure of mice that are null for only

CRABPI and CRABPII maintained 60–70% of the total hepatic retinoids
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(Hoegberg et al., 2005). This suggests that loss of CRBPI may account for

the increased susceptibility of the triple knockout mice to TCDD‐induced
retinoid depletion.

As discussed above, maintenance of whole‐body retinoid metabolism is a

complex process involving several organ systems, with the main storage of

retinoids in the liver. This system of regulation provides the body with

optimal amounts of retinoids despite changes in retinoid dietary intake.

It has been proposed that there exists a feedback mechanism involving the

hepatic and renal retinoid pools in conjunction with the circulating retinoids

and that this feedback mechanism is regulated by a yet identified set point,

which may be a critical level of a specific retinoid in the liver or kidney. This

mechanism would allow for maintaining retinoid homeostasis even in times

of vitamin A deficiency or excess. It has been proposed that TCDD, by the

significant alterations in liver retinoid levels, may alter the set point for the

feedback system, thereby resulting in a cascade of mis‐regulation of retinoid

acid synthesis, metabolism, and storage (Nilsson and Hakansson, 2002).

Although it is unclear how TCDD and the AhR pathway may alter the set

point, there are several candidates suggested for this mechanism. One is the

apo:holo ratio of the CRBPI, which may be involved in maintaining a

balance between retinoid hydrolysis, esterification, as well as conversion of

retinol to RA (Boerman and Napoli, 1991, 1996; Herr and Ong, 1992). The

importance of the binding proteins in the retinoid homeostasis is supported

by the finding that CRBPI null animals do not store retinyl esters properly

(Ghyselinck et al., 1999). Further, RBP knockouts fail to eYciently mobilize

stored hepatic retinoids (Quadro et al., 1999).

V. MOLECULAR INTERACTIONS BETWEEN

THE RA AND AhR PATHWAYS

Cross talk between the AhR and RA pathway extends beyond eVects on
retinoid metabolism, also aVecting transcriptional regulation. Both the AhR

and RA pathways regulate transcription of a variety of genes that are critical

for the physiological eVects mediated by these pathways. Like the numerous

interactions observed for these pathways in retinoid metabolism, there are

also several levels of molecular interactions between these pathways, includ-

ing direct inhibition, alteration of receptor availability, and competition for

transcriptional coactivators.

One of the first indications that the RA and AhR pathways interact at the

level of gene expression was that TCDD exposure of SCC‐4 keratinocytes

inhibits atRA‐induced activation of transglutaminase, an enzyme critical

for proper diVerentiation of skin. The role of the AhR pathway in mediat-

ing this inhibition is indicated by two AhR‐activating compounds, methyl-

cholanthrene or benzo[a]pyrene, preventing transglutaminase activation
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(Rubin and Rice, 1988). TCDD inhibition of transglutaminase in the SCC‐4
cells is mediated primarily at the level of transcription, and does not result

from a change in mRNA stability (Krig and Rice, 2000). Interestingly,

the data also indicate that TCDD does not alter binding to and activation

of the RARE, as there was no eVect of TCDD on an RARE–luciferase

construct transfected into these cells (Krig and Rice, 2000). Therefore, the

mechanism of TCDD‐induced interference of atRA‐induced transglutami-

nase expression is still unknown. TCDD also demonstrates an inhibitory

action toward other atRA target genes, including RDH9 (Tijet et al., 2006),

and CRABPII (Weston et al., 1995). TCDD activates expression of retinal

oxidase, the enzyme that catalyzes the conversion of retinal to RA. However,

cotreatment with atRA and TCDD results in the downregulation of retinal

oxidase expression and activity (Yang et al., 2005). Although the majority of

data indicate that TCDD/AhR inhibit RA‐mediated gene expression, there

is growing evidence indicating that the interaction is more complex and may

be tissue and cell‐type specific.
Data from AhR knockout mice support the hypothesis that the AhR

pathway interferes with expression of RA pathway target genes. For exam-

ple, the expression of CRBPI is higher in the livers of AhR null animals than

in their wild‐type counterparts (Andreola et al., 1997). Interestingly, TCDD

exposure does not appear to alter CRBPI expression in mice (Hoegberg

et al., 2005). In addition, atRA levels are elevated in the livers of AhR

null mice in comparison to wild‐type mice (Andreola et al., 1997), which is

coupled to a downregulation in CYP2C39 mRNA expression in the AhR

null animals (Andreola et al., 2004). These data suggest that the AhR

pathway, in the absence of exogenous ligand, is inhibitory toward the basal

expression of genes that encode for proteins critical for retinoid homeostasis.

Conversely, the RA pathway also has an inhibitory eVect on AhR‐
mediated transcription, and one of the most extensively studied is the eVect
of atRA on expression of CYP1A1. Because of the presence of an RARE in

the human CYP1A1 promoter, it was originally postulated that atRA would

enhance CYP1A1 expression. This was supported by findings demonstrating

that the CYP1A1 RARE is able to bind nuclear proteins as well as mediate

atRA‐induced expression of a CYP1A1 reporter construct (Vecchini et al.,

1994). However, studies in the expression of the endogenous CYP1A1 gene

did not support this conclusion: neither mouse embryos nor Hepa‐1c1c7
cells exposed to atRA show induction of endogenous CYP1A1 (Soprano

et al., 2001). It is now accepted that atRA exposure is inhibitory to

xenobiotic‐induced CYP1A1 expression and activity, and that this inhibition

is mediated through the RARE in the promoter (Wanner et al., 1996). In

support of this conclusion, RARa�/� null animals display an increase in

hepatic CYP1A1 activity after TCDD treatment compared to wild‐type mice,

suggesting that RARa may play an inhibitory role in TCDD‐mediated

CYP1A1 gene regulation (Hoegberg et al., 2005).
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In addition to the eVects of these pathways on target genes containing

either the XRE or RARE elements, other target genes for both pathways

have been identified that may be important for mediating some of the lesions

observed following exposure to TCDD and atRA. Examples of potential

target genes are the enzymes that mediate matrix metabolism, including the

matrix metalloproteinases (MMPs). MMPs are a family of endopeptidases

that mediate the cleavage of proteins involved in tissue structure, such as

type I and type IV collagen. Further, these enzymes are also involved in

the regulation of proliferation and angiogenesis through the cleavage and

release of growth factors and receptors from the extracellular matrix and the

cell surface (reviewed in BrinckerhoV and Matrisian, 2002). It is long estab-

lished that atRA exposure alters the expression of MMPs in a variety of cell

types, primarily downregulating expression through interference with the

AP‐1‐signaling pathway (Vincenti et al., 1996). Data indicate that TCDD

also modulates the expression and activity of the MMPs (Murphy et al.,

2004; Villano et al., 2006). Interestingly, cotreatment with TCDD and atRA

in normal human keratinocytes results in an enhancement of MMP‐1
expression over exposure to TCDD alone. The coactivation of atRA and

TCDD was also observed for PAI‐2, a regulator of matrix remodeling,

indicating that atRA/TCDD coactivation is not limited to MMPs. The

induction of MMP‐1 by cotreatment with atRA and TCDD does not rely

on transcriptional interaction between the RARs and AhR, but instead is

mediated through two distinct mechanisms: TCDD‐induced transcription

and atRA enhancement of MMP‐1 mRNA stability (Murphy et al., 2004).

Although it is clear that there are interactions between these pathways

at the level of transcriptional activation, it is unclear how these interactions

are accomplished. Although atRA inhibition of CYP1A1 is most likely

mediated by steric interference between proteins binding to the XRE and

RARE, not all genes that are coregulated have both XREs and RAREs.

A potential mechanism underlying changes in target gene expression by AhR

and RA pathway interaction may be through changes in receptor availability.

AhR availability in the cell is mediated by transcriptional and posttransla-

tional mechanisms. Further, the targeted degradation of the AhR protein

is also considered an important mechanism in regulating this pathway

(Pollenz, 2002). Studies using the murine AhR promoter demonstrate that

treatment of a murine epidermal cell line with atRA results in reduced AhR

promoter activity (FitzGerald et al., 1996). Data from human keratinocytes

did not demonstrate any change in either AhR or Arnt mRNA expression

following atRA exposure (Murphy et al., 2004). This diVerence may be a

consequence of species‐specific diVerences between the human and murine

AhR promoter activity or from a diVerence in atRA responsiveness of the

human versus the murine cell line tested. In support of this idea is the fact

that the murine cell line (JB6‐C1 41‐5a) used in the reported studies is highly

responsive to RA (FitzGerald et al., 1996).
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TCDD and the AhR pathway are known to alter the expression of the

RARs and RXRs, although the eVect of TCDD on RAR and RXR gene

expression is receptor and cell‐type dependent. RARb expression is inhib-

ited by TCDD exposure of embryonic palate mesenchymal cells (Weston

et al., 1995). However, in SCC12Y cells TCDD treatment results in a

decreased binding of atRA to RARa without any change in RARa gene

expression (Lorick et al., 1998). In normal human keratinocytes, TCDD

treatment results in an increase in RARg and RXRa mRNA levels (Murphy

et al., 2004). Therefore, one way in which TCDDmay alter atRA target gene

expression in some cell types may be through alterations of the receptor

availability.

Activation of gene expression by the AhR/Arnt‐ or RA‐signaling path-

ways requires the recruitment of coactivators and general transcription

factors to the promoter region (Hankinson, 2005; Wei, 2003). The recruit-

ment of coactivators to target genes can either enable chromatin remodeling

or aid in recruiting basal transcription machinery to the promoter of the

target gene (Chen, 2000). Coactivators are classified based on the mechanism

used to induce transcription. HAT coactivators transfer an acetyl group

onto specific lysine residues of histone tails destabilizing chromatin structure

while histone methyltransferases (HMTs) modify arginines (to enhance) or

lysines (to repress) of histone tails with methyl groups. Phosphorylation of

histone tail serine residues as well as ubiquitination also serves as potential

signals for altering chromatin structure. These signals serve to facilitate

access to the DNA by destabilizing local chromatin structure through his-

tone modification as well as being markers to recruit other coactivator

proteins to the modified sites. Corepressors function by recruiting a complex

of silencing proteins to the promoter region, including histone deacetylases

(HDACs) (Baniahmad, 2005). A list of coactivators known to interact with

the RA and AhR pathways are shown in Table II.

The importance of nucleosomal structure on TCDD‐mediated CYP1A1

transcription was demonstrated in a study by Morgan and Whitlock (1992)

identifying a nucleosome structure associated with CYP1A1 mouse

promoter/enhancer region that is altered following TCDD treatment. There

is also a concomitant increase in protection of this area located at �40 and

�60 bp of the promoter which contains the TATAAA box and an NF‐1‐like
recognition motif. This indicates that activated AhR alters nucleosome struc-

ture to facilitate transcriptional activation and suggests that coactivator or

corepressors may be involved in TCDD‐mediated CYP1A1 expression. In-

deed, coactivator estrogen receptor associating protein 140 (ERAP 140) and

the corepressor SMRT both physically interact with AhR/Arnt transcription

factor complex and are able to increase AhR/Arnt binding to an XRE

(Nguyen et al., 1999). However, the exact nature of the involvement of SMRT

in AhR‐mediated transcription is not yet elucidated. One study indicates that

SMRT acts to inhibit AhR‐mediated transcription (Nguyen et al., 1999);
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while data from another study demonstrates that overexpression of SMRT

activates TCDD‐mediated transcription in some cell types and inhibits it in

others (Rushing and Denison, 2002). These data indicate that SMRT–AhR

interaction has a role in mediating AhR transcriptional activation, and sug-

gest that the interaction of AhR and SMRT is dependent on cell‐type‐specific
signals or factors.

Recent evidence indicates that corepressors may be a link between the

AhR and RA expression pathways. The SMRT corepressor is known to

interact with both the AhR and RARs and modulate their transactivating

function (Nguyen et al., 1999; Rushing and Denison, 2002; Widerak et al.,

2005). Further, SMRT may also be involved in TCDD‐mediated eVects on
RAR binding and transactivation through the RARE. It has been known for

some time that in some cell types, TCDD is able to activate expression of

RARE‐driven reporter constructs (Vecchini et al., 1994; Widerak et al.,

2005). However, the mechanism of this activation was unknown. Data show

that TCDD activation of the RARE–CAT construct is inhibited by

cotransfection with an expression vector containing the SMRT corepressor

(Widerak et al., 2005). Taken together these data suggest that the involve-

ment of the corepressor as well as the coactivator proteins may provide a

molecular pathway for the transcriptional cross talk between the AhR and

RA pathways.

The data presented in this chapter demonstrate both direct and indirect

interactions between the AhR‐ and RA‐signaling pathways. These interac-

tions include changes in the availability of atRA in the liver and extrahepatic

tissues by AhR‐mediated regulation of atRA synthesis and metabolism, as

well as on storage and transport. Further, these two pathways directly

impact each others signaling pathways through alterations in receptor avail-

ability and modulation of transcriptional regulation. Although it appears

that the intersection of these two pathways may be mediated by specific

coactivator and corepressor proteins, the exact mechanism is yet undefined.

However, it is clear that a portion of toxicity related to TCDD and related

congeners is mediated through their eVect on RA homeostasis and on the

atRA‐signaling pathway.
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action of RA and the role of specific RA‐regulated genes during the

cellular diVerentiation of embryonal carcinoma (EC) and embryonic stem

(ES) cells. RA acts by binding to its nuclear receptors and inducing

transcription of specific target genes. Themost studiedmouseEC cell lines

include F9 cells, which can be induced by RA to diVerentiate into

primitive, parietal, and visceral endodermal cells; and P19 cells, which can

diVerentiate to endodermal and neuronal cells upon RA treatment. ES

cells can be induced to diVerentiate into a number of diVerent cell types;

many of which require RA treatment. Over the years, manyRA‐regulated
genes have been discovered in EC and ES cells using a diverse set of

techniques. Current research focuses on the elucidation how these genes

aVect diVerentiation in EC and ES cells using a variety of molecular

biology approaches. However, the exact molecule events that lead from a

pluripotent stem cell to a fully diVerentiated cell following RA treatment

are yet to be determined. # 2007 Elsevier Inc.

I. INTRODUCTION

Retinoic acid (RA), the most potent natural form of vitamin A, plays an

important role in mediating the growth and diVerentiation of both normal

and transformed cells (Chambon, 1996; Soprano and Soprano, 2003). It is

essential for many diverse biological functions including growth, vision,

reproduction, embryonic development, diVerentiation of epithelial tissues,

and immune responses.

The role of vitamin A during embryonic development was first recognized

in the 1930s when maternal vitamin A deficiency was found to be associated

with a number of defects (Hale, 1937; Mason, 1935). This was eventually

termed the vitamin A‐deficiency syndrome. Later, it was demonstrated that

an excess of vitamin A caused a number of congenital abnormalities (Cohlan,

1953). Clearly the maintenance of retinoid homeostasis is critical during

embryonic development. Following these initial observations, a large number

of studies have examined the role of vitamin A and more specifically

RA, retinoic acid receptors (RARs), and retinoid X receptors (RXRs) during

embryonic development. This work has been extensively reviewed by a num-

ber of investigators (for reviews see Clagett‐Dame and De Luca, 2002; Mark

et al., 2006; Ross et al., 2000; Soprano and Soprano, 1995; Zile, 2001).

RA is also an important regulatory molecule for controlling cell growth

and diVerentiation in both the adult and the embryo. It is critical for the

maintenance of the diVerentiated state of all epithelial cells in the body and

for hematopoietic cell diVerentiation (for reviews see De Luca et al., 1995;
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Oren et al., 2003). In vitro, RA induces diVerentiation of pluripotent embryo-

nal carcinoma (EC) and embryonic stem (ES) cell lines into a number of

specific cell types. ES cells are transiently present in the embryo and small

numbers are also believed to be present in adult tissues. RA is a critical

regulator of embryonic neurogenesis and has been shown to play an impor-

tant role during adult neurogenesis in vivo (Jacobs et al., 2006;McCaVery and
Drager, 2000). Therefore, the study of RA‐induced diVerentiation in vitro is

important to understand early embryonic development and diVerentiation of

adult stem cells in vivo.

This chapter will summarize the current state of knowledge pertaining to

the role of RA in the diVerentiation of EC and ES cells. Since the eVects of
RA during diVerentiation are due to the regulation of gene expression, we

will begin by reviewing briefly the remarkable progress that has been

made in understanding the mode of action of retinoids at the molecular

level. We will then describe several model systems used to study RA‐induced
diVerentiation in vitro. Finally, we will review the current information per-

taining to the role of retinoid nuclear receptors and RA‐regulated genes

during diVerentiation of EC and ES cells to a number of diVerentiated
cell types.

II. MOLECULAR MECHANISM OF

ACTION OF RA

RA functions by binding to ligand‐inducible transcription factors (nuclear

receptor proteins belonging to the steroid/thyroid hormone receptor super-

family) that activate or repress the transcription of downstream target genes

(for review see Chambon, 1996; Soprano and Soprano, 2003). Six nuclear

receptors (termed RARa, RARb, RARg, RXRa, RXRb, and RXRg),
encoded by distinct genes, have been demonstrated to mediate the actions

of RA. The natural metabolites all‐trans RA (atRA) and 9‐cis RA are high‐
aYnity ligands for RARs, whereas 9‐cis RA, phytanic acid, docosahexanoic

acid, and unsaturated fatty acids, have been suggested to bind RXRs.

These proteins, as heterodimers (RAR/RXR) or homodimers (RXR/RXR),

function to regulate transcription by binding toDNA sequences located within

the promoter of target genes called retinoic acid response elements (RARE)

or retinoid X response elements (RXRE), respectively (Fig. 1). RAREs

consist of direct repeats of the consensus half‐site sequence AGGTCA sepa-

rated most commonly by five nucleotides (DR‐5) while RXREs are typically

direct repeats of AGGTCA with one nucleotide spacing (DR‐1). The RAR/

RXR heterodimer binds to the RARE with RXR occupying the 50 upstream
half‐site and RAR occupying the 30 downstream half‐site.
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Over the last several years, a large number of proteins that interact with

RARs have been demonstrated to play an important role in the ultimate

control of their transcriptional activity (for review see Hart, 2002; Jepsen

andRosenfeld, 2002;Wei, 2003;Westin et al., 2000). In the absence ofRA, the

apo‐receptor pair (RAR/RXR) binds to the RARE in the promoter of

target genes and RAR recruits corepressors. These corepressors mediate

their negative transcriptional eVects by recruiting histone deacetylase com-

plexes (HDACs). HDACs remove acetyl groups from histone proteins induc-

ing a change in the chromatin structure causing DNA to be inaccessible to

the transcriptional machinery. On the other hand, on RA binding (at physio-

logical levels), there is a conformational change in the structure of the ligand‐
bindingdomain that results in the release of the corepressor and the recruitment

of coactivators to the AF‐2 region of the receptor. Some coactivators inter-

act directly with the basal transcription machinery to enhance transcriptional

activation, while others exhibit histone acetyltransferase (HAT) activity. HAT

FIGURE 1. Mechanism of RA‐induced gene transcription. In the inactivate promoter, the

RAR and RXR exist as a heterodimer bound through its DNA‐binding domain (DBD) to the

RARE DR‐5. Corepressors bind to RAR and recruit HDAC causing transcriptional repression.

When RA is added, transcription is activated by RA binding to the RAR. The RAR bound to

RA then recruits coactivators and HAT.
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acetylates histone proteins causing the activation of transcription of the

associated gene.

III. MODEL SYSTEMS TO

STUDY DIFFERENTIATION

In order to study the role of RA during cellular diVerentiation in vitro, it is

necessary to have available model systems that closely resemble development

in vivo.

Mouse EC and ES cell lines have been well characterized and there are

also several human lines available. These pluripotent cell lines can be main-

tained as undiVerentiated cells and can be induced to diVerentiate in vitro to

virtually any cell type. Furthermore, they are very amenable to genetic

manipulations making them excellent model systems to address fundamental

mechanistic questions during RA‐induced diVerentiation.

A. EC CELLS

EC cells are the undiVerentiated cells derived from teratocarcinomas,

malignant multidiVerentiated tumors that arise in the testes or ovaries when

early mouse embryos are grafted into adult mice (for review see Smith, 2001).

These cells can be propogated in culture continuously as undiVerentiated
cells; however, they retain the ability to diVerentiate to all three germ layers

(ectoderm, mesoderm, and endoderm). Although EC cells are self‐renewing
and pluripotent in most cases, they lack the ability when reintroduced into the

developing embryo to participate in embryogenesis and give rise to a wide

variety of tissues. In particular, they are often aneuploid and therefore are

not capable of proceeding through meiosis and producing mature sex cells.

The most commonly used EC cell lines for the study of RA‐dependent
diVerentiation are F9 and P19 cells (Fig. 2).

F9 EC cells resemble the pluripotent stem cells of the inner cell mass of

blastocysts. RA induces diVerentiation of F9 cells along a number of diVer-
ent pathways depending on the culture conditions (Gudas, 1991; Strickland

andMahdavi, 1978; Strickland et al., 1980), mimicking the early commitment

events that occur in 3‐ to 5‐day blastocysts when the inner cell mass forms

two endodermal layers. Treatment of F9 cells grown in monolayer culture

withRA results in diVerentiation to primitive endoderm, while treatment with

both RA and dibutyryl cyclic AMP causes diVerentiation to parietal endo-

derm. These parietal endoderm cells express high levels of plasminogen

activator, laminin, and type IV collagen along with very low levels of alkaline

phosphatase and lactate dehydrogenase (Strickland and Mahdavi, 1978)

typical of parietal endoderm in vivo. On the other hand, treatment of F9

cells grown as aggregates (termed embryoid bodies) in bacterial dishes with
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RA induces diVerentiation to visceral endoderm. Visceral endoderm is char-

acterized by the expression of a number of proteins typical of visceral yolk sac

including a‐fetoprotein, albumin, retinol‐binding protein, and transthyretin

(Soprano et al., 1988; Young and Tilghman, 1984). Hence, the parietal endo-

derm and visceral endoderm obtained upon treatment of F9 cells with RA are

indistinguishable from the parietal endodermal and visceral endodermal cells

generated early in mouse embryogenesis.

Embryonal carcinoma cells

Mouse early blastocyst implanted in a mouse

Cells isolated from
resultant tumor

Cultured pluripotent teratocarcinoma cells

F9 cells P19 cells

Grown
as monolayer

Grown
as aggregates

(embryoid bodies)

Grown
as monolayer

Grown
as aggregates 

(embryoid bodies)

+RA +RA +RA +RA +DMSO+RA 
and cAMP

Differentiation into cells like: Differentiation into cells resembling:

Primitive
endoderm

Parietal
endoderm

Visceral
endoderm

Endodermal
and mesodermal

Neuron,
glia, and
fibroblast

Cardiac and
skeletal muscle

Blastocyst
(day 4−5)

Late blastocyst
(day 5)

FIGURE 2. Terminal diVerentiation pathways of F9 and P19 EC cell lines. In F9 cells all

pathways require RA, whereas in P19 the endodermal and neuronal pathways require RA while

the myocardial pathway requires DMSO.
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P19 EC cells are also a pluripotent cell line that possesses the typical

morphology of EC cells. Like F9 cells, P19 cells are a model system for the

study of diVerentiation and early mammalian development. The P19 cell line

was derived from a teratocarcinoma in C3H/HE mice, produced by grafting

an embryo at 7 days of gestation to the testes of an adult male mouse (for

review see Bain et al., 1994; McBurney and Rogers, 1982). The cells contain

a normal karyotype (McBurney and Rogers, 1982), which reduces the chance

that the results obtained are due to a genetic abnormality. Depending on

chemical treatment and growth conditions, P19 cells can be induced to

diVerentiate into derivatives of all three germ layers. Dimethylsulfoxide treat-

ment of P19 aggregates (embryoid bodies) produces cells with many of

the characteristics of cardiac and skeletal muscle (McBurney et al., 1982).

Conversely, RA treatment of aggregates results in the formation of cells

that resemble neurons, glia, and fibroblast‐like cells (Jones‐Villeneuve et al.,
1982). Treatment of P19 cells grown as a monolayer in the presence of

RA results in the formation of endodermal and mesodermal derivatives

(Mummery et al., 1986).

B. ES CELLS

ES cells are derived from the inner cell mass of blastocysts (for review see

Smith, 2001). These cells closely resemble EC cells in morphology, growth

behavior, and marker expression. Furthermore, ES cells like EC cells are

undiVerentiated, immortal, and pluripotent cells that have the capacity to

diVerentiate into cell types of all three primary germ layers. However, unlike

EC cells, ES cells are diploid, participate in embryogenesis, and are able to

diVerentiate into germ cells in vivo. Great care must be taken in the culturing

of mouse ES cells to maintain the undiVerentiated stem cell phenotype

including the use of feeder cells or growth in the presence of the cytokine

leukemia inhibitory factor (LIF). In addition to mice (Evans and Kaufman,

1981; Martin, 1981), ES cells have been prepared from fish (Hong et al., 1996;

Sun et al., 1995), chicken (Pain et al., 1996), rhesus monkey (Thomson and

Marshall, 1998; Thomson et al., 1995), marmoset (Thomson et al., 1996),

and humans (Shamblott et al., 1998; Thomson et al., 1998). A major appli-

cation of mouse ES cells has been their use in the engineering of transgenic

and knockout mice. ES cells also have great potential as a source of cells for

transplantation in the treatment of numerous pathologies.

RA can induce diVerentiation of ES cells into a large number of diVerent
cell types including neurons, glial cells, adipocytes, chondrocytes, osteocytes,

corneal epithelium, skeletal muscle, smooth muscle, and ventricular cardio-

myocytes (Eiges and Benvenisty, 2002; Rohwedel et al., 1999; Schuldiner

et al., 2000) (Fig. 3). In all cases, in vitro diVerentiation begins by removal

of LIF from the culture medium and growth of ES cells as small aggre-

gates termed embryoid bodies either in dishes containing a nonadhesive
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substratum or in hanging drop cultures. The specific cell types formed

are dependent on both the timing of RA treatment and the addition of

other factors. The timing of RA treatment can be at the time of formation

(day 0) of embryoid bodies, 2 days following formation of embryoid bodies,

or 5–9 days following formation of embryoid bodies.

Treatment of ES cell‐derived embryoid bodies with RA from day 0 to

either day 2 or day 5 following embryoid body formation results in diVeren-
tiation of ES cells to neurons and glial cells (Bain et al., 1994; Fraichard

et al., 1995; Glaser and Brustle, 2005; Gottlieb and Huettner, 1999; Strubing

et al., 1995). These neurons and glial cells display key morphological, physio-

logical, and biochemical properties of their normal counterparts. On the other

hand, corneal epithelial cells can be derived following seeding of embryoid

body cells treated with RA onto deepithelialized superficial corneoscleral

slices (SCSS) (Wang et al., 2005).

Alternatively, treatment of ES cell‐derived embryoid bodies with RA

between day 2 and day 5 after embryoid body formation results in presomi-

tic mesoderm. Removal of RA for 2 days (days 5–7 after embryoid body

Embryonic stem cells
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Cultured diploid pluripotent
stem cells grown on

feeder cells 

Neuron
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FIGURE 3. Terminal diVerentiation pathways in mouse ES cells treated with RA.

Although RA is important to stimulate the cells to diVerentiate into the final cell types shown,

other treatments and factors are generally necessary for terminal diVerentiation.
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formation) followed by treatment with adipogenic factors (such as insulin,

triidothyronine, or thiazolidinedione) and PPARg results in the formation of

adipocytes (Dani et al., 1997; Phillips et al., 2003), while treatment with

BMP‐4 or TGF‐b3 results in the formation of osteoblasts and chondrocytes,

respectively (Kawaguchi et al., 2005). The treatment of the embryoid bodies

with RA is obligatory in the first phase for the commitment of these cells to

presomitic mesoderm, while the subsequent treatment with the appropriate

growth factors and culture milieu steers these precursor cells into distinct

mesenchymal compartments. In addition, treatment of ES‐derived embryoid

bodies between day 2 and day 5 with RA alone can also result in the

formation of skeletal muscle cells (Wobus et al., 1994).

Finally, treatment of ES cell‐derived embryoid bodies following day 5–9

after formation with RA alone results in the formation of ventricular cardi-

omyocytes (Wobus et al., 1997), while treatment with both RA and dibutyryl

cAMP results in the formation of contracting smooth muscle cells (Drab

et al., 1997).

IV. ROLE OF RARs

There is an overwhelming amount of evidence that functional RARs and

RXRs are obligatory in mediating RA‐dependent diVerentiation of EC and

ES cells. Studies with an RA‐nonresponsive mutant line of P19 cells (termed

RAC65) have demonstrated the importance of functional RARs in RA‐
dependent diVerentiation of P19 cells. RAC65 cells do not diVerentiate after
treatment with RA (Jones‐Villeneuve et al., 1983). These cells carry a rear-

rangement of one of the RARa genes resulting in the production of a

truncated RARa protein that has lost its 70 C‐terminal amino acids (Kruyt

et al., 1991, 1992; Pratt et al., 1990). The truncated RARa acts as a

dominant‐negative repressor of transcription of RA‐responsive target genes
including RARb2, Oct‐3/4, Hox genes, and PBX genes (Kruyt et al., 1991;

Pratt et al., 1993; Qin et al., 2004a; Schoorlemmer et al., 1995; Zwartkruis

et al., 1993) with the resulting failure of RAC65 cells to diVerentiate upon

treatment with RA. Similarly, transfection of expression vectors encoding

truncatedRAR receptors that interfere with the activity of endogenousRARs

in a dominant‐negative fashion also inhibits RA‐induced diVerentiation of F9
EC cells (Espeseth et al., 1989).

To test the role of individual RAR isotypes and RXRa in mediating RA‐
induced diVerentiation, F9 cells lines containing functionally inactivated

receptors have been created and studied. Another experimental approach

has been to study the role of RAR isotype‐selective and RXR‐selective
retinoids in the diVerentiation of F9 and P19 cells. Overall, these studies

demonstrate that there are both specific and redundant functions of RARs

and RXRs during RA‐induced diVerentiation and that some artifactual
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redundancies are likely to be created as a result of the knockout of individual

genes.

Comparison of RARa and RARg has demonstrated that RARg has a

more prominent role in mediating RA‐dependent diVerentiation and gene

expression in F9 cells (Boylan et al., 1993, 1995; Taneja et al., 1996).

Interestingly, RARg is indispensable for the diVerentiation of F9 cells to

primitive endoderm; however, both RARg and RARa are required for

eYcient diVerentiation to parietal endoderm (Rochette‐Egly et al., 2000;

Taneja et al., 1995, 1997). Furthermore, RARa and RARg play an impor-

tant role in mediating RA metabolism in F9 cells since loss of RARg results
in a lower rate of production of polar metabolites of RA, while loss of

RARa causes an increase in the metabolism of RA (Boylan et al., 1995).

On the other hand, studies utilizing RAR‐selective retinoids demonstrate

that diVerentiation of P19 cells can be mediated by either RARa or RARg
(Taneja et al., 1996).

RARb2 plays an important role in mediating both RA‐induced growth

arrest and late gene expression responses to RA in F9 cells (Faria et al.,

1999). F9 cells that lack RARb2 display an altered morphology and do not

fully diVerentiate upon treatment with RA. The initial RA‐dependent in-
crease in early response gene expression was observed in the RARb2�/�

cells; however, their elevated expression was not sustained at later times

following RA treatment along with a failure to increase the level of expres-

sion of at least one late RA‐response gene (laminin B1). Taken together, this

suggests that RARb2 is not required for the initiation of RA‐dependent
diVerentiation in F9 cells; however, it is necessary for later events that

culminate in the diVerentiated phenotype.

RXRa also plays a critical role in RA‐induced diVerentiation of F9 cells

to primitive and parietal endoderm but not to visceral endoderm, along with

mediating growth arrest and apoptotic responses to RA (Chiba et al., 1997a;

CliVord et al., 1996). Since diVerentiation to visceral endoderm is only

delayed 1–2 days in cells lacking RXRa, it is likely that RXRb and/or RXRg
can mediate visceral endoderm diVerentiation but not parietal and primitive

endoderm diVerentiation in F9 cells. Finally, study of the loss of expression

of RARa or RARg along with RXRa demonstrates that the RAR/RXR

heterodimer is the functional unit transducing the retinoid signal (Chiba

et al., 1997b).

V. RA‐REGULATED GENES

There has been great eVort over the last 25 years by many investigators to

elucidate the cascade of gene expression events that ultimately results in the

diVerentiated phenotype displayed by EC and ES cells following RA treat-

ment. The first step to achieve this goal has been to identify genes whose
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expression is altered by RA during diVerentiation along a number of diVer-
ent pathways. The approaches used to address this question have changed

over the years taking advantage of the major technical developments in

molecular and cellular biology. Among the technical approaches used in-

clude diVerential screening of cDNA libraries, subtractive cDNA libraries,

diVerential display, microarray analysis, and proteomic analysis. An ex-

tremely long list of genes and expressed sequence tags (ESTs) that display

altered expression upon treatment of EC and/or ES cells following RA

exposure has resulted from these numerous studies. A listing of genes and

ESTs diVerentially regulated in EC and ES cells induced by RA to diVer-
entiate along a number of diVerent pathways can be obtained from a variety

of sources including Gudas (1991), Gudas et al. (1994), Nishiguchi et al.

(1994), Bouillet et al. (1995), Faria et al. (1998), Bain et al. (2000), Harris and

Childs (2002), Wei et al. (2002), Sangster‐Guity et al. (2004), and An et al.

(2005). Several general trends are readily apparent on examination of these

lists of genes and ESTs.

First, RA treatment of EC and ES cells results in both an increase and a

decrease in the expression of particular genes. In some cases, the fold changes

in expression are rather modest while in others the fold changes are very large.

Furthermore, RA treatment causes changes in the expression of genes with

a variety of diVerent functions including transcription factors, RA metabo-

lism and transport proteins, extracellular matrix proteins, protooncogenes,

growth factors and their receptors, cytoskeletal proteins, proteins involved in

cell metabolism, cell surface antigens, apoptosis‐related proteins, cell‐cycle
control proteins, and proteins that mediate intracellular and extracellular

signaling.

Second, the temporal pattern of gene expression during RA‐induced
diVerentiation has several phases. Regardless of the pathway of diVerentia-
tion, there is a subset of genes whose expression is increased rapidly (within

the first 12–16 h) upon RA treatment in the presence of cycloheximide indi-

cating that they are primary response genes toRA. Promoter analysis ofmany

of these genes demonstrates that they contain a RARE and that the RAR/

RXR heterodimer mediates the increase in expression upon RA treatment.

Finally, many of the same primary RA response genes are regulated in both

EC and ES cells irrespective of the pathway of diVerentiation and are most

often either transcription factors or proteins involved in RA metabolism and

transport.

A much larger number of other genes display altered expression at later

time points (1 or more days) following RA treatment and these changes in

expression require new protein synthesis. Hence, these genes are secondary

responders and are indirectly regulated by RA treatment. Furthermore,

many of these genes are associated with a specific diVerentiation pathway.

DiVerentiation of F9 cells to primitive endoderm is biphasic (early and late

responding genes). A third phase occurs when these cells are induced to
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diVerentiate in the presence of RA and dibutyryl cAMP to parietal endo-

derm or to diVerentiate upon treatment of embryoid bodies with RA to

visceral endoderm. Similarly P19 cells induced to diVerentiate to neuronal

cells display three phases of gene expression changes, the initial primary

response phase (0–16 h following RA treatment), the neural diVerentiation
phase (16 h to 2 days following RA treatment), and the terminal diVerentia-
tion phase (5–6 days following RA treatment).

Third, a final point to keep in mind is that the diVerentiation process

often involves RA treatment along with additional treatments/factors such

as dibutyryl cAMP or aggregation of cells (embryoid bodies). Therefore,

some of the gene expression changes are mediated solely by RA, some by one

of the additional treatments/factors, and a third group by a combination of

RA and one or more of the additional treatments/factors. Some studies have

attempted to address this issue, while others have not (Teramoto et al.,

2005).

VI. ROLE OF SPECIFIC RA‐REGULATED GENES

The availability of this large battery of RA‐regulated genes associated

with diVerentiation of EC and ES cells allows more hypothesis‐driven
experiments. These studies are focused on the determination of the specific

role of individual genes during the diVerentiation process. The long‐term
goal of these studies is to understand the sequence of events at the molecular

level during RA‐induced diVerentiation in EC and ES cells. Many of these

genes are expressed in early embryos and are likely to be important players

in embryogenesis (Tables I and II).

RARb2 and RARa2: The expression of two RARs, RARb2 and RARa2,
is rapidly increased following RA treatment of F9 cells and P19 cells (Hu

and Gudas, 1990; Qin et al., 2004a; Shen et al., 1991). This increase in

RARb2 and RARa2 expression is mediated by RAREs located in the

promoter of each of these genes (Shen et al., 1991).

The role of RARb2 in mediating RA‐dependent diVerentiation of F9 cells

has been studied utilizing RARb2�/� F9 cells (Faria et al., 1999). RARb2�/�

F9 cells have an altered morphology and fail to fully diVerentiate upon RA

treatment. These cells fail to growth arrest after RA treatment suggesting

that RARb2 plays an important role in mediating growth. RARb2 has

been shown to be necessary for the RA‐dependent increase in the protein

level of p27 (an important cell cycle regulatory gene) by elevating p27 mRNA

levels, rate of translation, and half‐life of p27 (Li et al., 2004). Moreover,

RARb2 is required for the sustained expression of a number of other RA‐
responsive genes. A comparison of the gene expression profiles in wild‐type
andRARb2�/�F9 cells demonstrates that RARb2 regulates the expression of
a wide variety of genes including transcription factors, cell surface‐signaling
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transduction molecules, and metabolic enzymes that are important during

diVerentiation (Zhuang et al., 2003).

Hoxa‐1 and Hoxb‐1: The expression of two homeobox domain genes,

Hoxa‐1 (Hox 1.6) and Hoxb‐1 (Hox 2.9), are increased rapidly upon treat-

ment of ES and EC cells with RA in the absence of new protein synthesis.

Hoxa‐1 was initially demonstrated by LaRosa and Gudas (1988) as an early

response gene to RA treatment of F9 cells and was termed Ear‐1. This
RA‐regulated increase in Hoxa‐1 expression is mediated by a RARE located

in the 30 enhancer region of the Hoxa‐1 gene (Langston and Gudas, 1992;

Langston et al., 1997) and RARg (Boylan et al., 1993). Hoxb‐1 levels are

also increased upon RA treatment (Simeone et al., 1991). The Hoxb‐1 pro-

moter contains a RARE (Langston et al., 1997; Ogura and Evans, 1995;

Thompson et al., 1998); however, Hoxa‐1 also plays an important role in

regulating its expression (Di Rocco et al., 2001). ES cells that lack expression

ofHoxa‐1 display a reduced level of expression ofHoxb‐1 uponRA treatment

(Martinez‐Ceballos et al., 2005).
The role of Hoxa‐1 in the RA‐dependent diVerentiation of F9 cells has been

studied utilizing F9 cells that stably express Hoxa‐1 (Goliger and Gudas, 1992;

TABLE I. Mechanism of Action for Selected Genes During Endodermal DiVerentiation

Gene Cell line RA response Mechanistic studies

RARg F9 Not RA

regulated

Indispensable for formation of primitive

endoderm and needed for eYcient

diVerentiation to parietal endoderm. Loss

caused a decrease in the metabolism of RA

RXRa F9 Not RA

regulated

Indispensable for primitive and parietal

endoderm and not required for visceral

endoderm

RARa2 F9, P19 Primary RARa needed for eYcient diVerentiation to

parietal endoderm. Loss of RARa caused an

increase in the metabolism of RA

RARb2 F9, P19 Primary Required for sustained expression of RA‐induced
gene expression but not necessary for the

initiation of diVerentiation. Also important for

RA‐dependent growth inhibition

Hoxa‐1 F9, P19, ES Primary Not suYcient to induce diVerentiation without

RA. Positive regulator of neuroectodermal and

mesodermal diVerentiation, repressor of

endodermal diVerentiation

Hoxb‐2 F9, P19 Primary Mechanistic studies not performed

Rex‐1
(Zfp‐42)

F9, ES Secondary Important for diVerentiation to primitive and

visceral endoderm but not parietal endoderm

Pbx1 P19 Secondary Necessary for endodermal diVerentiation

Disabled‐2 F9 Unknown Role in RA‐dependent growth arrest
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Shen and Gudas, 2000; Shen et al., 2000). Overexpression of Hoxa‐1 caused

an alteration in the morphology of the undiVerentiated cells. However, the

cells fail to diVerentiate in the absence of RA indicating that Hoxa‐1 expres-

sion is not suYcient for diVerentiation. The Hoxa‐1 overexpressing cells

also are not inhibited from normal diVerentiation upon RA treatment. This

suggests that Hoxa‐1 plays an important role in the expression of genes that

influence F9 cell morphology during RA‐induced diVerentiation. Twenty‐
eight candidate genes that display altered expression in the Hoxa‐1 overexpres-
sing F9 cells have been identified. These genes include signaling molecules

including BMP‐4, superoxide dismutase, cadherin‐6, transcription factors such

as HMG‐1, SAP18, the homeodomain proteins Gbx‐2 and Evx‐2, and cell

cycle‐regulated proteins including retinoblastoma‐binding protein‐2, and two

novel clones termed clone 104 and HAIR‐62.
ES cells isolated from Hoxa‐1�/� mice have been studied to further

elucidate the role of Hoxa‐1 during RA‐induced diVerentiation (Martinez‐
Ceballos et al., 2005). Wild‐type and Hoxa‐1�/� cells respond diVerently to

both RA treatment and LIF removal. RA treatment of ES Hoxa‐1�/� cells

results in a reduced level of expression of a number of genes along the pathway

to both neuroectoderm, including Fgf5, Nnat, Wnt3a, BDNF, and RhoB, and

bone such as Postn, Col1A1, and BSP. In addition, the RA‐treated Hoxa‐1�/�

cells have increased expression of a number of endodermal marker genes

including Sox17, Gata6, Gata2, Dab2, and Lama1. It should be pointed out

that it is not known where Hoxa‐1 directly or indirectly regulates the expres-

sion of each of these genes or whether Hoxa‐1 functions alone or in conjunc-

tion with other proteins. However, it is clear that Hoxa‐1 functions as a

TABLE II. Mechanism of Action for Selected Genes During Neuronal DiVerentiation

Gene Cell line RA response Mechanistic studies

CYP26A1 F9, P19 Primary Hydroxylated retinoid products may play critical

role in neurogenesis

Sox6 P19 Primary Important in the regulation of cellular

aggregation and neuronal diVerentiation.

Wnt‐1 P19 Primary Positive regulator of neurogenesis and inhibitor of

gliogenesis

Mash‐1 P19 Secondary Not critical for neurogenesis

Ngn‐1 P19 Secondary Positive regulator of neurogenesis

NeuroD P19 Secondary Mechanistic studies not performed

N‐cadherin P19 Secondary Positive regulator of neurogenesis.

Pbx1 P19 Secondary Necessary for neuronal diVerentiation

CypA P19 Not RA

regulated

Positive regulator of neurogenesis
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positive regulator of neuroectodermal and mesodermal diVerentiation and a

repressor of endoderm formation.

Rex‐1 (Zfp‐42): The expression of Rex‐1 is reduced in F9 cells as early as

12 h following treatment with RA (Hosler et al., 1989). Rex‐1 expression is

also reduced in D3 ES cells induced to diVerentiate and is believed to be

involved in trophoblast development and spermatogenesis (Rogers et al.,

1991). Rex‐1 encodes a protein containing four repeats of the zinc finger

nucleic acid‐binding motif and a potential acidic activator domain suggest-

ing that it encodes a transcription factor; however, the specific function of

this protein is not known. It is often used as a marker of stem cell character

and pluripotency of cells.

While the RA‐dependent reduction in expression of Rex‐1 is at the

transcriptional level, it is not a primary response gene to RA treatment. This

decrease in Rex‐1 expression is mediated by two DNA sequence motifs

within its promoter, an octamer motif that binds Oct3/4 and a motif slightly

upstream from the octamer motif that binds Rox‐1 (Ben‐Shushan et al.,

1998; Hosler et al., 1993; Rosfjord and Rizzino, 1994). The expression level

of both Oct3/4 and Rox‐1 are greatly decreased upon treatment with RA.

Therefore, RA causes a reduction in Oct3/4 and Rox‐1 expression which in

turn results in a reduction in Rex‐1 expression.

The role of Rex‐1 in RA‐dependent diVerentiation of F9 cells has been

studied using F9 cells with a targeted deletion of Rex‐1 (F9 Rex‐1�/� cells)

(Thompson and Gudas, 2002). F9 Rex‐1�/� cells failed to completely diVer-
entiate to primitive endoderm and visceral endoderm upon treatment with

RA demonstrating a role for Rex‐1 in these diVerentiation pathways. How-

ever, the F9 Rex‐1�/� cells were able to diVerentiate to parietal endoderm in

the presence of RA alone without dibutyryl cAMP. This suggests that

primitive endoderm may not be a required precursor to parietal endoderm

in the absence of Rex‐1 protein.

Disabled‐2: Disabled‐2 expression is highly increased in F9 EC induced to

diVerentiate to either parietal endoderm or visceral endoderm by RA (Cho

et al., 1999). Mouse disabled‐2 is highly homologous to the disabled‐2 gene

inDrosophila and its expression is highly correlated to growth suppression of

F9 cells treated with RA. Transient expression of disabled‐2 in F9 cells

causes suppression of Elk‐1 phosphorylation, c‐Fos expression, and cell

growth (Smith et al., 2001). Therefore, disabled‐2 is likely to be an important

mediator of RA‐dependent growth inhibition during diVerentiation of

F9 cells.

Pbx family of proteins: Pre‐B‐cell leukemia transcription factors (PBXs)

are important cofactors for the transcriptional regulation mediated by a

number of Hox proteins during embryonic development. PBX1, PBX2,

and PBX3 mRNA and protein levels are elevated in P19 cells during en-

dodermal and neuronal diVerentiation induced by RA (Knoepfler and

Kamps, 1997; Qin et al., 2004a). The increases in PBX1 mRNA and PBX3
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mRNA are secondary responses to RA treatment, while the increase of

PBX2 mRNA appears to be a primary response. In addition, the half‐lives
of PBX1, PBX2, and PBX3 proteins are significantly extended by RA treat-

ment. Study of the role of PBX proteins during diVerentiation of P19 cells

has demonstrated that RA‐dependent increase in PBX protein levels is an

essential step in diVerentiation to both endodermal and neuronal cells (Qin

et al., 2004b). Furthermore, PBX is necessary for the RA‐dependent increase
in BMP‐4 and decorin during diVerentiation of P19 cells to endodermal cells.

CYP26a1: CYP26a1 is an RA‐inducible cytochrome P450 enzyme that

plays an important role in the catabolism of RA producing hydroxylated

products. CYP26a1 mRNA levels are rapidly increased following RA treat-

ment of EC and ES cells (Ray et al., 1997). The CYP26a1 promoter contains

a canonical RARE in its 50 promoter region that has been demonstrated to

function in the RA‐dependent regulation of transcription (Loudig et al.,

2000). P19 cells stably expressing CYP26a1 undergo rapid neuronal diVer-
entiation in monolayer at low concentrations of RA suggesting that the

hydroxylated products of RA may play a critical role in mediating neuronal

diVerentiation (Pozzi et al., 2006; Sonneveld et al., 1999).

Sox6: The Sox (SRy‐related HMG box) genes all contain a DNA‐binding
domain, the HMG box (high‐mobility group) (Gubbay et al., 1990; Pevny

and Lovell‐Badge, 1997; Prior and Walter, 1996; Sinclair et al., 1990;

Wegner, 1999). Sox genes are expressed in various phases of embryonic

development and cell diVerentiation in a cell‐specific manner. Sox1, Sox2,

Sox3, Sox6, and Sox9 are expressed in the central nervous system during

embryogenesis, and Sox5 and Sox6 are associated with spermatogenesis in

the testis (Connor et al., 1995; Takamatsu et al., 1995).

It was demonstrated thatRA‐treatedP19 cell aggregates express Sox6 during
the neural diVerentiation phase. Constitutive overexpression of Sox6 caused

marked cellular aggregation and the cells diVerentiated into microtubule‐
associated protein 2‐expressing neuronal cells in the absence of RA (Hamada‐
Kanazawa et al., 2004a). On the other hand, suppression of Sox6 expression

resulted in nearly totally blocking neuronal diVerentiation and causing apo-

ptosis upon RA treatment of P19 cells (Hamada‐Kanazawa et al., 2004b).

Furthermore, Sox6 overexpression leads to an increase in N‐cadherin,
Mash‐1, and Wnt‐1 levels suggesting that Sox6 is involved upstream in

the Wnt‐1‐signaling pathway in the early stage of neuronal diVerentiation
(Hamada‐Kanazawa et al., 2004a). These Sox6 overexpressing cells contained

higher levels of E‐cadherin and N‐cadherin than those of wild‐type P19 cells,
although the N‐cadherin levels were lower than that of aggregated wild‐type
P19 cells treated with RA (Hamada‐Kanazawa et al., 2004a). This suggests

that Sox6 may also be involved in the N‐cadherin‐signaling pathway. Taken

together, these studies demonstrate that Sox6 is important in regulating

cellular aggregation and neuronal diVerentiation.
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Wnt‐1: Wnt‐1 is also expressed during vertebrate embryogenesis in the

central nervous system (McMahon et al., 1992; Nusse and Varmus, 1982),

and is the vertebrate counterpart of the Drosophila wingless gene (Rijsewijk

et al., 1987). It is a secreted factor that is low in abundance in undiVeren-
tiated P19 cells, rapidly increases during the neural diVerentiation phase

(16 h to 2 days following RA treatment), and finally decreases in level

during the terminal diVerentiation phase (PapkoV, 1994; Schuuring et al.,

1989; St‐Arnaud et al., 1989).

Interestingly, two groups have studied the eVects of overexpression of

Wnt‐1 in P19 cells and have obtained diVering results. The first group over-

expressed Wnt‐1 and showed that the levels of Wnt‐4 and Wnt‐6 were

elevated, indicating that the initiation of diVerentiation had occurred. How-

ever, these cells did not diVerentiate into neuronal cells in the absence of RA

(Smolich and PapkoV, 1994). The second group found that overexpression of

Wnt‐1 caused the cells to diVerentiate solely into neurons instead of the normal

mix of neurons and glia cells (Tang et al., 2002). The one diVerence between the
protocols used by these two groups was how the cells were plated. Smolich

and PapkoV plated their cells as monolayer, whereas Tang et al. plated their

cells as aggregates. This suggests that while Wnt‐1 appears to be important

for neuronal diVerentiation, its overexpression alone is not suYcient to

cause the cells to diVerentiate in the absence of RA. Additional factor(s)

associated with cellular aggregation are also required in the presence of

Wnt‐1 for the cells to diVerentiate to neurons. Interestingly, although Wnt‐1
is not suYcient for neural diVerentiation, it appears to be important in deter-

mining cell fate because gliogenesis is abolished in the overexpressing aggre-

gate cells. Mash‐1 and Ngn‐1 is upregulated during the neural diVerentiation
phase of the Wnt‐1 overexpressing aggregate cells indicating that Wnt‐1
promotes neural fate and inhibits glial fate in P19 cells through activation of

neural basic helix‐loop‐helix (bHLH) gene expression (Tang et al., 2002).

Neurogenin‐1 and NeuroD: Neurogenin‐1 (Ngn‐1) is a vertebrate determi-

nation factor that activates a cascade of downstream bHLH genes including

NeuroD during neurogenesis (Ma et al., 1996). bHLH proteins are expressed

in multiple stages in neural lineages and specify cell fates (Jan and Jan, 1993).

Ngn‐1 can also actively inhibit gliogenesis in a manner that is independent of

its ability to promote NeuroD expression (Sun et al., 2001). Ngn‐1 and

Mash‐1 are expressed in dividing cells in the complementary regions of the

developing central nervous system and in distinct sublineages of the periph-

eral nervous system (Ma et al., 1997). RA treatment induces the expression

of many bHLH genes including Mash‐1 (Johnson et al., 1992) and NeuroD2

(Farah et al., 2000; Oda et al., 2000). Ngn‐1 is one of the RA‐inducible genes
in P19 cells that are expressed during the neural diVerentiation phase, while

NeuroD is an RA‐inducible gene that is expressed during the terminal

diVerentiation phase of these cells.
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A study demonstrated that overexpression of Ngn‐1 was able to direct

neuronal diVerentiationwhen P19 cells are grown as aggregates in the absence
of RA; however, RA was required to achieve the maximum number of

diVerentiated cells (Kim et al., 2004). Analysis of the promoter of the NeuroD

gene demonstrated that Ngn‐1 increases its rate of transcription, suggesting

that RA regulates the bHLH cascade involved in neuronal diVerentiation of

P19 cells. However, since these cells were grown as aggregates, it is possible

that other factors regulated by aggregation are needed to complement Ngn‐1
during diVerentiation of P19 cells to neurons.

N‐Cadherin: N‐cadherin is a cell adhesion molecule and is considered to

play an important role in the development of the central nervous system (Geiger

and Ayalon, 1992; Takeichi, 1995). In vitro N‐cadherin has been shown to be

essential for neurite outgrowth (Bixby and Zhang, 1990). N‐cadherin is one of
the RA‐inducible genes that is expressed during the neural diVerentiation
phase of P19 cells. Overexpression of N‐cadherin in P19 cells was found to

be suYcient to initiate neuronal diVerentiation, suggesting that its expression
may normally operate in vivo to bias cells to a neuronal fate (Gao et al., 2001).

In addition, N‐cadherin was found to induce the RA‐signaling pathway, but

was not able to substitute for the role of aggregation of P19 cells during

neuronal diVerentiation (Gao et al., 2001). These cells also showed an elevated

level of Wnt‐1 that could be due to interaction of N‐cadherin with either

b‐catenin (Miller and Randell, 1996) or the fibroblast growth factor receptors

(Umbhauer et al., 2000).

CypA: Cyclophilin A (CypA) was first identified and purified from bovine

spleen (Handschumacher et al., 1984) and has been characterized as a

housekeeping gene that belongs to the immunophilin protein family (Steele

et al., 2002; Thellin et al., 1999; Zhong and Simons, 1999). It has also been

found that CypA promotes proper subcellular localization of Zpr1p, a zinc

finger‐containing protein (Ansari et al., 2002). CypA expression is found in

numerous tissues, but its expression is highest in neuronal cells (Goldner et al.,

1996), and particularly the nuclei of ganglia sensor neurons (Chiu et al., 2003).

P19 cells grown as aggregates and treated with RA did not diVerentiate when
CypA expression was knocked down by siRNA (Song et al., 2004), suggesting

that CypA is important for neuronal diVerentiation. Additionally, CypA has

been reported to enhance transcription of the activity of a RARE containing

reporter vector. Therefore, the role of CypA in neuronal diVerentiation of P19
cells appears to be in the regulation of transcription of RA‐responsive genes.

VII. CONCLUSIONS

In vitro diVerentiation of EC and ES cells by RA mimics events that occur

during early development. DiVerentiation by RA requires functional

RARs and RXRs. The expression of a large battery of genes is modulated
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upon RA treatment of EC and ES along several diVerentiation pathways.

Current studies are addressing the role of these genes in mediating

RA‐dependent diVerentiation. However, the exact molecule events that lead

from a pluripotent cell to a fully diVerentiated cell following RA treatment

are yet to be determined. Future work will strive to elucidate these

RA‐dependent diVerentiation pathways at the molecular level.

ACKNOWLEDGMENTS

The support of National Institutes of Health grant DK070650 is gratefully acknowledged.

REFERENCES

An, J., Yuan, Q., Wang, C., Liu, L., Tang, K., Tian, H. Y., Jing, N. H., and Zhao, F. K. (2005).

DiVerential display of proteins involved in the neural diVerentiation of mouse embryonic

carcinoma P19 cells by comparative proteomic analysis. Proteomics 5, 1656–1668.

Ansari, H., Greco, G., and Luban, J. (2002). Cyclophilin A peptidyl‐prolyl isomerase activity

promotes ZPR1 nuclear export. Mol. Cell. Biol. 22, 6993–7003.

Bain, G., Ray, W. J., Yao, M., and Gottlieb, D. I. (1994). From embryonal carcinoma cells to

neurons: The P19 pathway. BioEssays 16, 343–348.

Bain, G., Mansergh, F. C., Wride, M. A., Hance, J. E., Isogawa, A., Rancourt, S. L., Ray, W.J.,

Yoshimura, Y., Tsuzuki, T., Gottlieb, D. I., and Rancourt, D. E. (2000). ES cell neural

diVerentiation reveals a substantial number of novel ESTs. Funct. Integr. Genomics 1,

127–139.

Ben‐Shushan, E., Thompson, J. R., Gudas, L. J., and Bergman, Y. (1998). Rex‐1, a gene

encoding a transcription factor expressed in the early embryo, is regulated via Oct‐3/4 and

Oct‐6 binding to an octamer site and a novel protein, Rox‐1, binding to an adjacent site.

Mol. Cell. Biol. 18, 1866–1878.

Bixby, J. L., and Zhang, R. (1990). Purified N‐cadherin is a potent substrate for the rapid

induction of neurite outgrowth. J. Cell Biol. 110, 1253–1260.

Bouillet, P., Oulad‐Abdelghani, M., Vicaire, S., Garnier, J.‐M., Schuhbaur, B., Dolle, P., and

Chambon, P. (1995). EYcient cloning of cDNAs of retinoic acid‐responsive genes in P19

embryonal carcinoma cells and characterization of a novel muse gene, stra1 (Mouse LERK‐2/
Eplg2). Dev. Biol. 170, 420–433.

Boylan, J. F., Lohnes, D., Taneja, R., Chambon, P., and Gudas, L. J. (1993). Loss of retinoic

acid receptor g function in F9 cells by gene disruption results in aberrant Hoxa‐I expression
and diVerentiation upon retinoic acid treatment. Proc. Natl. Acad. Sci. USA 90, 9601–9605.

Boylan, J. F., Lufkin, D., Achkar, C. C., Taneja, R., Chambon, P., and Gudas, L. J. (1995).

Targeted disruption of retinoic acid receptor a (RARa) and RARg results in receptor‐
specific alterations in retinoic acid‐mediated diVerentiation and retinoic acid metabolism.

Mol. Cell. Biol. 15, 843–851.

Chambon, P. (1996). A decade of molecular biology of retinoic acid receptors. FASEB J. 10,

940–954.

Chiba, H., CliVord, J., Metzger, D., and Chambon, P. (1997a). Distinct retinoid X receptors‐
retinoic acid receptor heterodimers are diVerentially involved in the control of expression of

retinoid target genes in F9 embryonal carcinoma cells. Mol. Cell. Biol. 17, 3013–3020.

Retinoic Acid and Differentiation 87



Chiba, H., CliVord, J., Metzger, D., and Chambon, P. (1997b). Specific and redundant function

of retinoid X receptor/retinoic acid receptor heterodimers in diVerentiation, proliferation,

and apoptosis of F9 embryonal carcinoma cells. J. Cell Biol. 139, 735–747.

Chiu, R., Rey, O., Zheng, J. Q., Twiss, J. L., Song, J., Pang, S., and Yokoyama, K. K. (2003).

EVects of altered expression and localization of cyclophilin A on diVerentiation of p19

embryonic carcinoma cells. Cell. Mol. Neurobiol. 23, 929–943.

Cho, S. Y., Cho, S. Y., Lee, S. H., and Park, S. S. (1999). DiVerential expression of mouse

Disabled 2 gene in retinoic acid‐treated F9 embryonal carcinoma cells and early mouse

embryos. Mol. Cells 30, 179–184.

CliVord, J., Chiba, H., Sobieszczuk, D., Metzger, D., and Chambon, P. (1996). RXRa�null F9

embryonal carcinoma cells are resistant to the diVerentiation, anti‐proliferative and

apoptotic eVects of retinoids. EMBO J. 15, 4142–4155.

Clagett‐Dame, M., and De Luca, H. F. (2002). The role of vitamin A in mammalian

reproduction and embryonic development. Annu. Rev. Nutr. 22, 347–381.

Cohlan, S. Q. (1953). Excessive intakes of vitamin A as a cause of congential anomalies in the

rat. Science 117, 535–536.

Connor, F., Wright, E., Denny, P., Koopman, P., and Ashworth, A. (1995). The Sry‐related
HMG box‐containing gene Sox6 is expressed in the adult testis and developing nervous

system of the mouse. Nucleic Acids Res. 17, 3365–3372.

Dani, C., Smith, A. G., Dessolin, S., Leroy, P., Staccini, L., Villageois, P., Darimont, C., and

Ailhaud, G. (1997). DiVerentiation of embryonic stem cells into adipocytes in vitro. J. Cell

Sci. 110, 1279–1285.

De Luca, L. M., Darwiche, N., Jones, C. S., and Scita, G. (1995). Retinoids in diVerentiation

and neoplasia. Sci. Med. 2, 28–37.

Di Rocco, G., Gavalas, A., Popperl, H., Krumlauf, R., Mavilio, F., and Zappavigna, V. (2001).

The recruitment of SOX/OCT complexes and the differential activity of HOXA1 andHOXB1

modulate the hox‐b1 auto‐regulatory enhancer function. J. Biol. Chem. 276, 20506–20515.

Drab, M., Haller, H., Bychkov, R., Erdmann, B., Lindschau, C., Haase, H., Morano, I., Luft,

F. C., and Wobus, A. M. (1997). From totipotent embryonic stem cells to spontaneously

contracting smooth muscle cells: A retinoic acid and db‐cAMP in vitro diVerentiation model.

FASEB J. 11, 905–915.

Eiges, R., and Benvenisty, N. (2002). A molecular view on pluripotent stem cells. FEBS Lett.

529, 135–141.

Espeseth, A. S., Murphy, S. P., and Linney, E. (1989). Retinoic acid receptor expression vector

inhibits diVerentiation of F9 embryonal carcinoma cells. Genes Dev. 3, 1647–1656.

Evans, M. J., and Kaufman, M. (1981). Establishment in culture of pluripotential cells from

mouse embryos. Nature 292, 154–156.

Farah, M. H., Olson, J. M., Sucic, H. B., Hume, R. I., Tapscott, S. J., and Turner, D. L. (2000).

Generation of neurons by transient expression of neural bHLH proteins in mammalian cells.

Development 127, 693–702.

Faria, T. N., LaRosa, G. J., Wilen, E., Liao, J., and Gudas, L. J. (1998). Characterization of

genes which exhibit reduced expression during the retinoic acid‐induced diVerentiation of F9

teratocarcinoma cells: Involvement of cyclin D3 in RA‐mediated growth arrest. Mol. Cell.

Endocrinol. 143, 155–166.

Faria, T. N., Mendelsohn, C., Chambon, P., and Gudas, L. J. (1999). The targeted disruption of

both alleles of RARb2 in F9 cells results in the loss of retinoic acid‐associated growth arrest.

J. Biol. Chem. 274, 26783–26788.

Fraichard, A., Chassande, O., Bilbaut, G., Dehay, C., Savatier, P., and Samarut, J. (1995).

In vitro diVerentiation of embryonic stem cells into glial cells and functional neurons. J. Cell.

Sci. 108, 3181–3188.

Gao, X., Bian, W., Yang, J., Tang, K., Kitani, H., Atsumi, T., and Jing, N. (2001). A role of

N‐cadherin in neuronal diVerentiation of embryonic carcinoma P19 cells. Biochem. Biophys.

Res. Commun. 284, 1098–1103.

88 Soprano et al.



Geiger, B., and Ayalon, O. (1992). Cadherin. Annu. Rev. Cell Biol. 8, 307–320.

Glaser, T., and Brustle, O. (2005). Retinoic acid induction of ES‐cell‐derived neurons: The

radial glia connection. Trends Neurosci. 28, 397–400.

Goliger, J. A., and Gudas, L. J. (1992). Mouse F9 teratocarcinoma stem cells expressing the

stably transfected homeobox gene Hox 1.6 exhibit an altered morphology. Gene Expr. 2,

147–160.

Gottlieb, D. I., and Huettner, J. E. (1999). An in vitro pathway from embryonic stem cells to

neurons and glia. Cells Tissues Organs 165, 165–172.

Gubbay, J., Collignon, J., Koopman, P., Capel, B., Economou, A., and Munsterberg, A.

(1990). A gene mapping to the sex‐determining region of the mouse Y chromosome is a

member of a novel family of embryonically expressed genes. Nature 346, 245–250.

Gudas, L. J. (1991). Retinoic acid and teratocarcinoma stem cells. Sem. Dev. Biol. 2, 171–179.

Gudas, L. J., Sporn, M. B., and Roberts, A. B. (1994). Cellular biology and biochemistry of

retinoids. In ‘‘The Retinoids: Biology, Chemistry and Medicine’’ (M. B. Sporn, A. B.

Roberts, and D. S. Goodman, Eds.), 2nd ed., pp. 443–520. New York, Raven Press.

Hale, F. (1937). Relation of maternal vitamin A deficiency to microphthalmia in pigs. Texas

State J. Med. 33, 228–232.

Hamada‐Kanazawa, M., Ishikawa, K., Nomoto, K., Uozumi, T., Kawai, Y., Narahara, M.,

and Miyake, M. (2004a). Sox6 expression causes cellular aggregation and the neuronal

diVerentiation of P19 embryonic carcinoma cells in the absence of retinoic acid. FEBS Lett.

560, 192–198.

Hamada‐Kanazawa, M., Ishikawa, K., Ogawa, D., Kanai, M., Kawai, Y., Narahara, M., and

Miyake, M. (2004b). Suppression of Sox6 in P19 cells leads to failure of neuronal

diVerentiation by retinoic acid and induces retinoic acid‐dependent apoptosis. FEBS Lett.

577, 60–66.

Handschumacher, R. E., Harding, M. W., Rice, J., Drugge, R. J., and Speicher, D. W. (1984).

Cyclophilin: A specific cytosolic binding protein for cyclosporin A. Science 226, 44–47.

Harris, T. M., and Childs, G. (2002). Global gene expression patterns during diVerentiation

of F9 embryonal carcinoma cells into parietal endoderm. Funct. Integr. Genomics 2,

105–119.

Hart, S. M. (2002). Modulation of nuclear receptor dependent transcription. Biol. Res. 35,

295–303.

Hong, Y., Winkler, C., and Schartl, M. (1996). Pluripotentency and diVerentiation of

embryonic stem cell lines from the medakafish (Oryzias latipes). Mech. Dev. 60, 33–44.

Hosler, B. A., LaRosa, G. J., Grippo, J. F., and Gudas, L. J. (1989). Expression of REX‐1, a
gene containing zinc finger motifs, is rapidly reduced by retinoic acid in F9 teratocarcinoma

cells. Mol. Cell. Biol. 9, 5623–5629.

Hosler, B. A., Rogers, M. B., Kozak, C. A., and Gudas, L. J. (1993). An octamer motif

contributes to the expression of the retinoic acid‐regulated zinc finger gene Rex‐1 (Zfp‐42) in
F9 teratocarcinoma cells. Mol. Cell. Biol. 13, 2919–2928.

Hu, L., and Gudas, L. J. (1990). Cyclic AMP analogs and retinoic acid influence the expression

of retinoic acid receptor ab and gmRNAs in F9 teratocarcinoma cells. Mol. Cell. Biol. 10,

391–396.

Jacobs, S., Lie, D. C., DeCicco, K. L., Shi, Y., DeLuca, L. M., Gage, F. H., and Evans, R. M.

(2006). Retinoic acid is required early during adult neurogenesis in the dentate gyrus. Proc.

Natl. Acad. Sci. USA 103, 3902–3907.

Jan, Y. N., and Jan, L. Y. (1993). HLH proteins, fly neurogenesis, and vertebrate myogenesis.

Cell 75, 827–830.

Jepsen, K., and Rosenfeld, M. G. (2002). Biological roles and mechanistic actions of

corepressor complexes. J. Cell Sci. 115, 689–698.

Johnson, J. E., Zimmerman, K., Saito, T., and Anderson, D. J. (1992). Induction and repression

of mammalian achaete‐scute homologue (MASH) gene expression during neuronal

diVerentiation of P19 embryonal carcinoma cells. Development 114, 75–87.

Retinoic Acid and Differentiation 89



Jones‐Villeneuve, E. M. V., McBurney, M. W., Rogers, K. A., and Kalnins, V. I. (1982).

Retinoic acid induces embryonal carcinoma cells to diVerentiate into neurons and glial cells.

J. Cell Biol. 94, 253–262.

Jones‐Villeneuve, E. M. V., Rudnicki, M. A., Harris, J. F., and McBurney, M. W. (1983).

Retinoic acid‐induced neural diVerentiation of embryonal carcinoma cells. Mol. Cell. Biol.

3, 2271–2279.

Kawaguchi, J., Mee, P. J., and Smith, A. G. (2005). Osteogenic and chondrogenic

diVerentiation of embryonic stem cells in response to specific growth factors. Bone 36,

758–769.

Kim, S., Yoon, Y. S., Kim, J. W., Jung, M., Kim, S. U., Lee, Y. D., and Suh‐Kim, H. (2004).

Neurogenin1 is suYcient to induce neuronal diVerentiation of embryonal carcinoma P19

cells in the absence of retinoic acid. Cell. Mol. Neurobiol. 24, 343–356.

Knoepfler, P. S., and Kamps, M. P. (1997). The Pbx family of proteins is strongly upregulated

by a posttranscriptional mechanism during retinoic acid‐induced diVerentiation of P19

embryonal carcinoma cells. Mech. Dev. 63, 5–14.

Kruyt, F. A., van den Brink, C. E., Defize, L. H., Donath, M. J., Kastner, P., Kruijer, W.,

Chambon, P., and van der Saag, P. T. (1991). Transcriptional regulation of retinoic acid

receptor beta in retinoic acid‐sensitive and ‐resistant P19 embryonalcarcinoma cells. Mech.

Dev. 33, 171–178.

Kruyt, F. A., van der Veer, L. J., Mader, S., van den Brink, C. E., Feijen, A., Jonk, L. J.,

Kruijer, W., and van der Saag, P. T. (1992). Retinoic acid resistance of the variant

embryonal carcinoma cell line RAC65 is caused by expression of a truncated RAR alpha.

DiVerentiation 49, 27–37.

Langston, A. W., and Gudas, L. J. (1992). Identification of a retinoic acid responsive enhancer

30 of the murine homeobox gene Hox1–6. Mech. Dev. 38, 217–228.

Langston, A. W., Thompson, J. R., and Gudas, L. J. (1997). Retinoic acid‐responsive enahncers
located 30 of the HoxA and HoxB homeobox gene clusters. Functional analysis. J. Biol.

Chem. 272, 2167–2175.

LaRosa, G. J., and Gudas, L. J. (1988). An early eVect of retinoic acid: Cloning of an mRNA

(Ear‐1) exhibiting rapid and protein synthesis‐independent induction during teratocarcinoma

stem cell diVerentiation. Proc. Natl. Acad. Sci. USA 85, 329–333.

Li, R., Faria, T. N., Boehm, M., Nabel, E. G., and Gudas, L. J. (2004). Retinoic acid causes cell

growth arrest and an increase in p27 in F9 wild type but not in F9 retinoic acid receptor

b2 knockout cells. Exp. Cell Res. 294, 290–300.
Loudig, O., Babichuk, C., White, J., Abu‐Abed, S., Mueller, C., and Petkovich, M. (2000).

Cytochrome P450RAI(CYP26) promoter, a distinct composite retinoic acid response

element underlies the complex regulation of retinoic acid metabolism. Mol. Endocrinol. 14,

1483–1497.

Ma, Q., Kintner, C., and Anderson, D. J. (1996). Identification of neurogenin, a vertebrate

neuronal determination gene. Cell 87, 43–52.

Ma, Q., Sommer, L., Cserjesi, P., and Anderson, D. J. (1997). Mash1 and neurogenin1

expression patterns define complementary domains of neuroepithelium in the developing

CNS and are correlated with regions expressing notch ligands. J. Neurosci. 17, 3644–3652.

Mark, M., Ghyselinck, N. B., and Chambon, P. (2006). Function of retinoid nuclear receptors:

Lessons from genetic and pharamacological dissections of the retinoic acid signaling

pathway during mouse embryogenesis. Ann. Rev. Pharmacol. Toxicol. 46, 451–480.

Martin, G. R. (1981). Isolation of a pluripotent cell line from early mouse embryos cultured in

medium conditioned by teratocarcinoma stem cells. Proc. Natl. Acad. Sci. USA 78,

7634–7638.

Martinez‐Ceballos, E., Chambon, P., and Gudas, L. J. (2005). DiVerences in gene expression

between wild type and hoax‐1 knockout embryonic stem cells after retinoic acid treatment

or leukemia inhibitory factor (LIF) removal. J. Biol. Chem. 280, 16484–16498.

90 Soprano et al.



Mason, K. E. (1935). Foetal death, prolonged gestation, and diYcult parturition in the rat as a

result of vitamin A deficiency. Am. J. Anat. 57, 303–349.

McBurney, M. W., and Rogers, B. J. (1982). Isolation of male embryonal carcinoma cells and

their chromosome replication patterns. Dev. Biol. 89, 503–508.

McBurney, M. W., Jones‐Villeneuve, E. M. V., Edwards, M. K. S., and Anderson, P. J. (1982).

Control of muscle and neuronal diVerentiation in a cultured embryonal carcinoma cell line.

Nature 299, 165–167.

McCaVery, P.M., andDrager,U.C. (2000).Regulationof retinoic acid signaling in the embryonic

nervous system: A master diVerentiation factor. Cytokine Growth Factor Rev. 11, 233–249.

McMahon, A. P., Joyner, A. L., Bradley, A., and McMahon, J. A. (1992). The midbrain–

hindbrain phenotype of Wnt‐1�/Wnt‐1� mice results from stepwise deletion of engrailed‐
expressing cells by 9.5 days postcoitum. Cell 69, 581–595.

Miller, J. R., and Randell, T. M. (1996). Signal transduction through b‐catenin and

specification of cell fate during embryogenesis. Genes Dev. 10, 2527–2539.

Mummery, C. L., Feijen, A., Molenaar, W. H., van den Brink, C. E., and De Laat, S. W.

(1986). Establishment of a diVerentiated mesodermal line form P19 EC cells expressing

functional PDGF and EGF receptors. Exp. Cell Res. 165, 229–242.

Nishiguchi, S., Joh, T., Horie, K., Zou, Z., Yasunaga, T., and Shimada, K. (1994). A survey of

genes expressed in undiVerentiated mouse embryonal carcinoma F9 cells: Characterization

of low‐abundance mRNAs. J. Biochem. 116, 128–139.

Nusse, R., and Varmus, H. E. (1982). Many tumors induced by the mouse mammary tumor

virus contain a provirus integrated in the same region of the host genome. Cell 31, 99–109.

Oda, H., Iwata, I., Yasunami, M., and Ohkubo, H. (2000). Structure of the mouse NDRF gene

and its regulation during neuronal diVerentiation of P19 cells. Brain Res. Mol. Brain Res. 77,

37–46.

Ogura, T., and Evans, R. M. (1995). Evidence for two distinct retinoic acid response pathways

for HOXB1 gene regulation. Proc. Natl. Acad. Sci. USA 92, 392–396.

Oren, T., Sher, J. A., and Evans, T. (2003). Hematopoiesis and retinoids: Development and

disease. Leuk. Lymphoma 44, 1881–1891.

Pain, B., Clark, M. E., Shen, M., Nakazawa, M., Sakurai, M., Samarut, J., and Etches, R. J.

(1996). Long‐term in vitro cultures and characterization of avian embryonic stem cells with

multiple morphogenetic potentialities. Development 122, 2339–2348.

PapkoV, J. (1994). Identification and biochemical characterization of secreted Wnt‐1 protein

from P19 embryonal carcinoma cells induced to diVerentiate along the neuroectodermal

lineage. Oncogene 9, 313–317.

Pevny, L. H., and Lovell‐Badge, R. (1997). Sox genes find their feet. Curr. Opin. Genet. Dev. 7,

338–344.

Phillips, B. W., Vernochet, C., and Dani, C. (2003). DiVerentiation of embryonic stem cells for

pharmacological studies on adipose cells. Pharm. Res. 47, 264–268.

Pozzi, S., Rossetti, S., Bistulfi, G., and Sacchi, N. (2006). RAR‐mediated epigenetic control of

the cytochrome P450 Cyp26a1 in embryocarcinoma cells. Oncogene 25, 1400–1407.

Pratt, M. A., Kralova, J., and McBurney, M. W. (1990). A dominant negative mutation of the

alpha retinoic acid receptor gene in a retinoic acid‐nonresponsive embryonal carcinoma cell.

Mol. Cell. Biol. 10, 6445–6553.

Pratt, M. A., Langston, A. W., Gudas, L. J., and McBurney, M. W. (1993). Retinoic acid fails

to induce expression of Hox genes in diVerentiation‐defective murine embryonal carcinoma

cells carrying a mutant gene for alpha retinoic acid receptor. DiVerentiation 53, 105–113.

Prior, H. M., and Walter, M. A. (1996). SOX genes: Architects of development. Mol. Med. 2,

405–412.

Qin, P., Haberbusch, J. M., Soprano, K. J., and Soprano, D. R. (2004a). Retinoic acid regulates

the expression of PBX1, PBX2 and PBX3 in P19 cell both transcriptionally and post‐
transcriptionally. J. Cell. Biochem. 92, 147–163.

Retinoic Acid and Differentiation 91



Qin, P., Haberbusch, J. M., Zhang, Z., Soprano, K. J., and Soprano, D. R. (2004b). Pre‐B cell

leukemia transcription factor (PBX) proteins are important mediators for retinoic acid‐
dependent endodermal and neuronal diVerentiation of mouse embryonal carcinoma P19

cells. J. Biol. Chem. 279, 16263–16271.

Ray, W. J., Bain, G., Yao, M., and Gottlieb, D. I. (1997). CYP26, a novel mammalian

cytochrome P450, is induced by retinoic acid and defines a new family. J. Biol. Chem. 272,

18702–18708.

Rijsewijk, F., Schuermann, M., Wagenaar, E., Parren, P., Weigel, D., and Nusse, R. (1987). The

Drosophila homolog of the mouse mammary oncogene int‐1 is identical to the segment

polarity gene wingless. Cell 50, 649–657.

Rochette‐Egly, C., Plassat, J. L., Taneja, R., and Chambon, P. (2000). The AF‐1 and AF‐2
activating domains of retinoic acid receptor (RARalpha) and their phosphorylation are

differently involved in parietal endodermal differentiation of F9 cells and retinoid‐induced
expression of target genes. Mol. Endo. 14, 1398–1410.

Rogers, M. B., Hosler, B. A., and Gudas, L. J. (1991). Specific expression of a retinoic acid‐
regulated, zinc‐finger gene, Rex‐1, in preimplantation embryos, trophoblast and sperma-

tocytes. Development 113, 815–824.

Rohwedel, J., Guan, K., and Wobus, A. M. (1999). Induction of cellular diVerentiation by

retinoic acid in vitro. Cells Tissues Organs 165, 190–202.

Rosfjord, E., and Rizzino, A. (1994). The octamer motif present in the Rex‐1 promoter binds

Oct‐1 and Oct‐3 expressed by EC and ES cells. Biochem. Biophys. Res. Commun. 203,

1795–1802.

Ross, S. A., McCaVrey, P. J., Drager, U. C., and De Luca, L. M. (2000). Retinoids in

embryonal development. Physiol. Rev. 80, 1021–1054.

Sangster‐Guity, N., Yu, L. M., and McCormick, P. (2004). Molecular profiling of embryonal

carcinoma cells following retinoic acid or histone deacetylase inhibitor treatment. Cancer

Biol. Ther. 3, 1109–1120.

Schoorlemmer, J., Jonk, L., Sanbing, S., van Puijenbroek, A., Feijen, A., and Kruijer, W.

(1995). Regulation of Oct‐4 gene expression during diVerentiation of EC cells. Mol. Biol.

Rep. 21, 129–140.

Schuldiner, M., Yanuka, O., Itskovitz‐Eldor, J., Melton, D. A., and Benvenisty, N. (2000).

EVects of eight growth factors on the diVerentiation of cells derived from human embryonic

stem cells. Proc. Natl. Acad. Sci. USA 97, 11307–11312.

Schuuring, E., Deemter, L., van Roelink, H., and Nusse, R. (1989). Transient expression of the

proto‐oncogene int‐1 during diVerentiation of P19 embryonal carcinoma cells. Mol. Cell.

Biol. 9, 1357–1361.

Shamblott, M., Axelman, J., Wang, S., Buggs, E., Littlefield, J., Donovan, P., Blumenthal, P.,

Huggins, G., and Gearhart, J. (1998). Derivation of pluripotent stem cells from cultured

human primordial germ cells. Proc. Natl. Acad. Sci. USA 95, 13726–13731.

Shen, J., Wu, H., and Gudas, L. J. (2000). Molecular cloning and analysis of a group of genes

diVerentially expressed in cells which overexpress the Hoxa‐1 homeobox gene. Exp. Cell

Res. 259, 274–283.

Shen, S., and Gudas, L. J. (2000). Molecular cloning of a novel retinoic acid‐responsive gene,

HAIR‐62, which is also up‐regulated in Hoxa‐1‐overexpressing cells. Cell Growth DiVer. 11,

11–17.

Shen, S., Kruyt, F. A., den Hertoz, J., van der Saag, P. T., and Kruijer, W. (1991). Mouse and

human retinoic acid receptor beta 2 promoters: Sequence comparison and localization of

retinoic acid responsiveness. DNA Seq. 2, 111–119.

Simeone, A., Acampora, D., Nigro, V., Faiella, A., D’Esposito,M., Stornauiolo, A.,Mavilio, F.,

andBoncinelli, E. (1991).Differential regulation by retinoic acid of the homeobox genes of the

four Hox loci in human embryonal carcinoma cells. Mech. Dev. 33, 215–228.

92 Soprano et al.



Sinclair, A., Berta, P., Palmer, M., Hawkins, J., GriYths, B., and Smith, M. (1990). A gene

from the human sex‐determining region encodes a protein with homology to a conserved

DNA‐binding motif. Nature 346, 240–244.

Smith, A. G. (2001). Embryo‐derived stem cells: Of mice and men. Annu. Rev. Cell Dev. Biol. 17,

435–462.

Smith, E. R., Capo‐chichi, C. D., He, J., Smedberg, J. L., Yang, D. H., Prowse, A. H.,

Goodwin, A. K., Hamilton, T. C., and Xu, X. X. (2001). Disabled‐2 mediates c‐Fos
suppression and the cell growth regulatory activity of retinoic acid in embryonic carcinoma

cells. J. Biol. Chem. 276, 47303–47310.

Smolich, B. D., and PapkoV, J. (1994). Regulated expression of Wnt family members during

neuroectodermal diVerentiation of P19 embryonal carcinoma cell: Overexpression of Wnt‐1
perturbs normal diVerentiation‐specific properties. Dev. Biol. 166, 300–310.

Sonneveld, E., van den Brink, C. E., Tertoolen, L. G., van der Burg, B., and van der Saag, P. T.

(1999). Retinoic acid hydroxylase (CYP26) is a key enzyme in neuronal diVerentiation of

embryonal carcinoma cells. Dev. Biol. 21, 390–404.

Song, J., Lu, Y. C., Yokoyama, K., Rossi, J., and Chiu, R. (2004). Cyclophilin A is required for

retinoic acid‐induced neuronal diVerentiation in p19 cells. J. Biol. Chem. 279, 24414–24419.

Soprano, D. R., and Soprano, K. J. (1995). Retinoids as teratogens. Annu. Rev. Nutr. 15,

111–132.

Soprano, D. R., and Soprano, K. J. (2003). Role of RARs and RXRs in mediating the

molecular mechanism of action of Vitamin A. In ‘‘Molecular Nutrition’’ (J. Zempleni and

H. Daniel, Eds.), pp. 135–149. CABI, Cambridge, MA.

Soprano, D. R., Soprano, K. J., Wyatt, M. L., and Goodman, D. S. (1988). Induction of the

expression of retinol‐binding protein and transthyretin in F9 embryonal carcinoma cells

diVerentiated to embryoid bodies. J. Biol. Chem. 263, 17897–17900.

St.‐Arnaud, R., Craig, J., McBurney, M. W., and PapkoV, J. (1989). The int‐1 proto‐oncogene
is transcriptionally activated during neuroectodermal diVerentiation of P19 mouse

embryonal carcinoma cells. Oncogene 4, 1077–1080.

Steele, B. K., Meyers, C., and Ozbun,M. A. (2002). Variable expression of some ‘‘housekeeping’’

genes during human keratinocyte diVerentiation. Anal. Biochem. 307, 341–347.

Strickland, S., and Mahdavi, V. (1978). The induction of diVerentiation in teratocarcinoma

stem cells by retinoic acid. Cell 15, 393–403.

Strickland, S., Smith, K. K., and Marotti, K. R. (1980). Hormonal induction of diVerentiation

in teratocarcinoma stem cells: Generation of parietal endoderm by retinoic acid and

dibutyryl cAMP. Cell 21, 347–355.

Strubing, C., Ahnert‐Hilger, G., Shan, J., Wiedenmann, B., Hescheler, J., and Wobus, A. M.

(1995). DiVerentiation of pluripotent embryonic stem cells into the neuronal lineage in vitro

gives rise to mature inhibitory and excitatory neurons. Mech. Dev. 53, 275–287.

Sun, L., Bradford, C. S., Ghosh, C., Collodi, P., and Barnes, D. W. (1995). ES‐like cell cultures
derived from early zebrafish embryos. Mol. Mar. Biol. Biotechnol. 4, 193–199.

Sun, Y., Nadal‐Vicens, M., Misono, S., Lin, M. Z., Zubiaga, A., Hua, X., Fan, G., and

Greenberg, M. E. (2001). Neurogenin promotes neurogenesis and inhibits glial diVerentia-

tion by independent mechanisms. Cell 104, 365–376.

Takamatsu, N., Kanda, H., Tsuchiya, I., Yamada, S., Ito, M., Kabeno, S., Shiba, T., and

Yamashita, S. (1995). A gene that is related to SRY and is expressed in the testes encodes a

leucine zipper‐containing protein. Mol. Cell. Biol. 15, 3759–3766.

Takeichi, M. (1995). Morphogenetic roles of classic cadherins. Curr. Opin. Cell Biol. 7,

619–627.

Taneja, R., Bouillet, P., Boylan, J. F., Gaub, M. P., Roy, B., Gudas, L. J., and Chambon, P.

(1995). Reexpression of retinoic acid receptor (RAR) gamma or overexpression of RAR

alpha or RAR beta in RAR gamma‐null F9 cells reveals a partial functional redundancy

between the three RAR types. Proc. Natl. Acad. Sci. USA 92, 7854–7858.

Retinoic Acid and Differentiation 93



Taneja, R., Roy, B., Plassat, J.‐L., Zusi, C. F., Ostrowski, J., Reczek, P. R., and Chambon, P.

(1996). Cell‐type and promoter‐context dependent retinoic acid receptor (RAR) redundan-

cies for RARb2 and Hoxa‐1 activation in F9 and P19 cells can be artefactually generated by

gene knockouts. Proc. Natl. Acad. Sci. USA 93, 6197–6202.

Taneja, R., Rochette‐Egly, C., Plassat, J. L., Penna, L., Gaub, M. P., and Chambon, P. (1997).

Phosphorylation of activation functions AF‐1 and AF‐2 of RARa and RARg is

indispensable for diVerentiation of F9 cells upon retinoic acid and cAMP treatment.

EMBO J. 16, 6452–6465.

Tang, K., Yang, J., Gao, X., Wang, C., Liu, L., Kitani, H., Atsumi, T., and Jing, N. (2002).

Wnt‐1 promotes neuronal diVerentiation and inhibits gliogenesis in P19 cells. Biochem.

Biophys. Res. Commun. 293, 167–173.

Teramoto, S.,Kihara‐Negishi, F., Sakurai, T.,Yamada,T.,Hashimoto‐Tamaoki, T., Tamura, S.,

Kohno, S., and Oikawa, T. (2005). Classification of neural diVerentiation‐associated genes

in P19 embryonal carcinoma cells by their expression patterns induced after cell aggregation

and/or retinoic acid treatment. Oncol. Rep. 14, 1231–1238.

Thellin,O.,Zorzi,W.,Lakaye,B.,DeBorman,B.,Coumans,B.,Hennen,G.,Grisar,T., Igout,A.,

andHeinen,E. (1999).Housekeepinggenes as internal standards:Use and limits.J.Biotechnol.

75, 291–295.

Thomson, J. A., and Marshall, V. S. (1998). Primate embryonic stem cells. Curr. Top. Dev. Biol.

38, 133–165.

Thomson, J. A., Kalishman, J., Golos, T. G., Durning, M., Harris, C. P., Becker, R. A., and

Hearn, J. P. (1995). Isolation of a primate embryonic stem cell line. Proc. Natl. Acad. Sci.

USA 92, 7844–7848.

Thomson, J. A., Kalishman, J., Golos, T. G., Durning, M., Harris, C. P., and Hearn, J. P.

(1996). Pluripotent cell lines derived from common marmoset (Callithix jacchus) blastocysts.

Biol. Reprod. 55, 254–259.

Thomson, J. A., Itskovitz‐Eldor, J., Shapiro, S., Waknitz, M., Swiergiel, J., Marshall, V., and

Jones, J. (1998). Embryonic stem cell lines derived from human blastocytes. Science 282,

1145–1147.

Thompson, J. R., and Gudas, L. J. (2002). Retinoic acid induces parietal endoderm but not

primitive endoderm and visceral endoderm diVerentiation in F9 teratocarcinoma stem cells

with a targeted deletion of the Rex‐1 (Zfp‐42) gene. Mol. Cell. Endocrinol. 195, 119–133.

Thompson, J. R., Huang, D. Y., and Gudas, L. J. (1998). The murine Hoxb1 30RAIDR

enhancer contains multiple regulatory elements. Cell Growth DiVer. 9, 969–981.

Umbhauer, M., Penzo‐Mendez, A., Clavilier, L., Boucaut, J., and Riou, J. (2000). Signaling

specificities of fibroblast growth factor receptors in early Xenopus embryo. J. Cell Sci. 113,

2865–2875.

Wang, Z., Ge, J., Huang, B., Gao, Q., Liu, B., Wang, L., Yu, L., Fan, Z., Lu, Z., and Liu, J.

(2005). DiVerentiation of embryonic stem cells into corneal epithelium. Sci. China Life Sci.

48, 471–480.

Wegner, M. (1999). From head to toes: The multiple facets of Sox proteins. Nucleic Acids Res.

27, 1409–1420.

Wei, L.‐N. (2003). Retinoid receptors and their coregulators. Ann. Rev. Pharmacol. Toxicol. 43,

47–72.

Wei, Y., Harris, T., and Childs, G. (2002). Global gene expression patterns during neural

diVerentiation of P19 embryonic carcinoma cells. DiVerentiation 70, 204–219.

Westin, S., Rosenfeld, M. G., and Glass, C. K. (2000). Nuclear receptor coactivators. Adv.

Pharmacol. 47, 89–112.

Wobus, A. M., Rohwedel, J., Maltsev, V., and Hescheler, J. (1994). In vitro diVerentiation of

embryonic stem cells into cardiomyocytes or skeletal muscles cells is specifically modulated

by retinoic acid. Rouxs Arch. Dev. Biol. 204, 36–45.

94 Soprano et al.



Wobus, A. M., Kaomei, G., Shan, J., Wellner, M. C., Rohwedel, J., Ji., G., Fleischmann, B.,

Katus, H. A., Hescheler, J., and Franz,W. J. (1997). Retinoic acid accelerates embryonic stem

cell‐derived cardiac diVerentiation and enhances development of ventricular cardiomyocytes.

J. Mol. Cell. Cardiol. 29, 1525–1539.

Young, P. R., and Tilghman, S. M. (1984). Induction of alpha‐fetoprotein synthesis in

diVerentiating F9 teratocarcinoma cells is accompanied by a genome‐wide loss of DNA

methylation. Mol. Cell. Biol. 4, 898–907.

Zhong, H., and Simons, J. W. (1999). Direct comparison of GAPDH, beta‐actin, cyclophilin,
and 28S rRNA as internal standards for quantifying RNA levels under hypoxia. Biochem.

Biophys. Res. Commun. 259, 523–526.

Zhuang, Y., Faria, T. N., Chambon, P., and Gudas, L. J. (2003). Identification and

characterization of retinoic acid receptors beta2 target genes in F9 teratocarcinoma cells.

Mol. Cancer Res. 1, 619–630.

Zile, M. (2001). Function of vitamin A in vertebrate embryonic development. J. Nutr. 131,

705–708.

Zwartkruis, F., Kruyt, F., van der Saag, P. T., andMeijlink, F. (1993). Induction of HOX‐2 genes
in P19 embryocarcinoma cells is dependent on retinoic acid receptor alpha.Exp. Cell Res. 205,

422–425.

Retinoic Acid and Differentiation 95



This page intentionally left blank



4

Metabolism of Retinol

During Mammalian

Placental and

Embryonic Development

Geoffroy Marceau,*
,{,1

Denis Gallot,*
,{,1

Didier Lemery,*
,{
and Vincent Sapin*

,{
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Retinol (vitamin A) is a fat‐soluble nutrient indispensable for a

harmonious mammalian gestation. The absence or excess of retinol

and its active derivatives [i.e., the retinoic acids (RAs)] can lead to

abnormal development of embryonic and extraembryonic (placental)

structures. The embryo is unable to synthesize the retinol and is strongly

dependent on the maternal delivery of retinol itself or precursors: retinyl
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esters or carotenoids. Before reaching the embryonic tissue, the retinol

or the precursors have to pass through the placental structures. During

this placental step, a simple diVusion of retinol can occur between

maternal and fetal compartments; but retinol can also be used in situ after

its activation into RA1 or stored as retinyl esters. Using retinol‐binding
protein knockout model, an alternative way of embryonic retinol supply

was described using retinyl esters incorporated into maternal chylomi-

crons. In the embryo, the principal metabolic event occurring for retinol

is its conversion into RAs, the active molecules implicated on the

molecular control of embryonic morphogenesis and organogenesis. All

these placental and embryonic events of retinol transport and

metabolism are highly regulated. Nevertheless, some genetic and/or

environmental abnormalities in the transport and/or metabolism of

retinol can be related to developmental pathologies during mammalian

development. # 2007 Elsevier Inc.

I. GENERAL ASPECTS OF RETINOL

TRANSPORT AND METABOLISM IN

MAMMALIAN SPECIES

The retinol (vitamin A) belongs to the ‘‘retinoids’’ family including both

the compounds possessing one of the biological activities of the retinol

(ROH) and the many synthetic analogues related structurally to the retinol,

with or without a biological activity. Provitamin A is the dietary source of

retinol and is supplied as carotenoids (mainly b‐carotene) in vegetables and

preformed retinyl esters (long‐chain fatty acid esters of retinol: palmitate,

oleate, stearate, and linoleate) in animal meat (BlomhoV, 1994). Retinol plays

a central role in many essential biological processes such as vision, immunity,

reproduction, growth, development, control of cellular proliferation, and

diVerentiation (Chambon, 1996). Themain active forms of retinol are retinoic

acids (RAs), except for reproduction and vision, where retinol and retinal also

play important roles.

Two vehicles are described for mammalian blood transport of

retinoids. First, the retinyl esters and carotenoids can be incorporated in

intact or remnant chylomicrons or very low‐density lipoproteins (Debier and

Larondelle, 2005). Second, themain form of retinol blood transport (1 mmol/l)

is the association with a specific binding protein (RBP), which is itself

1Abbreviations: ADH, alcohol dehydrogenases; CRABP, cellular retinoic acid‐binding
protein; CRBP, cellular retinol‐binding protein; dpc, days post coı̈tum; LRAT, lecithin retinol

acyltransferase; RA, retinoic acid; Ral, retinaldehyde; RALDH, retinaldehyde dehydrogenase;

RBP, retinol‐binding protein; RDH, retinol dehydrogenase; ROH, retinol.
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complexed with transthyretin (ratio 1 mol/1mol). The constitution of this

ternary complex prevents the glomerular filtration of the small RBP‐retinol
form (21 kDa) and increases the aYnity of RBP for retinol (Bellovino et al.,

2003). A binding to other plasma proteins, such as albumin or lipocalins, is

also described for retinol. Albumin could serve as a transporter for RA, which

circulates in very small levels in the blood. The transfer of retinol to target cells

involves a specific membrane‐bound RBP receptor (Sivaprasadarao et al.,

1998). To date, the debate still remains concerning the molecular mechanisms

of the cellular retinol penetration: endocytosis, dissociation of RBP‐retinol
complex, and intracellular degradation of RBP or extracellular dissociation

of RBP‐retinol complex and delivery of retinol via transmembrane pore. The

uptake of remnant chylomicrons and very low‐density lipoproteins (contain-
ing retinyl esters and carotenoids) is realized by target tissues using, respec-

tively, the lipoprotein lipase and low‐density lipoproteins receptor pathways.
Bound to albumin, RA can be transferred into the tissues by passive diVusion,
with an eYciency of transfer, which is cell type and tissue specific.

To be biologically active (Fig. 1), retinol must first be oxidized to retinal-

dehyde and then to RA. A large number of enzymes catalyze the reversible

oxidation of retinol to retinaldehyde: the alcohol dehydrogenases (ADH), the

retinol dehydrogenase (RDH) of themicrosomal fraction, and somemembers

of the cytochrome P450 family. Several enzymes are able to catalyze irrevers-

ibly the oxidation of retinaldehyde to RA: the retinal dehydrogenases

(RALDH1, 2, 3, and 4) and also members of the cytochrome P450 family

(Liden and Eriksson, 2006). These enzymatic reactions could be antagonized

and/or stopped by several toxic molecules, namely ethanol, citral, nitrofen, or

bisdiamine, leading to an exogenous alteration of RA production. Specific

isomerization reactions are also likely to occur within the cells, since there are

at least two RA stereoisomers in vivo (all‐trans and 9‐cis RA) exhibiting

distinct biochemical activities. The catabolism of all‐trans and 9‐cis RA is

also an important mechanism for controlling RA levels in cell and tissues and

is carried out by three specific members of cytochrome P450s, CYP26A1, B1,

andC1 (19). RA is catabolized to products such as 4‐oxo‐RA, 4‐hydroxy‐RA,

18‐hydroxy‐RA, and 5,18‐epoxy‐RA, which are finally excreted. These com-

pounds can also undergo glucuronidation (Marill et al., 2003). An alternative

metabolic pathway was present for intracellular retinol: the formation and

storage as retinyl esters. Indeed, retinol may be esterified by two enzymes

(lecithin retinol acyltransferase and diacylglycerol O‐acyltransferase) into

mostly long‐chain retinyl esters such as retinyl palmitate, stearate, oleate,

and linoleate. These esters are then stored in cytosolic lipid droplets. The

mobilization of these retinyl esters and the release of retinol esters are realized

by a retinyl ester hydrolase.

Since retinol, retinaldehyde, and RA are lipids, they lack appreciable

water solubility and consequently must be bound to proteins within cells.

Several intracellular‐binding proteins for retinol, retinaldehyde, and RA
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have been identified and extensively characterized. They include cellular

retinol‐binding proteins type 1 and 2 (CRBP1 and 2) and cellular RA‐
binding proteins type 1 and 2 (CRABP1 and 2). The CRBP1 is a key protein

to regulate the metabolism of retinol by orientating to storage, export of

retinol, or conversion into RA (Ghyselinck et al., 1999). Both the CRABPs

bind RA controlling the intracellular levels of retinoids, acting as cofactors

for RA‐metabolizing enzymes, and/or participating in the cytoplasmic‐
nuclear transport of RA (Napoli, 1999; Ong, 1994).
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FIGURE 1. Schematic representation of metabolic (generation and degradation) and

molecular‐signaling pathway of RAs. Retinol is bound to its blood‐binding protein (RBP) in a

ternary complex (with TTR). It gets into the cell using a receptor (p63) mechanism and is linked

to the CRBPs. Retinol could be stored as retinyl esters in lipid droplets or converted in RA

bound to their cytoplasmic‐binding proteins (CRABPs). RA enters into the nucleus to activate

the nuclear receptors (RARS and RXRs) that are able to regulate transcription of target genes

and is finally degraded by cytochrome P450 enzymes in active forms. Abbreviations: ADH,

alcohol dehydrogenase; BCDO, b‐carotene dioxygenase; CES2, carboxylesterase type 2;

CRABP, cellular retinoic acid‐binding protein; CRBP, cellular retinol‐binding protein; LRAT,

lecithin retinol acyltransferase; RA, retinoic acid; RALDH, retinaldehyde dehydrogenase;

RAR, retinoic acid receptor; RARE, RAR responsive element; Ral, retinaldehyde; ROH,

retinol; RBP, retinol‐binding protein; RXR, retinoid X receptor; TTR, transthyretin.
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II. PLACENTAL TRANSPORT AND

METABOLISM OF RETINOL DURING

MAMMALIAN DEVELOPMENT

The placenta regulates the transport and metabolism of maternal nutri-

ents transferred to the fetus. Abnormalities in these placental functions may

have deleterious consequences for fetal development (Miller et al., 1993;

Rossant and Cross, 2001). Since there is no de novo fetal synthesis of retinol,

the developing mammalian embryo is dependent on the maternal circulation

for its vitamin A supply. The presence of measurable hepatic vitamin A

stored at birth is indicative of the functionality of placental transport during

gestation (Ross and Gardner, 1994; Satre et al., 1992). A number of studies

have investigated the ability of retinoids to pass through the placental

barrier in mice or rabbits (Collins et al., 1994; Creech Kraft et al., 1989,

1991; Kochhar et al., 1988; Sass et al., 1999; Ward and Morriss‐Kay, 1995).

It is well established that each retinoid (e.g., retinol, 13‐cis, 9‐cis, all‐trans
RA, and their glycuronoconjugates) presents a specific rate of transfer. It has

been proposed that this peculiarity could account for the variability in

teratological eVects of comparable amounts of diVerent maternally absorbed

retinoids (Nau et al., 1996).

The diVerent intracellular‐binding proteins for retinol, retinaldehyde

and RA, are expressed in the mouse (Sapin et al., 1997), rat (Bavik et al.,

1997), porcine (Johansson et al., 2001), and human placenta (Blanchon

et al., 2002). CRBP1 is detected in the mouse visceral endoderm of the yolk

sac, the mouse trophoblastic layer of the placental labyrinth closest to the

fetal endothelium, the porcine areolar trophoblasts (Johansson et al., 1997,

2001), and the human villous trophoblastic cells (Blanchon et al., 2002). The

CRBP2 is also described to be expressed in the mouse yolk sac and tropho-

blastic giant cells (Xueping et al., 2002). Moreover, it was shown that both

fetal as well as maternal CRBP2 are required to ensure adequate delivery

of vitamin A to the developing fetus when dietary vitamin A is limiting

(Xueping et al., 2002). In addition, Johansson et al. (1999) precise that

retinol metabolism may occur in the CRBP1 positive villous stromal cells

and decidual cells of the basal plate in human placenta (Johansson et al.,

1999). For RA transport, cellular RA‐binding proteins are also described in

placenta (Green and Ford, 1986; Levin et al., 1987). CRABP1 was found in

hamster, human, and porcine placenta (Johansson et al., 2001; Okuno et al.,

1987; Willhite et al., 1992), as well as CRABP2 in human placenta (Astrom

et al., 1992). Throughout mouse placentation, the expression patterns of the

CRABP1 and 2 genes partly overlap in the decidual tissue and the vacuolar

zones of the decidua, suggesting a role for these binding proteins in seques-

tering free RA from maternal blood, thus regulating its availability to the

embryo.
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Vitamin A is provided to the fetus through a limited and tightly con-

trolled placental transfer (Bates, 1983; Moore, 1971). The amount of retinol

provided to the fetus is usually maintained constant until maternal stores are

depleted (Ismadi and Olson, 1982; Pasatiempo and Ross, 1990; Ross and

Gardner, 1994). The first step of retinol transfer from maternal blood to

embryo implicates the RBP. The exact mechanism of transfer remains dis-

cussed but it seems to involve RBP receptor. Indeed, a receptor for RBP has

been characterized in the human placenta (Sivaprasadarao and Findlay,

1994). It is clearly established that maternal RBP does not cross the placen-

tal barrier and does not enter the developing embryo. Similar studies show

convincingly that RBP of fetal origin is unable to cross the placenta and

enter thematernal circulation. Thus, for retinol bound toRBP in thematernal

circulation to be transferred to the fetus, it must be dissociated frommaternal

RBP after the binding to its receptor at the maternal face of placental barrier.

Bound to the CRBPs, the retinol passes through the cytoplasm of the tropho-

blastic cells and enters the fetal circulation, where a new complex is formed

using transthyretin and RBP of fetal origin (Quadro et al., 2004).

However, some studies have suggested that RBP might be dispensable for

retinol placental transfer, as homozygous RBP null mutant mice are viable

and fertile (Clagett‐Dame and DeLuca, 2002). Accumulation of hepatic

retinoids stores is not impaired in RBP�/� embryo. Indeed, the knockout

mice accumulate retinol and retinyl ester in the liver at a higher rate compared

with wild‐type animals (Quadro et al., 1999). The normal sizes observed for

litters from RBP‐deficient dams and the usual good health of their pups

indicate that the retinol bound to RBP is not the only source for retinoids

reaching the embryo. Results demonstrate that retinyl esters in lipoproteins

particles can be a significant source for retinoids (present postprandially in

maternal blood) and can be used by the fetus to support embryogenesis

(Quadro et al., 2005). These data are consistent with several previous works

establishing that very low‐density lipoproteins and low‐density lipoproteins

can be taken up by the placental cells (Bonet et al., 1995). This postprandial

pathway may be also the delivery pathway of carotenoids (precursors of

vitamin A) to the fetus through the placenta.

If the mammalian placenta is able to regulate the transfer of the retinoids

from mother to the fetus, it also expresses several proteins with metabolic

activities related to retinoids. In human placenta, a large number of enzymes

catalyzing the oxidation of retinol into retinaldehyde are identified; among

them are the nonspecific ADH of class I (Estonius et al., 1996) or class III

(Sharma et al., 1989). In the guinea pig, a low‐ADH activity is detected in

placenta throughout gestation (Card et al., 1989), like during late pregnancy

in the rat (Zorzano and Herrera, 1989) or in the ewe (Clarke et al., 1989).

Specific enzymes like RDH of the microsomal fraction are able to oxidize

retinol in retinaldehyde in the human placenta (personal unpublished data).
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Among them, the more specific RDH, catalyzing the oxidation of 9‐cis but
not all‐trans retinol, is expressed in human and mouse placenta (Gamble

et al., 1999). Other enzymes with an RDH activity are described in placenta:

17b‐hydroxysteroid and 11b‐hydroxysteroid dehydrogenases (Brown et al.,

2003; Lin et al., 2006; Persson et al., 1991). Moreover, the human type 1

isoforms of 3b‐hydroxysteroid dehydrogenase/isomerase are expressed in

the placenta (Thomas et al., 2004), with a potentiality to oxidize the retinol

in retinal. An RDH is also found in the yolk sac of rat embryos (Bavik

et al., 1997).

Secondarily, retinaldehyde had to be oxidized to RA by retinal dehydro-

genase: RALDH1, 2, 3, and 4 (Liden and Eriksson, 2006). These enzymes

were localized in the yolk sac of rat embryos (Bavik et al., 1997). They were

also detected in human choriocarcinoma (JEG‐3 cell line) and placental cells.

The retinol conversion into all‐trans RA was demonstrated using high‐
performance liquid chromatography (HPLC) experiments (Blanchon et al.,

2002). The presence of 9‐cis ROH conversion to 9‐cis RA is also detected in

human placenta. Two other mammalian placentas have also been shown to

produce RA from retinol: the porcine (Parrow et al., 1998) and the mouse

(yolk sac) placenta (Bavik et al., 1997). This RA generation was experimen-

tally blocked by the presence of ethanol. This point may be a possible

linkage between the nutrient supply of retinol to the placenta, the generation

of strong developmental morphogene, and placental gene regulation and

physiology. During pregnancy, placental cells may be exposed to deleterious

maternal conditions, including alcohol abuse. Links have been established

between alcohol abuse, fetal malformations, and alterations of retinoid

metabolism (Leo and Lieber, 1999). The interferences of alcohol on synthesis

of functional retinoids from retinol are clearly demonstrated (Wang, 2005).

In this way, the alterations of placental retinoids metabolism by maternal

ethanol ingestion may provide a novel and additional explanation for the

genesis of fetal alcoholic syndrome and highlight the placental roles in this

pathology.

The catabolism of all‐trans and 9‐cis RA is also an important mechanism

for controlling RA levels in placental cell and tissues. Creech Kraft et al.

(1989) have demonstrated that the early human placenta is able to metabolize

13‐cisRA. Inmouse, placenta’s cytochrome also allows the transformation of

all‐transRA in polar metabolites (EckhoV et al., 1989). It has been established

that the three specific members of cytochrome P450s (CYP26A1, B1, and C1)

are expressed at a high level in placenta (Ray et al., 1997; Taimi et al., 2004;

Trofimova‐GriYn and Juchau, 1998). Nevertheless, their protective activities

are limited, when high levels of RAs are present in maternal blood. Indeed,

they are unable to protect the fetus against teratogenic maternal blood levels

of 13‐cis RA as demonstrated by the large spectrum of fetal malformations

occurring when mothers were treated with RoaccutaneÒ.
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The human term placental tissues (and more precisely, the villous mesen-

chymal fibroblasts) are able to esterify retinol (Sapin et al., 2000). Neverthe-

less, the retinyl esters are never detected in human umbilical blood at

delivery (Sapin et al., 2000). It is well accepted that the placenta can be

considered as a transitory, primitive functional liver during the first stages of

mammalian development. During this period, the placenta stores retinol,

waiting for liver maturity and functionality marked by the capacity to

secrete RBP. This hypothesis is supported by results concerning the switch

in retinoids content of embryonic and placental compartments during the

development of the mouse conceptus (Satre et al., 1992). During early

organogenesis, the retinyl ester content of the placenta is nearly eightfold

higher than the embryonic content. At the end of gestation, the embryonic

retinyl ester content is nearly fourfold greater than placental one. Abnor-

malities concerning this switch between placental and embryonic retinyl

esters stores are associated with intrauterine growth retardations (Sapin

et al., 2004). Little is known about enzymes implicated in the metabolism

(anabolism and catabolism) of placental retinyl esters. The diacylglycerol

acyltransferase (DGAT1) showing a nonspecific enzymatic property to es-

terify the retinol (Orland et al., 2005) is expressed in the human primordial

placenta (Gimes and Toth, 1993) and in the amniotic epithelium of amniotic

membranes (personal unpublished data). At the opposite, the lecithin retinol

acyltransferase (LRAT) esterifying more specifically the retinol (O’Byrne

et al., 2005) seems to be not expressed in placenta and amniotic membranes

(personal unpublished data). The enzymes involved into the release of retinol

from retinyl ester, that is, retinyl ester hydrolase (Linke et al., 2005) like

carboxylesterase, are active in rat placenta (Lassiter et al., 1999). The car-

boxylesterase‐2 isoform is also expressed in human amniotic epithelium

(Zhang et al., 2002), and more particularly into microsomal fraction (Yan

et al., 1999). Moreover, the lipoxygenase is able to oxidize all‐trans retinol
acetate (one form of retinyl ester) in human term placenta (Datta and

Kulkarni, 1996).

The maternal and fetal blood levels of the b‐carotene (provitamin A)

strongly suggest that it may be used as a precursor of retinol in placenta

(Dimenstein et al., 1996). Note that we also detected the expression of the

enzymes b‐carotene‐15,150‐dioxygenase (BCDO isoform 2) catalyzing the

key step of retinol’s cleaving b‐carotene into two molecules of retinal (Kiefer

et al., 2001) in the amniotic part of human term fetal membranes, but not in

the placenta (personal unpublished data). In conclusion, all these data reveal

the complex properties of the mammalian placenta in term of retinoids

metabolism: the production of active retinoids from retinol, the cis/trans

isomerization and degradation of several RAs, the retinyl ester formation

and hydrolysis, and the cleavage of b‐carotene into retinal.
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III. EMBRYONIC METABOLISM OF RETINOL

DURING MAMMALIAN DEVELOPMENT

Vitamin A deficiency and excess have profound eVects on the develop-

ment of the vertebrate embryo (Lammer et al., 1985; Wilson et al., 1953).

A molecular basis for these phenomena was proposed when it was found

that vitamin A active forms, RAs, act through ligand‐activated transcription

factors and that RA is able to change the expression pattern of homeobox

genes clusters (Conlon, 1995; Gudas, 1994). RA is indispensable for pattern-

ing the anteroposterior body axis, for morphogenesis and organogenesis

(Mark and Chambon, 2003). Almost every organ or tissue can be aVected
by RAs if the embryo is treated with them at a critical time in development

(Shenefelt, 1972). It illustrates the crucial role of RAs in the regulation of

distinct developmental events (Ross et al., 2000; Zile, 1998). The biogenera-

tion of RA in the embryo appears to be the first developmental step in the

initiation of RA‐regulated signaling pathways (Zile, 2001). Tissue distribu-

tion of RA results from the balancing activities of RA‐synthesizing enzymes

(including retinaldehyde dehydrogenases RALDH1–4), andRA‐catabolizing
cytochrome P450 hydroxylases (CYP26A1, B1, and C1) (Mark et al., 2004).

Regulation of retinoid synthesis and catabolism can both be viewed

as important ways in which distinct spatiotemporal patterns of active reti-

noids are maintained in the developing mammalian embryo. Therefore, the

function of vitamin A is inseparable from its metabolism.

All of the physiologically important vitamin A metabolites and enzyme

systems regulating vitamin Ametabolism have been demonstrated in embryos.

RA has been detected very early during vertebrate development. Using a

transgenic mouse line carrying a b‐galactosidase (lacZ) reporter gene under
the regulation of three copies of the RARE from the RARb2 gene, Rossant

et al. (1991) found that prior to implantation sporadic staining was present

in the inner cell mass of the blastocyst. RA has also been detected in the

preimplantation porcine blastocyst (Parrow et al., 1998). After implantation

(egg cylinder stage or preprimitive streak stage) all‐trans retinaldehyde

(20 fmol/embryo), but not all‐trans RA, was identified in mouse embryos

(Ulven et al., 2000). Reporter mice showed strong transgene expression in

the posterior half of the embryo at the primitive streak stage. This observa-

tion was consistent with previous studies demonstrating greater RA synthe-

sis, concentration, and activity in the posterior part of the early vertebrate

embryo (Nieuwkoop, 1952). As somite formation and neural tube closure

began, there was a sharp anterior boundary of expression corresponding to

the preotic sulcus, which forms the border between presumptive rhombo-

meres 2 and 3 in the developing hindbrain. At later stages of development,

transgene expression was noted in the somites, developing heart, lens and
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neural retina, the endoderm layer of the developing gut, the mesenchyme at

the base of the developing limb buds, and the cervical and lumbar regions of

the developing spinal cord (Colbert et al., 1993; Moss et al., 1998; Reynolds

et al., 1991). At even later times, the expression was noted in ectoderm

between the mandible and maxilla and in the nasal placode, developing

ear, skin, and somite‐derived tissues, a number of internal organs (stomach,

metanephric kidneys, and lung), eye, and developing limbs (Rossant et al.,

1991; Vermot et al., 2003). Using HPLC, all‐trans ROH and all‐trans RA

were identified as the primary retinoids in whole mouse embryos from 9 to

14 days post coı̈tum (dpc) (Horton and Maden, 1995), mouse limb buds

(Satre and Kochhar, 1989), and human embryonic tissues (Creech Kraft

et al., 1993), with all‐trans ROH representing the most abundant retinoid.

Further study of individual tissues of the mouse embryo at 10.5 and 13 dpc

revealed that all tissues contained at least some detectable RA (Horton and

Maden, 1995). Spinal cord contained the highest amount of all‐trans RA,

which was enriched 15‐fold over forebrain levels. 13‐cis‐RA has also been

observed in the limb buds of E11 mouse embryos (Satre and Kochhar, 1989).

It does not bind directly to the nuclear retinoids receptors and probably

requires isomerization to all‐trans RA before it acts (Repa et al., 1993).

Conversely, 9‐cis RA is able to bind to and to activate the nuclear retinoids

receptors, but this metabolite was never demonstrated in murine limb

buds nor in whole embryos (Horton and Maden, 1995; Scott et al., 1994).

4‐oxo‐all‐trans RA and 4‐oxo‐all‐trans retinol have been detected, but these

metabolites do not seem to play an essential role in normal mammalian

embryonic development and 4‐oxo‐all‐trans RA is thought to represent an

early step in the degradation of all‐trans RA (Frolik et al., 1979). Another

all‐trans ROH metabolite, 2‐hydroxymethyl‐3‐methyl‐5‐(20‐oxopropyl)‐2,5
dihydrothiophene, was identified in rat conceptus between 9.5 and 10 dpc,

but it is unknown whether this metabolite plays a functional role during

embryogenesis (Wellik and DeLuca, 1996).

As previously presented, the ADH family consists of numerous enzymes

able to catalyze the reversible oxidation of a wide variety of substrates

(ethanol, retinol) to the corresponding aldehydes. Three forms (ADH1, 3,

and 4) are highly conserved in vertebrates and mammals. In humans, ADH4

demonstrated higher ROH dehydrogenase activity than ADH1, whereas

ADH3 had insignificant ROH dehydrogenase activity (Deltour et al., 1999).

The mRNA for cytosolic ADH4 has been detected by polymerase chain

reaction analysis in the egg‐cylinder stage mouse embryo (Ulven et al.,

2000). The expression of ADH4 mRNA corresponds well both spatially and

temporally with the presence of RA‐like activity (Ang et al., 1996). However,

the enzyme is not absolutely essential for embryogenesis, as homozygous

mutant mice null for ADH4 are viable and fertile as are ADH1 null mutant

mice (Deltour et al., 1999a,b). The synthesis of RA from ROH may

be competitively inhibited by ethanol leading to RA deficiency. Maternal
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ethanol consumption during rat gestation modifies the retinyl ester and RA

contents in developing fetal organs. Taken together, these experiments show

definite interaction between ethanol and vitamin A, contributing to explain

the mechanisms of prenatal ethanol consumption embryopathy (Zachman

and Grummer, 1998).

Three members of the RALDH family (RALDH1, 2, and 3) can account

for all of the all‐trans RA generated in the early embryo (McCaVery and

Dräger, 1997). RALDH2 plays a crucial role in the synthesis of RA and

RALDH2 null mutant mice die in utero before 10.5 dpc (Niederreitheret al.,

1999). Nevertheless, the ability to rescue the development of null mutant

embryos by providing mothers with all‐trans RA suggests that precisely

located regions of all‐trans RA synthesis are not essential, at least for some

early all‐trans RA‐dependent morphogenetic events (Clagett‐Dame et al.,

2002). In the mouse embryo RALDH2 appears first and is expressed in the

mesoderm adjacent to the node and primitive streak but not within the node

itself during gastrulation (Niederreither et al., 1997). At later stages of

development, RALDH2 expression localizes to undiVerentiated somites,

mesenchyme surrounding the neural tube, developing gut, heart, lung, kid-

ney, eye, diVerentiating limbs, and specific regions of the head (Batourina

et al., 2001; Malpel et al., 2000; Moss et al., 1998; Niederreither et al., 1997;

Wagner et al., 2000). RALDH1 and 3 appear later in development. Between

9 and 10 dpc, RALDH1 protein is found in the ventral mesencephalon of the

mouse embryo, the dorsal retina, the thymic primordia, and the medial

aspect of the otic vesicles (Haselbeck et al., 1999). Later it is expressed in

the mesonephros (McCaVery et al., 1991). RALDH3 activity is first detected

in the rostral head at 8.5–8.75 dpc and it is expressed in the surface ectoderm

overlying the prospective eye field at 9 dpc. At a later stage, it localizes to

the ventral retina, dorsal pigment epithelium, lateral ganglionic eminence,

dorsal margin of the otic vesicle, and olfactory neuroepithelium (Mic et al.,

2000). RALDH4 expression is detected in fetal liver at E14.5 but not earlier

(Lin et al., 2003).

Numerous cytochrome P450 enzymes are believed to play a role in

embryonic all‐trans RA oxidation. Both Cyp26A1 and B1 mRNAs are

induced by all‐trans RA whereas Cyp26C1 mRNA is downregulated by

all‐trans RA (Reijntjes et al., 2005). They are expressed in the early embryo

as well as later in development and may play a critical role in regulating the

access of ligand to the nuclear retinoids receptors in specific regions of the

developing embryo. Disruption of the murine Cyp26A1 gene is embryolethal

(Abu‐Abed et al., 2001). Expression of Cyp26A1 begins at the same time as

RALDH2. Its mRNA is detected as early as 6 dpc in mouse and one day

later is found in embryonic endoderm, mesoderm, and primitive streak.

At 7.5 dpc, expression in posterior domains is diminished, and the anterior

regions of all three embryonic germ layers show expression. Between 8.5 and

10.5 dpc, the mRNA is expressed in prospective rhombomere 2, neural crest
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cells involved in the formation of cranial ganglia V, VII/VIII, and IX/X, the

caudal neural plate, the tailbud mesoderm, and the hindgut (Fujii et al.,

1997). The mRNA has been shown to be particularly abundant in human

cephalic tissues during the late embryonic early fetal period of development

(Trofimova‐GriYn et al., 2000). Cyp26B1 mRNA shows a dynamic pattern

of expression in the developing hindbain and is found between the somites,

in the dorsal and ventral aspects of the limb buds, and in the node region of

presomitic rat embryos (McLean et al., 2001). Cyp26C1 mRNA is expressed

in the hindbrain, inner ear, first branchial arch, and tooth buds during

murine development (Tahayato et al., 2003).

Concerning the other metabolic activities related to the ROH or its pre-

cursors during mammalian development, the presence of carotene‐15,150
dioxygenase mRNA has been detected in maternal tissue at the site of embryo

implantation during early stages of mouse embryogenesis (7.5 and 8.5 dpc)

(Paik et al., 2001). It suggests that this enzyme may be acting to provide

needed retinoid to the embryo. A weak signal of the carotene‐15,150 dioxy-
genase mRNA can also be detected in embryonic tissues still 15 dpc, but the

functionality of b‐carotene cleavage remains still discussed (Redmond et al.,

2001). Vitamin A is mainly stored in the stellate cells of the liver as retinyl

esters in lipid droplets but may also be found during embryonic life in lung

(Chytil, 1996; Zachman and Valceschini, 1998). Fetal CRBP2 is expressed

transiently in the mouse yolk sac, lung, and liver during development. Both

loss of maternal and loss of fetal CRBP2 contribute to increased neonatal

mortality, when dietary vitamin A is reduced to marginal levels. Never-

theless, the role of CRBP2 for retinoids metabolism seems to be limited

for the embryonic part. Indeed, the CRBP2 plays a specific role in ensuring

adequate transport of vitamin A to the developing fetus, particularly

when maternal vitamin A is limited (Xueping et al., 2002). Similar role

can be played by lecithin:retinol acyltransferase, during mammalian devel-

opment (Liu and Gudas, 2005). Due to its high expression during mouse

development, CRBP1 seemed to be strongly important for the regulation of

this retinoids storage. Indeed, CRBP1 (and not CRBP2) is specifically ex-

pressed in several tissues including spinal cord, lung, and liver (Dolle et al.,

1990; Gustafson et al., 1993). Nevertheless, CRBP1 mutant embryos from

mothers fed with a vitamin A‐enriched diet are healthy. They do not

present any of the congenital abnormalities related to RA deficiency. During

development, ROH and retinyl ester levels are decreased in CRBP1 deficient

embryos and fetuses by 50% and 80%, respectively (Ghyselinck et al.,

1999). The CRBP1 deficiency does not alter the expression patterns of RA‐
responding genes during development. Therefore, CRBP1 is required in

prenatal life to maintain normal amounts of ROH and to ensure its eYcient

storage as retinyl esters but seems of secondary importance for RA synthesis,

under conditions of maternal vitamin A suYciency (Matt et al., 2005).
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Vitamin A and its active metabolite retinoic acid (RA)1 play a major

role in development, diVerentiation, and support of various tissues and

organs of numerous species. To assure the supply of target tissues with

vitamin A, long‐lasting stores are built in the liver from which retinol

can be transported by a specific protein to the peripheral tissues to be

metabolized to either RA or reesterified to form intracellular stores.

Vitamin A cannot be synthesized de novo by animals and thus has to be

taken up from animal food sources or as provitamin A carotenoids, the

latter being converted by central cleavage of the molecule to retinal in

the intestine. The recent demonstration that the responsible b‐carotene
cleaving enzyme b,b‐carotene 15,150‐monooxygenase (Bcmo1) is also

present in other tissues led to numerous investigations on the molecular

structure and function of this enzyme in several species, including

the fruit fly, chicken, mouse, and also human. Also a second enzyme,

b,b‐carotene‐90,100‐monooxygenase (Bcmo2), which cleaves b‐carotene
eccentrically to apo‐carotenals has been described. Retinal pigment

epithelial cells were shown to contain Bcmo1 and to be able to cleave

b‐carotene into retinal in vitro, oVering a new pathway for vitamin A

production in another tissue than the intestine, possibly explaining the

more mild vitamin A deficiency symptoms of two human siblings

lacking the retinol‐binding protein for the transport of hepatic vitamin

A to the target tissues. In addition, alternative ways to combat vitamin

A deficiency of specific targets by the supplementation with b‐carotene
or even molecular therapies seem to be the future. # 2007 Elsevier Inc.

I. GENERAL ASPECTS OF

VITAMIN A METABOLISM

Numerous experimental and clinical studies have shown that vitamin A

(retinol) and its biologically active metabolite RA exert important eVects on
vertebrate development, cellular growth, and diVerentiation. These pleiotropic

1Abbreviations: ARAT, acyl‐CoA‐retinol acyltransferase; Bcmo1, b,b‐carotene 15,150‐
monooxygenase; Bcmo2, b,b‐carotene‐90,100‐monooxygenase; CRBP, cellular retinol‐binding
protein; CRABP, cellular retinoic acid‐binding protein; EST, expressed sequence tag; LPL,

lipoprotein lipase; LRAT, retinol acyltransferase; PPAR, peroxysome proliferators‐activated
receptor; R, retinol; RA, retinoic acid; RALDH, retinal dehydrogenase; RAR, retinoic acid recep-

tor; RBP, retinol‐binding protein; RE, retinyl ester; REH, retinyl ester hydrolase; RolDH, retinol

dehydrogenase; RXR, retinoic X receptor; TTR, transthyretin.
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eVects of RA are exerted through retinoic acid receptors (RAR). To fulfill these

basic functions, a continuous supply of target tissues independent from acute

dietary intake is necessary. This is achieved through long‐lasting liver stores.

The dietary vitamin A, absorbed as retinol along with other lipids and fat‐
soluble vitamins, is packaged as retinyl esters (REs) in nascent chylomicrons

and released into the bloodstream. Most retinyl palmitate remains in the

remnants which are removed from the circulation by the liver where REs are

stored. The supply of extrahepatic target tissues is maintained by retinol,

formed after hydrolysis of the hepatic REs and secretion into the bloodstream.

The uptake of retinol into various vitamin A‐dependent target tissues is either
mediated through specific membrane receptors or intracellular apoCRBP

(Blaner et al., 1994).

Following uptake into the cells, retinol is metabolized to either RA or

reesterified to form intracellular REs. It is generally accepted that circulating

retinol bound to RBP is the predominant source of vitamin A for the target

cells. To ensure suYcient and continuous supply, the retinol/RBP plasma

level is homeostatically controlled. Even in cases of a high dietary vitamin

A intake, the plasma retinol/RBP level remains constant as long as liver

stores contain REs.

Animals in general are unable to synthesize vitamin A de novo. All

retinoids in the diet are either in the form of vitamin A from animal food

sources or as provitamin A carotenoids usually from plant sources (Dowling

and Wald, 1960). Of all known carotenoids, b‐carotene is believed to be the

most important for animal and human nutrition because of its provitamin

A activity. For humans, up to 80% of the daily vitamin A supply is derived

from provitamin A carotenoids derived from fruits and vegetables. For strict

herbivores, dietary carotenoids are the sole source for vitamin A formation

(Sommer, 1997). The benefits of b‐carotene supplementation to combat

vitamin A deficiency have been demonstrated in several studies (Carlier

et al., 1993; Sommer, 1989; West et al., 1997), including the reduction of

the incidence of maternal night blindness (Christian et al., 1998).

On the basis of diVerent conversion factors for b‐carotene cleavage,

ranging from 1:6 up to 1:36 (1:12 commonly accepted), it may wonder

whether a mean intake of b‐carotene of 1–2 mg in western diets will substan-

tially contribute to vitamin A supply (RDA 1 mg/day). The cleavage calcu-

lation is based on classical bioavailability studies which measure the

formation of retinol in blood following intake of b‐carotene. The recent

demonstration that the Bcmo1 appears in diVerent tissues allows to specu-

late that the most important conversion into vitamin A appears in selected

tissues and not only in the intestine. This assumption would allow to

understand why despite a very low conversion rate of b‐carotene to vitamin A

the mean intake of b‐carotene may indeed suYciently cover the need of

diVerent vitamin A‐dependent tissues such as the retinal pigment epithelium

(RPE).
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II. CONVERSION OF b‐CAROTENE

TO VITAMIN A

A. HISTORICAL BACKGROUND

As early as in the 1930s, Moore provided first evidence that a plant‐
derived carotenoid is the direct precursor for vitamin A in animals describ-

ing a conversion of b,b‐carotene to vitamin A. Karrer et al. (1930) proposed

a central cleavage mechanism at the 15,150 carbon double bond for this

conversion. Glover and Redfearn (1954) proposed an eccentric cleavage

reaction and stepwise b‐oxidation‐like process, leading to a controversial

debate about the importance of one or the other cleavage pathway, which

not ended before the beginning of the new century when the molecular

identification of both enzymes was achieved.

In the 1960s, several groups described independently the b,b‐carotene
15,150‐monooxygenase in cell free systems, claiming a central cleavage of

b,b‐carotene, especially, as retinal was the only product found in these experi-

ments. Due to the requirement of molecular oxygen, the enzyme was named

b,b‐carotene 15,150‐dioxygenase (EC 1.13.11.21). Leuenberger and cowor-

kers isotope labeling provided strong evidence that the enzyme catalyzes a

monooxygenasemechanism. Therefore, in the following this enzyme is named

Bcmo1.

B. CLONING OF THE ENZYMES FROM DROSOPHILA,

CHICKEN, MOUSE, AND HUMAN

In 2000, two research groups independently succeeded in cloning the key

enzyme in vitamin A formation (von Lintig and Vogt, 2000; Wyss et al.,

2000). The approach by von Lintig and Vogt relied on sequence conserva-

tion of Bcmo1 to the plant enzyme VP14, which catalyzes the first step in

the pathway leading to the plant growth factor abscisic acid (for recent

review see Moise et al., 2005). Using an expression cloning strategy in an

Escherichia coli strain, they identified a Bcmo1 from the fruit fly Drosophila

melanogaster. Direct genetic evidence that this enzyme catalyzes the key

step in vitamin A formation was provided by von Lintig et al. (2001). They

showed that mutations in the gene encoding Bcmo1 causes visual chromo-

phore deficiency and thus blindness in Drosophila mutant ninaB (von Lintig

et al., 2001). Wyss et al. (2000) cloned the first Bcmo1 from a vertebrate,

that is, from chicken intestinal mucosa. The recombinant protein was tested

for cleavage activity and incubated with b‐carotene in vitro. Retinal was

the only product found and no other b‐apo‐carotenals were detected. In the

following years, the mouse and also the human homologue were cloned

and characterized (for recent review see von Lintig et al., 2005). Bcmo1 is

a cytosolic enzyme that does not appear in the nucleus or other organelles.
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Kinetic studies with recombinant human Bcmo1 with b‐carotene as a

substrate led to a Km of 7.1� 1.8 mMand Vmax of 10.4 � 3.3 nmol retinal/mg

� min. While b‐cryptoxanthin as a substrate revealed a Km of 30 � 3.8 mM
and a Vmax of 0.9 � 0.2 nmol retinal/mg � min, neither zeaxanthin nor

lycopene was accepted as substrates. This supports the hypothesis that the

carotenoid substrate molecule must have at least at one site a nonsubstituted

b‐ionone ring.

C. AN ENZYME FOR ECCENTRIC CLEAVAGE

OF b‐CAROTENE

Besides Bcmo1 another protein with significant sequence identity, RPE65

was described in vertebrates, not in Drosophila. It is exclusively expressed in

the RPE (Hamel et al., 1993). RPE65 has been shown to be an all‐trans to
11‐cis retinoid isomerase in the visual cycle (Redmond et al., 2005). Searches

in expressed sequence tag (EST) databases led to the identification of an EST

fragment from mouse highly similar, but neither identical with Bcmo1 nor

with RPE65, thus representing a candidate cDNA for an enzyme catalyzing

the eccentric cleavage of carotenoids (Kiefer et al., 2001). Subsequent in-

vestigations (primer design, RACE‐PCR, sequence analysis) revealed that

the cDNA encoded a protein of 532 amino acids with an �40% sequence

identity with the mouse Bcmo1. Also the human and zebrafish homo-

logue could be subsequently cloned. Thus, in mammals besides Bcmo1 and

RPE65, a third type, Bcmo2, of this family of nonheme iron oxygenases

exists (Fig. 1).

Enzymatic activity tests revealed that no retinoids were formed, but a

compound was detected with a UV/vis spectrum resembling those of long‐
chained apo‐carotenals. Using the E. coli test system, it could be found that

the b‐carotene content of that strain expressing Bcmo2 was largely reduced

compared to a control strain. HPLC analysis revealed significant amounts of

b‐apo‐100‐carotenal, obviously formed from b‐carotene. In addition, another
cleavage product was found, b‐ionone. Therefore, as the enzyme catalyzes

the eccentric cleavage of b‐carotene at the 90,100 carbon double bond, it was

called Bcmo2. A Bcmo2 from ferrets was cloned and characterized. This

analysis revealed that Bcmo2 cleaves b‐carotene and with lower turnover

rates the acyclic carotenoid lycopene (Hu et al., 2006).

D. CLEAVAGE MECHANISMS: ECCENTRIC VERSUS

CENTRAL; MONOOXYGENASE VERSUS DIOXYGENASE

As described above, the initial debate about central versus eccentric

cleavage of b‐carotene had not been settled before the proof that both

pathways are most likely possible in vertebrates. Depending on the specific

tissue, each pathway may be used preferentially in b,b‐carotene metabolism
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or the interaction of both enzymes may modify carotenoids to yield certain

apo‐carotenoid products. The debate about monooxygenase versus dioxy-

genase was solved byWoggon and coworkers (Leuenberger et al., 2001), who

clearly could show by labeling experiments with 17O and 18O that the enzyme

catalyzes the oxidative cleavage in a monooxygenase reaction type. There-

fore, the gene symbol was changed from Bcdo1 to Bcmo1 for b‐carotene
15,150‐monooxygenase 1 and the EC number was changed to 1.14.99.36.

E. REGULATORY MECHANISMS

Vitamin A deficiency increases b‐carotene cleavage activity whereas vita-

min A supplementation downregulates the monooxygenase activity. Lutein,

lycopene, 15,150‐dehydro‐b‐carotene, and astaxanthine inhibit the cleavage

activity of Bcmo1, in which lycopene and 15,150‐dehydro‐b‐carotene acted

in a competitive manner, while lutein and astaxanthine activity also included

a noncompetitive component. Also the nutritional status—especially the

vitamin A level—influences the conversion of b‐carotene to retinal. Rats with

low vitamin A plasma level showed higher Bcmo1 activity, while those with a

b-Carotene

15

15�

12� 10� 8�

CHO

OH

CHO

Retinal

Retinol

Retinyl esters
(storage form)

Retinoic acid

Apo-carotenal

O

b,b-Carotene 9�,10�-dioxygenase
(excentric cleavage)

b,b-Carotene 15,15�-monooxygenase
(central cleavage)

FIGURE 1. Cleavage pathways for b‐carotene leading to either two molecules of retinal

(central cleavage) or to one molecule of b‐apo‐carotenal and one molecule of b‐ionone.
Both products represent intermediates, as retinal is reduced to retinol to be subsequently bound

to proteins or stored as retinyl esters in the liver. b‐Apo‐carotenals can be shortened to RA in a

process similar to b‐oxidation.
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protein restriction had a lower Bcmo1 activity, both compared to control levels

(Parvin and Sivakumar, 2000). In 2003, the first detailed promoter analysis

was published for the mouse Bcmo1 gene. Redmond and coworkers identified

an AP2, a bHLH, and a peroxysome proliferators‐activated receptor (PPAR)

response element besides the core promoter elements (TATA and CACA

boxes; Boulanger et al., 2003). Potentially interesting among those promoter

sites is the PPRE, as it was shown that PPARg and retinoic X receptor

(RXR)a bind as heterodimer to this response element and luciferase expres-

sion is driven in cell lines that normally express Bcmo1 (TC7, PF11, and

monkeyRPE). The functionality and specificity of this PPREwas also proven

by electromobility shift assay (EMSA) and by using the PPARg‐specific
agonist ciglitazone as well as the RXRa‐specific agonist 9‐cis RA.

So far known, there is only one other gene in vitamin A metabolism to

contain PPRE, the cellular retinol‐binding protein II (CRBP‐II). As Bcmo1,

mRNA levels of this gene are also upregulated by PPAR ligands as well as

by 9‐cis RA (ScharV et al., 2001). CRBP‐II is expressed in huge amounts in

the small intestine, the major site of vitamin A synthesis, and may act

downstream of Bcmo1 by binding the cleavage product retinal. Thus, com-

mon mechanisms in the regulation of the genes involved in the vitamin A

biosynthetic pathway may contribute to vitamin A homeostasis, and the

involvement of PPARs may interlink vitamin A formation to the regulation

of overall lipid metabolism.

F. CAROTENOID CLEAVAGE ENZYMES DURING

DEVELOPMENT AND IN VARIOUS TISSUES OF

THE ADULT

Retinoids play an essential role in vertebrate development and the present

model assumes that the retinoids needed by the embryo are mainly derived

from preformed maternal vitamin A. Since molecular data were missing, it

could not be elucidated whether the embryo itself can take also advantage

of provitamins. von Lintig and his group (Lampert et al., 2003) used the

zebrafish (Danio rerio) as a vertebrate model system to study the expression

patterns of Bcmo1 during development. The zebrafish Bcmo1 homologue

was expressed with the beginning of segmentation stages and was detected

in several embryonic structures including the eye and the neural crest.

A targeted gene knockdown of Bcmo1 by morpholinos led to specific mal-

formations in the architecture of the branchial arch skeleton and the eye,

underlining the importance of this enzyme. Even though only small amounts

of b,b‐carotene (besides huge amounts of retinoids) can be found in zebra-

fish yolk, these studies reveal that at least certain tissues may rely on a

local vitamin A synthesis from the provitamin for retinoid signaling during

development.
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In mouse, the situation remains more unclear, as transient high levels of

Bcmo1 mRNA expression were described at embryonic day 7 (E7) which

decreased to minimal levels at days E11–E15 by Northern blot analysis.

In situ hybridization studies in contrast detected Bcmo1 mRNA only in

maternal tissues surrounding the embryo, not in the embryo itself at E7.5

and 8.5. Thus, the situation in the mouse needs to be further elucidated,

especially concerning the temporal and local distribution of Bcmo1 during

mouse development.

In adult mammals, most of the vitamin A is synthesized in the intestinal

epithelia from where it is transported for storage to the liver. However, on

cloning Bcmo1, its tissue‐specific mRNA distribution pattern could be

shown in several tissues in several species, including human (Lindqvist and

Andersson, 2004). These include the small intestine, the liver, kidney, testes,

uterus, skin, skeletal muscle, and in a huge amount in the RPE of monkey

and human (Yan et al., 2001), in the latter its function by converting

b‐carotene to vitamin A was described in vitro by Chichili et al. (2005; see

Section IV).

Taken together, these results indicate that besides an external vitamin

A supply via the circulation, provitamin A may tissue specifically impact

retinoid metabolism and functions in various cell types and tissues.

A major question for the future will be to explain a possible physiological

role of eccentric cleavage products like b‐ionone or b‐apo‐carotenals in

vertebrates. The elucidation of functions or physiological interactions of

both central and eccentric cleavage enzymes is of a major interest and thus,

suitable animal models are needed.

III. b‐CAROTENE AS PROVITAMIN A IN

RETINAL PIGMENT EPITHELIAL CELLS

Several epidemiological studies have shown that the consumption of large

quantities of carotenoid‐rich fruits decreases the risk of ocular disease con-

ditions such as age‐related macular degeneration (AMD; Mayne, 1996;

Snodderly, 1995), which is the leading cause of blindness in the elderly

people of the developed world. In an interventional study, the supplementa-

tion with b‐carotene along with other antioxidants resulted in a significant

decrease of the development of advanced AMD (Snodderly, 1995). Also in

rats and monkey, protective eVects of b‐carotene on light‐induced retinal

damage have been described. One major cause for the development of AMD

is oxidative processes mainly in the macular region of the retina, which is

almost permanently exposed to focused radiant energy in a highly oxyge-

nated environment, such giving a high potential for oxygen free radicals and

singlet oxygen to be generated (Chichili et al., 2006). As b‐carotene is a
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potent quencher of singlet oxygen, this function may be responsible for the

protective eVects on light‐induced damage, as it is already known for other

tissues. Indeed, studies in our laboratory (Chichili et al., 2006) could show

that b‐carotene either given as pure substance or as an extract from

b‐carotene‐rich tomatoes to retinal pigment epithelial cells (lines ARPE19

or D407) in vitro was not only taken up by the cells as revealed by HPLC but

also was able to reduce signs of oxidative and nitrosative stress. After

treating the b‐carotene‐free cells with 1‐mM H2O2, cells could be positively

labeled with an antibody against nitrotyrosine indicating nitrosative stress,

the intensity of the fluorescence signal correlating with the degree of the

stress. This intensity was strongly decreased in cells that had been pretreated

with b‐carotene.
We found comparable results looking for protein carbonylation and lipid

peroxidation, in both cases b‐carotene was able to reduce the eVects induced
by oxidative stress.

Besides its function as protective agent against oxidative stress, b‐carotene
also plays a role as provitamin A; however, it remained unknown, whether it

may also play a role as provitamin A in retinal pigment epithelial cells, that

is, are these cells able to take up b‐carotene and convert it into vitamin A.

The key step in vitamin A formation is the oxidative cleavage of provita-

min A carotenoids by Bcmo1. As described above, the gene for Bcmo1 was

cloned from several species and it was shown that it is widely distributed

throughout a plethora of vertebrate tissues, including the intestine, liver,

kidney, prostate, testis, ovary, and skeletal muscle (Lindqvist andAndersson,

2002). It can also be found in monkey retina and human retinal pigment

epithelial cells (Bhatti et al., 2003).

In a study of our group, we investigated whether Bcmo1 has any role in

the conversion of provitamin A in the RPE which plays an essential role

in the retinoic metabolism of the eye (Chichili et al., 2006).

Cultured retinal pigment epithelial cells (D407) expressed Bcmo1 mRNA

as well as Bcmo1 on the protein level, detected by real‐time PCR and

Western blot, respectively. When a water‐soluble beadlet formulation of

b‐carotene (gift from BASF, Ludwigshafen) was applied to the cells, it was

taken up by them and could be converted to retinol. In addition, a dose‐ and
time‐dependent upregulation of Bcmo1 mRNA occurred, which in turn

resulted in enzymatically active Bcmo1 protein. If one of the possible meta-

bolic end‐products, RA, was applied to the cells, this led to an upregulation

of Bcmo1 mRNA at lower concentrations and a downregulation at higher

concentrations, indicating a demand‐oriented regulation of Bcmo1 via reti-

noic acid receptors (RAR and RXR), as an incubation with an RAR‐specific
antagonist led to a time‐dependent upregulation of Bcmo1 mRNA and

protein. Both receptor types are present in D407 cells and could be upregu-

lated via the application of RA as well as b‐carotene. To complete the study,
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also the expression of CYP26A1 was studied, an enzyme that cleaves RA

into polar metabolites which can be discarded by the cells. CYP26A1 was

upregulated up to tenfold by b‐carotene, indicating that from b‐carotene RA

is synthesized which subsequently induces CYP26A1.

In summary, the retinal pigment epithelial cells expresses Bcmo1 which

can be induced by b‐carotene. In addition, b‐carotene can be converted into

vitamin A in a regulated manner, thus providing functional evidence for an

eye‐specific provitamin A metabolism in humans. This fits well to the find-

ings in the siblings with a mutation in the RBP gene described above, who

are not able to recruit vitamin A from the liver but exhibit only mild clinical

symptoms such as reduced ability to see during dawn and modest retinal

dystrophy. Here, the alternative way to produce vitamin A from b‐carotene
in the eye might be the way to circumvent vitamin A deficiency, at least in

the eyes.

IV. ALTERNATIVE ROUTES OF

VITAMIN A SUPPLY

In 1999, we described a novel case of two sisters aged 14 and 17 years with

very low plasma retinol (0.19 mmol/L) and RBP concentrations below the

limit of detection (<0.6 mmol/L) (Biesalski et al., 1999). The levels of plasma

REs, all‐trans RA, and 13‐cis RA were within normal ranges. The aVected
sisters came to attention because of ocular manifestations of vitamin A

deficiency (night blindness). Eye examination (Seeliger et al., 1999) showed

no signs of xerophthalmia but dark adaption was raised and visual acuity

was reduced with atrophy of the RPE. No other abnormalities were detec-

ted. Growth and physiological functions were all normal and other clinical

signs of severe vitamin A deficiency were lacking. A noninvasive liver store

test revealed no depletion of vitamin A storage. A fat absorption test demon-

strated normal fat and vitamin A absorption. Plasma levels of other fat‐
soluble vitamins (b‐carotene, a‐tocopherol) were normal so that a nutritional

vitamin A deficiency could be excluded. We detected two point mutations in

the RBP gene, one on each of the two alleles that result in single amino acid

substitutions. The girl’s virtual lack of RBP was caused by the genetic defect

of the RBP gene. RBP is mainly synthesized in the liver on instruction of

a single gene. Surprisingly, a mild vitamin A deficiency was solely seen in

the eye. This implies that retinol–RBP may be of particular importance in

maintaining the health and function of the eye by delivering vitamin A to the

retina. But how did the girls tissues obtain their retinol since none of the

other tissues or their function were in any way impaired? The case of these

two sisters demonstrates that other forms of vitamin A can be utilized eVec-
tively by most other tissues to provide functional compensation for the loss of
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retinol–RBP. All retinoids present in the body originate from the diet either

as preformed vitamin A from animal sources (primarily as retinol and

RE) or as provitamin A carotenoid from plant sources (usually as b‐carotene,
a‐carotene or b‐cryptoxanthin). Within the small intestine, a portion of

provitamin A carotenoids is cleaved into retinal by the Bcmo1, following

enzymatic conversion to RE. REs together with unconverted carotenoids

are packed into nascent chylomicrons and taken to the blood via lymphatic

fluid. The majority of chylomicron retinoid and carotenoid is cleared from

the circulation by the liver. However, a significant percentage, 25–30%, of

chylomicron retinoid is cleared from the circulation by extrahepatic tissues

(Goodman et al., 1965). Extrahepatic tissue must be able to take up, metabo-

lize, and store vitamin A carried in chylomicrons. Intracellular vitamin A

stores can be mobilized as needed and are independent from the retinol–RBP

supply. In addition, 5–10% of the vitamin A in chylomicrons isolated

from intestinal lymph is present as unesterified retinol, which can be trans-

ferred to other plasma lipoproteins or cell membranes and thus becomewidely

distributed (Harrison et al., 1995). A small proportion of vitamin A absorbed

into enterocytes as retinol or b‐carotene leaves the intestine as RA via the

portal circulation. RA bound to albumin is present in the fasting and

postprandial circulations in low concentrations and turns over rapidly.

Numerous organs besides the intestine can convert retinol to RA and

plasma RA can equilibrate with intracellular RA. As seen by the two sisters,

an RBP‐independent pathway of vitamin A distribution to organs exists

(Fig. 2).

Recapitulating, after consumption of a vitamin A‐rich meal, the circula-

tion contains relatively large levels of RE in chylomicrons and their remnants

(Fig. 2). Although the liver takes up the majority of the dietary vitamin A,

many tissues take up some dietary vitamin A from chylomicrons. RA bound

to albumin is present in the fasting and postprandial circulations. Provita-

min A carotenoids are found in the circulation both postprandially in

chylomicrons and under fasting conditions in lipoproteins. In many tissues,

provitamin A can be converted into retinal and subsequently oxidized to

retinol (Section II.A). In accordance to the two siblings introduced by

Biesalski et al. (1999), only mild symptoms (impaired vision at the time of

weaning) associated with quite low vitamin A plasma levels were detected in

mice lacking RBP (Quadro et al., 1999). Adult RBP null mice are viable,

breed, and have normal vision when maintained on a vitamin A‐suYcient

diet. This implies the presence of an RBP‐independent pathway of vitamin A

distribution for most tissues and a preference of retinol bound to RBP

(retinol–RBP) for the eye (Vogel et al., 2002). The role of provitamin A

carotenoids in vitamin A supply is open but may be examined by means of

RBP(�/�)/Bcmo1(�/�) double knockout mice. Such detailed studies would

improve our understanding of vitamin A metabolism in extrahepatic tissues.
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Hepatic stellate cells (HSCs; also called as vitamin A‐storing cells,

lipocytes, interstitial cells, fat‐storing cells, Ito cells) exist in the space

between parenchymal cells and sinusoidal endothelial cells of the

hepatic lobule, and store 80% of vitamin A in the whole body as retinyl
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palmitate in lipid droplets in the cytoplasm. In physiological conditions,

these cells play pivotal roles in the regulation of vitamin A homeostasis;

they express specific receptors for retinol‐binding protein (RBP), a bind-

ing protein specific for retinol, on their cell surface, and take up the

complex of retinol and RBP by receptor‐mediated endocytosis. HSCs in

Arctic animals such as polar bears and Arctic foxes store 20–100 times

the levels of vitamin A found in human or rat. HSCs play an important

role in the liver regeneration. A gradient of vitamin A‐storage capacity

exists among the SCs in a hepatic lobule. The gradient was expressed

as a symmetrical biphasic distribution starting at the periportal zone,

peaking at the middle zone, and sloping down toward the central zone

in the hepatic lobule. In pathological conditions such as liver fibrosis,

HSCs lose vitamin A and synthesize a large amount of extracellular matrix

(ECM) components including collagen, proteoglycan, and adhesive glyco-

proteins. Morphology of these cells also changes from the star‐shaped SCs

to that of fibroblasts ormyofibroblasts. The three‐dimensional structure of

ECM components was found to regulate reversibly the morphology,

proliferation, and functions of the HSCs. Molecular mechanisms in the

reversible regulation of the SCs by ECM imply cell surface integrin‐
binding to ECM components followed by signal transduction processes

and then cytoskeleton assembly. SCs also exist in extrahepatic organs such

as pancreas, lung, kidney, and intestine. Hepatic and extrahepatic SCs

form the SC system. # 2007 Elsevier Inc.

I. INTRODUCTION

Thehepatic lobule consists of parenchymal cells (PCs) andnon‐parenchymal

cells associated with the sinusoids: endothelial cells (ECs), KupVer cells, pit
cells, dendritic cells, and SCs (Bloom and Fawcett, 1994; Wake, 1971, 1980)

(Fig. 1). Sinusoidal endothelial cells (SECs) express lymphocyte costimula-

tory molecules (Kojima et al., 2001) and form the greater part of the extre-

mely thin lining of the sinusoids, which are larger than ordinary capillaries

and more irregular in shape. KupVer cells are tissue macrophages and

components of the diVuse mononuclear phagocyte system. They are usually

situated on the endothelium with cellular processes extending between the

underlying ECs. The greater part of their irregular cell surface is exposed to

the blood in the lumen of the sinusoid. Pit cells are natural killer cells.

Dendritic cells, located in the portal triad in human (Prickett et al., 1988),

and in periportal and central areas in rat (Steiniger et al., 1984) that capture

and process antigens, migrate to lymphoid organs and secrete cytokines to

initiate immune responses (Banchereau and Steinman, 1998). The hepatic

stellate cells (HSCs) (BlomhoV and Wake, 1991; Bloom and Fawcett, 1994;
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Sato et al., 2003; Senoo, 2004; Senoo et al., 1997;Wake, 1971, 1980) that lie in

the space between SECs and PCs are considered to be derived from mesen-

chymal origin. Both ECs and SCs are derived from mesenchymal tissue,

namely, septum transversum. KupVer cells are from monocyte–macrophage

system. SCs that store vitaminA in their cytoplasmhave been found in extrahe-

patic organs (kidney, intestine, lung, pancreas, and so on) and characterized

(Matano et al., 1999; Nagy et al., 1997; Wake, 1980). The purpose of this

chapter is to survey recent progress in studies of structure and function of the

HSCs (vitamin A‐storing cells).

II. MORPHOLOGY OF HSCs

HSCs [Fig. 1; fine structure of the HSCs is thoroughly described in the

review of Wake (1980)] distribute regularly within hepatic lobules. The cell

consists of a spindle‐shaped or angular cell body and long and branching
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ECM
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FIGURE 1. Structure of hepatic lobule. Hepatic cords of the lobule consist of PCs. ECs form

the thin lining of the sinusoids (S). KupVer cells (KC) are tissue macrophages and belong to

the monocyte–macrophage cell lineage. Stellate cells (HSC) lie in the space between PCs and ECs,

and store 80% of vitamin A of the whole body as retinyl palmitate in the lipid droplets in the

cytoplasm.
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cytoplasmic processes which encompass the endothelial tubes of sinusoids

(Wake, 1995, 1998). Some processes penetrate the hepatic cell plates (plate-

like structures formed by hepatic PCs) to reach the neighboring sinusoids to

taper oV to several subendothelial processes. Accordingly, a single SC wraps

two or three, sometimes four, sinusoids with long processes. The total length

of sinusoids surrounded by a single SC is 60–140 mm in the rat liver.

The subendothelial processes of the SCs are flat and have three cell

surfaces; inner, outer, and lateral. The inner one is smooth and adheres to

the adluminal (basal) surface of ECs. Between the two cells, namely between

ECs and SCs, the basement membrane components such as type IV collagen

and laminin are intercalated. The outer surface, facing to the perisinusoidal

space (space of Disse), is decorated with short microvillous protrusions. The

lateral edges of the subendothelial processes are characteristically studded

with numerous spikelike microprojections whose tips make contacts with the

microvillous facets of the hepatic PCs. The SCs adhere to ECs through

basement membrane components, and, on the other hand, make spotty

contacts with PCs.

The HSCs have been demonstrated at molecular and morphological levels

to adhere each other by adherens junctions (Hiagashi et al., 2004) and gap

junctions (Greenwel et al., 1993).

III. REGULATION OF VITAMIN A HOMEOSTASIS

BY HSCs

Vitamin A (Fig. 2) is known to regulate diverse cellular activities such

as cell proliferation, diVerentiation, morphogenesis, and tumorigenesis

(BlomhoV, 1994; Chawla et al., 2001). In physiological conditions, HSCs

store 80% of the total vitamin A in the whole body as retinyl palmitate in

lipid droplets in the cytoplasm, and regulate both transport and storage of

vitamin A.

The concentration of vitamin A in the bloodstream is regulated within the

physiological range by these HSCs. By receptor‐mediated endocytosis, the

cells take up retinol from the blood, where it circulates as a complex of

retinol and a specific binding protein called retinol‐binding protein (RBP)

(BlomhoV, 1994) (Fig. 3). Once inside the cell, free retinol has several

fates, one of which is reformation of the complex with RBP and returns to

the bloodstream (BlomhoV, 1992a,b,c; Senoo, 2000). Thus, the HSCs are

important for the regulation of homeostasis of vitamin A.

When [3H]retinol was injected via portal vein, the largest amount of the

labeled retinol was taken up by the liver within 90 min after injection,

although the labeled material was detected in all organs examined (Senoo

et al., 1984). The radioactivity of the retinol in the liver did not change until
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6 days after the injection. These results were consistent with the reports that

main storage site of vitamin A in mammals is the liver (Wake, 1971, 1980).

To examine the distribution of vitamin A in the liver, radioactivity per cell

was determined after cell fractionation (Senoo and Hata, 1993a; Senoo et al.,

1984, 1991). Specific activity of [3H]retinol (per cell) was the highest in the

HSC fraction, both 90 min and 6 days after injection. These results strongly
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FIGURE 2. Structural formulas of some naturally occurring vitamin A and b‐carotene.
Vitamin A circulates in the plasma as retinol (A) that binds to a specific carrier protein, RBP.

Retinoid is stored as retinyl palmitate (B) in the HSCs. 11‐Cis retinal (C) exists in the retina with

rhodopsin. All‐trans retinoic acid (D) binds to nuclear retinoic acid receptors (RARa, RARb,
RARg), and 9‐cis retinoic acid (E) binds to nuclear retinoid X receptors (RXRa, RXRb,
RXRg). These nuclear receptors regulate transcription of various genes. 13‐Cis retinoic acid (F)

can bind to RARs. b‐Carotene (G) forms two retinals and finally two retinols.
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FIGURE 3. Major pathway for vitamin A transport in the body. Dietary retinyl esters

(RE) are hydrolyzed to retinol (ROH) in the intestinal lumen before absorption by enterocytes,

and carotenoids are absorbed and then partially converted to retinol in the enterocytes. In the

enterocytes, retinol reacts with fatty acid to form esters before incorporation into chylomicrons

(CM). Chylomicrons then reach the general circulation by way of the intestinal lymph, and

chylomicron remnants (CMR) are formed in blood capillaries. Chylomicron remnants, which

contain almost all the absorbed retinol, are mainly cleared by the liver PCs and to some extent

also by cells in other organs. In liver PCs, retinyl esters are rapidly hydrolyzed to retinol, which

then binds to RBP. A complex of retinol–RBP is secreted and transported to HSCs. SCs store

vitamin A mainly as retinyl palmitate and secrete retinol–RBP directly into the blood. Most

retinol–RBP in the bloodstream is reversibly complexed with transthyretin (TTR). The

uncomplexed retinol–RBP is presumably taken up in a variety of cells by cell surface receptors

specific for RBP.
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support earlier morphological observations (Wake, 1971, 1980) that the SC is

the storage site of vitamin A in the liver, and are not inconsistent with reports

on the retinol transfer from PCs to SCs (Andersen et al., 1992; BlomhoV et al.,

1990; Gyøen et al., 1987; Malaba et al., 1996; Senoo et al., 1990, 1993).

Immunoelectronmicroscopic studies suggest that RBP mediates the para-

crine transfer of retinol from hepatic PCs to the SCs and that SCs bind and

internalize RBP by receptor‐mediated endocytosis (Malaba et al., 1996;

Senoo et al., 1993). RBP receptor was cloned and characterized (Båvik

et al., 1991, 1992, 1993; Smeland et al., 1995). The SCs may have pivotal

roles in type 2 diabetes, because RBP was reported to contribute to insulin

resistance in obesity and type 2 diabetes (Yang et al., 2005).

IV. HSCs IN ARCTIC ANIMALS

More than 50 years ago, Rodahl reported that animals (polar bears and

seals) in the Arctic area were able to store a large amount of vitamin A in

the liver (Rodahl, 1949a,b; Rodahl and Moore, 1943). To investigate the

cellular and molecular mechanisms in transport and storage of vitamin A in

these Arctic animals, we performed a study in the Svalbard archipelago

(situated at 80�N, 15�E) (Higashi and Senoo, 2003; Senoo et al., 1999).

After getting permission to hunt the animals from the district governor of

Svalbard, 11 Arctic foxes (Alopex lagopus), 14 bearded seals (Erignathus

barbatus), 22 glaucous gulls (Larus hyperboreus), 5 fulmars (Fulmarus glacia-

lis), 4 Brünnich’s guillemots (Uria lomvia), 6 ringed seals (Phoca hispida),

5 hooded seals (Cystophora cristata), 6 puYns (Fratercula arctica), 5 Svalbard

ptarmigans (Lagopus mutus hyperboreus), and 7 Svalbard reindeers (Rangifer

tarandus platyrhynchus) were caught in the period from August 1996 to

September 2001. Three polar bears (Ursusmaritimus) were shot in self‐defense
at Svalbard February and August 1998 in Ny Ålesund and Hornsund. We

also obtained 13 brown bears (Ursus arctos) from Jämtland, Gävleborg, and

Dalarna, 4 red foxes (Vulpes vulpes) from Västergötaland, and 8 gray gulls

(Larus argentatus) from Skåne, Sweden.

Fresh organs, namely, the liver, kidney, spleen, lung, and jejunum, were

examined by morphological methods and high‐performance liquid chroma-

tography (HPLC). Serum from each animal was analyzed with HPLC.

The Arctic animals stored vitamin A in HSCs (Figs. 4–6). Only a small

amount of vitamin A existed within other organs such as kidney, spleen, lung,

and jejunum. Top predators among Arctic animals stored 6‐ to 23‐mmol

retinyl ester per gram liver which is 20–100 times the levels normally found

in other animals including humans, rats, and mice. These results indicate

that the HSCs in these animals have high ability for uptake and enough

capacity for storage of vitamin A.
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FIGURE 4. Transmission electron micrographs of the liver of polar bears, Arctic foxes,

and rats. Electron micrographs of the liver of polar bears (A–C), Arctic foxes (D–F), and rats

(G–I) were taken in portal area (A, D, and G), intermediate area (B, E, and H), and central area

(C, F, and I) of the hepatic lobule.
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The existence of a gradient of vitamin A‐storing capacity in the liver was

reported and it was found to be independent on the vitamin A amount in the

organ (Figs. 7 and 8; Higashi and Senoo, 2003). This gradient was expressed

as a symmetrical biphasic distribution starting at the periportal zone, peaking

at the middle zone, and sloping down toward the central zone in the liver

lobule.

A

E F

C D

B

FIGURE 5. Gold chloride staining specifically demonstrating black‐stained HSCs of polar

bears (A and B), Arctic foxes (C and D), and rats (E and F). Scale bars indicate 100 mm.
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Xenobiotics (such as PCBs and dioxins) may reduce the threshold of

vitamin A toxicity (Nilsson et al., 1999) and both vitamin A and fat‐soluble
xenobiotics have a tendency to accumulate in the food chain (Barrie et al.,

1992; Dewailly et al., 1989; Holden, 1998; Jarman et al., 1992; Muir et al.,

1998; Skaare et al., 2001; Wiig et al., 1998). Kidney total vitamin A, which

may be used as a biomarker for retinoid‐related toxicity or excess, in polar

A

B

C D

FIGURE 6. Fluorescence micrographs demonstrating vitamin A autofluorescence in HSCs

of polar bears (A), Arctic foxes (B), and rats (C and D). Scale bars indicate 100 mm.
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bear and bearded seal was below 1% of their liver value, which is in the

normal range for most anima ls ( Senoo et al. , 2004 ). Arctic fox and glaucous

gull, however, had kidney levels of about 9% and 42% of the liver values,

respectively. This increased kidney concentrations and decreased capacity

for storage in HSCs of total vitamin A in Arctic fox and glaucous gull are

most likely signs of vitamin A toxicity that deserve attention. Nuclear

deviation has been reported in PCs on sinusoidal surface in Arctic animals

(Sato et al. , 2001a ). Thes e data are alarm ing and ha ve not been observed

previously in free‐living animals.

V. ROLES OF HSCs DURING

LIVER REGENERATION

It is well known that liver cells including PCs and SCs show a remar-

kable growth capacity after partial hepatectomy (PHx). Following 70%

PHx in rodents, liver mass is almost completely restored after 14 days. PC

proliferation starts after �24 h, in the areas surrounding portal tracts and

proceeds to the pericentral areas by 36–38 h. As a result of the early PC proli-

feration, avascular clusters of PCs are observed from 3 days after PHx. Non‐
parenchymal cells enter DNA synthesis�24 h after PCs, with peak activity at

48 h or later. Not only proliferation of PCs but also activation of sinusoidal

liver cells including HSCs are involved in the regeneration process through

cell–cell interacti on and cytokin e netw orks ( Mabuc hi et al. , 2004 ). PCs and

FIGURE 7. Zonal division of the liver lobule. To make a zonal morphometric analysis, the

liver lobule was divided histologically into five zonal areas (zones I–V) of equal widths from the

portal vein (pv) to the central vein (cv).
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SCs interaction and the SC activation at diVerent time points after 70% PHx

were investigated in the rat (Mabuchi et al., 2004). At 3 and 7 days after 70%

PHx, the hepatic microcirculation was studied using intravital fluorescence

microscopy. In separate groups, SCs and PCs were isolated and liver tissue

was processed for histology and immunohistochemistry using anti‐desmin

(a marker of quiescent SCs) antibody and anti‐alpha‐smooth muscle actin

(a‐SMA; a marker of ‘‘activated’’ SCs) antibody. In the isolated PCs and

SCs, double immunostaining was used to establish the presence of activated

SCs [desmin and bromodeoxyuridine (BrdU); desmin and a‐SMA].

PC clusters were often seen in vivo at 3 days after 70% PHx. The distance

between SCs fell from 61.7 � 2.1 mm in controls to 36.1 � 1.4 mm (p < 0.001)

while the SCs:PCs ratio rose [0.71� 0.01 to 1.08� 0.03 (p< 0.001)]. In>80%

of in vivo microscopic fields at 3 days after 70% PHx, clusters of HSCs were

observed especially near PC clusters. At 1 and 3 days after PHx,>20% of cells
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FIGURE 8. Intralobular zonal gradient of vitamin A storage in HSCs. The zonal gradient

of vitamin A storage is expressed as a symmetric biphasic profile with a peak at zone III and a

downward slope toward zone V. Characteristically, the area of lipoid droplets in zone V is

slightly smaller than that in zone I. Graphs were plotted with the mean value, depicting three

animal species: polar bear (*), Arctic fox (~), and rat (r).
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in the PC‐enriched fraction were SCs which adhered to PCs. At 3 days after

PHx, in addition to desmin staining, isolated SCs were also positive for

BrdU and a‐SMA, and formed clusters suggesting that these HSCs were

activated. At 3 days after PHx, SCs in the SC fraction were only positive for

desmin, which indicated that adherence to PCs is required for HSC activa-

tion. Thus, these data suggest that HSCs are activated by adhering to PCs

during the early phase of hepatic regeneration.

As mentioned earlier, under physiological conditions, HSCs within liver

lobules store about 80% of the total body vitamin A in lipid droplets in their

cytoplasm, and these cells show zonal heterogeneity in terms of vitamin

A‐storing capacity (Figs. 7 and 8). The status of vitamin A storage in SCs

in the liver regeneration was examined (Higashi et al., 2005b). Morphometry

at the electron microscopic level, fluorescence microscopy for vitamin

A autofluorescence, and immunofluorescence microscopy for desmin and

a‐SMA were performed on sections of liver from rats at various times after

the animal had been subjected to 70% PHx.

Under the electron microscope, the mean area of vitamin A‐storing lipid

droplets per HSC gradually decreased toward 3 days after PHx, and then

returned to normal within 14 days after it. However, the heterogeneity of

vitamin A‐storing lipid droplet area per HSC within the hepatic lobule

disappeared after PHx and did not return to normal by 14 days thereafter,

even though the liver volume had returned to normal.

These results suggest that HSCs alter their vitamin A‐storing capacity

during liver regeneration and that the recovery of vitamin A homeostasis

requires a much longer time than that for liver volume.

VI. PRODUCTION AND DEGRADATION OF ECM

COMPONENTS BY HSCs

In pathological conditions such as liver cirrhosis, the HSCs lose vitamin

A, proliferate vigorously, and synthesize and secrete a large amount of

extracellular matrix (ECM) components such as collagen, proteoglycan,

and glycoprotein. The structure of the cells also changes from star‐shaped
SCs to that of fibroblast‐like cells or myofibroblasts (Majno, 1979) with well‐
developed rough‐surfaced endoplasmic reticulum and Golgi apparatus

(Fig. 9) (BlomhoV and Wake, 1991; Sato et al., 2003; Senoo and Wake,

1985; Senoo et al., 1997).

In order to elucidate cell type or types responsible for collagen metabo-

lism among non‐parenchymal cells in the liver, collagen production by SCs,

KupVer cells, and SECs was analyzed (Senoo et al., 1984). SCs were found to

produce collagen on day 8 in primary culture, although collagen production

was not induced at an earlier stage of culture (day 2). Capability of collagen

production by cells was retained in the secondary culture, suggesting that the
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SC is a candidate cell responsible for collagen production. KupVer cells and
SECs produced little collagen either on day 2 or day 8 in primary culture

under the conditions employed.

Types of collagen produced by SCs in secondary culture were analyzed by

fluorography after SDS‐polyacrylamide slab gel electrophoresis under nonre-

ducing and reducing conditions (Fig. 10) (Senoo et al., 1984). Type I collagen is

the major component synthesized (Fig. 10, lane A). Minor components in-

clude type III collagen which remained at the g‐region under nonreducing

condition (Fig. 10, lane A), but migrated to the a1‐region after reduction

(Fig. 10, lane B), and type IV collagen which remained slightly below the

origin under nonreducing condition (Fig. 10, lane A), but migrated to

a‐region slightly lower than the b‐region after reduction (Fig. 10, lane B). All

these bands were susceptible to purified bacterial collagenase (Fig. 10, lanes

C and D). Quantitation of these collagen bands by densitometry indicated

that the percentage of type I, type III, and type IV collagens was 88.2%,

10.4%, and 1.4%, which is consistent with an observation on collagen types

in human alcoholic liver cirrhosis. The dysregulation of collagen gene expres-

sion in HSCs is a central pathogenetic step during the development of hepatic

fibrosis (Davis et al., 1996). The causes of the dysregulation have been studied

by proteome analysis and several candidates such as cytoglobin/STAP or

galectin‐1 and galectin‐3 were reported (Kawada et al., 2001; Maeda et al.,

2003).

Long‐Evans cinnamon (LEC)‐like colored rats spontaneously develop

hepatocellular carcinoma with cholangiofibrosis after chronic hepatitis. To

investigate the role of HSCs in induction and suppression of hepatic fibrosis,

the liver of LEC rats was morphologically examined (Imai et al., 2000a).

A

B

SC MYO

FIGURE 9. Phenotypic changes of the HSCs. In physiological conditions, the HSCs store

80% of vitamin A in the whole body as retinyl palmitate in the lipid droplets (L) in the cytoplasm.

Whereas, in pathological conditions, such as liver cirrhosis, these cells lose vitamin A, and

synthesize a large amount of ECM. Morphology of the cells also changes from the star‐shaped
SCs to that of the fibroblasts or myofibroblasts (MYO) (passage of A). Inductive conditions to

passage B imply the reversibility of hepatic fibrosis.
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The liver of LEC rats 1.5 years of age showed cholangiofibrosis and subcel-

lular injury of hepatic PCs. However, no diVuse hepatic fibrosis was ob-

served in the liver, and HSCs around the regions of cholangiofibrosis were

negative for a‐SMA, an indicator of ‘‘activated’’ HSCs as mentioned earlier.

Under the electron microscope, the area of lipid droplets of an SC in the liver

of LEC rats was 1.6–1.8 times as large as that of normal Wistar rats. The

HSCs did not participate in the accumulation of collagen fibers around

themselves when the cells contained a large amount of vitamin A‐lipid
droplets, even though the development of hepatic lesions was in progress.

Antagonistic relationship between the storage of vitamin A and production

of collagen in the SCs (Senoo and Wake, 1985) was strongly supported.

Matrix metalloproteinases (MMPs) and tissue inhibitor of metalloprotei-

nases (TIMP) were reported to be synthesized by hepatic PCs and SCs

(Arthur, 2002; Benyon and Arthur, 2001; Friedman, 2000; Friedman and

Arthur, 2002; Iredale et al., 1998; Lindsay and Thorgeirsson, 1995; Montfort

et al., 1990; Pinzani and Marra, 2001; Poynard et al., 2002). Reports indicate

that a diVerential expression of MMP activity, hence the remodeling of
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FIGURE 10. Fluorescence autoradiograms of [3H]proline‐labeled proteins. SCs at con-

fluency in the secondary passage were cultured in a medium containing [3H]proline for 18 h.

Collagenous proteins were partially purified from the cell layer and medium with pepsin

digestion after precipitation with ammonium sulfate. SDS‐polyacrylamide slab gel electropho-

resis was performed before (A and B) or after (C and D) the treatment with purified bacterial

collagenase, and processed for fluorescence autoradiography. (B and D) Electrophoresed after

reduction with dithiothreitol. Arrows indicate the migration positions of carrier rat collagen

chains.
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ECM components, is dependent on the substratum used for the culture of

HSCs (Li et al., 1999; Wang et al., 2003). Three‐dimensional (3D) structure

of ECM can regulate reversibly morphology, proliferation, and functions of

HSCs (Senoo and Hata, 1994a,b; Senoo et al., 1996, 1998). SCs can take up

collagen fibrils by endocytosis (Mousavi et al., 2005) and phagocytosis

(Higashi et al., 2005a). Thus, the HSCs play pivotal roles in blood flow in

sinusoid, homeostasis of vitamin A in the whole body, remodeling, fibrosis,

and cirrhosis of the liver.

VII. REVERSIBLE REGULATION OF

MORPHOLOGY, PROLIFERATION, AND

FUNCTION OF THE HSCs BY 3D

STRUCTURE OF ECM

Tissues are not composed solely of cells. A substantial part of their

volume is intercellular space that is largely filled by an intricate network of

macromolecules constituting ECM. This matrix comprises a variety of poly-

saccharides and proteins that are secreted locally and assembled into an

organized meshwork (Alberts et al., 2002). ECM was considered to serve

mainly as a relatively inactive scaVolding to stabilize the physical structure

of tissues until recently. But now it is clear that ECM plays a far more active

complex role in regulating the behavior of the cells that contact, influencing

their morphology, development, migration, proliferation, and functions

(Hata and Senoo, 1992; Senoo and Hata, 1993b, 1994b; Senoo et al., 1996).

We reported that HSCs proliferated better and synthesized more collagen

on type I collagen‐coated culture dishes than on polystyrene dishes (Senoo

and Hata, 1994a). We also demonstrated that the SCs formed a mesh‐like
structure, proliferated slowly, and synthesized a small amount of collagen on

a basement membrane gel (Senoo and Hata, 1994a) prepared from murine

Engelbreth‐Holm‐Swarm (EHS) tumor, a gel consisting largely of laminin,

type IV collagen, heparan sulfate proteoglycan, and nidogen (Kleinman

et al., 1986).

Other reports also indicate that ECM can regulate the functions of SCs.

The regulation of the retinol esterification activities, the central process in

vitamin A storage, was evaluated in SCs cultured on type I or type IV

collagen‐coated dishes in the presence of [3H]retinol (Davis and Vucic,

1989). Uptake of [3H]retinol into the cells and esterification into retinyl

palmitate were enhanced when the cells were cultured on type IV collagen‐
coated dishes. The basement membrane gel was reported to be able to

maintain the diVerentiated phenotype such as storage of lipids in cultured

SCs (Friedman et al., 1989, 1990). Types of collagen synthesized by SCs were

also modulated by ECM (Davis et al., 1987). The cells synthesized mainly

type IV collagen on type I collagen‐coated culture dishes, and synthesized
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equal amounts of type I and type IV collagen on type IV collagen‐coated
dishes. The total amount of collagen synthesized by SCs was more on type I

collagen than on type IV collagen. Thus, these recent studies support the

idea that ECM regulates phenotypes of the HSCs such as collagen metabo-

lism and storage of vitamin A in lipid droplets in the cytoplasm. Responses

of the HSCs to cytokines are also modulated by ECM (Davis, 1988). When

transforming growth factor‐b (TGF‐b) was applied to HSCs cultured on

type I or type IV collagen‐coated culture dishes, collagen synthesis of the

cells inoculated on type I collagen‐coated dishes was stimulated. On the

other hand, there was no response to TGF‐b in terms of collagen synthesis

by the HSCs inoculated on type IV collagen. Thus, reactions of the HSCs to

cytokines are modulated by ECM.

Our studies and other works clearly show that ECM can regulate

morphology, proliferation, and functions of HSCs.

We reported that morphology, proliferation, and collagen synthesis of the

SCs were reversibly regulated by 3D structure of ECM (Imai and Senoo,

1998, 2000; Imai et al., 2000b; Kojima et al., 1998, 1999). The cellular pro-

cesses of the HSCs were demonstrated to be extended and retracted according

to the ECM, and speculated to have important functions in transport and

storage of vitamin A and transport of metalloproteinases (Sato et al., 1997,

1998, 1999, 2001b, 2003, 2004). These data also indicate that the SCs are not

static, but dynamic in the changeable 3D structure of ECM in the space

between PCs and SECs.

The dynamic movement of cultured SCs was analyzed with a video‐
enhanced optical microscopy (Miura et al., 1997). When cultured on poly-

styrene surface, the SCs spread well, flattened with extensive stress fibers.

The cell surface ruZing activity of filopodia and lamellipodia was prominent

(Fig. 11), reflecting weak adhesion to the substratum. All filopodia remained

dynamic throughout the 4‐h recording, and extended and retracted repeat-

edly (Figs. 12 and 13). Within 1 h after inoculating in or on type I collagen

gel, the SCs began to extend cellular processes (Fig. 12A–D), and the cellular

processes appeared to adhere to and extend along type I collagen fibers.

After repeated extension and retraction of cellular processes, HSCs displayed

a number of long cellular processes with distal fine branches by 4‐h culture

on type I collagen gel (Fig. 12D). The cellular processes also extended in or on

type III collagen gel, but not in type IV collagen‐coated dishes or onMatrigel

comprising from the basement membrane components.

The role of microtubule organization in maintenance of the cellular

process structure was demonstrated by video recording of the SC culture

after addition of colchicine (Fig. 13). In the presence of 1‐mM colchicine,

once extended cellular processes after overnight culture on type I collagen

gel were time‐dependently retracted (Fig. 13). The eVects of colchicine

were also dose‐dependent at a concentration of 0.1–1.0 mM, and almost

all cells changed to round shapes within a few hours in the presence of
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1‐mM colchicine. Virtually no eVects were seen after treatment with 1‐mM
g‐lumicolchicine as a control. The cold treatment at 4 �C, which is known to

induce the degradation of cold‐labile form of microtubules, also induced the

retraction of elongated cellular processes within 3 h. The once extended

cellular processes were also partly retracted 1 h after treatment with 4‐mg/ml

cytochalasin B, as seen after treatment with 0.5‐mM colchicine. The eVects
of cytochalasin B at the concentration of 4 mg/ml appeared to be weaker than

that of 1‐mM colchicine and a part of cellular processes still remained.

However, almost all cells were changed to round shapes after overnight

treatment with cytochalasin B.

FIGURE 11. Motility of filopodia and lamellipodia in rat HSCs inoculated on polystyrene

surface. The cells were monitored by phase‐contrast video‐enhanced microscopy. Photographs

were taken at 29 s (B) and 55 s (C) after taking a picture of (A), and at 24 s (E) and 39 s (F) after

taking a picture of (D), respectively. Arrowheads indicate filopodia and asterisks indicate

lamellipodia. Scale bars indicate 20 mm.
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Fibroblasts were also reported to change the phenotype according to 3D

structure of collagen (Cukierman et al., 2001; Grinnell et al., 2003; Kojima

et al., 1999), and the integrin a2b1 was demonstrated to recognize 3D

structure of triple helical collagen peptide (Emsley et al., 2000).

VIII. STIMULATION OF PROLIFERATION OF

HSCs AND TISSUE FORMATION OF THE LIVER

BY A LONG‐ACTING VITAMIN C DERIVATIVE

A long‐acting vitamin C derivative, l‐ascorbic acid 2‐phosphate (Asc 2‐P),
was found to stimulate cell proliferation, collagen accumulation, and tissue

formation (Hata and Senoo, 1989; Kurata et al., 1993). On the basis of this

discovery, Asc 2‐P was added to the medium in which HSCs were cultured

FIGURE 12. Extension of cellular processes in cultured rat stellate cells on type I collagen

gel. The cells were cultured on type I collagen gel, and monitored by phase‐contrast time‐lapse
video microscopy for up to 4 h. Photographs were taken 71 min (A), 2 h (B), 3 h (C), and 4 h

(D) after inoculation. Arrowheads indicate the front of elongating cellular processes. Scale bars

indicate 200 mm.
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FIGURE 13. Retraction of cellular processes by colchicine treatment. Rat HSCs cultured

overnight on type I collagen gel were monitored for 1 h after the addition of 1‐mM colchicine.

Pictures show phase‐contrast video‐enhanced micrographs 12 s (A), 15 min (B), 30 min (C),

45 min (D), and 60 min (E) after the addition of colchicine. Black arrowheads indicate the front

of cellular process of the cell marked with white arrowheads. Scale bars indicate 100 mm.
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(Senoo and Hata, 1994a). The cells in the medium supplemented with Asc

2‐P stretched better than the cells in the control medium. Asc 2‐P stimulated

cell proliferation and collagen synthesis of the HSCs, and formation of the

liver tissue‐like structure in coculture of PCs and fibroblasts (Senoo et al.,

1989).

IX. EXTRAHEPATIC STELLATE CELLS

Previous studies using fluorescence microscopy, transmission electron

microscopy, and electron microscopic autoradiography showed that cells

that stored vitamin A distributed in extrahepatic organs, namely, lung, diges-

tive tract, spleen, adrenal gland, testis, uterus, lymph node, thymus, bone

marrow, adventitia of the aorta, lamina propria of the trachea, oral mucosa,

and tonsil (Matano et al., 1999; Nagy et al., 1997; Wake, 1980). Morphology

of these cells was similar to that of fibroblasts. These cells emanate auto-

fluorescence of vitamin A and contain lipid droplets in the cytoplasm. These

cells and HSCs form the SC system that regulates homeostasis of vitamin A

in the whole body. Extrahepatic SCs also can synthesize and secrete ECM

components.

Vitamin A distribution and content in tissues of a lamprey (Lampetra

japonica) (Wold et al., 2004) (Fig. 14) and an arrowtooth halibut (Atheresthes

evermanni) (Fig. 15) were analyzed. HSCs showed an abundance of vitamin A

stored in lipid droplets in their cytoplasm. Similar cells storing vitaminAwere

present in the intestine, kidney, gill, and heart in both female and male

lampreys. Morphological data obtained by gold chloride staining method,

fluorescence microscopy, and transmission electron microscopy and HPLC

quantification of vitamin A were consistent. The highest level of total

vitamin A measured by HPLC was found in the intestine. The second and

third highest concentrations of vitamin A were found in the liver and the

kidney, respectively. These vitamin A‐storing cells were not epithelial cells,

but mesoderm‐derived cells. Similar cells were distributed in the arrowtooth

halibut. We propose as a hypothesis that these cells belong to the SC system

(family) that stores vitamin A and regulates homeostasis of the vitamin in

the whole body in these animals. Fibroblastic cells in the skin and somatic

muscle stored little vitamin A. These results indicate that there is diVerence
in the vitamin A‐storing capacity between the splanchnic and intermediate

mesoderm‐derived cells (SCs) and somatic and dorsal mesoderm‐derived
cells (fibroblasts) in these animals. SCs derived from the splanchnic and

intermediate mesoderm have high capacity and fibroblasts derived from

the somatic and dorsal mesoderm have low capacity for the storage of

vitamin A in these animals.

Pancreatic SCs, one sort of extrahepatic SCs, are now considered to be

responsible for the induction of chronic pancreatitis and pancreatic fibrosis
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(Apte et al., 1998; Bachem et al., 1998, 2002a,b; Masamune et al., 2002;

Wells and Crawford, 1998). These extrahepatic SCs are now to be targets of

the treatment of inflammation and organ fibrosis.

X. CONCLUSIONS

HSCs that lie in the space between PCs and SECs play pivotal roles in the

regulation of homeostasis of vitamin A in the whole body. HSCs in top

predators of Arctic animals store vitamin A which is 20–100 times the levels

normally found in other animals, including humans. The existence of a

gradient of vitamin A‐storing capacity in the liver was reported and it is

independent on the vitamin A amount in the organ. This gradient was

expressed as a symmetrical biphasic distribution starting at the periportal

zone, peaking at the middle zone, and sloping down toward the central zone

FIGURE 14. Stellate cells in lamina propria of the intestine in lamprey (Lampetra

japonica). Vitamin A‐autofluorescence is detected in cells of the lamina propria (LP) (A). Gold

chloride‐reacted cells were distributed in the lamina propria (B and C). An electron micrograph

showing membrane‐bound (type I, A1) and nonmembrane‐bound (type II, A2) lipid droplets

(Wake, 1974) in a cell (SC) in the lamina propria of the intestine. E, epithelium; M, muscle; NF,

unmyelinated nerve fiber; SM, submucosa; TA, typhlosolar artery. Scale bars indicate 5 mm
(A–C) and 1 mm (D).
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in the liver lobule. In pathological conditions such as liver cirrhosis, their

phenotype changes from that of star‐shaped SCs to that of fibroblasts or

myofibroblasts. The 3D structure of the ECM can reversibly regulate the

morphology, proliferation, and functions of the SCs. Molecular mechanisms

in the regulation of the SCs by 3D structure of the ECM imply cell surface

integrin binding to the matrix components followed by signal transduction

processes and cytoskeleton assembly. HSCs play key roles in the regenera-

tion of the liver. The SC system consists of hepatic and extrahepatic SCs and

regulates vitamin A homeostasis of the whole body.
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We discuss the use of mathematical modeling, and specifically model‐
based compartmental analysis, to analyze vitaminAkinetic data obtained

in rat and human studies over the past 25 years. Following an overview of

whole‐body vitamin A metabolism, a review of early kinetic studies, and

an introduction to the approach and terminology of compartmental

analysis, we summarize studies done in this laboratory to develop models

of whole‐body vitaminAmetabolism in rats at varying levels of vitaminA

status. Highlights of the results of these studies include the extensive

recycling of vitamin A among plasma and tissues before irreversible

utilization and the existence of significant extrahepatic pools of the

vitamin. Our studies also document important diVerences in vitamin A

kinetics as a function of vitamin A status and the importance of plasma

retinol pool size in vitamin A utilization rate. Later we describe vitamin A

kinetics andmodels developed for specific organs including the liver, eyes,

kidneys, small intestine, lungs, testes, adrenals, and remaining carcass,

and we discuss the eVects of various exogenous factors (e.g., 4‐HPR,

dioxin, iron deficiency, dietary retinoic acid, and inflammation) on

vitamin A dynamics. We also briefly review the retrospective application

ofmodel‐based compartmental analysis to human vitaminA kinetic data.

Overall, we conclude that the application of model‐based compartmental

analysis to vitamin A kinetic data provides unique insights into both

quantitative and descriptive aspects of vitamin A metabolism and

homeostasis in the intact animal. # 2007 Elsevier Inc.

I. INTRODUCTION

If PubMed is used to search the key word ‘‘vitamin A’’ over the past

several decades, an astounding number of scientific papers (35,000 since

1950) are identified. Even before that time, vitamin A was considered an

intriguing nutrient: it was known to have roles in the visual cycle, reproduc-

tion, tissue health and diVerentiation, and immune function. When it was

discovered in the 1980s that retinoids aVect gene transcription, there was an
explosion of interest in the molecular and cellular actions of vitamin A that

continues to generate exciting results today.

Along with interest in the molecular and cellular aspects of vitamin A

action (for reviews see Gudas et al., 1994; Soprano and Soprano, 2003),

much has also been learned in the last 25 years about the whole‐body
metabolism of vitamin A in intact animals. Based largely on data from

kinetic studies in the rat, it has become clear that this system is much more

complex and interesting than previously thought. Since vitamin A metabo-

lism is believed to be similar in rats and humans, and since that assumption

is supported by several experiments that have been carried out in humans
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(see later), kinetic studies done in the past several decades have deepened our

knowledge about the vitamin A system in both species.

Here we will review the contributions of mathematical modeling and

kinetic studies to our understanding of vitamin A metabolism in the intact

animal. We will highlight early work which laid the foundation for sub-

sequent studies in this laboratory, then give some background on model‐
based compartmental analysis, the method we have used to analyze kinetic

data collected in intact rats and humans. Next we will describe whole‐body
and organ‐level models of vitamin A metabolism, discuss the eVects of vita-
min A status on retinol kinetics, present work on several exogenous fac-

tors that alter vitamin A kinetics, and review information on retinol kinetics

in humans. We conclude with a summary of the contributions of kinetic

studies and mathematical modeling to current understanding of vitamin A

homeostasis and metabolism.

II. HIGHLIGHTS OF WHOLE‐BODY
VITAMIN A METABOLISM

Many excellent reviews of vitamin A metabolism are available (BlomhoV
et al., 1991;Ross, 2003a;Ross andZolfaghari, 2004).As summarizedbyGreen

andGreen (2005a) and illustrated in Fig. 1, ingested preformed vitaminA and

provitamin A carotenoids are processed in the intestine and absorbed into

plasma via the lymph as a component of chylomicrons, the triglyceride‐rich
absorptive lipoproteins that carry dietary fat into the body. This vitamin A,

primarily in the form of retinyl esters, is mainly cleared with chylomicron

remnants into liver hepatocytes. There, retinyl esters are hydrolyzed to retinol

and processed either for secretion into plasma in complex with the vitamin A

transport protein, retinol‐binding protein (RBP) or for storage; some of

the retinol in hepatocytes may be directly transferred to vitamin A‐storing
liver perisinusoidal stellate cells, a main body storage site for the vitamin.

Secreted retinol:RBP complexes in plasma with transthyretin, protecting

the complex from filtration by the kidneys. It is likely that retinol bound

to RBP leaves the circulation and delivers retinol to target cells for storage as

retinyl esters or oxidation to active forms, including retinoic acid (RA) in

nonocular tissues and retinaldehyde in the retina of the eye. In cells, RA

regulates gene expression through its interaction with RA receptors and RA

response elements on nuclear DNA. Specific intracellular carrier proteins

and enzymes regulate key aspects of vitamin A metabolism at the cellular

level.

As will become evident in subsequent sections, whole‐body vitamin A

metabolism is much more complex than this simple overview would suggest.

Our review of kinetic studies of vitamin A will illustrate how the application

of mathematical modeling to isotope data collected over time has added
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to our understanding of vitamin A kinetics, dynamics, and homeostasis.

See Green and Green (1996) for another discussion of these topics.

III. EARLY KINETIC STUDIES OF

VITAMIN A METABOLISM

A number of papers published in the 1960s and 1970s used isotopic

techniques and kinetic methods to study various aspects of vitamin A

metabolism. Several examples that were important to the development of

subsequent kinetic work will be briefly discussed here as background to more

recent experiments.

A seminal report by Sauberlich et al. (1974) laid the groundwork for

estimating vitamin A requirements in humans. Eight male subjects received

intravenous or oral doses of [14C]‐labeled retinyl acetate, and plasma retinol

concentrations and specific activity, as well as radioactivity lost in breath,

urine, and feces, were determined during vitamin A depletion (up to 771

days) and repletion (up to 372 days). The authors determined that it took
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FIGURE 1. Simple schematic of whole‐body vitamin A metabolism. Illustrated are the

digestion, absorption, and initial handling of dietary vitamin A, the processing of vitamin A in

the liver, and the transport and recycling of retinol to extrahepatic tissues. See text for more

details. ROH, retinol; RE, retinyl esters; chylo, chylomicrons; LPL, lipoprotein lipase; RBP,

retinol‐binding protein; TTR, transthyretin; RA, retinoic acid.
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about 26 days for the labeled dose to equilibrate with the total body vitaminA

pool and that body pool sizes ranged from 1.10 to 3.07 mmol. They found

that vitamin A utilization rate decreased during depletion, providing early

support for the idea that the vitamin is conserved in the face of low vitamin A

intake. Adding to this idea, Hicks et al. (1984) later reported that excretion

of labeled vitamin A metabolites into bile of rats fed increasing levels

of vitamin A and dosed with [3H]retinyl acetate was constant when liver

vitamin A levels were low (up to 112 nmol/g) and then increased rapidly

(by eightfold) to a plateau at 490 nmol/g.

Autopsy studies in the late 1960s and early 1970s (reviewed by Sauberlich

et al., 1974) documented the importance of the liver in vitamin A storage,

and thus indirect methods for estimating liver vitamin A were sought. Rietz

et al. (1973, 1974) developed an isotopic method for estimating the body

vitamin A pool in rats. Rats were given an intravenous dose of [3H]vitamin A,

and specific radioactivity (cpm/IU vitamin A) in plasma, and radioactivity in

liver, was determined. Assuming that the dose had equilibrated with body

vitamin A pools, liver vitamin A was calculated as radioactivity in liver

divided by plasma vitamin A specific activity. Estimates compared well with

fluorometric determinations of liver vitamin A. Over the years, isotope dilu-

tion methods for estimating vitamin A stores have been further developed.

Results from modern isotope dilution studies, in which plasma data are

collected following an oral dose of stable isotope‐labeled vitamin A, are

providing important information about vitamin A status in various popula-

tions and the eYcacy of vitamin A interventions in improving vitamin A

status (for review see Furr et al., 2005).

The work of Rietz et al. (1973) corroborated the conclusions of Sewell

et al. (1967), which indicated that vitamin A stores are in a dynamic state. In

Sewell et al.’s study, rats received an oral dose of tritium‐labeled retinyl

acetate. Feces and urine were collected for 5 days, and blood, liver, and

kidneys were obtained at the time of killing (5–45 days after dosing). When

the log of liver radioactivity was plotted against time, the decline followed a

single exponential with a turnover time of 82 days. Since liver vitamin A

concentrations remained constant while radioactivity decreased, the authors

suggested that there is a dynamic exchange of vitamin A among blood, liver,

and vitamin A‐requiring tissues. As discussed subsequently, this is a feature

of the vitamin A system that has been documented and quantified by

modeling.

Sundaresan (1977) studied the rate of metabolism of retinol in vitamin

A‐deficient rats dosed intermittently with RA. [14C]Retinol was injected

intraperitoneally, and radioactivity in urine and feces was monitored for

10 weeks. Blood and livers were also collected at the time of killing. A plot

of the log of daily urinary radioactivity versus time after dosing showed

three phases which Sundaresan interpreted to indicate (1) initial rapid metab-

olism and excretion of newly absorbed vitamin A, (2) normal physiological
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metabolism, and (3) vitamin A metabolism after liver reserves were exhaus-

ted. In conjunction with work by Carney et al. (1976) in vitamin A‐depleted
rats, this study provides early support for the existence of two distinct pools of

vitaminA in the liver: one includes newly absorbed vitaminA and is small and

rapidly turning‐over, the other contains stored vitamin A (Anonymous,

1977).

In the early 1980s, our laboratory collaborated with Underwood’s group

in a study designed to use kinetics to estimate vitamin A disposal rate (utiliza-

tion rate) in rats (Lewis et al., 1981). Control and vitamin A‐deficient rats
received a dose of [3H]retinol‐labeled plasma, and tritium kinetics in plasma

were monitored for 48 h. Data on plasma tracer concentration versus time

after dosing were plotted semi‐logarithmically but did not follow the expected

single exponential (i.e., a straight line), indicating either that plasma retinol

was kinetically heterogeneous or that retinol was recycling to plasma before

irreversible utilization. This work led both to the realization that vitamin A

metabolism is more complex than had been previously believed and to further

studies in our laboratory which used kinetic methods and compartmental

analysis to describe and quantitate whole‐body and organ‐level vitamin A

dynamics. Before reviewing those studies, we will present some background

on compartmental analysis.

IV. OVERVIEW OF

COMPARTMENTAL ANALYSIS

Mathematical models are mathematically formalized representations of a

system that allow for the study of complex processes that are occurring

simultaneously. In diVerent disciplines of biology, mathematical modeling

has been used to gain a deeper understanding of physiological systems and

processes. For example, mathematical modeling has been used to study the

rate of uptake of endogenous and exogenous compounds, to calculate enzyme

kinetics, to predict pharmacological responses to drugs, and to calculate

nutrient intake. For general discussions of the applications of mathematical

modeling in the life sciences, see Robertson (1983), Hargrove (1998),Wastney

et al. (1999), and Novotny et al. (2003).

Compartmental analysis (Foster and Boston, 1983; Green and Green,

1990a,b; Wastney et al., 1999), and in particular model‐based compartmen-

tal analysis, is the form of mathematical modeling that we will focus on

here. Another form of compartmental analysis, empirical compartmental

analysis, has also been used in the vitamin A field; see Green and Green

(1990a,b) for theoretical background and Green et al. (1987) for an applica-

tion. In nutrition, model‐based compartmental analysis has been used to

model mineral uptake and utilization (Birge et al., 1969; Pinna et al., 2001;

Wastney et al., 1996), lipoprotein metabolism (Adiels et al., 2005; Berman
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et al., 1982), glucose homeostasis (Malmendier et al., 1974), digestion and

absorption (Moore‐Colyer et al., 2003), and vitamin kinetics (Coburn et al.,

2003; Green et al., references cited herein); see Green and Green (1990a) for

other examples.

Compartmental modeling involves the representation of a system by a finite

number of homogenous states and lumped processes, called compartments,

which interact by means of material exchange (DiStefano and Landaw, 1984;

Green and Green, 1990a; Wastney et al., 1999, pp. 7–9) (Fig. 2). Compart-

mental analysis assumes that the system under study exhibits deterministic

behavior, meaning that the future state of the system may be predicted based

on its current state and future input; no probabilistic eVects are included

(Carson et al., 1983, p. 56). Compartmental modeling provides both quanti-

tative and predictive information about the system of interest, as well as

unique insights into underlying mechanisms and metabolic processes that

govern the system’s kinetic behavior. The approach is unique in that it

allows the researcher to investigate aspects of a system that might be diYcult

to study experimentally; model predictions may also provide unexpected

insights into the metabolism of the compound of interest, and they may lead

to the generation of new hypotheses and/or experiments (Green, 1992; Green

and Green, 1990a).

The overall goal of model‐based compartmental analysis is to describe

and quantify the kinetics and often the dynamics of a particular system of

interest (Green and Green, 1990a). Note that, although all of the work

discussed here will be based on in vivo studies, model‐based compartmental

analysis can also be fruitfully applied to data collected from in vitro sys-

tems (see BlomhoV et al., 1989 for an example). To use model‐based com-

partmental analysis, the investigator begins by formalizing a conceptual

213

L(3,1)

L(1,3)

L(2,1)

L(1,2)

L(0,3)

* U(1)

FIGURE 2. A three‐compartment mammillary model. Compartments are shown as circles;

movement between compartments is represented by arrows and quantified by fractional transfer

coeYcients [L(I,J)s or the fraction of compartment J’s retinol transferred to compartment I per

unit time]. U(1) represents input of newly absorbed dietary retinol, the asterisk shows the site of

introduction of the tracer (typically plasma), and the triangle indicates that this compartment is

a site of sampling.
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compartmental model based on what is known and theorized about the

system under study (Fig. 2); the model includes not just the compartmental

structure but also estimates of the fractional transfer coeYcients (see later)

that quantify movement between compartments and out of the system. Then

an appropriate in vivo experiment is designed and data are collected. In the

case of retinol, a stable‐ or radioisotopic tracer in a physiological form (i.e.,

as part of the plasma transport complex or in chylomicrons) is administered

intravenously; alternately, the tracer may be solubilized in oil and given

orally. After dose administration, tracer concentration in plasma (and per-

haps in organs and excreta) is followed over time (Fig. 3). Plasma tracer data

(as fraction of administered dose), along with other relevant information

(e.g., initial conditions, tracee mass, and sites of input), are analyzed using

appropriate software. Here we will concentrate on the Simulation, Analysis

and Modeling computer program (SAAM).

First introduced in 1962, SAAM mathematically compares the proposed

model to the data and provides statistical information about model solutions

(Berman andWeiss, 1978;Wastney et al., 1999, pp. 95–138; www.WinSAAM.

com; Stefanovski et al., 2003); thus the modeler is able to evaluate the

closeness of fit for each solution. Solution results are evaluated by comparing

the observed and calculated data both graphically and numerically, with

adjustments being made to the model until a close fit between the observed

and calculated values is obtained. During model development, the known or

suspected physiology and biochemistry of the system are kept in mind so that

a physiologically reasonable model is developed (Green and Green, 1990a,b).
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FIGURE 3. Plasma retinol kinetics versus time. Hypothetical plasma tracer response curve

after intravenous administration of [3H]retinol‐labeled plasma to a rat with high liver vitamin A

stores. Symbols represent observed data and the line is a model simulation. The inset shows the

first day’s data on an expanded scale.
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To determine the simplest model that will provide an adequate fit to a

particular data set, multiple models are tested, with model complexity being

increased only when it results in a significant improvement in the weighted

sum of squares (Landaw and DiStefano, 1984). Once a satisfactory fit is

obtained, weighted nonlinear regression analysis is applied using the SAAM

program to obtain best fit values for the fractional transfer coeYcients

describing movement between compartments (Fig. 2) as well as their statis-

tical uncertainty (i.e., fractional standard deviation); then other kinetic

parameters can be calculated (Table I). Typically, the modeling analysis

assumes that the system is in a steady state, although the SAAM program

can accommodate more complex situations (see later). Overall, the structure

of the compartmentalmodel provides a visual picture of how the compartments

are linked, whereas the model‐based parameters provide information about

transfer between compartments, recycling, movement out of the system, and

compartment masses.

In this laboratory, we have used model‐based compartmental analysis to

delineate the underlying mechanisms that control vitamin A homeostasis.

Specifically, we have used modeling to study vitamin A kinetics in plasma

and tissues under diVerent conditions, including various levels of vitamin A

status and after treatment with diVerent exogenous factors, to better under-

stand vitamin A utilization and whole‐body vitamin A metabolism. The

subsequent sections will review these studies and integrate the results to

provide a better understanding of the kinetic behavior of the vitamin A

system.

V. USE OF MODEL‐BASED COMPARTMENTAL

ANALYSIS TO STUDY VITAMIN A KINETICS

A. WHOLE‐BODY MODELS

Following up on the implications of the collaborative study with

Underwood’s group (Lewis et al., 1981) (see above), we designed an experi-

ment to model vitamin A metabolism in rats with marginal liver vitamin A

levels (<350 nmol) (Green et al., 1985). Rats received an intravenous dose

of plasma containing [3H]retinol/RBP/transthyretin prepared in vivo using

vitamin A‐deficient donor rats (Green and Green, 1990b), and plasma tracer

concentration was monitored from 3 min to 35 days after dosing; rats were

killed at 1, 2, or 15 days (2/time) or at 35 days (n ¼ 5); liver, kidneys,

adrenals, small intestine, eyes, skin, and remaining carcass were removed

for analysis.

When fraction of the dose remaining in plasma versus time was plotted on

a semi‐log scale for rats killed at 35 days (Green et al., 1985), a curve like that

shown in Fig. 3 was obtained; similar patterns have been found in a number
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of other studies that will be discussed here. The initial rapid decrease in

plasma tracer concentration between 0 and 2.5 h after dosing indicates that

vitamin A is leaving plasma for other pools. As the tracer mixes into those

pools, it begins to recycle to plasma, slowing down the disappearance of

tracer from plasma. Once mixing is complete (about 8 days in Fig. 3), the

plasma tracer response profile comes into a terminal slope that is a function

of the system fractional catabolic rate for vitamin A (Table I).

Data on fraction of dose remaining in plasma versus time, and in tissues

at the time of killing, were analyzed by model‐based compartmental analysis

using the SAAM software and the ‘‘super rat’’ approach (Landaw and

DiStefano, 1984). In this technique, data from diVerent subjects are collected
at various times and then modeled together in one data set to develop a

TABLE I. Model‐Based Kinetic Parametersa

Parameter Abbreviation; unit Definition

Fractional transfer

coeYcient

L(I,J); d�1 Portion of vitamin A in compartment J that is

transferred to compartment I each day

Mean transit time t(I); h Average length of time that a molecule of retinol

which reaches compartment I remains there

before leaving that compartment reversibly or

irreversibly

Mean residence

time

T(I,J); day Average of the distribution of times that a molecule

of retinol spends in compartment I before

irreversibly leaving compartment I after entering

the system via compartment J

System residence

time

T(sys); day Average amount of time a molecule of vitamin A

spends in the system

Traced mass M(I); nmol The amount of retinol in each compartment during

a steady state

Transfer rate R(I,J); nmol/day The amount of vitamin A transferred from

compartment J to compartment I each day;

includes the system disposal rate

Fractional

catabolic rate

FCR(I,J); day�1 The fraction of retinol in compartment I that leaves

irreversibly each day after entering the system via

compartment J

System fractional

catabolic rate

FCR(sys); day�1 The fraction of the total traced mass irreversibly

lost each day

Recycling number v(I) The average number of times a molecule of retinol

recycles to compartment I before leaving

compartment I irreversibly

Recycling time tt(1); day The average length of time it takes a molecule of

retinol to return to compartment 1 after leaving

compartment 1 reversibly

a
For a more detailed discussion of these and other kinetic parameters, see Green and Green

(1990a).
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composite model. This method is extremely useful in that it allows the

modeling of tissue kinetics over time. Using the combined data set from

the experiment of Green et al. (1985), a model with eight compartments

was developed for data from plasma, liver, kidneys, and rest of carcass. On

the basis of the sites of sampling, the model included one compartment for

plasma retinol (and a minor one for retinyl esters in plasma lipoproteins),

two compartments (one more rapidly turning‐over than the other) in

liver, two in kidneys, and two in the remaining carcass; irreversible loss of

tracer was assumed to occur from the fast turning‐over compartments in

liver, kidney, and carcass. The model predicted that there was extensive

recycling of retinol among plasma, liver, and other organs before irreversible

utilization of the vitamin. In fact, the model predicted that the plasma retinol

turnover rate was 13 times the disposal rate (24 nmol/day). The model also

predicted that 48% of plasma retinol recycled to the liver, and 52% was

transferred to nonhepatic tissues. We hypothesized that vitamin A turnover

was a ‘‘high‐response’’ system in which changes in recycling could permit

rapid adjustment in vitamin A distribution in response to physiological,

nutritional, or metabolic state. This prediction had been suggested by the

study of Lewis et al. (1981) and thus challenged the conventional wisdom

that retinol secreted by the liver is transported directly to target tissues for

uptake and utilization.

The 1985 model also predicted that there were significant amounts of

vitamin A in extrahepatic tissues, in contrast to the idea prevalent at the time

that more than 90% of whole‐body vitamin A is found in the liver, irrespec-

tive of vitamin A status. In these rats with marginal liver stores, 44% of

whole‐body vitamin A was predicted to be present in extrahepatic tissues.

In a subsequent modeling study with vitamin A‐deficient rats (Lewis et al.,
1990), it was predicted that 93% of body vitamin A was extrahepatic.

These findings related to retinol recycling and the distribution of body

vitamin A pools illustrate the sort of ‘‘extra’’ information that can be derived

from modeling. In the case of recycling, a kineticist might hypothesize that

retinol recycles among tissues based on the shape of the plasma tracer

response curve, but compartmental analysis provides a tool to estimate the

extent of recycling compared to the utilization rate. In the case of vitamin A

distribution, while it would be possible to analytically measure vitamin A levels

in all body tissues, modeling provides an indirect but reliable way to estimate

this distribution.

In a subsequent experiment, modeling was used to describe and quanti-

tate retinol metabolism in rats with low vitamin A status (liver vitamin A,

�3.5 nmol) (Lewis et al., 1990). The design and methods used were similar

to the 1985 study, but the number of animals and sampling times were larger

and data were collected from additional sites (including urine and feces).

A compartmental model was developed to fit the data for plasma, liver,

kidneys, urine, feces, and carcass. As in the earlier study, the model predicted
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that plasma retinol turnover rate (70 nmol/day) was about 12 times the

disposal rate. Vitamin A recycling through kidneys, liver, and carcass was

extensive. The results indicated that, even though plasma retinol levels and

liver vitamin A stores were low in these rats (0.35 mmol/L and 3.5 nmol,

respectively), vitamin A recycling was high. It was suggested that a high‐
response system in the face of low vitamin A status might be a mechanism to

lessen the eVects of vitamin A depletion. Furthermore, although vitamin A

intake was very low, plasma retinol concentrations were about 1/5 normal,

and liver vitamin A stores were essentially depleted, these rats grew normally

and appeared healthy; that is, they seemed to adapt to the chronic condition

of low vitamin A intake. Of interest, the model predicted that ‘‘carcass’’

contained 39 times more vitamin A than the liver in these animals.

Comparing the studies done on rats with marginal (Green et al., 1985)

versus low vitaminA levels (Lewis et al., 1990), vitamin A intake was estimated

to be �32 versus �7 nmol/day, and disposal rates were predicted to be 24

versus 5.8 nmol/day, respectively. Both groups of rats were in negative liver

vitamin A balance during the kinetic studies (8.8 and 0.16 nmol/day, re-

spectively), so the true disposal rates were closer to 33 and 6 nmol/day,

respectively.

A third study has been done in rats with very adequate vitamin A stores

(liver vitamin A, �4550 nmol) (Green and Green, 1987); because of the

extensive liver stores, the experiment was carried out for 115 days. While the

data have not yet been fully analyzed due to challenging complexities in

the model, we developed a theoretical model to validate the approach being

used (Green and Green, 2005b). Using a simulated data set for vitamin A

tracer and tracee values over time in plasma and organs (liver, small intes-

tine, kidneys, lungs, testes, adrenals, eyes, and remaining carcass), we tested

the forcing function feature of SAAM (Wastney et al., 1999, pp. 123–126)

which uncouples the system so that the kinetics of individual organs with

respect to plasma can be modeled (see later). Once individual organs have

been fit, the plasma forcing function is removed and the full data set is

modeled simultaneously. On the basis of both the preliminary and theoreti-

cal analyses, it is clear that vitamin A recycling to plasma from all of the

organs will be a prominent feature of the model for vitamin A‐adequate rats.
Of note is that the theoretical model (Green and Green, 2005b) predicted

that <0.1% of plasma retinol turnover went to the eyes or adrenals, <1%

went to the lungs or testes, 4% went to the liver or small intestine, 30% went

to the remaining carcass, and 60% went to the kidneys. The irreversible

utilization rate was predicted to be 36 nmol/day, which is only 10% of the

plasma retinol turnover rate (378 nmol/day).

As mentioned earlier, an important aspect of model development and

interpretation is that the process often leads to the generation of new hypoth-

eses. For example, we have emphasized the extensive recycling of retinol

between plasma and tissues prior to irreversible loss that was predicted by
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the models developed for rats with low, marginal, and high vitamin A stores.

In the case of the kidneys, the models predicted rapid exchange of retinol

between the fast turning‐over kidney compartment and plasma, with numer-

ous cycles before loss (Green et al., 1985; Lewis et al., 1990). The rapidity of

retinol turnover, coupled with the amount of recycling, led us to hypothesize

that (1) the retinol:RBP complex is filtered by the kidney, (2) the majority of

the filtered retinol is immediately reabsorbed by the proximal tubule epithe-

lial cells, and (3) the retinol is resecreted as retinol:RBP. At the time of our

initial study (Green et al., 1985), we assumed that RBP taken up by the

kidneys would be degraded, and we speculated that lipoproteins might be the

vehicle for renal retinol recycling. However, the amount of retinol involved

could not be accounted for by retinyl esters in lipoproteins. Timely work by

Soprano et al. (1986) indicated that certain extrahepatic tissues, including

the kidneys, have the potential to synthesize and secrete RBP (i.e., they

contain RBP mRNA). In more recent years, other researchers have studied

the molecular mechanisms underlying the reabsorption and resecretion of

retinol by the kidneys (Christensen et al., 1999; Raila et al., 2005). These

experiments have shown that megalin, a membrane‐bound protein expressed

in the renal proximal tubule cells, is responsible for the uptake of filtered

retinol and that this process is essential for the maintenance of whole‐body
vitamin A homeostasis. In the case of renal vitamin A metabolism, we

suggest that development of the whole‐body models expanded our under-

standing of vitamin A kinetics and turnover at the time the studies were done

and also generated hypotheses that could be tested in later experiments.

As is evident in the preceding paragraphs, development of a vitamin A

compartmental model that includes tissues and excreta requires long‐term
sampling of the organs of interest as well as plasma. As will be illustrated

below, useful information on whole‐body vitamin A metabolism may also be

obtained using several other modeling approaches that do not involve

extensive tissue sampling.

B. EFFECTS OF VITAMIN A STATUS ON

VITAMIN A KINETICS

As the data from the three studies presented above were analyzed, it

became evident that there were interesting diVerences in vitamin A kinetics

as a function of vitamin A status. Thus, in a 1987 paper (Green et al., 1987),

we compared plasma tracer kinetics at three levels of vitamin A status using

empirical compartmental modeling (Green and Green, 1990a,b). In this

approach, observed plasma tracer data are fit to a multiexponential equa-

tion, and kinetic parameters such as vitamin A disposal rate, plasma frac-

tional catabolic rate, transit and residence times, and recycling number are

computed from the curves’ exponential constants and coeYcients. As is

evident in Fig. 4, there are dramatic diVerences in the steepness of the bend
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in the tracer response curves as well as in the final slope for rats with

high, marginal, or low liver vitamin A levels. These features of the curves

are related to the size of liver stores, the recycling of labeled vitamin A,

and the fractional catabolic rate. As predicted by the three whole‐body
models presented above, the 1987 analysis revealed significant diVerences
in vitamin A disposal rate among the three groups. Disposal rate ranged

from 4.2 nmol/day in the rats with low vitamin A status to 41.3 nmol/day in

those with high liver reserves; also the total time an average retinol molecule

spent in plasma (mean residence time; Table I) was significantly lower in rats

with high vitamin A status. Statistical analysis indicated that 90% of the

variance in vitamin A disposal rate could be accounted for by variation in

the plasma retinol pool size. We also found that there was a significant

negative correlation between the fraction of the labeled dose in plasma at

5 days and the natural log of total liver vitamin A. This observation was

extended in subsequent studies (Adams and Green, 1994; Duncan et al.,

1993) that became useful for later work on the application of isotope

dilution analysis to the prediction of vitamin A status in humans (Furr

et al., 2005).

In two later studies, we further investigated the determinants of vitamin A

utilization in rats (Green and Green, 1994a; Kelley and Green, 1998),

following our observation in the 1987 paper that there is a significant eVect
of plasma retinol pool size on vitamin A utilization. In the two subsequent

studies, data were collected on plasma retinol kinetics versus time after

administration of [3H]retinol‐labeled plasma as described earlier. Then

model‐based compartmental analysis was applied to describe whole‐body
vitamin A kinetics as viewed from the plasma space. In this approach,

processes with similar kinetics are lumped into the same compartment, as
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FIGURE 4. Plasma retinol kinetics in rats with various liver vitamin A stores. Model‐
simulated plasma tracer response curves after intravenous administration of [3H]retinol‐labeled
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opposed to the whole‐body modeling approach described earlier in which

data are obtained for various anatomical compartments. Here, the resulting

model is simpler than the whole‐body models. However, the same kinetic

parameters may be estimated, making this method extremely useful. In the

1994 work (Green and Green, 1994a), rats were fed diVerent levels of dietary
vitamin A to aVect vitamin A stores and balance. After a 41‐day kinetic

study, plasma tracer data were fit to a three‐compartment, mammillary

model (Fig. 2). The central plasma compartment, which is the site of dietary

and tracer input, exchanges retinol with two extravascular compartments.

One of these is a slower turning‐over pool that includes retinyl ester stores,
and the other is a faster turning‐over pool of (presumably) retinol. After data

for each rat in each of the four dietary groups were modeled, data from each

group were analyzed using the multiple studies feature in SAAM (Lyne

et al., 1992). With this tool, information from diVerent subjects or animals

that have been treated similarly is analyzed as one data set. Using themultiple

studies feature, mean model parameters were estimated as a function of

dietary intake. The results showed that the number of recyclings of retinol

to plasma (recycling number; Table I) was not aVected by vitamin A status

and averaged 12–13 in all groups. In rats with low or marginal vitamin A

status, vitamin A intake, vitamin A reserves, and plasma retinol concentra-

tion all influenced vitamin A kinetics. In rats with marginal vitamin A status

(liver vitamin A, �500 nmol), only 40% of the slow turning‐over pool (com-

partment 3) could be accounted for by liver vitamin A. In the group with

depleted liver vitamin A stores (<10 nmol), liver contained 3% of the vitamin

A in the slow turning‐over pool (275 nmol). See subsequent discussion about

the slowly turning‐over extrahepatic pool of vitamin A.

In the other study (Kelley and Green, 1998), a similar approach was used

to investigate factors that influence vitamin A utilization rate in vitamin

A‐adequate rats under conditions of low vitamin A intake. After compart-

mental analysis, multiple linear regression analysis was used to examine the

impact of plasma retinol pool size, vitamin A intake, and liver vitamin A

levels on vitamin A utilization. We found that, if liver stores are adequate,

vitamin A disposal is not decreased to compensate for low vitamin A intake

as long as plasma retinol concentration is normal. We also found that there

are appreciable extrahepatic pools of vitamin A in rats, especially when liver

levels are low (Green and Green, 1996) (Fig. 5). This extrahepatic pool

appears to deplete even more slowly than the liver in response to lowered

dietary vitamin A input. In contrast, when liver vitamin A levels are very

high, the model‐predicted total traced mass underestimates measured liver

vitamin A levels (Fig. 5). This has implications when isotope dilution tech-

niques (Furr et al., 2005) are used to assess very high vitamin A stores that

will not be traced.

Overall, our modeling studies lead us to hypothesize that both hepatic

and extrahepatic pools of vitamin A help maintain normal plasma retinol

Modeling of Vitamin A Metabolism 175



levels even when dietary vitamin A intake is low, and we have identi-

fied plasma retinol as the main determinant of irreversible utilization of

vitamin A. In the study by Kelley and Green (1998), plasma retinol pool size

accounted for 92% of the variability in utilization.

C. VITAMIN A KINETICS IN SPECIFIC ORGANS

1. Liver

As noted earlier, the liver plays a central role in vitamin A homeostasis: it

processes chylomicron remnants that contain newly absorbed dietary vita-

min A, it stores vitamin A as retinyl esters, it synthesizes and secretes the

plasma vitamin A transport protein (RBP), and it mobilizes retinol for

delivery to extrahepatic tissues (Ross, 2003b). Several cell types, principally

hepatocytes and perisinusoidal stellate cells, are known to be involved in

liver vitamin A metabolism. In view of the liver’s importance, we have been

particularly interested in modeling the kinetics and turnover of hepatic

vitamin A under diVerent conditions and in using this approach to better

understand vitamin A metabolism at the cellular level. As a result of these
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when it is negative, the value estimates liver stores of vitamin A that do not equilibrate with

tracer (i.e., they turn over extremely slowly). Data are from Green and Green (1996).
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investigations, a more complete understanding of the kinetic and dynamic

behavior of liver vitamin A has been obtained.

Some interesting information is obtained by comparing models developed

for rats with low, marginal, or high vitamin A status (see above). Despite

dramatic diVerences in vitamin A nutriture and kinetic responses (Fig. 6),

two compartments were suYcient to fit the liver data at all three levels of

vitamin A status (Cifelli et al., 2005; Green and Green, 2005b; Green et al.,

1985; Lewis et al., 1990). In each case, the model indicates that plasma

retinol exchanges with a small, fast turning‐over liver compartment that in

turn exchanges with a slowly turning‐over compartment which presumably

corresponds to the retinyl ester storage pool in liver stellate cells. The models

for all three groups predicted extensive recycling of retinol between liver and

plasma before irreversible utilization of vitamin A.

Despite these similarities in model structure, significant diVerences were
found in model‐derived kinetic parameters as a function of vitamin A status.

Specifically, the mean residence time (Table I) for an average retinol mole-

cule in liver was 0.358 days in rats with low vitamin A status (Cifelli et al.,

2005), 10.6 days in those with marginal liver vitamin A levels (Green et al.,

1985), and 132 days in the high status group (Green and Green, 2005b). The

longer tissue residence time when stores were higher is directly related to

both the larger body pools of vitamin A with which the radiolabeled retinol

could equilibrate and a lower fractional catabolic rate (Table I). The models

predicted liver vitamin A levels of 1.8, 256, and 4750 nmol, respectively, in

the three groups. Similarly, the model‐predicted mean transit time for a
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molecule of retinol in liver (Table I) was �16 times longer in rats with

marginal vitamin A status as compared to those with low vitamin A stores.

Taken together, these results demonstrate that hepatic uptake, storage, and

utilization of vitamin A are aVected by vitamin A status.

Given the complex molecular and physiological processes that are invol-

ved in liver retinol metabolism, it might seem surprising that only two

kinetically distinct compartments were needed to fit the data across a broad

range of vitamin A levels. The models and the model‐derived kinetic param-

eters suggest that the first, fast turning‐over compartment contains ‘‘tran-

sient’’ retinol. That is, retinol in the first compartment, which presumably

includes vitamin A in both hepatocytes and stellate cells, is rapidly either

esterified for long‐term storage, enzymatically converted to RA (utilized), or

secreted into plasma bound to RBP. In contrast, the second, more slowly

turning‐over compartment presumably contains mostly retinyl esters and

represents long‐term storage in stellate cells.

These hypotheses were directly explored in a study published in 1993

(Green et al., 1993). In that work, model‐based compartmental analysis

was used to study liver vitamin A metabolism of retinol and retinyl esters

in whole liver and isolated hepatocytes from rats that had received a vitamin

A tracer in either the plasma RBP/transthyretin transport complex or chy-

lomicrons; tracer and tracee levels in stellate cell retinol and retinyl esters

were estimated from values in total liver minus hepatocytes. Using currently

accepted ideas about hepatic vitamin A metabolism along with information

from a previously developed model of whole‐body vitamin A metabolism

(Green et al., 1985), the model developed to fit these data described hepatic

pathways for metabolism of diet‐derived vitamin A as well as recycling

retinol in hepatocytes and stellate cells. A complex model, with multiple

pools of retinol and retinyl esters in each cell type, was required to fit the

data. The model confirmed that (1) both hepatocytes and stellate cells can

take up recycling retinol from plasma; (2) hepatocytes and stellate cells ap-

pear capable of retinol secretion, presumably as retinol bound to RBP; and

(3) there is a transfer of vitamin A between hepatocytes and stellate cells,

including a direct movement of chylomicron‐derived vitamin A from hepa-

tocytes to stellate cells for storage. Interestingly, the model led us to hypoth-

esize and expand on other ideas about hepatic vitamin A metabolism by

suggesting that extracellular apoRBP may be taken up by and/or interacts

with the surface of stellate cells for movement of retinol from cellular retinol‐
binding protein I (CRBP I) to apoRBP for resecretion or movement of

holoRBP oV the cell. Conversely, the opposite is hypothesized to occur for

storage of vitamin A in stellate cells. That is, holoRBP equilibrates with

apoCRBP I in stellate cells. Overall, the model predicted that liver perisinu-

soidal stellate cells are more important than previously thought in terms of

hepatic secretion of retinol into plasma.
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2. Other Organs

As noted earlier, it has long been known (Wolbach and Howe, 1925) that

vitamin A is involved in numerous metabolic and physiological processes

throughout the body, including sustaining the visual cycle of the eye (Wald,

1968), supporting reproduction in the testes (Livera et al., 2002), and main-

taining epithelial barriers in the small intestine (Olson et al., 1981; Zile et al.,

1977) and lung (Biesalski and Nohr, 2003). In view of these vastly diVerent
tissue‐specific actions of vitamin A, we have been interested in examining

retinol dynamics and kinetics in specific organs. Thus, we have used model‐
based compartmental analysis to develop compartmental models describing

vitamin A kinetics in various organs in rats at diVerent levels of vitamin A

status (Cifelli et al., 2005; Green and Green, 2005b; Green et al., 1992).

In each of the studies, plasma tracer data obtained after intravenous admin-

istration of [3H]retinol‐labeled plasma were fit to a multiexponential equa-

tion using SAAM. Then the ‘‘forcing function’’ option was used to develop a

compartmental model for the tracer data from each organ subsystem based

on the mathematical description of the plasma and individual organ tracer

response profiles (Foster et al., 1979; Green et al., 1992; Wastney et al., 1999,

pp. 123–126). This approach makes use of the fact that each of the sampled

organs exchanges vitamin A solely with plasma. Thus, we could uncouple

each organ from the whole system and model each individually, allowing us

to develop initial models for each organ before working with all organs

simultaneously.

Two compartment models were suYcient to fit the data for adrenals,

kidneys, lungs, small intestine, and testes in rats with low, marginal, and

high liver vitamin A stores (Cifelli et al., 2005; Green et al., 1985, 1992; Lewis

et al., 1990). As in the case of liver, retinol kinetics were adequately described

by one compartment that rapidly exchanged vitamin A with plasma and a

second, more slowly turning‐over compartment that included tissue stores of

the vitamin. In contrast, only one slowly turning‐over compartment was

required to fit tracer data from eyes of rats in the three groups (Green et al.,

1992). Not surprisingly, kinetic parameters diVered among organs within

each dietary group. For example, in the rats that had the highest level of liver

vitamin A stores, the fractional turnover of vitamin A in the eyes was lower

than in the other organs examined (i.e., the transit time for vitamin A was

longer in the eyes than in other organs), and the small intestine showed a

higher rate of plasma vitamin A turnover than other organs.

Although the organs studied could be described using similar model struc-

tures in the three groups, diVerences in model‐derived kinetic parameters and

in tracer response curves indicated significant diVerences in vitamin A turn-

over in individual organs as a function of vitamin A status. For instance, the

models predicted that the vitamin A traced mass (Table I) was higher in the

adrenals (23 times), eyes (1.6 times), kidneys (24 times), lungs (164 times),
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small intestine (30 times), and testes (13 times) of rats with high compared to

low vitamin A status (Green and Green, 2005b; Green et al., 1992). In

addition, the model‐predicted mean transit times (Table I) for vitamin A in

each organ were significantly higher in the low vitamin A status rats as

compared to those with high vitamin A status, with the most dramatic

diVerence observed for the eyes (12.5 days in rats with high vitamin A status

versus 75 days in those with low vitamin A status) (Green et al., 1992). Similar

diVerences in model‐predicted total traced mass and transit times were

observed between the marginal and high vitamin A status rats. Interestingly,

the diVerences in vitamin A kinetics between the rats with marginal and high

status occurred despite the fact that plasma retinol concentrations were not

statistically diVerent between the two groups. This suggests that, as is true for

plasma (Fig. 4) and liver (Fig. 6), tracer response curves for other organs are

sensitive to liver stores of vitamin A.

D. EXOGENOUS FACTORS THAT AFFECT

VITAMIN A METABOLISM

The vitamin A kinetic and modeling studies described above were done

under the assumption that the system was in a (quasi) steady state. It is also

relevant and interesting to study vitamin A metabolism when the system has

been perturbed (i.e., is not in a steady state). Models of such states provide

insight into which parameters have been aVected by the perturbation, and

they help target physiological processes that should be further explored.

We have used two diVerent experimental approaches to model vitamin A

metabolism under perturbation by exogenous factors. One approach is to

compare two groups of animals—one group is under control conditions that

are close to the steady state and the other has been perturbed and may or

may not be close to a new steady state. The researcher develops the control

model and then looks for minimal changes in model parameters or structure

that explain the perturbation. As illustrated in subsequent sections, we have

used this approach to study eVects of the anticancer drug 4‐HPR, the dioxin

TCDD, iron deficiency, and dietary RA on vitamin A metabolism.

A second approach may be used under certain circumstances to study

eVects of specific perturbations on vitamin A metabolism, as illustrated later

in the discussions about the dioxin TCDD and inflammation. In this meth-

od, a tracer kinetic study is begun with the animals under control conditions:

rats are given the tracer, and plasma tracer data are collected over a long

enough period of time (e.g., 3 weeks) so that whole‐body vitamin A kinetics

can be modeled. Then the perturbing agent is administered either acutely or

chronically, and additional plasma tracer data are collected until the pre-

determined end of the study. In this design, the animal acts as its own

control: the control model is developed based on the first data collection

period, and then the minimal changes in fractional transfer coeYcients that
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will predict and explain the perturbation are identified. Both of these ap-

proaches provide useful insights into the impact of various exogenous agents

or conditions on the vitamin A system.

1. 4‐HPR

One exogenous agent that is known to aVect vitamin A metabolism and

has been studied using compartmental analysis is the synthetic anticancer

retinoid N‐(4‐hydroxyphenyl)retinamide (4‐HPR; fenretinide). Although it

is a useful therapy in human breast cancer, 4‐HPR is associated with reduc-

tions in plasma concentrations of retinol and RBP and with reduced dark

adaptation. To gain insight into the mechanisms behind these eVects,
we compared plasma retinol kinetics for 35 days after administration of

[3H]retinol‐labeled plasma to control rats and those treated with 4‐HPR

(Adams et al., 1995). Data fit a three‐compartment model similar to that

shown in Fig. 2. Results showed that 4‐HPR treatment was associated with

a reduced rate of plasma retinol turnover, delayed and reduced retinol recy-

cling to plasma, and significant reductions in vitamin A utilization. Taken

together with other information, our data indicate that 4‐HPR may block

access and binding of retinol to RBP, thus leading to vitamin A accumulation

in certain cells.

2. TCDD

Another exogenous agent we have studied is the persistent environmental

toxin 2,3,7,8‐tetrachlorodibenzo‐p‐dioxin (TCDD). It is known that expo-

sure to TCDD has profound eVects on vitamin A homeostasis in both

experimental animals and humans (for review see Zile, 1992 and references

therein). In rats, TCDD exposure is associated with a dramatic fall in liver

vitamin A levels, an increase in kidney vitamin A, and often an increase in

plasma retinol concentrations. In order to gain a better understanding of the

impact of TCDD on vitamin A metabolism in the whole animal, we used

model‐based compartmental analysis to investigate which kinetic processes

are aVected by dioxin in the rat (Kelley et al., 1998). In a study that was

similar in design to those described earlier, data were collected on vitamin A

kinetics in plasma, tissues, and excreta of normal rats versus those exposed

to weekly oral doses of TCDD. In a concurrent experiment, tracer was

administered in triglyceride‐rich absorptive lipoproteins (chylomicrons) so

that the initial metabolism of newly absorbed retinyl esters could be mod-

eled. Plasma tracer data for the first study were fit to a four‐compartment

model (Fig. 7) in which retinol in the central plasma compartment ex-

changed with vitamin A in both a small, rapidly turning‐over extravascular
pool (compartment 2) and a larger, slower turning‐over compartment (com-

partment 3). This latter compartment also exchanged with another extravas-

cular pool (compartment 4) which we hypothesized contained the slowest

turning‐over pools of body vitamin A in liver perisinusoidal stellate cells and
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carcass. The model included vitamin A loss into urine and feces from

compartment 3. The model developed for the second study was more com-

plex at the front end to accommodate the metabolism of dietary vitamin A:

plasma metabolism of chylomicrons, hepatic uptake of chylomicron rem-

nants, and liver processing of labeled retinyl esters. Considering the model-

ing results from both experiments, the data indicate that repeated exposure

to TCDD causes more rapid movement of vitamin A out of storage pools in

the liver and possibly other tissues, presumably due to increases in hydrolysis

of retinyl esters to retinol, as well as an increase in vitamin A utilization. The

models predict that, as liver vitamin A levels fell in the TCDD‐treated
animals, a larger fraction of the remaining pool was mobilized to maintain

a constant rate of retinol secretion into plasma so that plasma retinol levels

remained constant (albeit slightly higher than in controls). Regarding eVects
of TCDD on liver vitamin A levels, our models predict that vitamin A is

transferred into storage pools normally but also mobilized out more quickly

and degraded more rapidly.

To gain a deeper understanding of the TCDD‐related increase in vitamin

A degradation, we designed a subsequent study in which [3H]retinol‐labeled
plasma was administered to normal rats, and plasma tracer responses were

followed for 21 days until the kinetics had reached a final terminal slope

(Kelley et al., 2000). Then TCDD was administered weekly over the next

21 days, and resultant changes in plasma tracer response were measured

(Fig. 8). We hypothesized that, if the initial eVect of TCDD was to mobilize

vitamin A from liver stores, this would be reflected by an increase in plasma

tracer concentrations. Alternately, if increased degradation was the initial

consequence of TCDD administration, then plasma tracer concentrations
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FIGURE 7. A four‐compartment model. Compartments are shown as circles; movement

between compartments is represented by arrows and quantified by fractional transfer

coeYcients [L(I,J)s or the fraction of compartment J’s retinol transferred to compartment I

per unit time]. U(1) represents input of newly absorbed dietary retinol, the asterisk shows the

site of introduction of the tracer (typically plasma), and the triangle indicates that this

compartment is a site of sampling.
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would fall after TCDD treatment. The results showed that TCDD adminis-

tration was associated with an increase in plasma tracer concentrations

within 6 days (Fig. 8), indicating that TCDD caused an increased mobiliza-

tion of tracer into plasma. By applying model‐based compartmental analysis

to the data collected after the TCDD perturbation, we found that by

changing one model parameter, the fractional transfer coeYcient describing

movement from the very slowly turning‐over liver pool (compartment 4;

Fig. 7) to the slow turning‐over hepatic compartment (compartment 3), we

were able to fit the changes in plasma tracer response due to TCDD treat-

ment. The adjustment needed corresponded to more than a fourfold increase

in mobilization of tracer from compartment 4 to compartment 3. In physio-

logical terms, this likely indicates that a major impact of TCDD on vitamin A

dynamics is to increase mobilization of vitamin A from storage sites, most

likely from perisinusoidal stellate cells. Thismight occur via an eVect on either
a nonspecific carboxyl ester hydrolase or a member of the bile‐salt‐dependent
retinyl ester hydrolase family (Harrison and Gad, 1989), which is located in

both stellate cells and hepatocytes (Blaner et al., 1985; BlomhoV et al., 1985).

We concluded that increased degradation of the vitamin was a secondary

eVect. Overall, this study illustrates the usefulness of model‐based compart-

mental analysis in discriminating between possible mechanisms by which a

system perturbation aVects isotope kinetics.
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FIGURE 8. Plasma retinol kinetics before, during, and after perturbations. Shown are

plasma tracer response curves after intravenous administration of [3H]retinol‐labeled plasma to

a representative rat given the dioxin TCDD 21 days later (&) or after oral administration of
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LPS treatment. Data from the TCDD experiment are from Kelley et al. (2000), and data from

the LPS study are from Gieng (2006).
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3. Iron Deficiency

Modeling has also been used to ascertain the most likely mechanism by

which iron deficiency alters vitamin A kinetics (Jang et al., 2000). Iron and

vitamin A deficiencies often coexist in human populations, and in animal

models, iron deficiency is associated with lowered plasma retinol concentra-

tions and increased liver vitaminA levels.We usedmodel‐based compartmen-

tal analysis to study the eVects of iron deficiency on vitamin A metabolism.

Kinetic data were compared in control and iron‐deficient rats following

administration of [3H]retinol‐labeled plasma, and the approach applied by

Kelley and Green (1998) was used to model the results. As in our previous

studies, either a three‐ or four‐compartment model was suYcient to fit plasma

tracer data obtained during 48 days after administration of label. Visual

inspection of the curves indicated that iron deficiency decreased retinol recy-

cling from the slow turning‐over pool(s) to plasma and that fractional irre-

versible utilization of vitamin A was lower in the iron‐deficient animals. The

model predicted a decrease in irreversible utilization of vitamin A and a

decrease in vitamin A absorption eYciency in iron‐deficient rats. The results
suggested that liver vitaminA accumulation in iron deficiencymight be due to

impaired release of the vitamin into plasma and imply that decreased vitamin

A mobilization from liver might account for the lower plasma retinol pool

size. It is possible that the same enzyme that causes the increasedmobilization

of retinol in TCDD‐treated rats is inhibited by iron deficiency.

Data from the TCDD and iron studies have also been analyzed using

nonsteady state compartmental analysis (Green and Green, 2003) to reflect

the fact that, in both cases, the vitamin A system was not actually in a steady

state. Starting from the steady state solution, we developed a parallel model

for tracee and set the model parameters [L(I,J)s; Table I] equal in the tracer

and tracee models. Then we looked for minimal changes in the steady state

model that would accurately describe the changes in liver vitamin A levels in

iron‐deficient or TCDD‐treated rats. In both cases, we found that, by

making time variant the one model parameter related to mobilization of

liver vitamin A stores, we could account for the changes in liver vitamin A.

The rate of retinol mobilization was held constant at a diVerent value in the

two models in order to maintain homeostasis of the plasma retinol pool and

the two other non‐liver pools of vitamin A. In iron deficiency, liver vitamin

A levels increased with time whereas with TCDD treatment, levels decreased

with time. These analyses emphasize the added information about both

tracer and tracee that can be gained through a nonsteady state model.

4. Dietary RA

We have also studied the eVects of RA on whole‐body vitamin A metab-

olism (Lewis, 1987). All‐trans‐RA is an active metabolite of vitamin A

that regulates numerous physiological processes in normal cells. Before the
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discovery of the molecular mechanisms of RA action, it was shown that

dietary RA could partially substitute for vitamin A, influence hepatic vita-

min A levels, and spare whole‐body vitamin A stores (Lamb et al., 1974).

In view of these observations, we were interested in the eVects of chronic RA

administration on vitamin A kinetics in rats with low vitamin A status. Using

data collected in an in vivo kinetic study done at the same time as that on

rats with low vitamin A status (Lewis et al., 1990), parallel models were

developed for rats with low vitamin A status with or without RA supplemen-

tation (Cifelli et al., 2005). To develop models for individual organs, the

‘‘forcing function’’ option in WinSAAM was applied (Wastney et al., 1999,

pp. 123–126) (see earlier discussion). Once all organs were satisfactorily fit for

each group, the forcing function was removed and the entire data set was

modeled together, allowing for the determination of various kinetic param-

eters. The final model is shown in Fig. 9. Despite its apparent complexity, the

model indicates that two compartments were needed to fit data formost of the

organs examined in this study. That is, each organ could be characterized

kinetically by a fast turning‐over compartment that exchanges retinol with

both plasma and the second, more slowly turning‐over compartment in

that organ. Therefore, despite diVerences in the physiological and molecular
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processes involved in retinol metabolism in various organs, the compartmental

structures for the diVerent organs are kinetically alike.
The tracer response curves for the liver (Fig. 6), kidneys, small intestine,

and lungs of RA‐treated rats were visually diVerent from the unsupplemen-

ted rats as early as 2 h after administration of label. These diVerences were
reflected in the model‐predicted kinetic parameters. Specifically, the tissue

residence times for vitamin A in the liver, kidneys, small intestine, and lungs

were 14, 3.5, 5, and 75 times greater, respectively, in the RA‐treated rats

as compared to the unsupplemented ones. Similarly, the total traced mass

of vitamin A in liver, kidneys, small intestine, and lungs was 11, 3, 5, and

31 times greater, respectively, in the RA‐treated rats. The diVerences in the

observed and model‐predicted fractions of injected dose were a result of

increased fractional input and decreased fractional output of vitamin A in

the liver, kidneys, small intestine, and lungs of the RA‐treated rats. For the

other organs studied (eyes, testes, adrenals, and remaining carcass), there

were no diVerences in vitamin A kinetics between the groups.

The diVerences in individual organ vitamin A kinetics were paralleled by

diVerences in whole‐body vitamin A kinetics in RA‐supplemented versus

untreated rats. For instance, the model‐predicted vitamin A disposal rate

was 20% lower, and the system fractional catabolic rate was 50% lower, in

RA‐treated rats. Together, the lower disposal and system catabolic rates

contributed to a greater system residence time and total traced mass in the

RA‐treated rats, as evidenced by the diVerences in the tracer response curves

for liver between the groups (Fig. 6). It is interesting that the liver tracer

response curve for rats with low vitamin A status supplemented with RA was

kinetically similar to the curve for rats with marginal vitamin A stores. These

results suggest that retinol kinetics in liver are directly aVected by hepatic

vitamin A levels (Fig. 6). Overall, we concluded that vitamin A recycling,

uptake, and mass were aVected in a tissue‐specific manner in rats with low

vitamin A status during chronic RA administration. This resulted in retinol

sparing and a positive vitamin A balance as was observed in earlier studies

(Dowling and Wald, 1960; Lamb et al., 1974).

5. Inflammation

The final exogenous factor we have modeled is the eVect of inflammation

on vitamin A kinetics. It is known that, like vitamin A deficiency, inflamma-

tion is also associated with low plasma retinol levels. That is, hyporetinole-

mia is often observed during inflammation and the acute‐phase response to
infection. In developing countries, interpretation of low plasma retinol levels

may be complicated due to the presence of both inadequate dietary sources

of vitamin A and chronic/acute infection. In recent work (Gieng, 2006;

Gieng et al., 2005), the eVects of prolonged inflammation and hyporetinole-

mia on vitamin A kinetics were studied in rats by applying model‐based
compartmental analysis to in vivo kinetic data. Rats were orally dosed with
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[3H]retinol in oil, and serial blood samples were collected beginning at 2 h.

On day 21, after tracer had equilibrated with tracee pools of vitamin A,

osmotic minipumps were implanted subcutaneously. Pumps delivered either

saline solution or one of two inflammatory agents [lipopolysaccharide (LPS)

or interleukin‐6 (IL‐6)] for 3 (LPS; Fig. 8) or 7 days (IL‐6). Both agents

caused a decrease in plasma retinol and tracer concentrations; plasma retinol

and tracer concentrations returned to control levels 6 (LPS) or 16 days (IL‐6)
after treatment.

During modeling, four hypotheses were tested to explain the hyporetino-

lemia of inflammation. We postulated that the decrease in plasma retinol

was caused by (1) an increased urinary excretion of retinol, (2) a redistribu-

tion of retinol out of the vascular bed, (3) an increase in degradation of

retinol, or (4) a decrease in mobilization of retinol from liver stores. To

account for the observed negative liver vitamin A balance during the kinetic

study, it was necessary to develop a tracee model in parallel with the tracer

model. In order to fit tracer and tracee data, a fourth compartment (Fig. 10)

was needed in the model presented earlier (Fig. 2). Compartment 4 in Fig. 10

acted kinetically like compartment 3 in Fig. 2; it was needed to prevent

plasma retinol levels from dropping more than was observed experimentally.

The model that best fits the data (Fig. 10) predicted that inflammation‐
induced hyporetinolemia was caused by a rapid and transient but significant

reduction in the mobilization of vitamin A into plasma. The specific activity

213
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FIGURE 10. A four‐compartment mammillary model. Compartments are shown as

circles; movement between compartments is represented by arrows and quantified by fractional

transfer coeYcients [L(I,J)s or the fraction of compartment J’s retinol transferred to compartment

I per unit time]. U(1) represents input of newly absorbed dietary retinol, the asterisk shows the site

of introduction of the tracer (typically plasma), and the triangle indicates that this compartment is

a site of sampling.
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of plasma retinol (i.e., [3H]retinol/retinol) decreased during inflammation,

indicating that the mobilization of retinol from liver stores was inhibited

while there was still some apoRBP being synthesized in hepatocytes to allow

for mobilization of unlabeled, diet‐derived vitamin A. It was hypothesized

that delivery of vitamin A to tissues, such as the eyes, lungs, or kidneys,

might be impaired with chronic low plasma retinol levels such as occurs

during chronic inflammatory disease. This has important public health im-

plications. Specifically, administering vitamin A during inflammation may

not ameliorate low plasma retinol concentrations, although it might increase

the delivery of chylomicron vitamin A to extrahepatic tissues. Normally, the

liver parenchymal cells secrete diet‐derived vitamin A into plasma quite

quickly (von ReinersdorV et al., 1998). It may be that the chronic adminis-

tration of large vitamin A supplements during inflammation, when RBP

synthesis is depressed, may block the normal secretion of diet‐derived retinol

from liver parenchymal cells and lead to a toxic accumulation of vitamin A,

causing liver damage.

E. PHYSIOLOGICAL INTERPRETATION OF THREE‐ AND

FOUR‐COMPARTMENT MODELS

Although large, complex models such as the ones developed by Green

et al. (1985) and Lewis et al. (1990) are important to our understanding of

whole‐body vitamin A metabolism, three‐ and four‐compartment models

that view the vitamin A system from the plasma space can be developed from

more manageable experiments and with less extensive modeling. Of course,

with the latter approach, the investigator is not able to postulate definitive

correspondence between anatomical sites and the model’s compartments as

is possible in a large model developed after sampling multiple tissues as well

as plasma. However, this limitation does not negate the usefulness of the

more straightforward approach.

In the studies discussed here which use this approach, either a three‐
(Fig. 2) or four‐compartment model (Fig. 10) has provided a good fit to

vitamin A kinetic data. Compartment 1 is clearly the plasma pool of retinol

bound to RBP and transthyretin. It is worth emphasizing that plasma retinol

acts as one kinetically homogeneous pool with a mean transit time (Table I)

of about 2 h. In the postabsorptive state after a vitamin A‐rich meal, there

would be a transient increase in plasma retinyl esters. These would be in a

kinetically distinguishable pool from compartment 1. On the basis of kinet-

ics, we hypothesize that compartment 2 represents retinol that has either

entered interstitial fluid or been filtered by the kidneys as holoRBP; it also

likely includes a relatively rapidly turning‐over intracellular pool of retinol
in some of the organs shown in Fig. 9 (e.g., carcass).

When liver vitamin A is not changing substantially during the course of a

kinetic study, then plasma tracer data can often be fit to a three‐compartment
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model (Fig. 2), with the majority of compartment 3 corresponding to liver

retinyl ester stores. However, when liver vitamin A balance is negative, such

as when TCDD was administered (Green and Green, 2003) or when liver

vitamin A balance was positive as in the case of iron deficiency (Jang et al.,

2000), or in the LPS‐induced inflammation study (Gieng, 2006), then a

fourth compartment is required to fit the tracer and tracee data (liver

vitamin A) (Figs. 7 and 10). The kinetic behavior of vitamin A in compart-

ment 3 in the three‐compartment model versus compartment 4 in the four‐
compartment model is very similar; that is, all of the slowest turning‐over
vitamin A lumps into one compartment (compartment 3) in a steady state

condition. When liver vitamin A is changing substantially over time (i.e.,

is not in a steady state), then compartment 4 is needed as liver vitamin A

decreases or increases compartment 3; compartment 4 contains suYcient

tracer to feed the plasma retinol tracer compartment as liver tracee is depleted

or expands. This was especially important in the inflammation study, in which

the model predicted that during inflammation, mobilization of retinol from

liver retinyl ester stores was inhibited, likely due to unavailability of apoRBP.

The recycling of retinol from compartment 4 and to a lesser extent from

compartment 2 prevented plasma retinol concentration from dropping even

further into a vitamin A‐deficient‐like state. Thus, compartment 4 in Fig. 10

plays an important role in plasma retinol homeostasis. It will be interesting

in future kinetic studies to determine the location of compartment 4 vitamin

A. Likely candidates for this extrahepatic pool of kinetically active vitamin

A that plays an important role in whole‐body vitamin A metabolism are

adipose tissue, small intestine, and skin. Future research will be needed to

identify the source(s) of apoRBP involved in vitamin A turnover from this

pool (plasma versus the organs themselves).

F. VITAMIN A KINETIC STUDIES IN HUMANS

As noted elsewhere (Green and Green, 2005a), there are as yet few

published studies on vitamin A kinetics in humans which were designed to

be analyzed by compartmental analysis. However, in two cases, model‐based
compartmental analysis was applied retrospectively to human data, and

some very interesting results were obtained. In the first instance, Green

and Green (1994b) analyzed data collected by Goodman in 1965–1966 on

the long‐term kinetics of plasma retinol in three human subjects who were

given an intravenous dose of autologous plasma labeled in vitro with

[14C]retinol. Data for each subject were fit to a three‐compartment model

(Fig. 2) and then modeled as one data set to arrive at a working model for

vitamin A metabolism. Average parameters were determined using the

SAAM program. This analysis confirmed the suspected similarities in many

aspects of vitamin A metabolism in humans compared with rats: extensive

recycling among plasma and tissues, similar sources of plasma retinol input,
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and vitamin A stores similar to what had been published from autopsy

studies of liver.

In a second retrospective application, von ReinersdorV et al. (1998) used

model‐based compartmental analysis to develop a model for retinol kinetics

in a human subject after oral administration of 105 mmol of [13C]retinyl

palmitate. From a modeler’s point of view, there were several nonideal fac-

tors in this experiment, including the mass of retinol in the oral dose (it was

too large to be considered a tracer), the short duration of the study (7 days),

and the fact that the dose was administered orally. Oral administration

introduces significant constraints: in order to model the rapid absorptive

phase, an adequate number of early samples must be collected to character-

ize the absorption and initial metabolism of the dose. However, oral dosing

is safer and easier to use in humans. Note that some interesting work has

been done to develop artificial chylomicrons for the intravenous administra-

tion of labeled fat‐soluble substances in humans (Redgrave et al., 1993), and

this possibility is worth pursuing if vitamin A kinetic studies in humans are

planned. The von ReinersdorV data from the postabsorptive phase were fit

to a three‐compartment model that was similar to the one developed for the

Goodman data (Green and Green, 1994b), and the kinetic parameters were

similar. For example, the model predicted that the transit time for plasma

retinol was �2 h, that �50 mmol of retinol passed through the plasma each

day, and that the estimated vitamin A utilization rate was 4 mmol/day.

These latter two estimates again indicate the extensive recycling of retinol

through the plasma compartment.

In a third human study (Tang et al., 2003), plasma retinol kinetics were

followed for 52 days after oral administration of octadeuterated retinyl

acetate, and data from one subject were modeled using model‐based com-

partmental analysis (Furr et al., 2005). Following absorption and hepatic

secretion of retinol into plasma, the three‐compartment model shown in

Fig. 2 was compatible with the data; estimates of model parameters were

similar to those calculated in the other two studies. The model indicated that

about 0.02 pools of the body’s vitamin A were used irreversibly each day,

and the vitamin A disposal rate was estimated to be 9 mmol/day.

In addition to the limitation mentioned here related to administering the

labeled dose orally in human studies and the resultant needs for extensive

and early sampling, there are several other factors that would need to be

considered in designing human vitamin A kinetic studies (Green and Green,

2005a). The need for a large number of samples and a long study duration

are obvious constraints; there are also technical problems in the mass ver-

sus detectability of the administered dose. In spite of these challenges to

applying model‐based compartmental analysis to human kinetic data, such

studies would provide interesting and important information on vitamin A

metabolism in humans.
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VI. CONCLUSIONS

On the basis of the work reviewed here, it is evident that much has been

learned about whole‐body vitamin A metabolism since the 1980s. At that

time (Green and Green, 1996), conventional wisdom indicated that newly

absorbed vitamin A was transported to the liver to be either stored there or

resecreted bound to RBP and that circulating holoRBP delivered retinol to

target tissues for uptake and utilization. Building on the work of others, we

have applied mathematical modeling to in vivo kinetic data collected over the

past several decades. These studies describe and quantitate whole‐body and

organ‐level vitamin A metabolism under diVerent conditions and have con-

tributed to the realization that this system is complex and intriguingly

regulated. For example, modeling has shed light on the role of retinol

recycling in plasma retinol homeostasis; it has revealed that the liver is not

the only source of input of retinol into plasma, quantified the role of various

tissues in whole‐body vitamin A dynamics, and provided hypotheses about

hepatic vitamin A metabolism. Modeling has also demonstrated the impor-

tance of plasma retinol pool size in vitamin A utilization and indicated the

contribution of extrahepatic tissues to overall vitamin A storage and plasma

retinol homeostasis.

As discussed earlier, both large complex models and more simple three‐
and four‐compartment models make unique and useful contributions to our

understanding of whole‐body and organ‐level vitamin A metabolism. To

build a large model requires extensive long‐term sampling of both plasma

and organs (and in some cases, excreta), and the resulting model quanti-

tates vitamin A kinetics in each of the sites sampled. On the other hand,

when vitamin A metabolism is viewed from the plasma space, processes with

similar kinetics are lumped into the same compartment. It is interesting that

both large and simpler models for vitamin A metabolism indicate that, in

addition to the plasma retinol pool, the remaining body vitamin A pools are

either about the size of the plasma retinol pool or are larger and slowly

turning‐over. Those latter pools presumably map onto vitamin A storage

sites in the liver and many other tissues. While the small pools are metaboli-

cally very active, the larger pools do turn over and are important in overall

whole‐body vitamin A kinetics.

Although the ability to apply model‐based compartmental analysis to

the study of vitamin A metabolism requires an expertise that is not typi-

cally part of a modern biologist’s skill set, the payoVs in understanding

aspects of the system which are diYcult to study directly justify the eVort
required to learn and use this approach. Besides the wealth of unique

information that may be learned through modeling biological systems, the

approach provides continuing challenges and learning opportunities for the

investigator.
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VI. Discussion and Perspectives

References

Vitamin A (VA, retinol) is essential for normal immune system

maturation, but the eVect of VA1 on antibody production, the hallmark

of successful vaccination, is still not well understood. In countries where

VA deficiency is a public health problem, many children worldwide are

now receiving VA along with immunizations against poliovirus, measles,

diphtheria, pertussis, and tetanus. The primary goal has been to provide

enough VA to protect against the development of VA deficiency for a

period of 4–6months. However, it is also possible that VAmight promote

the vaccine antibody response. Several community studies, generally of

small size, have been conducted in children supplemented with VA at the

time of immunization, as promoted by the World Health Organization/

UNICEF. However, only a few studies have reported diVerences in

antibody titers or seroconversion rates due to VA. However, VA status

was not directly assessed, and in some communities children were often

breast fed, another strategy for preventing VA deficiency. Some of the

vaccines used induced a high rate of seroconversion, even without VA. In

children likely to have been VA deficient, oral polio vaccine seroconver-

sion rate was increased by VA. In animal models, where VA status was

controlled and VA deficiency confirmed, the antibody response to

T‐cell‐dependent (TD) and polysaccharide antigens was significantly

reduced, congruent with other defects in innate and adaptive immunity.

Moreover, the active metabolite of VA, retinoic acid (RA) can potentiate

antibody production to TD antigens in normal adult and neonatal

animals. We speculate that numerous animal studies have correctly

identified VA deficiency as a risk factor for low antibody production.

A lack of eVect of VA in human studies could be due to a low rate of VA

deficiency in the populations studied or low sample numbers. The ability

to detect diVerences in antibody response may also depend on the

vaccine–adjuvant combination used. Future studies of VA supplemen-

tation and immunization should include assessment of VA status and a

suYciently large sample size. It would also be worthwhile to test the

eVect of neonatal VA supplementation on the response to immunization

given after 6 months to 1 year of age, as VA supplementation, by

preventing the onset of VA deficiency, may improve the response to

immunizations given later on. # 2007 Elsevier Inc.

1Abbreviations: CI, confidence interval; DPT, diphtheria–pertussis–tetanus; EPI, Expanded

Program on Immunization; IFN, interferon; IU, international unit; LPS, lipopolysaccharide;

NK, natural killer; NKT, natural kill T‐(Cell); OPV, oral polio vaccine; PBMC, peripheral

blood mononuclear cell(s); PIC, polyriboinosinic acid:polyribocytidylic acid; RA, retinoic acid;

TD, T‐cell dependent; TI, T‐cell independent; TNF, tumor necrosis factor; VA, vitamin A,

WHO, World Health Organization.
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I. INTRODUCTION

Vitamin A (VA, retinol) has long been considered important for the

maintenance of the immune system, but its role in antibody production is

still being uncovered. Antibody production, the hallmark of a successful

response to vaccination is, indeed, the only proven mechanism which vac-

cines protect against infectious disease (Beverley, 2002; Del Giudice, 2003).

This chapter focuses on studies, in the past decade, on the eVects of

providing VA or its active metabolite, retinoic acid (RA), during the induc-

tive phase of the antibody response in vivo. After discussing the rationale for

the topics selected, the chapter then considers: (1) the eVect of VA supple-

mentation on the response to immunization in children, (2) experimental

studies addressing mechanisms by which VA and/or RA may aVect antibody
production in vivo, (3) innate immune cells and factors regulated by VA and

RA that may aVect immunization outcome, and is followed by (4) a discus-

sion of factors that may account for diVerences observed in human and

animal studies of VA supplementation and the response to immunization.

Other reviews have addressed VA deficiency and infection, and morbidity

and mortality outcomes in VA supplementation studies (Semba, 2000;

Stephensen, 2001; Villamor and Fawzi, 2005).

II. RATIONALE FOR INTEREST IN VA

SUPPLEMENTATION AND

ANTIBODY PRODUCTION

VA deficiency in young children is associated with increased morbidity

and mortality, especially from measles and diarrheal diseases (Beaton et al.,

1994; Sommer and West, 1996). It has been estimated that improving VA

status in children at risk of deficiency will reduce mortality by 23% (Beaton

et al., 1994), and avert >24,000 deaths per year (Ching et al., 2000). The

reduction in morbidity and mortality by VA is widely attributed to a

decreased severity of infectious diseases (Beaton et al., 1994; Semba, 1999;

Villamor and Fawzi, 2005). In 1994, WHO established a policy of integrat-

ing VA supplementation as a part of the Expanded Program on Immuniza-

tion (EPI) in countries where VA deficiency is still prevalent (World Health

Organization, 1994). For 6‐ to 12‐month‐old infants, it is recommended that

100,000 IU of VA (equivalent to 30 mg of retinol) be given along with

measles immunization, and for infants under 6 months of age, 25,000 IU

of VA along with diphtheria–pertussis–tetanus (DPT) vaccines. Therefore,

many children worldwide are now receiving VA along with immunizations

against poliovirus, measles, diphtheria, pertussis, and tetanus. The primary

goal has been to provide enough VA to protect against VA deficiency for

a period of 4–6 months (Sommer and West, 1997; Underwood, 1995).
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However, it is also possible that VA might promote the vaccine antibody

response. To date, this has been tested relatively sporadically and only in

trials much smaller than the mortality trials that led up to the policy to

provide VA with immunization. Because cotreatment with VA at the time of

immunization is widely practiced today, it is important to understand

the eVect that VA supplementation may have on the response to immuniza-

tion. As discussed in the section below, only a few of the studies that have

measured the antibody response to vaccination have shown evidence of a

benefit of VA, but neither have they shown reduced titers or other evidence

of unintended eVects.
Animal experiments have demonstrated that an adequate level of VA is

necessary to mount an eYcient antibody response to many antigens; howev-

er, previous studies have also revealed that VA‐deficient animals are capable

of producing a strong antibody response to some antigens (Ross, 1996a,b).

Thus, the requirement for VA may be better considered as conditional, as it

apparently diVers with and depends on the type of immune stimulus em-

ployed. Antigens that require T‐cell help [T‐cell‐dependent (TD) antigens

such as tetanus toxoid and cellular antigens] in the initiation phase of the

antibody response, or antigens that, while considered T‐cell independent are
nonetheless regulated by T‐cells (TI‐2 antigens such as polysaccharides),

were poorly immunogenic in VA‐deficient animals, while TI‐1 antigens

[lipopolysaccharides (LPS)] were strongly immunogenic in VA‐deficient ani-
mals as well as controls (Arora and Ross, 1994; Ross, 1996a,b). Indeed, in

response to some types of antigenic challenge, VA‐deficient animals have

produced higher titers of certain antibodies. For example, anti‐influenza IgG
was elevated in VA‐deficient mice infected with influenza virus (Stephensen

et al., 1996). These data provide evidence that the antibody response is

dysregulated by VA deficiency rather than simply impaired. It is encouraging

that VA‐deficient animals remain to some extent immunocompetent, as this

suggests that when they are provided with VA, the ‘‘machinery’’ for a

competent immune response is present, and although dysregulated, it may

potentially be reregulated to produce normal adaptive immune responses

without significant delay.

RA, a natural bioactive metabolite of VA (Ross, 2006), is well known as

a hormone capable of promoting the diVerentiation of a wide variety of cell

types and as a regulator of many physiological processes. Animal experi-

ments have demonstrated that supplementation with VA or RA in vivo can

stimulate the antibody response to vaccination, even in normal, non‐VA‐
deficient animals (Cui et al., 2000; DeCicco et al., 2001; Ma et al., 2005).

Therefore, VA and/or RA could potentially be useful as immunologic

stimuli, but their eVects need to be better understood at the cellular and

whole‐body levels. Little is known about the underlying mechanisms, espe-

cially related to lymphocyte activation and diVerentiation, through which
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supplemental VA or RA may stimulate antibody production. A successful

antibody response requires a finely timed collaboration among several types

of cells: antigen‐presenting cells (dendritic cells, macrophages, and B‐cells),
T‐helper (Th) cells; cytokine‐producing cells [natural killer (NK) cells, and

NK‐T‐cells], and naı̈ve B‐cells capable of developing into plasmacytes and

then antibody‐secreting plasma cells, or memory B‐cells required for long‐
lived immunity and protection against a potential future encounter with the

infectious agent for which the vaccine has been designed. An area of signifi-

cant interest regarding VA and RA is whether, alone and when combined

with other immune stimuli, they are eVective in augmenting the humoral

response to vaccination.

The past decade in immunology research has been remarkable for the

greatly increased understanding of the role of innate immunity in shaping

the outcome of adaptive immune responses. It had long been recognized

that bacterial cell wall components—LPS, lipoteichoic acid, and other com-

ponents—as well as viral nucleic acids provide ‘‘danger signals’’ to mamma-

lian cells, and often are potent immune stimuli (Janeway and Medzhitov,

2002; Matzinger, 2002). These bacterial and viral components are typically

composed of repeating subunit structures, which Janeway and coworkers

(Janeway and Medzhitov, 2002) termed ‘‘pathogen‐associated molecular

patterns,’’ or PAMPs, and these agents have now been shown to be ligands

for Toll‐like receptors [TLRs family molecules (Janeway and Medzhitov,

2002; Takeda and Akira, 2005)], or other ‘‘pattern recognition receptors’’

(PRRs) on the surface of mammalian cells. The interaction of PAMPs with

PPRs triggers potent innate immune responses, including production of

cytokines and oxidants, which are critical in the first line of defense against

many microbial pathogens. It is now recognized that cells and factors

considered part of the innate immune system, which typically act very early

and are relatively nonspecific in the course of infection or immune stimula-

tion, have a strong impact on cells of the adaptive immune system—B‐cells
and T‐cells—that are activated more slowly but sustained over time to pro-

duce humoral immunity and the memory response that is critical to successful

vaccination.

VA and RA have been shown to aVect some of the functions of macro-

phages, NK cells, and other cells of the innate immune system in earlier

studies (reviewed in Ross, 1996b), and to stimulate the functions of dendritic

cells in culture (Hengesbach and Hoag, 2004). The exposure of cells of the

innate immune system to VA andRAat the time of antigen exposure (priming

in vivo) may stimulate the initial phase of antibody production and, if memory

to antigen is formed, aVect the response to vaccination over a much longer

term. It, therefore, is also important to understand how retinoids aVect
the innate immune system to better understand the regulation of adaptive

immunity.

Vitamin A and Antibody Production In Vivo 201



III. VA AND THE RESPONSE TO

IMMUNIZATION IN CHILDREN

Several studies in the last decade have added to the literature on VA

supplementation and immunity in young children. The eVect of VA given

with measles immunization on serum antibody titers and seroconversion

percentage was studied in a randomized controlled trial in 395 infants,

9‐ to 12‐month old, in India (Cherian et al., 2003). Previous studies in 6‐ to
9‐month‐old infants (see references in Cherian et al., 2003) had shown

no enhanced response to measles immunization in one study, while in two

others the antibody response was higher but seroconversion rates were simi-

lar, and in another study antibody titer and seroconversion were increased in

VA‐supplemented infants. Supplemented with 100,000 IU of VA (30‐mg

retinol) did not aVect the rate of seroconversion, but rates were 99% in both

the supplemented and unsupplemented groups, so any additional eVect
could not have been detected. Antibody titers at 1 and 6 months postvacci-

nation did not diVer, nor did the proportion of infants with titers considered

protective for measles at 6 months postvaccination. The authors commented

that most infants in this study were breast fed, which would be expected to

provide some protection against VA deficiency. However, VA did not en-

hance the response of low weight‐for‐age infants in the study, a group that

may be considered more vulnerable to VA deficiency.

A small prospective study of 89 healthy breast‐fed infants, randomized

into 4 groups, examined VA supplementation, alone and combined with

vitamin E, on the response to DPT immunization (Kutukculer et al., 2000).

Infants were given 30,000 IU of VA (9‐mg retinol) for 3 days just after each

immunization, at 2–4 months, and they received a booster immunization

(without supplementation) at 16–18 months. VA levels were determined and

pre‐ and postimmunization and antibody titers were measured. No signifi-

cant diVerences were found for serum VA, vitamin E, or anti‐tetanus anti-
body titers at 2, 5, and 16 months. However, visual inspection of the data

indicates that titers at 5 months were, on average, about 25% higher in the

two groups that received VA, with and without vitamin E. Overall, this small

study did not find a benefit of VA on the anti‐tetanus antibody response,

consistent with two earlier small studies. However, an earlier larger study

had reported lower levels of anti‐tetanus IgG in VA‐deficient children.

Together, the studies support either no observable benefit on immunization

against tetanus or possibly a small benefit in some studies.

Bahl et al. (2002) reported on the eVect of VA supplementation, given at

EPI contacts, on the antibody response to oral polio vaccine (OPV) in

Indian infants in a community with a significant rate of stunting and a high

prevalence of subclinical VA deficiency (37% of children 1–5 years old with

serum retinol <0.7 mmol/L). Thus it was believed that VA deficiency may

exist prior to 6 months of age in this community, and therefore providing
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VA before 6 months of age might prove beneficial. Three hundred ninety‐
nine infants received OPV at 6, 10, and 14 weeks of age, and half (n¼ 194) of

the infants received 25,000 IU of VA (7.5‐mg retinol) with each immuniza-

tion. The mothers also received 60 mg of retinol 18–38 days postpartum.

OPV titers were determined to poliovirus types 1–3 12 weeks after the

third immunization. VA‐supplemented infants had a significantly higher

geometric mean antibody titer against OPV type 1 (relative risk ratio 1.55;

95% CI, 1.03–2.31), while the number of infants with protective titers against

poliovirus was also increased. No diVerences, however, were observed for

responses to type 2 or type 3 poliovirus immunization. The authors con-

cluded that VA did not interfere with the response to any of the three types

of poliovirus, while the response to type 1 poliovirus was enhanced. Al-

though it is unknown why the beneficial response was limited to type 1

poliovirus, the authors noted that the proportion of infants in the placebo

group with protective antibody titers was lower (71%) for type 1 poliovirus

than for either type 2 or type 3 poliovirus (93% and 80%, respectively), while

VA increased the percent of infants with protective titers against type 1

poliovirus to 82%. Thus, it may be that the eVect of VA supplementation

is limited to those antigens which tend to be less eVective, and for which the

response rate of the untreated group is low.

The eVect of VA given simultaneously with measles immunization was

examined in a study of 462 children in Guinea‐Bissau who were randomized

to receive either a two‐dose schedule of measles vaccine at the ages of 6

and 9months (n¼ 150 infants) or one dose of measles vaccine at age 9months

(n ¼ 312 infants), the more common age for immunization in developing

countries (Benn et al., 1997). Children were followed up to the age of

18 months when serum measles titers were determined. The rate of serocon-

version was 98% among children who received two doses of vaccine. Neither

the percentage of seroconversion nor geometric mean titer of anti‐measles

antibodies diVered in children receiving VA compared with children receiving

no supplement. Among children receiving only one dose of measles vaccine at

age 9months, seroconversion was also high, 95%. In this group, antibody titer

was significantly higher in the children, and especially in boys, who received

VA (relative risk ratio 1.52; CI, 1.22–1.88). Benn et al. (1997) interpreted their

study as providing no indication that simultaneous administration of measles

vaccine and VA supplements has a negative eVect on measles immunity.

Among the children who had received two doses of measles vaccine at the

ages of 6 and 9 months, VA had no significant eVect, while among children

receiving only one dose of measles vaccine at age 9 months of age, 100,000 IU

of VA increased antibody concentrations, especially for boys.

These children were then followed up and reexamined when they

reached 6–8 years of age (Benn et al., 2002). At that time, fewer of the pre-

viously VA‐supplemented children had nonprotective antibody concentra-

tions (P ¼ 0.0095), and among children with protective antibody levels,
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VA‐supplemented children tended to have higher antibody titers (P ¼ 0.09).

This result suggests the eVect of VA on measles vaccine given at age 9 months

may result in longer protection, although titer levels were not higher.

Wieringa et al. (2004) examined the eVect of VA, or other micronutrients,

administered in vivo, on whole blood cytokine production measured ex vivo,

in a small study of 59 Indonesian infants without evidence of infection.

Whole blood was treated with phytohemagglutinin and LPS, incubated at

37 �C for 10 h, and cytokine concentrations were measured. Serum retinol,

zinc, and iron were measured as indicators of micronutrient status. The

VA‐deficient and nondeficient groups had serum retinol concentrations of

0.49 and 0.88 mmol/L, respectively. Interferon (IFN)g production was lower

(P < 0.05) in the VA‐deficient group, while interleukin (IL)‐12 production

showed a similar mean diVerence, but was not significant, and neither IL‐10
nor IL‐6 showed any diVerences. VA did not aVect leukocyte counts

or diVerential blood cell counts. The lower production of IFNg would be

consistent with a reduced type 1 cytokine response; however, in mice, VA‐
deficient CD4þ T‐cells were reported to secrete more IFNg per cell (Carman

and Hayes, 1991), which was reduced RA. Since LPS is a ligand of TLR4

(Janeway and Medzhitov, 2002; Takeda and Akira, 2005), the IFNg could

have been produced by non‐T‐cells such as innate immune cells bearing

TLR4 on their surface. Although this study was small, it is interesting for

its exploration of a possible mechanism whereby VAmight aVect the balance
of Th1:Th2 cytokine production.

IV. EXPERIMENTAL STUDIES OF VA OR RA

SUPPLEMENTATION AND ANTIBODY

PRODUCTION IN VIVO

A. EXPERIMENTAL MODELS

Experiments to examine the eVects of VA or RA on antibody production

in vivo have been conducted in several animal models. Animal models of VA

deficiency provide a means to assess the eVects of nutritional repletion with

VA, or the eVects due specifically to RA in the absence of significant levels

of retinol when RA is given as a treatment. It is well appreciated that most,

if not all, of the biological eVects of VA outside of vision are attributed to

RA, and RA, while not stored, is able to reverse the growth impairment

and normalize epithelial functions in retinol‐depleted animals (Dowling

and Wald, 1960), so long as it is supplied continuously (Lamb et al., 1974).

VA‐adequate animal models provide a means to assess the potential immu-

nostimulatory or immunoinhibitory activity of supplemental VA, or of RA

used to simulate a therapeutic treatment, on antibody production and/or

regulatory cytokines. Additionally, combinations of VA or RA together
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with other immune stimuli are of interest. For example, our laboratory has

investigated the eVects of VA or RA combined with LPS, now known as a

ligand for TLR4, and of VA combined with tumor necrosis factor (TNF)‐a, a
ligand for several receptors of the TNF‐a family that are critical for immune

regulation. Each of these combinations increased the antibody response to

tetanus toxoid in VA‐deficient rats, and also elevated the level of anti‐tetanus
antibodies above the normal level in VA‐adequate rats (Ross, 2000). We have

also combined VA and RA with polyriboinosinic acid:polyribocytidylic acid

(PIC), a double‐stranded RNA that is a mimetic of double‐stranded RNA

viruses and a ligand of TLR3 (Janeway and Medzhitov, 2002; Takeda and

Akira, 2005). PIC has been studied by others and ourselves for its ability to

elicit type I IFNs and activate NK cells, but it is now known that PIC‐
stimulated dendritic cells and peripheral blood mononuclear cells produce

an array of cytokines, including TNF‐a and chemokines (Re and Strominger,

2004). As described below, PIC and RA are strong and sometimes synergistic

regulators of antibody production. Factors like LPS, TNF‐a, and PIC are

most often considered ‘‘pro‐inflammatory,’’ yet LPS (from normal commen-

sal microflora), and TNF and related molecules are necessary for a normal

immune response. The concept of employing TLR ligands such as PIC, CpG,

or other PAMPs as vaccine adjuvants, or of incorporating cytokine‐
expressing vectors such as IL‐12 with vaccines, is now receiving serious

attention (Del Giudice, 2003; Marciani, 2003; Schijns and Tangeras, 2005).

It is important to bear in mind that in the nutritional model of VA

deficiency, deficiency develops gradually, generally over a course of weeks

or longer, and thus changes in bone marrow hematopoiesis, and lymphoid

organ cellularity may already be apparent, along with other physiological–

biochemical changes. Retinoids are known to be important for the mainte-

nance of stromal cell interactions with neighboring cells, and a dysfunction

of cell–cell interactions may develop insidiously, as VA deficiency becomes

more severe. Conversely, the response to treatment with VA and RA can be

very rapid, as both forms of the vitamin are rapidly absorbed from the

intestine, even in the VA‐deficient state (Ross and Zolfaghari, 2004), and

changes in the expression of some retinoid‐responsive genes can be detected

within hours after administration of RA to VA‐deficient animals (Wang

et al., 2001; Zolfaghari and Ross, 2002; Zolfaghari et al., 2002). Thus, the

context of supplementation studies, especially the extent of deficiency prior

to treatment, is likely to be an important factor in the outcomes observed.

B. RA TREATMENT AND ANTIBODY PRODUCTION IN A

VA‐DEFICIENT MODEL

Antibody responses to tetanus toxoid, a TD antigen, had previously been

shown to be reduced during VA deficiency and restored by supplementation

with VA (reviewed in Ross, 1996b, 2000). In a study to test whether RA
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alone, and RA combined with PIC, can increase antigen‐specific antibody

production, VA‐deficient rats were immunized with tetanus toxoid and

treated orally with all‐trans RA, PIC, or the combination at the time of

primary immunization (DeCicco et al., 2000). After the primary response

has subsided, all rats were reimmunized with tetanus toxoid; however, no

additional RA or PIC was administered. VA‐deficient rats produced low

primary anti‐tetanus IgG response (�20% of the VA‐adequate control

group) and a very low secondary anti‐tetanus IgG response (<10% of the

VA‐adequate control group). The primary response was increased by RA

alone and by PIC alone. The primary response was increased much more

strongly, in a synergistic manner, by RA þ PIC (P < 0.0001). Interestingly,

the secondary response was equally augmented by RA þ PIC, even though

these treatments were given only at the time of first immunization (priming).

PIC alone, however, did not promote the secondary anti‐tetanus response,
suggesting that despite an eVect of PIC (or cytokines elicited by the binding

of PIC to TLR3), on the primary immune response, the development of

memory cells was not increased by PIC. However, when PIC was combined

with RA, the anti‐tetanus memory response was increased strongly and

synergistically. These results suggest that RA is required for the diVerentia-
tion and/or maintenance of memory T and memory B‐cells, while PIC alone

is not suYcient to induce or maintain these populations. In combination,

however, the augmentation of antibody production is both stronger than for

either agent alone and long‐lasting.
Several cytokine mRNAs were measured in the spleen of VA‐deficient

rats to explore possible mechanisms for the diVerences in antibody produc-

tion. In VA‐deficient rats (DeCicco et al., 2000), mRNA levels were low for

IL‐2 receptor‐b, interferon regulatory factor‐1, a downstream factor in IFN‐
regulated gene transcription, and signal transducer and activator of tran-

scription (STAT)‐1, a mediator of type I and type II IFN signal transduction

and transcriptional activation. In contrast, RA together with PIC increased

the expression of each of these factors (P < 0.0001 versus controls). Con-

versely, in VA deficiency, IL‐12 and IL‐10 mRNAs were both elevated, but

reduced toward normal levels by RA. As noted later, an elevation in Th1/

type 1 cytokines, either absolutely or in relationship to Th2/type 2 cytokines,

has been consistently observed in the VA‐deficient state, and the IL‐12
results, but not the IL‐10 results in this study, support this conclusion. RA

normalized this cytokine mRNA imbalance by downregulating IL‐12
mRNA to the level in VA‐adequate controls. Because retinol levels were

very low in the VA‐deficient group throughout this experiment, the down-

regulation of type 1 responses in rats supplemented with RA is apparently

directly due to this retinoid. Overall, this study provided support for the

notion that RA together with PIC could be a promising combination for

stimulating specific immunity in vivo.
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C. RA TREATMENT AND ANTIBODY PRODUCTION IN

VA‐ADEQUATE MODELS

A study of similar design was conducted in nonimmunocompromised

rats of normal VA status to assess the eVects of RA, given at a dose resembling

a chemotherapeutic regimen, on TD antibody production (DeCicco et al.,

2001). Rats were treated with 100‐mg RA � 20‐mg PIC on day 1 with con-

tinued administration of 100 mg of RA daily for 11 days, after which antibody

production changes in lymphocyte populations, and cell proliferation were

evaluated. In another study conducted for just 21 h, early changes in lympho-

cyte populations and gene expression were measured. Similar to previous

results in VA‐deficient rats, the combination of RA þ PIC significantly

potentiated anti‐tetanus IgG levels in VA‐adequate rats. This combination

also increased the numbers of B‐cells and MHC class IIþ cells in spleen and

lymph nodes, determined by flow cytometry, and the number of NK cells in

spleen and blood (see Section V). RA þ PIC significantly increased the levels

of IL‐10, IL‐12, and STAT‐1 mRNA, and STAT‐1 protein, suggestive of

heightened immune stimulation. Because tetanus toxoid is a TD antigen,

the proliferative response of T‐cells ex vivo was further studied after short‐
term treatments administered in vivo, as a model for the early stages of T‐cell
activation in vivo. RA combined with PIC significantly increased T‐cell pro-
liferation stimulated by anti‐CD3/phorbol myristyl acetate þ IFNa ex vivo.

These changes in antibody production, cell distribution, cytokine gene ex-

pression, and T‐cell proliferation suggest that the combination of RA þ PIC

stimulates humoral and cell‐mediated immunity. It was interesting, however,

that the strong synergy between RA and PIC on anti‐tetanus antibody

production was not apparent in the VA‐suYcient rat model.

To further investigate the potential for RA and PIC to promote immunity

in the VA‐adequate state, studies were conducted in adult mice immunized

with tetanus toxoid and treated with RA and/or PIC at priming (Ma et al.,

2005). Three independent studies of short and long duration were conducted

to evaluate early responses to treatment and long‐term outcomes on antibody

titers and memory formation. Anti‐tetanus IgG isotypes were measured to

further assess the eVect of treatment on Th1/type 1 immunity, associated with

higher IgG2a responses, and Th2/type 2 immunity associated with higher

IgG1 production. Whereas RA and PIC diVerentially regulated both primary

and secondary anti‐TT IgG isotypes, the combination of RA þ PIC stimu-

lated the highest level of total anti‐TT IgG (Fig. 1A and B). Concomitantly,

the ratio of IgG1 to IgG2a was similar to that of the control group, indicating

that the combination of RAþ PIC promoted a higher but normally balanced

response.

Antibody production was strongly associated with type 1/type 2 cytokine

gene expression, assessed as IFNg and IL‐12 mRNA as indicators of type 1

response, and IL‐4 and IL‐12 mRNA as indicators for type 2 response.
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FIGURE 1. Primary and secondary (memory) anti‐tetanus antibody responses of adult

(A and B) and neonatal (C and D) mice treated at the time of initial dose (priming) with retinoic

acid (RA, given orally), polyriboinosinic acid:polyribocytidylic acid (PIC, i.p.), or both RA þ
PIC. For determination of the memory response, animals were reimmunized with tetanus

toxoid without additional treatment with RA or PIC. Data (A, B) from Ma et al. [Copyright

(2005) The American Association of Immunologists, Inc., with permission] and (C, D) fromMa

and Ross [Copyright (2005) National Academy of Sciences, U.S.A., with permission].

Whereas RA reduced type 1 cytokines (IFNg and IL‐12), PIC enhanced both

type 1 and type 2 cytokines and cytokine‐related transcription factors (T‐bet,
GATA‐4). Despite the presence of PIC, the IL‐4:IFNg ratio was significantly

elevated by RA, indicative of skewing toward Th2/type 2 immunity in RA‐
treated mice. In addition, RA and/or PIC modulated the level of expression

of costimulatory molecules involved in B‐cell activation, CD80/CD86, an

eVect that was evident 3 days after antigen priming. Overall RA, PIC, and

RA þ PIC rapidly and diVerentially increased the anti‐tetanus IgG response.

However, the greatest and yet well‐balanced response was achieved with RA

þ PIC, which resulted in a robust, durable, and proportionate increase in all

anti‐TT IgG isotypes. Because no further treatment with RA or PIC was

given after the primary immunization, the heightened secondary antibody

response in RA þ PIC‐treated mice (Fig. 1B) must be attributable to reacti-

vation of immune memory, which was augmented by RA, and RA þ PIC,

during the primary response.
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D. RA SUPPLEMENTATION IN A NEONATAL MODEL

Neonates are highly susceptible to infectious diseases (Kovarik and Siegrist,

1998). In clinical trials in newborn babies, VA supplementation on days 1

and 2 after birth reduced neonatal mortality in the first 2 months of life,

especially in infants of low birth weight (Rahmathullah et al., 2003). The VA

status, in terms of liver VA reserves and plasma retinol of newborns, even

full‐term infants of well‐nourished mothers, is low as compared to that of

older children and adults. Thus, neonates might well be considered physio-

logically VA deficient, or as of marginal VA status (Ross, 2005). Neonates

are known to respond poorly to conventional vaccines due to immaturity of

the immune system (Siegrist, 2001), and this has stimulated a search for

better adjuvants for neonatal vaccines. As indicated in Table I, the pattern of

immune deficiency reported for neonates (Marshall‐Clarke et al., 2000)

resembles the pattern observed in VA‐deficient adult rats and mice (Ross,

1996a), with low responses to TD and polysaccharide (TI‐2) antigens, but a
relatively normal response to TI‐1 (LPS‐type) antigens.

Because RA and PIC successfully promoted the antibody response of both

VA‐deficient rats (DeCicco et al., 2000) and non‐VA‐deficient adult rats

(DeCicco et al., 2001) and mice (Ma et al., 2005), we hypothesized that RA,

PIC, and both RA þ PIC in combination would promote a stronger anti‐
tetanus response in neonatal mice. No previous studies of RA on the immune

system in this age group had been reported.Wemodeled the treatments in our

neonatal study (Ma andRoss, 2005) on our previous study ofRAþPIC given

to adult mice (Ma et al., 2005), scaling the doses of RA and PIC for neonatal

mice based on body weight. Early‐life treatments with RA and/or PIC were

well tolerated, as indicated by equal growth rates in all groups. As was

observed in adult mice, RA, PIC, and RA þ PIC stimulated the primary

anti‐tetanus IgG response in neonatal mice (control < RA < PIC < RA þ
PIC; Fig. 1C). Neonates were maintained on a normal diet after weaning

TABLE I. Characteristics of Antibody Responses in Murine Adult and Neonatal Models,

and in Adult VA‐Deficient Rats

Antigen type Adultsa Neonatesa VA‐deficient adult ratsb

T‐cell‐independent type 1 (TI‐1) þþ þþ þþþ
T‐cell‐independent type 2 (TI‐2) þþ þ �
T‐cell dependent (TD), total Ig Weak

Isotype switching þþþ Weak Weak

AYnity maturation þþþ Poor ND

Heterogeneity þþþ Restricted ND

a
From Marshall‐Clarke et al. (2000).

b
From DeCicco et al. (2000), Ross (1996a,b).

ND—not determined.
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and then, on day 40, they were reimmunized as young adult rats, without

any further treatment with RA, PIC, or RA þ PIC, to assess the formation

of the anti‐tetanus memory response. Treatment with RA at priming re-

sulted in a durable increase in anti‐tetanus IgG, which was about four times

than that of the control group (Fig. 1D). PIC, a potent adjuvant in adult

mice, also elevated the neonatal primary anti‐tetanus IgG response and

induced tetanus‐specific IFNg however, PIC alone failed to benefit the

memory response (Fig. 1D). The combination of RAþ PIC was more potent

than either agent alone in elevating both primary and secondary anti‐tetanus
IgG responses, as well as all IgG isotypes. Nevertheless, the titer of the

memory anti‐tetanus response of mice that were treated at neonatal age with

RA, PIC, and RA þ PIC, during the priming phase of the immune response,

was about half that of the memory response of mice primed as adults and

treated comparably. Therefore, although anti‐tetanus immunity was stimu-

lated by RA þ PIC in neonatal mice, the formation of B‐ and T‐cell memory

was lower compared to that of adult mice.

E. CYTOKINE PRODUCTION AND TH1:TH2 ANTIBODY

ISOTYPE BALANCE

VA deficiency was shown previously to be associated with a predomi-

nance of type 1 cytokines (Carman and Hayes, 1991; Carman et al., 1989;

Wiedermann et al., 1993). In recent studies of VA supplementation and RA

treatment, several investigators measured cytokines, IgG isotypes, or both,

that are considered signatures of type 1 and type 2 responses. A consistent

finding across studies has been a relative increase in type 2 immunity com-

pared to type 1 immunity after treatment with VA or RA, which has been

observed either as an increase in the level of Th2/type 2 cytokines or as a

decrease in Th1/type 1 cytokines. In either case, the ratio of Th2 to Th1

cytokines, and/or IgG isotypes, was increased by retinoid treatment. This

pattern is robust, as it has been observed in various models of immunization

and infection. A predominance of type 2 response was reported in a study of

mice immunized intramuscularly with a DNA vector expressing human

chorionic gonadotropin in which IgG production to the expressed antigen

was monitored over the course of several weeks, during which mice were

treated with or without RA continuously (Yu et al., 2005) so that exposure

to RA was much higher in this study. The ratio of IgG1/IgG2a plasma

antibody levels was somewhat increased in the RA‐treated mice, suggesting

skewing toward a Th2 response occurred in this model of immunization. In a

study of respiratory infection, rather than immunization, in a mouse model

of influenza, two groups of mice were fed high‐VA diet either before and

continuing after influenza infection or beginning at the time of infection to

simulate the adjuvant therapy previously used in clinical trials (Cui et al.,

2000). The production of IFNg, a Th1 cytokine, was lower in the group
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fed the high level of VA continuously compared with the control group,

whereas the production of IL‐10, a Th2 cytokine, was higher. No diVerences
in disease symptoms were found among the three groups. The authors noted

that high‐dose VA supplements may enhance Th2‐mediated responses, which

are beneficial in the case of extracellular bacterial and parasitic infections,

and IgA‐mediated responses to mucosal infections (Cui et al., 2000).

In the immunization study discussed above in neonatal mice, tetanus‐
specific lymphocyte proliferation and type 1/type 2 cytokine production,

measured as IL‐5 and IFNg in cell culture supernatants after restimulation

with tetanus toxoid, were significantly augmented by the prior in vivo treat-

ment with RA, PIC, or the combination of RA þ PIC. RA alone selectively

increased anti‐TT IgG1 and IL‐5, resulting in skewing toward a type 2 re-

sponse. Additionally, in a 3‐day study, RA and PIC significantly modulated

the maturation and/or diVerentiation of neonatal B‐cells, NK/natural killer

T‐cells (NKT cells) (see Section V), and antigen‐presenting cells. These results
imply that RA rapidly aVects cell populations while eVectively promoting

predominantly type 2 responses in neonatal mice, an age group in which

type 2 immunity is inherently predominant (Marshall‐Clarke et al., 2000).

However, when RA was combined with PIC as a nutritional–immunologic

intervention, the production of anti‐tetanus IgG isotypes was well balanced,

robust, and durable into adulthood, and both type 1 and type 2 cytokine

responses were increased.

In summary, several experimental models are consistent in showing that

adaptive immune responses are elevated by VA or RA but skewed in the

type 2 direction. Retinoids combined with immune stimuli like PIC, how-

ever, stimulated a quantitatively higher level of immune response, as

shown in both adult and neonatal mice. Qualitatively, the balance of

Th1:Th2 cytokines and the production of IgG isotypes were similar to that

of VA‐adequate animals.

V. INNATE IMMUNE CELLS AND FACTORS

REGULATED BY VA AND RA THAT MAY

AFFECT IMMUNIZATION OUTCOME

NK cells are important eVector cells of the innate immune system and

also important regulators of adaptive immunity (Lanier, 2005; Papamichail

et al., 2004). NK cells are produced in bone marrow and enter blood as

relatively immature cells, which then can rapidly mature under the influence

of various cytokines, especially type I interferons (a/b), released early after

viral infection, and IL‐2, IL‐12, and IL‐18which act synergistically to increase
the activation state of NK cells and increase their cytotoxic activity against

tumor cells (Baxevanis et al., 2003). Unlike cytotoxic T‐cells, NK cells do not

require prior sensitization by exposure to the target cell to become cytotoxic.
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cells in peripheral blood were decreased in rats fed VA‐marginal diet and increased in rats fed

VA‐supplemented diet, while age was also a factor for NK cell number. Data from Dawson

et al. (1999). (B) Natural killer T‐cells (NKT cells) in peripheral blood were regulated by diet in
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Activated NK cells produce various cytokines and thus play an important

immunomodulatory role in the production of antibodies. The marker

for NK cells, NK1.1 in mice and NKR‐P1 on human and rat cells (Lanier

et al., 1994), is also expressed on a subset of T‐lymphocytes, the NKT cells

(Bendelac et al., 1997; Kronenberg, 2005). NK cells are known as an early

source of IFNg, whereas NKT cells have been shown to rapidly secrete IL‐4
and IL‐10 as well as IFNg. Understanding the development, functionality,

and activation potential of NK cells and NKT cells is currently of great

interest both in relationship to antibody production and tumor immunity.

NK and NKT cells in spleen and peripheral blood were investigated in a

study of aging rats fed diets that diVered only in VA contents (marginal,

adequate, and supplemented) from the time of weaning, throughout their life

time (Dawson and Ross, 1999; Dawson et al., 1999). The study was designed

to cover a wide range of VA consumption but to exclude states of clinically

evident VA deficiency or toxicity. Rats fed these diets showed distinct

diVerences in VA status, ranging from a state of marginal VA deficiency

(depleted liver VA stores, reduced serum retinol, but normal growth, which

became progressively lower as the rats aged), to normal VA status (normal

plasma retinol and tissue VA reserves that gradually accumulated with age),

to a state of excessive VA accumulation in the VA‐supplemented group

(elevated plasma retinol and tissues stores, which increased with age, but

no overt toxicity) (Dawson and Ross, 1999; Dawson et al., 1999). To

quantify NK and NKT cells, peripheral blood mononuclear cell (PBMC)

and splenocytes were costained with antibodies against NKR‐P1 and CD3

and analyzed by flow cytometry. Marginal VA status was associated with a

reduction in the number of NK cells in peripheral blood and a lower

percentage of NK cells compared total PBMCs (Dawson et al., 1999). The

reduction in NK cells in VA‐marginal rats is consistent with previous reports

of low NK cells and reduced cytotoxicity in VA‐deficient rats (Zhao et al.,

1994). Conversely, VA supplementation and aging increased the percentage

and number of NK cells above the values in VA‐adequate rats (Dawson

et al., 1999). Overall, the percentage of NK cells was significantly reduced in

VA‐marginal rats and increased in VA‐supplemented rats, and the eVect of
diet was greater in old‐aged rats (Fig. 2A). In contrast to NK cells, the

percentage and number of NKT cells were both increased in peripheral

a reciprocal manner compared to NK cells; age was also a factor for NKT cells. Data from

Dawson and Ross (1999). The percentage of NKT cells was inversely correlated with the ratio

of CD4:CD8 T‐cells in peripheral blood (not shown, Dawson and Ross, 1999). (C) Neonatal

mice were treated in a short‐term (3 days after priming with tetanus toxoid) study with RA

(days �1, 0, 1, and 2 before cells were analyzed on day 3), PIC (day 0 only), or both RA þ PIC.

Total NK1.1þ cells, CD3þ NK1.1þ (NKT), and CD3� NK1.1þ (NK cells) were analyzed by

flow cytometry after double staining with fluorescently labeled anti‐NK1.1 and anti‐CD3

antibodies. Data from Ma and Ross (2005).
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blood of VA‐marginal rats, but NKT cells did not diVer between VA‐
adequate and VA‐supplemented rats (Dawson and Ross, 1999) (Fig. 2B).

The proportion of CD3þ cells (total T‐cells) expressing NKR‐P1 increased

significantly with age, consistent with the higher proportion of these cells

among total T‐cells in adult humans compared to infants [15–40% in adults

versus <5% in infants (Lanier et al., 1994)]. Overall in this long‐term study in

rats, marginal VA deficiency significantly increased the absolute number and

the proportion of NKT cells relative to NK cells (Dawson and Ross, 1999;

Dawson et al., 1999), especially as rats aged, and the marginal VA status

became more tenuous (with serum declining from 0.97, to 0.63, to 0.38 in

VA‐marginal young, middle‐aged, and old rats, respectively) (Dawson et al.,

1999). Given the cytokine‐producing function of NKT cells, it is tempting to

speculate that an increase in NKT cells could be a compensatory mechanism

that helps to counteract a reduced overall capacity for cytokine production

in VA deficiency. However, it was reported earlier that IFNg production is

elevated in splenocytes of VA‐deficient mice (Carman and Hayes, 1991). An

increase in the production of IFNg by activated NKT cells might explain, in

part, the dysregulated antibody responses of VA‐deficient mice and rats.

However, IFNg production was not observed to diVer in this study of VA‐
marginal, adequate, and VA‐supplemented aging rats, which may suggest

that retinol must be nearly completely depleted before IFNg production

becomes dysregulated.

NK cell cytolytic activity in spleen and blood, measured as lysis of Yac‐1
target cells, was proportional to the number of NK cells, and was therefore

lower in VA‐marginal rats, and in older rats. NK cell lytic eYciency (activity

per NK cell) also fell with age but it was not aVected by VA status. All

groups showed a similar increase in NK cell lytic function when peripheral

blood cells were incubated with IFNa (Dawson et al., 1999), a cytokine

known to be released early in the response to viruses and to be a potent

activator of NK cells (Asselin‐Paturel and Trinchieri, 2005). This result

suggests that the cell surface receptor activated by IFNa and the signaling

pathways involved in NK cell proliferation and increased cytotoxicity are

intact and functionally equivalent in rats of diVerent ages and VA status.

Although IL‐2 production by peripheral blood mononuclear cells did not

diVer significantly with VA status, IL‐2 production by splenocytes was lower

in VA‐marginal rats in each age group (Dawson et al., 1999). Overall, this

study identified VA status as a factor in maintaining the NK to NKT cell

ratio and suggested that even marginal VA deficiency, especially with ad-

vancing age, is a risk factor for reduced NK cell function. Unfortunately, it

was unknown at the time this study was conducted that a substantial

proportion of the lymphocytes residing in the liver are NKT cells (Wick

et al., 2002), and thus this population was not analyzed. It would be of

interest to characterize liver NKT cells in relationship to VA status because

NKT cells are implicated in the rapid production of cytokines, especially
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IFNg and IL‐4, which are both important in regulating adaptive immune

responses, and as NKT cells in the liver may be important in the surveillance

of virally infected or abnormal cells passing through the liver sinusoids

(Kawamura et al., 1999; Wick et al., 2002).

Short‐term studies were conducted of VA‐adequate rats treated with RA,

coincident with immunization with tetanus toxoid (DeCicco et al., 2001).

RA alone, in an 11‐day study, did not significantly increase the NK cell

population in spleen or blood, but did increase the number of NK‐cells
induced by PIC, known to stimulate NK cell proliferation. In a more

comprehensive study of the lymphocyte populations in VA‐adequate adult

mice (Ma et al., 2005), RA was not a significant factor for the number of

NK1.1þ NK cells, but, as in adult VA‐adequate rats, RA further increased

the positive eVect of PIC on the NK cell population. RA also was a positive

regulator of the CD3þ NK1.1þ (NKT) population, and it increased the

NKT to NK cell ratio. Furthermore, the NKT to NK cell ratio in adult

mouse spleen was positively correlated with the ratio of IL‐4 to IFNg
mRNAs in the same tissue, which was higher in RA‐treated mice, suggesting

that an elevation of NKT cells could be a factor in the increase in Th2/type 2

antibody production (ratio of IgG1 to IgG2a) in the same animals (Ma et al.,

2005), which is likely to be driven in part by IL‐4. As discussed above, the

ability of RA to promote type 2 immune responses has been a consistent

finding in a number of studies. In neonatal mice treated at the time of

antigen priming with RA and/or PIC (Ma and Ross, 2005), the population

of NK1.1þ cells in the spleen was less than half that in adult spleen (NK

cells, 2.08% versus 4.33%; NKT cells, 0.7% versus 1.36%, respectively). Yet

even with these small numbers, it was observed that RA combined with PIC

rapidly increased the percentage and number of splenic NK and NKT cells

(Fig. 2C). The changes in cell populations observed in normal rats (DeCicco

et al., 2001) and mice (Ma and Ross, 2005; Ma et al., 2005) after short‐term
treatment with RA are likely to be due to a rapid release of cells already near

maturation, or to changes in cell‐surface molecules that could result in

changes in the number of cells in certain compartments. It is interesting that

RA has been shown to influence the homing of mouse T‐cells to the gut

(Iwata et al., 2004), through expression of integrins and other factors.

VI. DISCUSSION AND PERSPECTIVES

As the review above indicates, currently there is only scattered evidence

for a positive eVect on VA on antibody production in children, whereas, in

animals, the evidence for a positive eVect of VA in VA‐deficient animals, and

of RA, in both VA‐deficient and VA‐suYcient animals, is quite consistent.

Several factors could possibly account for these diVerences and each should

be considered including: species diVerences; the VA status of the host at the
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time of immunization; the timing of the dose; and the nature of the vaccine

or antigen administered.

Although species diVerences are possible, it seems unlikely that humans

and rodents diVer in a fundamental way in their response to VA, or to

vaccination, because these species are similar in their transport and metabo-

lism of VA, they have mostly similar lymphocyte populations, and many of

their genes are homologous.

The VA status of the host at the time of immunization could be a factor,

as most animal studies of VA deficiency have been conducted after the

animals have reached a state of nearly complete depletion of retinol, with

low serum retinol (typically <0.2 mmol/L) and exhaustion of liver VA

reserves. In the human studies, VA deficiency has been defined at a higher

level of serum retinol (as high as <0.7 mmol/L), and mostly healthy, and

often breast fed, children have been studied. It is therefore possible that an

eVect of VA supplementation on antibody production in children was not

apparent in most of the studies because the VA status of the children

enrolled was not low enough for diVerences between the VA‐supplemented

and placebo groups to have been discerned. This interpretation is supported

by the results of an earlier animal study in VA‐adequate neonatal rats in

which VA supplementation neither increased nor decreased the anti‐tetanus
antibody response, although it was evident that the neonates responded to

the immunization and produced a memory response (Gardner and Ross,

1995). It is interesting that the study of Bahl et al. (2002), in which 6‐month‐
old children from a community with a high prevalence of low serum VA

were immunized with OPV, showed a significant eVect of VA for serum titers

against OPV type 1. The VA status of these children may have been more

tenuous than that of children in other studies where VA supplementation

was given with immunization and the antibody response was measured.

The timing of the dose may also be a significant factor. In most of the

human studies of VA and immunization, and in the WHO/EPI (World

Health Organization, 1994) strategy for using immunization contacts to

deliver VA and eliminate VA deficiency, VA has been, or is, administered

at high dosage on a periodic basis. In animal studies, VA has been

incorporated at a higher than usual level into the diet (Cui et al., 2000), or

if provided as an oral supplement, usually given more than once. These

diVerences may be significant because, although a single large dose of VA

can quickly restore plasma retinol to a normal level and replenish liver

reserves, it does not provide VA continuously for absorption from the

intestines. In comparison, a diet enriched in VA, or oral VA supplements

given in smaller divided doses, would not only restore plasma retinol to a

normal level and replenish liver reserves but would also provide retinol

substrate for formation of retinyl esters in the intestine, which are released

bound to chylomicrons. VA is also, to some extent, oxidized to RA in the

intestines. While most chylomicron‐associated retinyl ester is taken up by the
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liver, a proportion of the newly absorbed chylomicron retinyl ester is taken

up into extrahepatic tissues, especially tissues that express lipoprotein lipase

and are active in the metabolism of chylomicron triglycerides. Additionally,

some of the newly absorbed VA is oxidized in the intestine and absorbed as

RA into the portal system (Ross, 2006). Newly absorbed VA and intestinally

formed metabolites may have a metabolic fate diVerent from that of retinol

bound to retinol‐binding protein. It was shown in studies of chylomicron

metabolism that chylomicron‐associated VA is taken up, in an apparently

transient manner, by bone marrow (Hussain et al., 1989a,b). However, the

implications of this uptake process for hematopoiesis and immune function

have not been studied. It is also interesting that, among several large‐scale
community trials on the eVect of VA on child mortality, the study showing

the largest reduction in all‐cause mortality, 54% (Rahmathullah et al., 1990),

delivered VA as a weekly dose at a level near the recommended dietary

allowance. This reduction in mortality was more than twice the average

reduction of 23% for eight studies combined (Beaton et al., 1994), most of

which delivered VA to children as periodic large‐dose supplements. The

delivery of VA as periodic supplements using vaccination contacts is conve-

nient, but it may be that smaller, more frequent doses, or dietary improve-

ment (Underwood and Smitasiri, 1999), provide benefits that are missed

with larger infrequent doses.

Another diVerence between the human and animal studies that could be

important is the form of the immunizing dose. The goal of experiments in

animals is to demonstrate potential eVects and mechanisms, and thus studies

are often designed to optimize the researcher’s ability to discriminate diVer-
ences. In most of the animal studies of VA and immunity, the immunizing

dose has been provided without additional adjuvants. In contrast, vaccines

for humans have undergone optimization to safely produce strong antibody

responses, and most contain proprietary or known adjuvants (Beverley,

2002; Del Giudice, 2003). It thus may be that the vaccines used in human

studies already contain enough extra ‘‘help,’’ due to the adjuvants they

contain, to promote a strong antibody response. In animals, the addition

of bacterial LPS, TNF‐a (Arora and Ross, 1994), or PIC (DeCicco et al.,

2001, 2000; Ma and Ross, 2005; Ma et al., 2005) significantly increased

antibody production in both VA‐deficient and VA‐adequate animal models,

and also reduced the diVerence in antibody response due to diVerences in VA

status. In the study of antibody production in children immunized with OPV,

it is interesting that percentage seroconversion was high for OPV types 2

and 3 (Bahl et al., 2002), even in children who did not receive VA, while VA

increased the response to OPV type 1, for which the rate of seroconversion

was the lowest. Similarly, the seroconversion response to measles immuniza-

tion was relatively low, and in this study VA was eVective in at least some

subgroups of children (Benn et al., 1997), and may have promoted protec-

tion over a longer period of time (Benn et al., 2002). If some vaccines
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promote a strong response regardless of VA, this may explain why an eVect
of VA was not consistently evident in all studies. Therefore, it may be that

the experimental animal models correctly predict the positive impact of VA

on antibody production, but that this impact is only evident in children if the

response to the vaccine is not already strong.

Treating animals with RA provides another way to explore the impact of

VA on the immune system. The model is also relevant to the human

condition because RA and other retinoids, due to their ability to induce cell

diVerentiation, are used therapeutically in the treatment of leukemias, other

cancers, and dermatological diseases (Altucci and Gronemeyer, 2001). In

animals given RA, rather than VA itself, the physiological controls that

otherwise regulate and limit the conversion of VA to RA are bypassed.

The results of several animal studies have demonstrated the potential of

RA, at a well‐tolerated therapeutic level, to augment antibody production.

Therefore, these results suggest that RA could be useful in the treatment of

some forms of immunodeficiency. The tendency of VA and RA to promote

Th2/type 2 responses may be beneficial in the response to certain types of

pathogens and infectious diseases, but not to others. However, when RA is

combined with other agents, such as PIC, that promote a Th1/type 1 re-

sponse, a higher and well‐balanced antibody response can be achieved.

These results suggest that combination therapies in which RA is coadminis-

tered with other immune stimuli could oVer a range of possibilities for

modulating the magnitude and the type of antibody response elicited by

various vaccines.
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VI. Summary

References

The skin is similar to other organs in how it absorbs, stores, and

metabolizes vitamin A. However, because of the anatomical location of

skin and the specialized physiological roles it plays, there are ways in

which the skin is rather unique. The stratified structure of the epidermis

results from the orchestration of retinoid‐influenced cellular division

and diVerentiation. Similarly, many of the physiological responses of the

skin, such as dermal aging, immune defense, and wound healing, are

significantly aVected by retinoids. While much is known about the

molecular events through which retinoids aVect the skin’s responses,

more remains to be learned. Interest in the eVects of retinol, retinyl

palmitate, and other retinoids on the skin, fueled in part by the promise

of improved dermatologic and cosmetic products, will undoubtedly

make the eVects of retinoids on skin a subject for continued intense

investigation. # 2007 Elsevier Inc.

I. INTRODUCTION

For nearly a century, it has been recognized that vitamin A (i.e., retinol

and its esters; Fig. 1) plays a critical role in the health of epithelial tissue.

Clinical observations made by Bloch (1921) and experimental studies by

Mori (1922) and Wolbach and Howe (1925) first established a link between

a diet deficient in vitamin A and abnormal keratinization of epithelia. Since

these early beginnings, studies on epithelial tissues and cells derived from

them have provided an enormous amount of information on the roles of

vitamin A in processes such as cellular division, diVerentiation, and trans-

formation, as well as intracellular and intercellular signaling. The skin has

been an epithelial tissue of particular interest as a target for the eVects of

vitamin A and other retinoids. This is due to several reasons. The skin is an

easily accessible tissue for in vivo studies, and the structure and function of

the skin is dependent on retinoid‐influenced orchestration of cellular divi-

sion, diVerentiation, and keratinization. In addition, interest in the skin is

undoubtedly driven by the potential for development of dermatological

products and cosmetics containing retinoids. Today, a wide range of der-

matologic disorders are treated with a number of geometric isomers of

retinoic acid and structurally similar synthetic retinoids (Sekula‐Gibbs

et al., 2004). Retinoid‐containing cosmetic products, particularly those mar-

keted to reduce the appearance of skin aging and photoaging, continue to
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grow in popularity. Data available from FDA’s Voluntary Cosmetics Regis-

tration Program on cosmetic products in the US market indicate that 102

cosmetic formulations in 1981, 355 cosmetic formulations in 1992, 667

formulations in 2000, and more than 700 products in 2004 contained retinyl

palmitate (FDA, 2004). It may, therefore, be anticipated that the skin will

remain a focus for studies on the biological activity of vitamin A and other

retinoids.

The biological eVects of vitamin A on the skin have been reviewed by a

number of authors. Reviews emphasizing the use of retinol and retinyl palmi-

tate in cosmetic products have appeared (Cosmetic Ingredient Review, 1987;
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FIGURE 1. The structures of selected retinoids found in skin.
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Ries and Hess, 1999). Clinical management of specific dermatological dis-

orders by retinoids is the subject of a vast number of reviews. The specific

molecular mechanisms underlying the biological eVects of vitamin A and

other retinoids on the skin appear to be less frequently reviewed. Reviews of

the general role played by retinoids in the skin and of retinoid‐mediated

molecular events in the skin include those by Fisher and Voorhees (1996),

Roos et al. (1998), Randolph and Siegenthaler (1999), and Kang et al.

(2000). The present chapter is intended to update information regarding

the physiological role of vitamin A and its biologically active metabolites

in the skin. Throughout the discussion, retinyl palmitate will play a central

role since retinyl palmitate is the primary retinyl ester found in the diet,

stored in the body, and used in topically applied consumer products.

II. STRUCTURE AND PHYSIOLOGICAL

FUNCTIONS OF THE SKIN

The skin is one of the human body’s largest organs, with a surface area

�2 m2 and a thickness that commonly varies between 0.5 and 4 mm (Kerr,

1999). Many of the specialized physiological functions of the skin are made

possible by its unique, stratified structure (Fig. 2). The twomajor components

of the skin are the epidermis and dermis. The primary architecture of the

epidermis is formed through the division of keratinocytes, the predominant

epidermal cell type, in the basal (bottom) layer of the epidermis followed by a

process of diVerentiation and upward migration to the skin’s surface forming

the upper layers of the viable epidermis. The most superficial layer of the skin,

the stratum corneum, is composed of lipids and corneocytes which are dead,

enucleated cells in the final stage of diVerentiation (Madison, 2003). DiVer-
entiation of keratinocytes gives rise to the following histologically distinct

strata in the epidermis: stratum basale (single row of mitotically active basal

cells), stratum spinosum (about five rows of cells having spines, or desmo-

somes), stratum granulosum (about five rows of cells having cytoplasmic

keratohyalin granules), stratum lucidum (present in thick skin and containing

dead cells with abundant keratin proteins), and stratum corneum (lipids and a

dead, anucleated, keratin‐containing cell layer ranging in thickness from 10 to

a few hundred cells). Although estimates can vary substantially, it is thought

that the time interval between division of a keratinocyte in the stratum basale

and the appearance of this newly formed cell as a corneocyte in the stratum

corneum (i.e., the minimal transit time) is about 14 days and that complete

replacement of the epidermis occurs in 52–75 days (Hoath and Leahy, 2003).

In addition to keratinocytes, other types of cells are present in the epidermis

and perform critical physiological functions. Melanocytes, which are typical-

ly located between every 5 and 10 basal keratinocytes and synthesize melanin,

play a critical role in the protective function of the skin against sunlight.
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Langerhans cells, found in the lower epidermis, are an integral part of the

skin’s immunological defenses serving as antigen‐presenting cells. Merkel

cells, which are specialized sensory cells, are found adjacent to basal cells,

particularly in the epidermis of the fingers, lips, and around hair follicles

(Kerr, 1999).

The dermis is the lower layer of the skin and in large part serves to sustain

and support the epidermis. The dermis interfaces with the epidermis through

a layer of upward protrusions of dermal papillae (Fig. 2), also called rete

pegs, which provide a firm anchor to physically connect the dermis with the

epidermis. In addition, the papillary dermis contains a network of capil-

laries. Since the epidermis contains no blood vessels, all of the metabolic

needs of the epidermis are met through diVusion of nutrients and waste

products between the epidermis and capillaries in the dermis. The lower

portion of the dermis, known as the reticular dermis, is less profusely

vascularized. Dermal fibroblasts, the primary cell type in the dermis, are a

heterogeneous population of cells whose subpopulations are unique to the

dermal layer (Sorrell and Caplan, 2004). An important role of dermal fibro-

blasts is synthesis of the various components that constitute the extracel-

lular matrix of the dermis. These proteins include collagens (mainly type I),
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FIGURE 2. Major structural components of the skin.
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elastin, and glycosaminoglycans. Dermal fibroblasts also produce matrix

metalloproteinases (MMPs) that provide for a dynamic turnover of extra-

cellular matrix proteins and also are important in wound healing (Pilcher

et al., 1999). These MMPs include collagenase‐1 (MMP‐1), stromelysin‐1
(MMP‐3), and gelatinase B (MMP‐9). A balance between synthesis and

enzymatic degradation of extracellular matrix proteins is required for ho-

meostasis in the dermis. In aging skin, the synthesis of matrix proteins slows,

while expression of MMPs is increased (West, 1994). These biochemical

changes in the dermis can result in the sagging and wrinkles commonly

observed in aged skin. Chronic exposure to sunlight can further exacerbate

these biochemical changes in the dermis (Wlaschek et al., 2001).

The unique structure of the skin allows it to perform a number of specialized

functions. One fundamental function of the skin, in particular the stratum

corneum, is to provide an essential barrier to penetration of environmental

chemicals by limiting their diVusion into the skin (Madison, 2003; Monteiro‐
Riviere, 2004). In addition, cells in the viable epidermis are able to metabolize

compounds that penetrate the stratum corneum and thereby moderate toxicity

(Bronaugh et al., 1994; Steinstrasser andMerkle, 1995). The skin also presents

a barrier to penetration of sunlight (Kornhauser et al., 2004). About 60% of

incident sunlight in the damaging UVB (290–320 nm) region of the spectrum

is reflected at the skin’s surface or absorbed in the stratum corneum. Light

that enters the viable epidermis is further attenuated by scattering and

through absorption by epidermal chromophores such as melanin, proteins,

and urocanic acid. Because of the constant exposure of skin to a diverse set of

antigenic pathogens and environmental chemicals, the skin also provides a

unique immune defense. Streilein (1983) proposed that skin‐associated lym-

phoid tissues (SALT) provide immune surveillance in the skin. Components

of SALT include epidermal Langerhans cells, with the capacity for antigen

presentation, keratinocytes, which release cytokines and other mediators,

infiltrating immunocompetent lymphocytes and strategically placed lymph

nodes that accept signals derived from the skin. In addition to protection from

environmental insults, the skin performs other important physiological func-

tions such as thermoregulation and synthesis of vitamin D (Anderson and

Parrish, 1981; Holick et al., 1982).

III. CUTANEOUS ABSORPTION AND

DEPOSITION OF DIETARY AND TOPICALLY

APPLIED RETINOL AND RETINYL ESTERS

While vitamin A is required for development and maintenance of healthy

skin, humans, as well as other animals, are incapable of de novo synthesis

of compounds with vitamin A activity. These compounds must, therefore,

be obtained exogenously. For the skin, compounds with vitamin A activity
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can be obtained from the diet or from topically applied products. Reviews

by Randolph and Siegenthaler (1999) and Saurat et al. (1999) have de-

scribed cutaneous uptake of vitamin A through dietary sources and topical

application.

A. ABSORPTION AND DEPOSITION OF DIETARY

VITAMIN A BY THE SKIN

Following ingestion of a meal rich in vitamin A, the skin and other organs

in the body encounter a changing profile of blood‐borne vitamin A.

In humans, retinyl esters (mostly retinyl palmitate) in chylomicrons may

predominate in the blood for 3–6 h following ingestion of a retinol‐rich meal.

Smaller amounts of retinyl esters may be found in VLDL (Lemieux et al.,

1998). The clearance of chylomicrons from the bloodstream is preceded by

chylomicron catabolism in the blood, which involves removal of triglycer-

ides from chylomicrons catalyzed by blood‐borne lipoprotein lipases pro-

ducing smaller lipoprotein particles called chylomicron remnants (Goodman

and Blaner, 1984). Most retinyl esters in chylomicron remnants are eY-
ciently removed from circulation, primarily by the liver. However, up to

30% of chylomicron retinyl esters are cleared from the circulation by extra-

hepatic tissues (Vogel et al., 1999). It is unclear whether the skin plays

any significant role in the clearance of chylomicrons. Postprandial clear-

ance of chylomicrons containing retinyl esters results in the appearance

holoRBP4, a complex formed between retinol and plasma retinol‐binding
protein (apoRBP4), as the predominant circulating form of retinol (Arnhold

et al., 1996; Harrison, 2005). To avoid loss due to filtration by the kid-

ney, holoRBP4 is complexed in the bloodstream with transthyretin (Zanotti

and Berni, 2004). Plasma levels of retinol are homeostatically controlled

and have been reported by Hartmann et al. (2001) to average 714 ng/mL

(2.5 mM) and the plasma levels of retinyl palmitate, the most abundant

retinyl ester in plasma, average 24.2 ng/mL (46.2 nM). Plasma levels of

retinol metabolites, including retinoic acid, are much lower and have been

reported to be between 0.26 and 7.72 ng/mL (Wiegand et al., 1998).

Although the mechanism(s) for uptake of blood‐borne retinol by target cells
in the skin has been intensely investigated, much remains to be learned. Since

RBP has a low molecular weight (21 kDa), RBP is able to enter the interstitial

fluid compartment of most tissues, including skin. The presence of RBP,

ostensibly holoRBP4, in human skin has been demonstrated. Forsum et al.

(1977) used immunofluorescence to show that RBP is present in the stratum

corneum and in the viable layers of human epidermis. Törmä and Vahlquist

(1983) have also shown that RBP is present in the epidermis by analysis of

friction blister fluid derived from the intracellular space of the epidermis.

The role of cutaneous retinol‐binding protein and the mechanism(s) for

cellular uptake of retinol bound in holoRBP4 have been investigated in skin.
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Two major pathways for cellular uptake have been examined. First, inves-

tigators have provided evidence that cell surface receptors in keratinocytes

play a role in the uptake of retinol from holoRBP4. Evidence for the

presence of cellular receptors for RBP in the skin has been presented by

several investigators. In vitro studies by Båvik et al. (1995) found a specific

RBP‐binding activity in the membranes of keratinocytes. In addition, these

authors demonstrated that retinol, when complexed with RBP, was much

more eYcient in inhibiting the terminal diVerentiation of keratinocytes than

retinol added directly to culture medium. Smeland et al. (1995) found that

membranes prepared from undiVerentiated rabbit skin keratinocytes had

a high specific binding capacity for RBP while the binding capacity of

membranes from diVerentiated skin keratinocytes was 44 times lower. In

addition, membranes from skin fibroblasts showed no binding activity.

Hinterhuber et al. (2004) showed that RPE65, a protein found in retinal

pigment epithelium and a putative receptor for holoRBP4, is present on the

cell surface of cultured human epidermal keratinocytes. Subsequent studies

demonstrated that the gene for RPE65 is expressed in histological sections of

normal human epidermis and that expression is downregulated in squamous

cell carcinomas (Hinterhuber et al., 2005). While these studies suggest that

specific receptors for holoRBP4 play a role in the cellular uptake of retinol in

skin, other investigators have provided evidence that receptor‐mediated

delivery of retinol to the skin is not physiologically significant. It has been

demonstrated that epidermal keratinocytes, maintained in culture medium

containing a physiological concentration of retinol, have an intracellular

level of retinol similar to that in intact epidermis (Randolph and Simon,

1993). Consistent with this observation, in vitro studies by Hodam and Creek

(1998) have shown that uptake and subsequent esterification of retinol by

human keratinocytes was not facilitated by complexing retinol with RBP.

These in vitro studies suggest that cellular uptake of retinol could be inde-

pendent of a specific receptor and could involve free (i.e., unbound) retinol

in equilibrium with holoRBP4. In general, the delivery of retinol to tissues

and cellular uptake of retinol may involve multiple overlapping, redundant

pathways that provide compensatory mechanisms under diVerent physiolog-
ical conditions (Paik et al., 2004). It has been suggested that changes in

physiological conditions, such as levels of vitamin A intake and storage, may

influence the relative importance of receptor‐mediated and receptor‐
independent cellular uptake of retinol (Paik et al., 2004). Additional studies

with relevant in vivo models may define more clearly the relative importance

of these mechanisms for cellular uptake of retinol in the skin. Further

investigations are also needed to establish whether RPE65 plays additional

physiological roles in the skin. RPE65 has been shown to act as a retinyl

ester‐binding protein (Gollapalli et al., 2003) that binds all‐trans reti-

nyl palmitate with a Kd of 20 pM, compared to weaker binding of 11‐cis
retinyl palmitate, 11‐cis retinol, or all‐trans retinol (Kd 14, 3.8, and 10.8 nM,
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respectively). Moiseyev et al. (2006) have characterized RPE65 as the iso-

merohydrolase that generates 11‐cis retinol essential for the retinoid visual

cycle. Naturally occurring RPE65 gene inactivating mutations are known

for dogs and humans (Thompson et al., 2000; Veske et al., 1999) and are

associated with Leber congenital amaurosis type 2. Congenital amaurosis

represents a heritable retinal dystrophy with occasional extraocular mani-

festations, sometimes involving the skin (Fazzi et al., 2005; Yano et al.,

1998). The potential physiological implications of isomerohydrolase activity,

11‐cis retinol, and retinyl ester binding by RPE65 within the skin require

further elucidation.

Under usual physiological conditions, retinol, taken up from the serum

by cells in the skin, is found bound to cellular retinol‐binding protein type 1

(CRBP‐1). CRBP‐1 solubilizes, protects, and, as described below, influences

the fate of retinol in the cell. Using immunohistochemical methods, Busch

et al. (1992) showed that levels of CRBP‐1 are lowest in epidermal basal cells

and increase in suprabasal layers of the skin. The highest levels of CRBP‐1
were found in the stratum granulosum. There was no evidence for CRBP‐1 in
the stratum corneum. Consistent with an earlier report (Siegenthaler, 1986),

CRBP‐1 was also expressed in several dermal structures such as hair follicle

epithelium, sebaceous gland epithelium, and vascular endothelium. Retinol

is tightly bound in holoCRBP‐1 (Kd 0.1 nM) (Napoli, 1999). Because of this

tight binding, it may be expected that most retinol in the skin would be

associated with CRBP‐1. However, Randolph and Siegenthaler (1999) have

estimated that the epidermal concentrations of CRBP‐1 (�80 nM) and

RBP4 (�50 nM) are lower than that needed to bind the amount of retinol

estimated to be in the epidermis (�600 nM). Therefore, a substantial amount

of free, that is, unbound, retinol (�470 nM) may be present in human

epidermis (Randolph and Siegenthaler, 1999). In addition, there is some

experimental evidence, involving the sensitivity of epidermal retinol to ultra-

violet (UV) light, which supports the notion that a portion of the retinol in

skin resides in a separate intracellular or extracellular pool, unprotected by

binding to CRBP‐1 or RBP4 (Sorg et al., 1999).

Three immediate fates are available for intracellular retinol: (1) direct

utilization of retinol or maintenance of an intracellular pool of retinol

(unbound or as holoCRBP‐1); (2) acylation to form retinyl esters; or

(3) metabolic transformation, including oxidation to form retinaldehyde

and retinoic acid (Figs. 1 and 3). Chemical analysis of retinoids in human

skin provides some insight into the disposition of retinol. Retinyl esters have

been reported to comprise�70% of total vitamin A in human skin (Randolph

and Siegenthaler, 1999; Törmä andVahlquist, 1990; Vahlquist, 1982), and are

widely considered to be the skin’s storage form of vitamin A. Using skin and

skin keratinocytes grown in culture, investigators have shown that, unlike

retinyl esters in liver which are predominately retinyl palmitate, cutaneous

retinyl esters are a mixture of primarily retinyl linoleate, retinyl myristate,
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retinyl oleate, retinyl palmitate, and retinyl stearate (Kang et al., 1995;

Kurlandsky et al., 1996; Simmons et al., 2002; Törmä and Vahlquist, 1990).

The deposition of retinyl esters within the skin is not uniform. Because the

capillary bed supplying blood‐borne components to the skin lies entirely

in the dermis, it is expected that the dermis and the lower epidermis have

the most direct access to components in the blood including holoRBP4

(Fig. 2). Therefore, dermal fibroblasts and adipocytes have closer access to

FIGURE 3. Uptake and fate of retinoids in the skin. Uptake: Retinol (ROH), retinyl

palmitate (RP), or retinoic acid (RA) can be taken up by the skin in a receptor‐dependent or
independent process. Storage: ROH, bound to CRBP, may be acylated and stored in lipid

bodies, or Metabolism: ROH undergoes a two‐step oxidation to retinaldehyde to all‐trans
retinoic acid (atRA). Retinoic acid modification: Levels of intracellular atRA are modulated by

oxidation to less bioactive metabolites. Mobilization: Retinyl esters can be hydrolyzed to form

ROH for use in the cell or return to serum.

232 Fu et al.



holoRBP4, followed by the well‐perfused portions of mature cutaneous hair

follicles and, finally, by the cells of the interfollicular epidermis. The cutaneous

cells having the lowest access to plasma‐derived holoRBP4 are expected to be

found in the outermost layers of the epidermis. However, in spite of its

anatomic disadvantage, the stratum corneum exhibits higher levels of retinol

and retinyl esters than the stratum basale (Törmä and Vahlquist, 1990).

Esterification of cutaneous retinol appears to involve mainly two en-

zymes, lecithin:retinol acyltransferase (LRAT) and acyl‐CoA:retinol acyl-

transferase (ARAT). LRAT is a microsomal enzyme that catalyzes the

reversible transfer of the sn‐1 fatty acid from membrane‐associated phos-

phatidyl choline to retinol bound to CRBP‐1 (Ruiz et al., 1999). LRAT plays

an important role in regulating retinol storage and diverting retinol

from metabolism to more biologically active retinoids such as retinoic acid

(Kurlandsky et al., 1996). Another microsomal enzyme, ARAT, catalyzes

the reversible transfer of the fatty acid from acyl‐CoA to free retinol, that is,

retinol not bound to CRBP‐1. While ARAT activity in the skin and other

organs has been described, molecular identification and characterization of

ARAT has remained elusive (O’Byrne et al., 2005). Some evidence suggests

that the ARAT activity responsible for esterifying retinol may be attributed

to acyl‐CoA:diacylglycerol acyltransferase (DGAT) (Orland et al., 2005;

Yen et al., 2005). High levels of expression for genes in the DGAT family

have been demonstrated in interfollicular human skin and in sebaceous

glands (Turkish et al., 2005; Yen et al., 2005). Clearly, much remains to be

learned about the molecular identity of ARAT in the skin. It has been

suggested that LRAT and ARAT are complementary, that is, that the

relative importance of LRAT and ARAT varies in diVerent compartments

of the skin. Kurlandsky et al. (1996) studied retinol esterification in kerati-

nocytes derived from diVerent layers of human skin. They determined that

keratinocytes from basal layer of the epidermis esterified retinol four times

faster per cell than keratinocytes derived from suprabasal layers of the skin.

Since holoCRBP‐1 was required for retinol esterification by cells derived

from the basal layer, this activity was attributed to LRAT. Additional

experiments by Kurlandsky et al. (1996) supported the view that ARAT

was primarily responsible for retinol esterification by keratinocytes in

the suprabasal layers of the skin. It has been observed that the pH in the

upper layers of the epidermis may additionally favor retinol esterification

through a pathway involving ARAT, since it has been shown that CRBP‐
independent ARAT activity has a pH optimum between 5.5 and 6.0 (Törmä

and Vahlquist, 1990) which is close to the pH at the skin’s surface (Rothman,

1954). Kurlandsky et al. (1996) propose a model for retinol esterification

within the skin similar to that depicted in Fig. 4.

Chemical analysis also reveals that, in addition to esterification, metabo-

lism is another fate of retinol in skin. A major metabolic pathway in skin is
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transformation of retinol to 3,4‐didehydroretinol, also called vitamin A2

(Fig. 1). Chemical analysis of retinoids indicates that 20–25% of the total

retinoid content in normal human skin is 3,4‐didehydroretinol or its esters
(Vahlquist et al., 1982). Rollman et al. (1993) determined that cultured

human keratinocytes, but not cultured dermal fibroblasts or epidermal

melanocytes, transform retinol to 3,4‐didehydroretinol. In addition, it was

shown that diVerentiation of keratinocytes results in increased formation of

3,4‐didehydroretinol. Although 3,4‐didehydroretinol is a major component

of cutaneous retinoids, little is known about the dehydrogenases involved in

its formation or the physiological role of 3,4‐didehydroretinol in skin. Reti-

nol may also be oxidized to yield retinaldehyde and retinoic acid (Fig. 1).

Levels of retinaldehyde and retinoic acid in normal untreated human skin

are very low and are usually below analytical detection. However, conver-

sion of retinol to retinoic acid has been demonstrated using human kerati-

nocytes grown in culture (Kurlandsky et al., 1994) and skin derived from

mice topically treated with retinol (Connor and Smit, 1987). Randolph and

Siegenthaler (1999) have estimated the levels of epidermal retinoic acid to be

less than 20 nM.

FIGURE 4. Acylation of retinol (ROH). ROH may be acylated by LRAT, ARAT which

may be indistinguishable from DGAT. The relative importance of each acyltransferase may

vary with pH and location in the skin.
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B. ABSORPTION AND DEPOSITION OF TOPICALLY

APPLIED RETINOL AND RETINYL PALMITATE

Pioneering work by Montagna (1954) and Sobel et al. (1959) provided

some of the earliest evidence that topically applied vitamin A penetrates the

skin and can cause both local and systemic biological eVects. Subsequently,
many investigators have shown that topical application is an eVective means

for loading the skin with vitamin A and related retinoids. Studies of skin

penetration and percutaneous absorption have been performed with a wide

range of both naturally occurring and synthetic retinoids (Saurat et al., 1999;

Schaefer, 1993). The discussion here will focus on the penetration and

percutaneous absorption of topically applied retinol and retinyl palmitate.

The penetration and percutaneous absorption of retinol and retinyl

palmitate has been studied by a number of investigators using both in vitro

and in vivo approaches. In vitro methods have been used to assess both the

penetration andmetabolism of topically applied retinol and retinyl palmitate.

Boehnlein et al. (1994) have investigated the in vitro percutaneous absorption

of retinyl palmitate through excised human skin. After mounting excised skin

in a flow‐through diVusion cell, retinyl palmitate was applied (20 mg/cm2) in

acetone. The amount of applied material, or its metabolites, that had pene-

trated into the skin and the amount that had passed through the skin were

assessed at diVerent time points. It was determined that 24 h after application,

17.8% of the topically appliedmaterial had penetrated into, and was found in,

the skin. Approximately 44% of thematerial found in the skin was found to be

retinol, indicating hydrolysis of retinyl palmitate in the skin. A much smaller

amount of the applied material (0.2%) had penetrated completely through the

skin, and had completely been hydrolyzed to retinol. Penetration and percu-

taneous absorption was also examined using skin from hairless guinea pigs,

which was found to be more permeable to retinyl palmitate than skin from

humans. The work of Bailly et al. (1998) is unique in that they report the

formation of measurable levels of retinoic acid following application of

retinol to excised human skin. Skin biopsies were placed in a petri dish

containing incubation media, and retinol was applied to the skin’s surface.

Following incubation for 24 h, the retinoid content of whole skin, epidermis

and dermis, was determined. Up to 70% of the applied retinol was found to be

absorbed by the skin. Approximately 75%of the absorbedmaterial was found

in the epidermis and was composed of �60% retinol, �18.5% retinyl esters,

�1.6% retinaldehyde, and �3% retinoic acid. Approximately 20% of the

absorbed material was found in the dermis. The relative abundance of retinol

and its metabolites in the epidermis and dermis was similar; however, slightly

more oxidized metabolites of retinol were found in the dermis. Antille et al.

(2004) examined the penetration and subsequent metabolism of a number of

retinoids after topical application to human skin explants mounted in Franz

cells. Twenty‐four hours following application (2.5 mg/cm2) of a cream
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containing 0.02% retinol, an�100‐fold increase in retinol and 5‐fold increase

in retinyl esters (predominately retinyl palmitate) were observed in the skin.

Application of retinyl palmitate under similar conditions resulted in a nearly

3‐fold increase in the skin’s level of retinol and 33‐fold increase in the skin’s

level of retinyl palmitate. No increase in the levels of retinaldehyde or retinoic

acid was observed after either topical application. These authors also exam-

ined in vitro and in vivo penetration into the skin of hairless mice, and found

both retinol and retinyl palmitate penetrated mouse skin dramatically better

than human skin. Abdulmajed and Heard (2004) have characterized the

penetration and metabolism of topically applied retinyl palmitate in diVerent
layers of excised human skin. Approximately 60% of the applied retinyl

palmitate was found in the skin or had penetrated through the skin. In

addition, retinol was found in the epidermis and dermis. Taken together,

these in vitro results indicate that topically applied retinol and retinyl palmi-

tate readily penetrate into the skin and that esterification of retinol and

hydrolysis of retinyl palmitate are major routes of metabolism after topical

application in these in vitro systems for assessing skin penetration.

Consistent with the results of in vitro studies, clinical studies and in vivo

experimental studies demonstrate that both retinol and retinyl palmitate

penetrate the skin. Kang et al. (1995) reported that topically applied retinol

not only penetrates subjects’ skin, but is metabolized and elicits biochemical

changes in the skin. One day after a single application (100 mL/18 cm2) of

a cream containing 1.6% retinol, the levels of cutaneous retinol increased

70‐fold, levels of 13‐cis retinol increased 280‐fold, and levels of retinyl esters

(predominately retinyl linoleate) increased 260‐fold. No significant increase

in retinoic acid or its metabolites was found. In addition, a single topical

treatment with retinol at the levels described, and occluded for 4 days,

resulted in significant increases in epidermal thickness with increased mitotic

figures in the epidermis. Biochemical changes were also observed including

an approximately threefold increase in level of both CRBP and cellular

retinoic acid‐binding protein (CRABP‐2). Duell et al. (1996) examined the

metabolism of retinol (0.3%) for periods up to 4 days after topical applica-

tion under occlusion. Isomerization of the topically applied all‐trans retinol
to 13‐cis retinol, presumably occurring at the skin surface prior to penetra-

tion, was the most prominent structural change seen. In addition, increases

in cutaneous levels of retinol (3.7‐fold), retinyl esters (150‐fold), and 3,4‐
didehydroretinol (15‐fold) were observed. Also, 14‐hydroxy‐4,14‐retro‐
retinol was found in significant amounts. A later study by Duell et al.

(1997) examined the eVects of topically applied retinyl palmitate (0.6%) on

cutaneous retinoid levels at 48 and 72 h after application. A time‐dependent
increase in levels of 14‐hydroxy‐4,14‐retro‐retinol, 13‐cis retinol, all‐trans
retinol, retinyl palmitate, and retinyl linoleate was observed. The most

dramatic increases were observed in levels of 13‐cis retinol (�15‐fold),
all‐trans retinol (�5‐fold), and retinyl linoleate (�35‐fold). The authors
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interpret the large increase in retinyl linoleate levels as an indication that

topically applied retinyl palmitate is first hydrolyzed in the skin to retinol

with subsequent re‐esterification to retinyl linoleate. Duell et al. (1997) also

showed that topical application of retinyl palmitate results in increased levels

of retinoic acid 4‐hydrolase, an enzyme essential for maintaining appropriate

levels of retinoic acid in tissues. Although no increases in cutaneous levels of

retinoic acid were directly measured, induction of retinoic acid 4‐hydrolase is
evidence that topical application of retinyl palmitate increases retinoic acid

levels in skin.

The eVects of topical application of retinol and retinyl palmitate have also

been investigated using animal models. Connor and Smit (1987) demon-

strated that application of 100 nmol of retinol to the dorsal surface of

SKH‐1 (hairless) mice resulted in dramatic increases in levels of retinol in

the epidermis (95‐fold increase) and in the dermis (16‐fold increase). In

contrast to human skin after topical application of retinol, elevated levels

of retinoic acid were found in the epidermis and dermis of mice at up to 8 h

(maximum level at 2 h) after application of retinol. In contrast, Antille et al.

(2003) found no elevation of retinoic acid in the skin of hairless mice after

topical application of retinol. However, these investigators assessed levels of

retinoic acid 24 h after topical application of retinol, and the results of

Connor and Smit (1987) suggest retinoic acid levels may have decreased

below detectable limits at 24 h post application. A study provides additional

information regarding the spatial distribution of retinoids in skin following

topical application of retinyl palmitate. Yan et al. (2006a) have studied the

profiles of retinol and retinyl palmitate in strata of the skin of SKH‐1 mice

treated daily for 4 consecutive days with 0.5% (w/w) retinyl palmitate in an

oil‐in‐water cream. The levels of retinyl palmitate and retinol in the stratum

corneum, viable epidermis, and dermis, as well as whole skin, were deter-

mined at time points from 24 h to 18 days following the final topical

application. A rapid and sustained diVusion of retinyl palmitate into all

the three skin layers was observed. As shown in Fig. 5, on the basis of unit

weight, the epidermis at each measured time point contained the highest

level of retinyl palmitate and retinol (Yan et al., 2006a). Although the dermis

contains an amount of retinyl palmitate and retinol per unit weight much

lower than in epidermis, the dermal layer represented the largest tissue by

mass. As a result, the total amounts of retinyl palmitate and retinol in dermis

are higher than those in the epidermis (Fig. 6). Levels of retinyl palmitate

and retinol were shown to decrease with time following the final application.

Levels of retinyl palmitate in whole skin, 1 day after the final application of

the 0.5% retinyl palmitate cream, were �15‐fold higher than the levels at

18 days after the last application. Compared with untreated control mice,

the retinyl palmitate levels were significantly higher in the whole skin of mice

sacrificed 18 days after treatment with the 0.5% retinyl palmitate cream. In

contrast, the levels of retinol returned to control values within 11 days after
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the last application of retinyl palmitate (Yan et al., 2006a). Since the level of

retinol in the skin of the mice treated with retinyl palmitate is significantly

higher than that in the control animals, these results clearly indicate that

retinyl palmitate was metabolized into retinol in the skin. These results

demonstrate that elevated levels of both retinyl palmitate and retinol persist

in skin after repeated topical treatment with retinyl palmitate. The biological

consequence of persistently elevated levels of these retinoids is unclear at

this time.

The results of these clinical and experimental studies uniformly demon-

strate that topical application is an eVective strategy for loading the skin
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with substantial levels of vitamin A. In addition, these studies indicate that

topically applied retinol and retinyl palmitate trigger biochemical changes in

the skin that might be expected from perturbation of previously established

retinoid homeostasis. These biochemical changes include increased expres-

sion of retinol and retinoic acid‐binding proteins as well as increased levels

of enzymes that metabolize retinoic acid.

Concerns have been raised about potential systemic toxicity resulting

from the increased use of retinol and retinyl esters in topically applied

products. Clinical studies have been reported that address this issue. Ries

and Hess (1999) have reported that topical application of retinol at concen-

trations expected in some cosmetics (0.25%) causes no increase in plasma

levels of retinol or its metabolites; however, details of topical exposure

and methods of analysis were not provided. Nohynek et al. (2005) have
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published results from a clinical study involving 2 groups of 14 female

volunteers. Prior to initiating topical applications, baseline plasma levels of

retinol, retinyl esters, and acids were determined. Thereafter, one group of

subjects received daily application (�1 mg/cm2, over 3000 cm2 of the back,

hips, and legs) of a cream containing 0.34% retinol, while the other group

received daily application of a cream containing 0.55% retinyl palmitate.

Topical applications continued for 3 weeks. Plasma levels of retinoid were

determined on the first and the last day of topical treatments. On each day

designated for sampling plasma, multiple samples were drawn over a 24‐h
period to compensate for any diurnal variations in plasma retinoid levels.

The authors report that neither the topical treatment with the cream con-

taining retinol nor with the cream containing retinyl palmitate caused

significant increases in plasma levels of retinol, retinyl esters, or acids.

C. PHYSIOLOGICAL AND ENVIRONMENTAL FACTORS

AFFECTING CUTANEOUS LEVELS OF RETINOL

AND RETINYL ESTERS

Although the cutaneous levels of retinol, retinyl esters, and metabolites of

retinol are tightly controlled under normal conditions, several physiological

and environmental factors have been found to aVect these levels. While data

are not available for humans, studies using mice suggests that age influences

the levels of vitamin A in the skin. Törmä et al. (1987) determined that at

ages between 1 day and 6 weeks, levels of both retinol and retinyl palmitate

increased in the epidermis of hairless mice. These levels remained relatively

constant thereafter. Yan et al. (2006b) determined that levels of retinyl

palmitate increased in the stratum corneum, epidermis, and dermis of female

hairless mice between 10 and 20 weeks of age. Smaller changes were ob-

served in the levels of retinol. Older mice (60 and 68 weeks old) had lower

levels of retinol and retinyl palmitate in all strata of the skin. It is unknown,

at this time, whether analogous age‐related eVects on cutaneous levels of

vitamin A are seen in humans, and, if so, whether these eVects have

biological significance.

Diseases of the skin, particularly those characterized by abnormal diVer-
entiation and hyperproliferation, can result in alterations in the concentra-

tions of vitamin A and its metabolites. In Darier’s disease (keratosis

follicularis), a genetically determined disorder of keratinization, the levels

of retinol and of 3,4‐didehydroretinol in the skin are several fold higher than

normal (Vahlquist et al., 1982). Levels of retinol are reported to be low,

while levels of 3,4‐didehydroretinol are determined to be high in hyperpro-

liferative forms of ichthyosis. Furthermore, skin aVected by this disorder has

a ratio of retinol to 3,4‐didehydroretinol more than 10 times higher normal,

possibly suggesting a defect in epidermal vitamin A metabolism (Rollman

and Vahlquist, 1985).
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Exposure to UV light can also alter the levels of vitamin A in the skin.

A characteristic feature of retinoids is their sensitivity to UV light. UVA light

(320–400 nm) and UVB light (290–320 nm) have been shown to reduce the

vitamin A content in human skin (Antille et al., 2003). Pathways for photo-

chemical decomposition of retinoids include photoisomerization, photodi-

merization, and photooxidation (Dillon et al., 1996; Mousseron‐Canet,
1971). In vitro and in vivo studies have demonstrated that retinol is signifi-

cantly more photochemically labile than retinyl palmitate (Ihara et al., 1999;

Sorg et al., 1999; Tang et al., 1994). Retinol in rabbit skin in vivo and human

skin in vitro (Berne et al., 1984) was found to be unstable under UV irradia-

tion in a dose‐dependent manner. The maximum eVect was noted with

monochromatic irradiation at 334 nm, as compared to irradiation at 313,

365, and 405 nm. The retinol level was lowered immediately after a single

irradiation treatment and the reduction was similar in frozen and fresh skin,

suggesting independence from a cellular metabolism (Berne et al., 1984).

Sunlight‐induced photodegradation of retinyl esters proceeds much faster

than that of retinol, and it has been suggested that CRBPs‐1 protect retinol

from photodegradation (Tang et al., 1994). However, studies using hairless

mice treated topically with retinol before and after UVB exposure showed

that retinol was depleted to a similar extent after UVB exposure of the

pretreated animals as of untreated animals in spite of an induction of

CRBP‐1. The results in this animal model are inconsistent with protection

of retinol from UVB‐induced depletion by CRBP‐1 (Tran et al., 2001). Sorg

et al. (2002) have suggested that UV‐induced vitamin A depletion and lipid

peroxidation in mouse epidermis are unrelated processes and that UV light

destroys epidermal vitamin A through a photochemical reaction rather

than via oxidative stress. Additional studies are needed to determine the

mechanisms underlying the depletion of cutaneous retinoids by UV light.

IV. MOBILIZATION AND METABOLISM

OFRETINOLANDRETINYLESTERS INTHESKIN

Vitamin A homeostasis in the skin requires that the levels of retinol, retinyl

esters, and metabolites of retinol be tightly controlled. The biochemical me-

chanisms for establishing physiologically appropriate cutaneous levels of reti-

noids have been previously reviewed (Randolph and Siegenthaler, 1999; Roos

et al., 1998). An important step in maintaining adequate retinol levels in the

skin is retrieval of retinyl esters from their storage sites in the skin followed

by hydrolysis to form retinol. It should be noted that the intracellular site(s)

for storage of retinyl esters in the skin is not known. In some tissues, such as

retinal pigment epithelium, where retinoids serve a unique physiological

function, retinyl esters are stored in specialized lipid bodies known as retino-

somes or retinyl ester‐storage particles (Imanishi et al., 2004). Like other
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lipid bodies, retinosomes appear to originate in the endoplasmic reticulum

where LRAT is localized and catalyzes esterification of retinol (Imanishi

et al., 2004). Subsequently, retinosomes bud oV of the endoplasmic reticu-

lum and are ultimately found near the plasma membrane. It is also possible

that retinyl esters are stored in cytoplasmic neutral lipid droplets rather than

in specialized structures. Cultured fibroblasts, incubated with physiological

levels of retinol, have been shown to accumulate retinyl palmitate in lipid

droplets (Takagawa and Hirosawa, 1989). In addition, the presence of

neutral lipid bodies in keratinocytes has been described (Corsini et al.,

2003; Grubauer et al., 1989).

Intracellular retinyl esters can be mobilized from their storage sites by

retinyl ester hydrolases. It is noteworthy that intracellular retinyl esters may

be the preferred source of retinol used for subsequent formation of power-

fully bioactive metabolites such as retinoic acid. Randolph and Simon (1993,

1996) demonstrated that mobilization of retinyl esters to form retinol, rather

than use of preexisting retinol, is preferred by keratinocytes for formation of

retinoic acid. Despite their clear importance, the enzymes responsible for

hydrolyzing intracellular retinyl esters have not been identified definitively.

Gao and Simon (2005) described a keratinocyte retinyl ester hydrolase that

also catalyzed palmitoyl CoA‐dependent and ‐independent retinol esterifica-
tion. Hydrolysis was found to be greater at neutral pH and esterification

greater at acidic pH. Gao and Simon (2005) observed that these properties

are consistent with the increased retinyl ester content that accompanies

epidermal maturation. In addition, the pH dependence for the acyl‐CoA‐
dependent retinol esterification (ARAT) activity is similar to that described

by Törmä and Vahlquist (1990). Additional studies are needed to determine

the precise role that the hydrolase described by Gao and Simon (2005) plays

in accessing cutaneous depots of retinyl esters to form retinol.

The oxidative metabolism of retinol in skin cells follows the general, two‐
step pathway presented in Fig. 1 and produces retinoic acid, the prominent

active form of vitamin A (Fisher and Voorhees, 1996). The first step in the

formation of retinoic acid is the reversible oxidation of retinol to retinalde-

hyde. In the skin, two distinct enzymes may be involved in the formation of

retinaldehyde. Haselbeck et al. (1997) have described a cytoplasmic alcohol/

retinol dehydrogenase that is abundantly expressed in the basal layer of the

epidermis. In addition, a microsomal, short‐chain retinol dehydrogenase has

been identified in the epidermis (Markova et al., 2003). This microsomal

dehydrogenase is detected predominately in the basal and the most diVer-
entiated living layers of the epidermis. Both unbound retinol and holoCRBP

can serve as substrates for this enzyme. While the relative importance of the

cytosolic and microsomal retinol dehydrogenases is unclear, some evidence

suggests that the microsomal enzyme is the more important source of

retinaldehyde in the epidermis (Markova et al., 2003). Retinol oxidation to

retinaldehyde is considered the rate‐limiting step in the two‐step conversion
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of retinol to retinoic acid. Retinaldehyde formed from retinol does not

typically accumulate in skin because the second step, oxidation of retinalde-

hyde to retinoic acid, occurs at rapid rate.

The final step in the formation of retinoic acid from retinol is the irrevers-

ible oxidation of retinaldehyde to retinoic acid. Much remains to be learned

about the mechanism for the formation of retinoic acid; however, cyto-

chrome P450 is thought to play a significant role (Roos et al., 1998; Zhang

et al., 2000). Five human cytochrome P450 families including CYP1A1,

CYP1A2, CYP1B1, CYP3A4, and CYP3A5 are found to be expressed in

the skin (Zhang et al., 2000).

Tight regulation of retinoic acid activity in the skin is imperative for

maintaining epithelial homeostasis. Randolph and Siegenthaler (1999) have

outlined four major modes for controlling cellular levels of retinoic acid:

(1) control of the cellular levels of retinol through regulation of retinol

uptake, esterification, and storage as esters; (2) control of retinoic acid

synthesis by regulation of relevant enzyme activities; (3) metabolic transfor-

mation retinoic acid to biologically inactive forms (e.g., formation of 4‐oxo‐
retinoic acid through oxidation of retinoic acid catalyzed by CYP26); and

(4) control of access of retinoic acid to the nucleus through the regulatory

role of CRABP‐I and CRABP‐II.

V. EFFECTS ON SELECTED BIOLOGICAL

RESPONSES OF THE SKIN

Most of the eVects of vitamin A on the skin are thought to involve its

most bioactive metabolite, retinoic acid (Roos et al., 1998; Shroot et al.,

1999). Retinoic acid triggers cutaneous biological eVects by binding to two

families of nuclear receptors. These nuclear receptors are known to be ligand‐
activated transcription factors. The family of retinoid acid receptors (RAR),

including RARa, RARb, and RARg, is activated specifically by all‐trans
retinoic acid, while the family of retinoid X receptors (RXRa, RARb, and
RARg) is activated by all‐trans retinoic acid as well as 9‐ and 13‐cis retinoic
acids. These families of nuclear receptors are readily detected in human skin

and epidermal keratinocytes. Human epidermal keratinocytes express three

isoforms of RAR: RARa, RARg, and RXRa, abundantly but all RAR and

RXR isoforms can be detected immunohistochemically in normal human

skin (Reichrath et al., 1997). Billoni et al. (1997) detected consistent RARb
expression and variable expression of RARa and RARg in the dermal papilla

of the hair follicle with moderate expression of RARa, RARb, and RARg in
the dermal sheath fibroblasts. Rosdahl et al. (1997) reported expression of

CRBP‐1, CRABP‐1, CRABP‐2, RARa, RARb, RARg, and RXRa in

cultured human epidermal melanocytes, along with metabolism of ROH to

9‐cis, 13‐cis, and all‐trans retinoic acid. Activation of these nuclear receptors
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by retinoid ligands is known to influence many of the biological responses of

the skin. Three of these functions (the immune response, wound healing, and

aging) will be briefly discussed below. In addition to receptormediated eVects,
evidence is emerging that vitamin A can elicit nonligand eVects. The role of
vitamin A inmediating some eVects of UV light on the skin is discussed below

as an example of a nonligand eVect of vitamin A.

A. IMMUNE RESPONSE

The salutary eVect of vitamin A on the immune system has been long

recognized (Ross, 2000; Semba, 1999). Indeed, one of the earliest biological

functions of vitamin A, the ability to reduce infections, was noted by Green

and Mellanby (1928) who dubbed vitamin A an ‘‘anti‐infective agent.’’

Subsequent studies have provided a vast amount of evidence indicating that

vitamin A, through receptor‐mediated signaling pathways, can broadly

modulate the immune response (Ross, 2000). Retinoids have been shown

to have eVects on antigenic activation of T‐lymphocytes, activation of

monocytes, and B‐cell diVerentiation (Ross, 2000).

Vitamin A and its metabolites have been shown to modulate aspects of the

skin’s immune response. Several investigators have shown that contact hy-

persensitivity to topically applied chemicals is enhanced by vitaminA.Maisey

and Miller (1986) found that mice fed a diet supplemented with vitamin A

showed an enhanced response to topically applied sensitizers. Enhancement

of contact hypersensitivity by dietary vitamin A has also been reported by

Thorne et al. (1991). Sailstad et al. (2000) showed that dietary vitamin A can

restore the contact hypersensitivity response in mice whose responses have

been suppressed by exposure to UV light. These vitamin A‐induced eVects on
contact hypersensitivity indicate that vitamin A influences cutaneous immune

responses mediated by T‐lymphocytes. The mechanism underlying these

eVects is not understood. Contact hypersensitivity is a two‐phase process.

The induction phase is initiated by application of a low‐molecular‐weight
antigen. This antigen is processed by Langerhans cells, dendritic accessory

cells in the epidermis, for presentation to T‐lymphocytes (Sailstad et al.,

2000). Keratinocytes secrete cytokines that facilitate this process. Presenta-

tion of processed antigen to T‐lymphocytes in local lymph nodes results in

antigen‐specific expansion of T‐lymphocytes. The second phase in the contact

hypersensitivity response is elicitation. During the elicitation phase, reexpo-

sure of skin previously exposed to the antigen triggers T‐lymphocyte‐
dependent cytokine release and ultimately an inflammatory response. Some

evidence suggests that dietary vitamin A can increase numbers of accessory

cells needed to process antigens (Katz et al., 1987). In addition, vitamin A

may aVect release of stimulatory cytokines by keratinocytes (Shroot et al.,

1999). The production of these cytokines by keratinocytes is known to be

influenced by transcription factors, such as AP‐1, whose levels are regulated
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by retinoid‐responsive genes (Schule et al., 1991). Several proinflammatory

cytokines are known to be retinoid‐responsive through a receptor mechanism

(Ross, 2000). Presently, much is unknown about the mechanisms underlying

the eVects of vitamin A on the skin’s responses to environmental pathogens

and chemicals.

B. WOUND HEALING

Wound healing is a complex process that can be divided into three phases:

(1) the inflammatory phase, (2) the proliferation phase, and (3) the remodel-

ing phase (Yamaguchi and Yoshikawa, 2001). Progression through these

phases requires coordinated involvement of blood vessels (exchange of

platelets, macrophages, and neutrophils with tissue), epidermis (stimulation

of keratinocytes, melanocytes, and Langerhans cells), dermis (activation of

fibroblasts and myofibroblasts), nerves, and subcutaneous fatty layers (adi-

pocytes). The eVects of vitamin A on wound healing have long been recog-

nized. Clinical and experimental studies have shown that vitamin A

deficiency can impair wound healing (Hunt, 1986). In addition, treatment

with vitamin A and other retinoids, through dietary supplementation or

topical application, has been shown to enhance wound healing (Ehrlich

and Hunt, 1968; Gerber and Erdman, 1982; Tom et al., 2005). While much

about the biochemical and molecular mechanisms through which vitamin A

enhances wound healing remains unknown, it is clear that events in all three

phases of the wound healing process are aVected by vitamin A and retinoids.

EVects on the inflammatory and proliferation phases of wound healing have

been observed and ostensibly involve regulation in the release of cytokines

and growth factors in the skin (Muehlberger et al., 2005; Yuen and

Stratford, 2004). Studies have shown that vitamin A and retinoic acid

influence production of cytokines and facilitators of keratinocyte mobility,

such plasminogen activator, as well as growth factors, such as transforming

growth factor‐b1 and insulin‐like growth factor‐1 (Braungart et al., 2001;

Wicke et al., 2000; Yuen and Stratford, 2004). EVects of vitamin A and

retinoids on events associated with the remodeling phase of wound healing

are well documented. Many of the events in remodeling at the site of a

wound involve dermal fibroblasts and the synthesis of components in the

extracellular matrix of the dermis (Pilcher et al., 1999; Yamaguchi and

Yoshikawa, 2001). Retinoic acid has been shown to enhance production of

extracellular matrix components such as collagen in cultured fibroblasts and

during wound healing (Varani et al., 1993; Wicke et al., 2000).

C. AGING

The eVects of vitamin A on aging skin are an area of great interest. Aging

is associated with changes throughout the skin; however, many of the most

dramatic eVects due to aging occur in the dermis. An age‐related reduction
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in the number of interstitial dermal fibroblasts has been observed in human

skin (Lavker, 1979; Lovell et al., 1987). Reduced synthesis of collagen is

observed in aged skin, especially after the seventh decade (Lovell et al., 1987;

Oikarinen, 1994). In addition, enhanced degradation of dermal collagen and

elastin is observed in aging skin (West, 1994). These changes in the dermis are

thought to be largely responsible for the thin, fragile, and finely wrinkled

properties of naturally aged skin (Varani et al., 2000). Varani et al. (2000)

have shown that topical application of vitamin A canmoderate many of these

biochemical changes in aged skin. Four age groups: 18–29, 30–59, 60–79, and

80þ years were examined. Cellular and histological markers for age‐related
changes were measured, and included: collagen synthesis/collagen gene ex-

pression, dermal MMPs levels, and fibroblast growth. A progressive decrease

in numbers of dermal fibroblasts was noted with increasing age as well as

thinning and increased disorganization of collagen bundles in the dermis. In

addition, increased levels of the matrix metalloproteinases, MMP‐1,MMP‐2,
and MMP‐9, were observed. Treatment with 1% retinol for 7 days resulted

in a reduction in levels of MMP‐1 and MMP‐9, an increase in fibroblast

growth, and increased expression of dermal collagen. Retinoids have also

been shown to have similar eVects on photoaged skin (Fisher et al., 1996).

While the molecular events underlying these eVects have yet to be fully

understood, it appears that retinoid receptor‐mediated repression of tran-

scription factors such as AP‐1 and inhibition of metalloproteases play a role

in eVects retinoid eVects on both aged and photoaged skin (Fisher et al.,

1999).

D. RESPONSE TO UV LIGHT

Discussions of vitamin A in photosensitive biological systems usually

focus on the retina and the photochemical transformations involved in

vision. However, interactions between light and vitamin A in the skin may

also have important biological consequences. The skin contains several

important chromophores for visible and UV light. Cutaneous chromophores

include DNA, proteins, melanin, porphyrin, and urocanic acid (Kornhauser

et al., 2004). Emerging evidence suggests that retinol and its esters, which

have an absorbance maximum at �325 nm, may also be important chromo-

phores in the epidermis. Hoyos et al. (2002) have shown that retinol can

influence the activity of proteins known to participate in the ‘‘mammalian

UV response’’ (Devary et al., 1992; Karin and Gallagher, 2005). These

proteins, which include protein kinases and cellular transcription factors,

initiate an altered pattern of gene expression observed following exposure

to UV light. Hoyos et al. (2002) showed that the signaling serine/threonine

protein kinase, CRAF, has a site in its C1 zinc finger domain that binds

retinol, 14‐hydroxy‐4,14‐retro‐retinol, retinoic acid, and anhydroretinol

with equivalent aYnities (Kd 22.0, 30.7, 19.8, and 36.4 nM, respectively).
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Activation of CRAF by UV light was observed when retinol or 14‐hydroxy‐
4,14‐retro‐retinol was bound to CRAF, while UV light caused inactivation

of complexes between CRAF and retinoic acid or anhydroretinol. Activa-

tion of CRAF by UV light required the presence of RAS, another protein

involved in the mammalian UV response. Therefore, binding of retinoids to

CRAF may modulate the response of this important protein kinase. In

addition, Hoyos et al. (2005) have demonstrated that retinol binding to

CRAF may be involved in the redox‐sensing function of this protein. Addi-

tional studies are needed to establish the role of retinol as a chromophore

involved in initiating early signaling events in response to UV light, and the

role of retinol in responding to oxidative stress in the skin.

The role of vitamin A as a sunscreen has also been suggested. Antille et al.

(2003) have reported that human skin, treated once daily for 2 days with 2%

retinyl palmitate, was protected against UV light‐induced erythema. A sun

protection factor (SPF) of �20 was associated with application of 2% retinyl

palmitate. In addition, application of retinyl palmitate protected against UV

light‐induced DNA damage. Subsequent studies showed that absorption of

UV light, rather than eVects on retinoid‐responsive genes, gave rise to the

observed protective eVects (Sorg et al., 2005).

The authors observed that while epidermal levels of retinyl esters resulting

from topical treatment with 2% retinyl palmitate (�100 mM) provide protec-

tion against sunburn, endogenous levels of retinyl esters in untreated skin

(�1 mM) may be too low to be protective. However, as noted earlier, the

distribution of retinyl esters in the epidermis is not uniform, raising the

possibility that locally high concentrations of retinyl esters in the outer

epidermis may have some biologically significant sunscreen eVects. Addi-

tional studies are needed to more fully investigate the biological significance

of sun protection associated with endogenous and topically applied retinyl

esters.

Recent in vitro studies indicate that retinyl palmitate can photosensitize

damage to cells and biomolecules. Mei et al. (2005) studied the photomuta-

genicity of retinyl palmitate and UVA light (320–400 nm) in L5178Y/Tkþ/�

mouse lymphoma cells. Treatment of the cells with 1‐ to 25‐mg/ml retinyl

palmitate and UVA light (82.8 mJ/cm2/min for 30 min) produced a dose‐
dependent induction of mutations. Examination of heterozygosity on chro-

mosome 11, on which the Tk gene is located, provided evidence that retinyl

palmitate was acting as a photoclastogen (Mei et al., 2005). These authors

interpret the photomutagenicity of retinyl palmitate as a consequence of

oxidative damage to chromosomes photosensitized by retinyl palmitate.

Consistent with this observation, Yan et al. (2005) have shown that treat-

ment with retinyl palmitate, or with either of two photodecomposition

products of retinyl palmitate, anhydroretinol or 5,6‐epoxy‐retinyl palmitate,

made Jurkat T‐cells more sensitive to toxicity elicited by UVA or visible

light. In addition, treatment sensitized cellular DNA to damage measured by
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the Comet assay. Additional studies suggested photoexcitation of these

retinoids caused DNA damage through a free radical mechanism (Cherng

et al., 2005; Xia et al., 2006; Yan et al., 2005). Generation of free radicals and

reactive oxygen species accompanying irradiation of retinol, retinyl palmi-

tate, and their photodecomposition products has also been demonstrated by

several authors (Cherng et al., 2005; Klamt et al., 2003). Figure 7 outlines

some of the events that have been observed in vitro following photoexcita-

tion of retinoids. It should be noted that the skin possesses substantial

constitutive and inducible defenses against free radicals and oxidative dam-

age (Vessey, 1993). In addition, as described earlier in this chapter, retinoids

found in tissues are often separated from the cellular milieu through binding

to specialized proteins. Therefore, the biological significance of free radi-

cals and reactive oxygen species formed after photoexcitation of retinoids

remains to be established. It is noteworthy that vitamin A is often viewed

as an antioxidant vitamin (Livrea and Packer, 1994). However, the above

in vitro studies suggest that under some circumstances, vitamin A may be a

prooxidant.
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FIGURE 7. Events observed following exposure retinyl palmitate or its photodecomposi-

tion products to UVA light.
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VI. SUMMARY

The skin has played a central role in the discovery of the biological

activities of vitamin A. Though much is known about vitamin A homeosta-

sis in the skin, and the eVects of retinoids on the physiology of the skin,

much remains to be learned. Most vitamin A‐induced responses in the skin

are thought to involve retinoic acid functioning as a ligand for cutaneous

retinoid receptors. The network of cutaneous genes, whose expression is

eVected by retinoids, is only partially understood. Undoubtedly, our knowl-

edge of the human genome and high throughput genomic and proteomic

methods will accelerate the exploration of retinoid‐influenced physiological

pathways in the skin. In addition, there is emerging evidence that mechan-

isms independent from receptor binding may contribute to the activity of

vitamin A in the skin. Because of these significant gaps in our knowledge

of how vitamin A aVects the skin, and because of the potential for develop-

ment of dermatological and cosmetic products containing retinoids, it

may be anticipated that the skin will remain a focus for future studies of

vitamin A.
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The requirement of RA during early cardiovascular morphogenesis has

been studied in targeted gene deletion of retinoic acid receptors and in the

vitamin A‐deficient avian embryo. The teratogenic eVects of high doses of

RA on cardiovascular morphogenesis have also been demonstrated in

diVerent animal models. Specific cardiovascular targets of retinoid action

include eVects on the specification of cardiovascular tissues during early

development, anteroposterior patterning of the early heart, left/right deci-

sions and cardiac situs, endocardial cushion formation, and in particular,

the neural crest. In the postdevelopment period, RA has antigrowth

activity in fully diVerentiated neonatal cardiomyocytes and cardiac

fibroblasts. Recent studies have shown that RA has an important role in

the cardiac remodeling process in rats with hypertension and following

myocardial infarction. This chapter will focus on the role of RA in

regulating cardiomyocyte growth and diVerentiation during embryonic

and the postdevelopment period. # 2007 Elsevier Inc.

I. INTRODUCTION

Retinoic acid (RA) is the bioactive metabolite of vitamin A, and there is

considerable evidence implicating RA as an important signaling molecule

during embryonic and fetal cardiovascular development (Lammer et al.,

1985; Moore, 1965; Wolf, 1984). RA signaling is important for both cardiac

development and for diVerentiation into adult cardiac muscle cells (Kastner

et al., 1997b; Subbarayan et al., 2000). Changes in RA homeostasis result in

severe malformations during cardiogenesis. Both, a lack or an excess of RA

during embryonic development results in congenital cardiovascular malfor-

mations. The retinoid dependence of cardiogenesis was first demonstrated in

vitamin A‐deficient (VAD) rats (Wilson and Warkany, 1950a,b). Similar to

the cardiovascular abnormalities caused by vitamin A insuYciency, retinoic

acid receptor (RARs) and retinoic X receptor (RXRs) knockouts in mice

lead to abnormal cardiogenesis (Chen et al., 1998; Ghyselinck et al., 1998;

Gruber et al., 1996; Kastner et al., 1994, 1997b; Mendelsohn et al., 1994a;

Sucov et al., 1994). These observations demonstrate that RA is required in

normal embryonic heart development. An excess of RA has also been

found to cause teratogenic eVects during early heart development (Colbert

et al., 1997; Dickman and Smith, 1996; Drysdale et al., 1997; Osmond et al.,

1991), indicating that a precisely regulated supply of RA is essential for

normal cardiogenesis. Studies have shown that RA‐dependent signal trans-
duction appears to preserve the normal diVerentiated phenotype of cardio-

myocytes, by antagonizing the eVect of various hypertrophic stimuli in

the postdevelopment period (Palm‐Leis et al., 2004; Wang et al., 2002;

Wu et al., 1996; Zhou et al., 1995). RA signaling also has an important role
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in cardiac remodeling during the development of hypertension and following

myocardial infarction (de Paiva et al., 2003; Lu et al., 2003; Paiva et al.,

2005). Thus, gaining an expanded understanding of the signaling pathways

mediated by RA may lead to the development of novel agents for the

prevention and treatment of cardiovascular diseases.

II. ROLE OF RA IN HEART DEVELOPMENT

AND CONGENITAL HEART DEFECTS

A. NORMAL HEART DEVELOPMENT

The vertebrate heart is the first organ to form and function during embry-

onic development. Heart morphogenesis can generally be broken down into

the following steps: cardiomyocyte determination and specification; formation

of the heart tube; looping, chamber development, and growth; endocardial

cushion, valve, and septal formation (Fig. 1). Heart precursor cells or cardiac

progenitors are among the first mesodermal cells to gastrulate through the
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FIGURE 1. Steps of heart morphogenesis. The illustrations depict cardiac development

with color coding of morphologically related regions, seen from a ventral view. Cardiogenic

precursors form a crescent (left‐most panel) that forms specific segments of the linear heart tube,

which is patterned along the anterior–posterior axis to form the various regions and chambers

of the looped and mature heart. Each cardiac chamber balloons out from the outer curvature of

the looped heart tube in a segmental fashion. Neural crest cells populate the bilaterally

symmetrical aortic arch arteries (III, IV, and VI) and aortic sac (AS) that together contribute to

specific segments of the mature aortic arch. Mesenchymal cells form the cardiac valves from the

conotruncal (CT) and atrioventricular valve (AVV) segments. Corresponding days of human

embryonic development are indicated. A, atrium; Ao, aorta; DA, ductus arteriosus; LA, left

atrium; LCC, left common carotid; LSCA, left subclavian artery; LV, left ventricle; PA,

pulmonary artery; RA, right atrium; RCC, right common carotid; RSCA, right subclavian

artery; RV, right ventricle; and V, ventricle.
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primitive streak (Garcia‐Martinez and Schoenwolf, 1993; Icardo, 1996;

Schoenwolf and Garcia‐Martinez, 1995). Beginning soon after gastrulation,

anterolateral endoderm and anterocentral mesoderm induce cells of the pos-

terior primitive streak to diVerentiate into cardiac myocytes, indicating that

anterior endoderm contains signaling molecules that can induce cardiac

myocyte specification of early primitive streak cells (Schultheiss et al., 1995).

These cells migrate to an anterolateral position known as the cardiogenic area

or heart field. Heart progenitor cells are recognized in these areas based on

expression of several cardiac‐specific genes, including Nkx‐2.5, GATA4,

MEF‐2, and Tbx5 (Fishman and Chien, 1997; Kostetskii et al., 1999; Lyons,

1996; Schultheiss et al., 1995; Searcy et al., 1998). Anterior segments of the

heart‐forming region will become the ventricles, and posterior segments will

become the atria of the four‐chambered heart (Olson and Srivastava, 1996;

Yutzey and Bader, 1995). Soon after specification, cardiac muscle cells con-

verge along the ventral midline of the embryo to fuse into a beating linear

heart tube, patterned along the anteroposterior axis to make up the cono-

truncus (outflow tract), right (pulmonary) and left (systemic) ventricles, and

atria. As fusion continues, the heart tube bulges out and begins to loop to the

right (Fig. 1). At the time of looping, the single heart tube is composed of

distinct myocardial and endocardial layers separated by an extracellular

matrix known as the cardiac jelly. The endocardium is critical to the genera-

tion of the heart valves. The cardiac cushions are the primordia of the valves

and membranous septa (Eisenberg andMarkwald, 1995). As looping occurs,

cushion tissues that have formed in the atrioventricular canal and the outflow

track regions are brought together at the inner curvature of the looped heart

tube. This repositioning facilitates septation by bringing atrioventricular and

outflow track cushion tissues together for formation of the valves, atrioven-

tricular septum, and the outflow track septum. The atrioventricular septum

divides the inflow tract, known as the common atrioventricular canal, into a

right and left atrioventricular canal. As the atrioventricular septum shifts to

the right to lie above the ventricular septum, the atrioventricular canals follow

and become aligned over the respective ventricles. Cardiac septation and

heart chamber formation take place at three levels: the atrium, the ventricle,

and the arterial pole. Correct looping and the extracardiac contribution of

neural crest cells have an essential role in normal septation. Cardiac chamber

formation can be separated into two phases: the initial specification of sepa-

rate preatrial and preventricular lineages and the subsequent diVerentiation
events that produce distinct atrial and ventricular chambers (Fig. 1).

B. RA SIGNALING

RA is the most biologically active member of the family of retinoids, all of

which are derived from vitamin A. Studies have demonstrated that the

pleiotropic eVects of vitamin A (except for its role in vision) are mediated
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by RA and possibly some of its metabolites via specific nuclear retinoid

receptors. Cells take up RA from the blood, where it circulates as retinol

bound to retinol‐binding protein (Fig. 2). Inside the cell, the sequestered

retinol is enzymatically converted to retinal by the retinol or alcohol dehy-

drogenases, and retinal is further converted to RA by the retinaldehyde de-

hydrogenases (RALDHs) (Duester, 2000). RA is further metabolized to

inactive products such as 4‐oxo‐RA, 4‐OH‐RA, 18‐OH‐RA, and 5,8‐epoxy‐
RA by two cytochrome P450 enzymes, CYP26A1 and CYP26B1 (Fujii et al.,

1997; White et al., 1996) (Fig. 2). Retinoid receptors comprise two sub-

families composed of three RA receptors (RARa, RARb, and RARg) and
three retinoid X receptors (RXRa, RXRb, and RXRg) (Chambon, 1996;
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FIGURE 2. The metabolic pathway and the cellular mechanism of RA action. The

metabolic pathway of RA. Retinol is taken up from the blood, where it binds to retinol‐binding
proteins (RBPs) and rebinds intracellularly to cellular retinol‐binding proteins (CRBPs).

Intracellularly, retinol is converted to retinal by the retinol or alcohol dehydrogenases (RoDH),

and retinal is further metabolized to RA by RALDHs. RA is bound in the cytoplasm by cellular

RA‐binding protein (CRABP). Alternatively, RA and its 9‐cis isomer enter the nucleus and

bind toRARsorRXRs, respectively. Ondimerization of these receptors,RAR/RXRheterodimer

or RXR/RXR homodimer, the activated receptors bind to a sequence of DNA known as the RA‐
response element (RARE). This latter action either activates or represses transcription of the

target gene.
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Mangelsdorf et al., 1995; Petkovich, 1992). Retinoid receptors were cloned

in the late 1980s and early 1990s (Benbrook et al., 1988; Brand et al., 1988;

Hamada et al., 1989; Leid et al., 1992; Mangelsdorf et al., 1992; Ragsdale

et al., 1989). RARs are activated by all‐trans RA and its 9‐cis isomer,

while RXRs are only activated by 9‐cis RA. These receptors act as ligand‐
dependent transcription factors. The RARs and RXRs function as hetero-

dimers (Kastner et al., 1997b; Mangelsdorf and Evans, 1995). RAR–RXR

heterodimers bind to specific genomic DNA sequences designated as

RAREs, which are characterized by two half sites with the consensus se-

quence AGGTCA. These are generally arranged as direct repeats (DR)

separated by two or five nucleotides. These heterodimers have two distinct

functions: first, they modulate the frequency of transcription initiation of

target genes after binding to RAREs in the promoters; and second, they

aVect the eYciency of other signaling pathways (cross talk) by unknown

mechanisms. This cross talk suggests that retinoid receptors are also targets

of other pathways (Chen et al., 1995; Zechel et al., 1994). Retinoids do not

act solely through the two subunits of the RAR–RXR heterodimer. RXR is

a promiscuous heterodimerization partner for various nuclear receptors such

as the thyroid hormone receptors, vitamin D receptors, peroxisomal

proliferator‐activated receptor, and several other orphan receptors (Kliewer

et al., 1992a,b; Schrader et al., 1993). Therefore, RXR ligands have the

potential to aVect the signaling of many pathways. The functions of RARs

and RXRs are not limited to a direct transactivation process, as they also

include transrepressive activity. Transcriptional interference may result

when the receptor, bound to ligand, prevents other transcription factors,

such as AP‐1, from interacting with the transcription initiation complex

(Yang‐Yen et al., 1991; Zhou et al., 1999). This transrepressive function is

likely responsible for a large part of the biological eVects of retinoids. The
nongenomic eVects of RA have been demonstrated in recent studies. RA acts

by promoting the activation of cytoplasmic‐signaling cascades that control

the activity of specific genes. It has been shown that in acute promyelocytic

leukemia cells, the RA‐induced diVerentiation process is associated with a

rapid increase in the level of intracellular cAMP as well as protein kinase A

activity. In contrast, no such change was observed in RA‐resistant cells (Zhao
et al., 2004). In SH‐SY5Y neuroblastoma cells and NIH3T3 cells, RA treat-

ment induces increased phosphoinositide 3‐kinase (PI3K) activity and a rapid

increase in phosphorylation of AKT in Ser‐473 and extracellular‐regulated
kinase (ERK). RA‐induced diVerentiation was impaired by inhibition of

PI3K, indicating that RA, by activating the PI3K/AKT‐signaling pathway,

has an important role in the regulation of neuronal cell survival (Antonyak

et al., 2002; Lopez‐Carballo et al., 2002). In this respect, RA behaved much

like estrogens, which have been reported to induce rapid activation of signal-

ing pathways, such as ERK andAKT (Christ et al., 1999; Gerdes et al., 2000).

With many interactions and numerous eVects in target cells, these findings
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suggest that RA is a critical regulator of embryonic development and cellular

and tissue homeostasis.

C. RA AND HEART DEVELOPMENT

The significance of RA for embryonic and fetal heart development has

been established in numerous studies (Clagett‐Dame and DeLuca, 2002;

Wilson and Warkany, 1950a; Wilson et al., 1953; Zile, 2004). Embryonic

exposure to either an excess or a deficiency of vitamin A leads to abnormal

development, suggesting that the embryo requires a precisely regulated

amount of RA. Evidence gathered from the study of retinoid‐induced em-

bryopathy and of RARgene knockouts andmutations suggestsmultiple roles

for RA in embryonic heart development.

1. Retinoic Acid‐Mediated Signaling Is Required for Normal

Heart Development

RA is critical in the development of the heart. It was recognized in the

1930s that maternal insuYciency of vitamin A, during pregnancy, results in

fetal death and severe congenital malformations in the oVspring, including
aberrant heart development (Hale, 1937; Mason, 1935). The retinoid depen-

dence of cardiogenesis was first shown in VAD rats, which displayed specific

aortic arch and ventricular septal deficits (Wilson and Warkany, 1950a,b;

Wilson et al., 1953). RA function during embryonic and fetal heart develop-

ment at the molecular level has been extensively studied, including the use of

transgenic mice with mutations in retinoid receptor genes, or retinoid‐ligand
knockout models (Ghyselinck et al., 1998; Kastner et al., 1994; Luo et al.,

1996; Mic et al., 2002; Niederreither et al., 2001; Smith et al., 1998). Using

cultured embryonic stem cells or cardiomyocytes, it has been demonstrated

that RA accelerates expression of cardiac‐specific genes, enhances the devel-
opment of ventricular cardiomyocytes, and promotes cardiomyocyte diVer-
entiation, indicating that RA‐mediated signaling has an important role in

embryonic cardiomyocyte proliferation and diVerentiation (Aranega et al.,

1999; Hidaka et al., 2003; Honda et al., 2005; Wobus et al., 1997). Specific

functions of the diVerent retinoid receptors during heart embryogenesis

have been identified over the past decade. Although the diVerent receptor
isoforms have unique distributions during development, knocking out one

specific isoform of the RAR family does not cause developmental defects

analogous to those observed in the fetal vitamin A deficiency syndrome,

demonstrating a redundancy between members of each receptor subtype.

Mice deficient for individual RARa1, RARb2, and RARg2 isoforms or all

RARb isoforms appear normal (Li et al., 1993; Lohnes et al., 1993; Lufkin

et al., 1993; Luo et al., 1995; Mendelsohn et al., 1994b). Although RARa and
RARg gene null mutants display early postnatal lethality or growth deficien-

cy, the heart development is normal (Lohnes et al., 1993; Lufkin et al., 1993).
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In contrast with RAR single mutants, compound null mutations of

RAR genes lead to significant heart malformations (Lohnes et al., 1994;

Mendelsohn et al., 1994a). Amarked defect observed in the heart and outflow

tract of double mutant fetuses was persistent truncus arteriosus. The truncus

arteriosus is a transient structure, which by 14.5 dpc should be completely

divided into the ascending aorta and pulmonary trunk, by the spiral‐shaped
aorticopulmonary septum (Fananapazir and Kaufman, 1988; Vuillemin and

Pexieder, 1989). Failure of this division to take place or to become complete

results in a persistent truncus arteriosus, receiving blood from both ventricles.

In addition, ventricular septal defects, myocardial deficiency, persistent atrio-

ventricular canal, and an abnormal aortic arch pattern were found in RAR

double mutants (Lee et al., 1997; Luo et al., 1996; Mendelsohn et al., 1994a).

All of these abnormalities have been described in the oVspring fromVAD rats

(Wilson and Warkany, 1950a; Wilson et al., 1953) (Table I). These results

demonstrate that RAR‐mediated retinoid signaling is essential for proper

myocardial growth, aorticopulmonary and ventricular septation, and

patterning of the aortic arches.

RXRs exert multiple functions in several signaling systems (Mangelsdorf

and Evans, 1995), and RAR/RXR heterodimers bind more eYciently to

RAREs than homodimers of either RAR or RXR. Furthermore, RXRs

enhance the binding of other nuclear receptors (Kastner et al., 1994; Leid

et al., 1992). Thus, RXRs act as partners of multiple nuclear receptors and

are pleiotropic in cellular eVects. Disruption of the RXRa gene results in

prominent cardiac defects, including hypoplasia of the ventricular compact

zone and muscular ventricular septal defects. Embryonic heart failure was

also displayed in the RXRa�/� embryo (Dyson et al., 1995; Kastner et al.,

1994; Sucov et al., 1994). Atrial and ventricular chamber‐specific myosin

light chain 2 (MLC‐2) genes have been used as molecular markers for the

process of chamber maturation and specification (Kubalak et al., 1994;

O’Brien et al., 1993). The expression of the atrial isoform MLC‐2a appears

to be uniform throughout the linear heart tube and is selectively down-

regulated in the ventricular chamber during the process of expansion of

the compact zone and onset of trabeculation. An aberrant, persistent expres-

sion of MLC‐2a in the thin‐walled ventricular chambers was identified in the

RXRa�/� mutant, indicating that the RXRa‐mediated pathway is important

for diVerentiation of ventricular cardiomyocytes and is required in the

progression of development of the ventricular region of the heart from its

early atrial‐like form to the thick‐walled adult ventricle. The conduction

system disturbances found in RXRa�/� embryos indicate that an RXRa‐
mediated signaling pathway is required in the developing conduction system.

Interestingly, RXRb and RXRg gene knockout mice develop normal heart

formation. Moreover, double mutation of RXRb�/�/RXRg�/� or triple

mutation of RXRaþ/�/RXRb�/�/RXRg�/� phenotypes are viable, display-

ing no obvious congenital heart abnormalities except a marked growth
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TABLE I. Cardiovascular Defects in Vitamin A Deficiency or Excess and Retinoid

Receptor Knockout Embryos

Heart

defects

Persistant

truncus

arteriosus

Tubular

heart

Ventricular

septal

defect

Atrial

septal

defect

Abnormal

aortic arch

pattern

Atrio‐
ventricular

canal defect

Ventricular

chamber

hypoplasia

VAD þ þ þ � þ þ þ

Excess RA þ þ þ þ þ þ �

RARa�/� � � � � � � �

RARb�/� � � � � � � �

RARg�/� � � � � � � �

RXRa�/� þ þ þ � þ þ þ

RXRb�/� � � � � � � �

RXRg�/� � � � � � � �

RARa�/� þ þ þ � þ þ �
RARb�/�

RARa�/� þ þ þ � þ þ þ
RARg�/�

RARb�/� � � � � � � �
RARg�/�

RARa�/� þ þ þ � þ þ þ
RXRa�/�

RARb�/� þ þ þ � þ þ þ
RXRa�/�

RARg�/� þ þ þ � þ þ þ
RXRa�/�

RXRa�/� þ þ þ � þ þ þ
RXRg�/�

RXRb�/� � � � � � � �
RXRg�/�

RXRaþ/� � � � � � � �
RXRb�/�

RXRg�/�
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deficiency and male sterility due to loss of function of RXRb (Krezel et al.,

1996). In contrast, RXRa�/�/RXRg�/� mutants exhibited the same cardiac

and ocular defects found in RXRa null mutants, with no additional abnor-

malities observed, suggesting that one copy of RXRa is suYcient for most of

the functions of the RXRs. Compound null mutations of RXRa with RARs

display a marked synergistic eVect, as a large number of developmental

defects, found mainly in RAR single and compound mutants, and are reca-

pitulated in specific RXRa/RAR compound mutants. Several malformations

are observed only in one type of RXRa/RAR mutant combination, whereas

others are observed in several types of RXRa/RAR double knockout mu-

tants. But no such synergy is observed when RXRb or RXRg mutations are

combined with any of the RAR mutations (Kastner et al., 1994, 1997a)

(Table I). These data suggest that RXRa/RAR heterodimers are essential

for most of the events during embryogenesis and fetal development and that

RXRa is the main RXR implicated in the developmental functions of RARs.

The requirement of embryonic synthesis of RA for early heart development

has also been demonstrated by targeted disruption of the retinaldehyde dehydro-

genase 2 (Raldh2) gene (Niederreither et al., 1999). Raldh2 deficiency results in

a block in early embryonic RA production, and induces a complete failure of

embryo survival and early morphogenesis. The heart of mutant embryos

consists of a single, dilated ventricle‐like cavity, lacking heart looping and

chamber morphogenesis. Maternal RA administration rescued the early

morphogenesis. These data demonstrate that local embryonic RA synthesis

by Raldh2 is essential for early postimplantation mouse development.

Together the molecular and genetic identification of the RA‐signaling
pathway has provided valuable insights into the pleiotropic eVects of RA,

demonstrating a critical role of retinoid receptors in embryonic heart mal-

formation. Interpretation of the data has been hampered by receptor redun-

dancy, and thus the receptor knockouts alone cannot provide definitive

answers to RA function.

The significance of RA for early embryogenesis and heart development is

most clearly demonstrated in the VAD avian embryo (Dersch and Zile, 1993;

Dong and Zile, 1995; Heine et al., 1985; Kostetskii et al., 1998; Thompson

et al., 1969). With the VAD avian model, which is devoid of any form of

vitamin A from the beginning of fertilization, it is possible to examine mor-

phological, anatomical, and molecular biological aspects that are attribut-

able to RA. The ability to rescue the VAD embryo at a precise time during

development makes this model a powerful tool for the elucidation of the

physiological functions of RA during early heart development. The VAD

quail embryo is grossly abnormal in many developmental aspects, with the

misshapen heart positioned to the left side. The heart does not loop, is

enlarged and ballooned, has no chambers, is closed at the site of the in-

flow tract, and the formation of the extraembryonal circulatory system was

blocked (Zile, 2004; Zile et al., 2000). An essential aspect of heart development

is the establishment of proper heart sidedness. The asymmetry is set up early
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in embryogenesis and is regulated by many stage‐specific genes. The cardio-
genic cells do not function appropriately in the absence of vitamin A and

migration to either left or right of the midline is random. In the VAD embryo

the orientation of the heart is often abnormal, as 72%of embryos had reversed

cardiac situs, with only 28% of the embryos demonstrating normal heart

positioning. These studies demonstrate a requirement of retinoids for avian

heart development and in establishing cardiac left/right asymmetry. Other

studies have shown that RA‐induced activation of retinoid receptors is re-

quired during early avian heart development (Heine et al., 1985; Romeih

et al., 2003; Zile et al., 2000). A specific role for RARa2 in cardiac inflow

tract morphogenesis and for RARg in cardiac left/right orientation and

looping morphogenesis has been demonstrated (Romeih et al., 2003). Block-

ing the function of RARa2, RARg, and RXRa recapitulates the VAD pheno-

type. These studies provide strong evidence that critical RA‐requiring
developmental events in the early avian embryo are regulated by distinct

retinoid receptor‐signaling pathways.

2. Retinoic Acid‐Induced Heart Malformations

Although RA is required for normal embryonic and fetal development

and cardiogenesis, embryonic exposure to an excess of RA leads to abnor-

mal development. The teratogenic eVects of a high dose of vitamin A were

first demonstrated in pregnant rats (Cohlan, 1953, 1954). RA was shown to

be a more potent teratogen than retinol in several animal models (Creech

Kraft et al., 1989; Morriss and Steele, 1977; Shenefelt, 1972a). RA has

previously been shown to have teratogenic eVects on heart development

in mammalian embryos (Fantel et al., 1977; Kalter and Warkany, 1961;

Robens, 1970; Shenefelt, 1972b; Taylor et al., 1980). Dependent on the

species, stage, and mode of administration, excess RA can result in diVerent
types of heart malformations. During the early stage of development, excess

RA exposure restricted the cardiac progenitor pool and cardiac specification

in the zebrafish embryo (Keegan et al., 2005). In the chick embryo, excess RA

inhibits normal precardiac mesoderm migration and the formation of the

normal heart tube. Similarly, local application of RA to the heart‐forming area

disrupts the formation of the cardiogenic crescent and subsequent development

of a singlemidline heart tube (Osmond et al., 1991). Late primitive streak‐stage
chick embryos exposed to excess RA result in cardiac bifida and clustered

heart tissue formation (Dickman and Smith, 1996). Exposure of Xenopus

embryos to continuous low levels of RA (1 mM), starting at the time of neural

fold closure, blocks expression of myocardial diVerentiation markers and the

heart tube fails to loop during subsequent development, never developing into

beating tissue (Drysdale et al., 1997). All vertebrates develop with left/right

asymmetry with formation of the left/right body axis being a critical early step

in embryogenesis. The heart loop is one of the first clearly recognizable

morphological asymmetries. RA‐induced asymmetry defects in mammalian

(hamster, rat, and mouse) embryos have been reported (Fujinaga, 1997).
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Excess RA administration can cause situs inversus in avian embryos, result-

ing in randomization of heart looping and defects in anteroposterior pat-

terning in the mouse embryo (Chazaud et al., 1999; Smith et al., 1997;

Wasiak and Lohnes, 1999). These results suggest that alterations of RA

signaling aVect the left/right situs, as well as heart morphogenesis in embry-

onic heart development. Excess RA exposure after heart specification results

in congenital heart malformations, including ventricular septal defects, dou-

ble outlet right ventricle, and persistent truncus arteriosus. Transgenic mice

that overexpress a constitutively active RARa in fetal ventricles developed a

dilated cardiomyopathy. Lesions included biventricular chamber dilation

and left atrial thrombosis, the incidence and severity increasing with copy

number. Hypertrophic markers (a‐skeletal actin and atrial natriuretic factor)

were also upregulated. In contrast, animals that overexpressed a constitu-

tively active RARa in developing atria and/or in postnatal ventricles devel-

oped no signs of malformations (Colbert et al., 1997). The overlap of the

teratological symptoms of vitamin A deficiency and excess suggests common

targets and an important role for RA in the development of many organs,

including the cardiovascular system.

The above observations suggest that RA‐mediated signaling pathways are

required at early stages of cardiac development to prevent diVerentiation,
support cell proliferation, and control the shape of ventricular myocytes.

Both RXRs and RARs participate in the mediation of these functions. In the

postdevelopment period, RA‐dependent signal transduction appears to pre-

serve the normal diVerentiated phenotype of cardiomyocytes by antagoniz-

ing the eVect of various hypertrophic stimuli (Wang et al., 2002; Wu et al.,

1996; Zhou et al., 1995).

III. POSTNATAL DEVELOPMENT EFFECTS

OF RA IN THE HEART

The role of retinoids in promoting the ventricular phenotype in the embry-

onic heart suggests that retinoids may also be important inmaintaining normal

ventricular phenotype in the postnatal state.We and others have demonstrated

that RA inhibits mechanical stretch and G‐protein–coupled receptor (GPCR)‐
mediated hypertrophy in neonatal cardiomyocytes (Palm‐Leis et al., 2004;

Wang et al., 2002; Wu et al., 1996; Zhou et al., 1995). It has also been shown

that RA inhibits left ventricular fibrosis and has a role in ventricular remodel-

ing during the development of hypertension in spontaneously hypertensive

rats (SHR) and in the myocardial infarction rat model (de Paiva et al., 2003;

Lu et al., 2003; Paiva et al., 2005). RA signaling could potentially serve

as an alternative target in the prevention and treatment of pathological

hypertrophy and heart failure.
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A. ANTIHYPERTROPHIC EFFECTS OF RA IN

NEONATAL CARDIOMYOCYTES

Cardiac hypertrophy occurs as an adaptive response to many forms of

cardiac disease, including high blood pressure (hypertension), myocardial

infarction, cardiac arrhythmias, genetic defects in cardiac contractile pro-

teins, and endocrine disorders. Cardiac hypertrophy is characterized by an

increase in myocyte cell size (in the absence of cell division) and by a number

of qualitative and quantitative changes in gene expression. Many pathologi-

cal stimuli induce the heart to undergo adaptive hypertrophic growth. Al-

though the initial hypertrophic response may be beneficial, sustained

hypertrophy often results in a transition to heart failure, which is a leading

cause of mortality and morbidity worldwide, and is characterized by a pro-

gressive deterioration in cardiac function. Cardiac hypertrophy is generally

associated with the expression of atrial natriuretic peptide (ANP) that is

restricted to the atria shortly after birth, and is reexpressed in the ventricles

following hemodynamic overload (Chien et al., 1991; Izumo et al., 1988).

Several genes switch to the expression of fetal isoforms, such as transition

from cardiac a‐actin to skeletal a‐actin and from the a‐myosin heavy chain

(a‐MHC) to b‐MHC in rodents (Schwartz et al., 1986). These ‘‘atrialization’’

or fetal type changes of hypertrophic ventricles raise the question as to

whether retinoid‐dependent pathways function in the adult myocardium to

actively maintain the ventricular phenotype. Using an in vitro cultured cardi-

omyocyte model, an antihypertrophic eVect of RA has been demonstrated

(Zhou et al., 1995). Studies have shown that RA‐mediated pathways suppress

the acquisition of specific features of the hypertrophic phenotype, following

exposure to an a‐adrenergic receptor agonist. At physiological concentra-

tions, RA suppresses the increase in cell size and induction of a genetic marker

for hypertrophy, the ANF gene. We and others have also demonstrated that

RA signaling suppresses cardiac hypertrophic features (including increased

total protein content, protein synthesis, cell size, and myofibrillar reorga-

nization) in response to mechanical stretch, angiotensin II (Ang II), and

endothelin‐1 (Palm‐Leis et al., 2004;Wang et al., 2002;Wu et al., 1996). These

observations suggest that RA‐mediated signaling pathways have an impor-

tant role in regulating hypertrophic stimuli‐induced cardiomyocyte growth.

Using isolated, spontaneously beating neonatal rat cardiac myocytes, it has

been shown that RA has a protective eVect against cardiac arrhythmias

induced by isoproterenol, lysophosphatidylcholine or ischemia, and reperfu-

sion, indicating a novel role of RA as a potential antiarrhythmic agent (Kang

and Leaf, 1995).

Although the antihypertrophic eVect of RA in neonatal cardiomyocytes has

been demonstrated, the molecular mechanisms involved in RA‐dependent
growth inhibition are not well understood. Cardiac hypertrophy is associated

with the activation of numerous signal transduction factors, includingGPCRs,
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receptor tyrosine kinases, the PI3K/AKTpathway, protein kinase C, calcineur-

in, and members of the mitogen‐activated protein kinase (MAPK)‐signaling
cascade (Dorn and Brown, 1999; Hefti et al., 1997; Hunter and Chien, 1999;

Olson andMolkentin, 1999; Rapacciuolo et al., 2001; Uozumi et al., 2001). As

a negative regulator of cardiac hypertrophy, the dual‐specificity mitogen‐
activated protein kinase phosphatase 1 (MKP‐1) has been shown to limit

the cardiac hypertrophic response in vitro and in vivo via dephosphorylation

and inactivation of MAP kinases (Bueno et al., 2001; Fuller et al., 1997;

Thorburn et al., 1995). These latter results suggest that enhancement of

inhibitory regulators may provide clinical benefit in the prevention and treat-

ment of pathological hypertrophy and heart failure. Studies have revealed

that neonatal rat ventricular myocardial cells express functional RA receptors

of both the RAR and RXR subtypes. Using synthetic agonists or antagonists

of RA, which selectively bind to RXR or RAR, we and others have demon-

strated that RAR/RXR heterodimers have an important role in mediating

suppression of cardiac hypertrophy (Palm‐Leis et al., 2004; Zhou et al., 1995).
Studies have shown that RXRa represses ANF promoter activity in cardio-

myocytes, by interacting directly with the transcription factor GATA‐4 and

the corepressor FOG‐2 (Clabby et al., 2003). These results identify a mecha-

nism whereby retinoid signaling modulates gene expression in the heart and

reveals a new permutation in the retinoid‐signaling pathway. Our group has

demonstrated that cyclic stretch or Ang II‐induced activation of extracellular

signal‐regulated kinase 1/2 (ERK1/2), c‐Jun N‐terminal kinase (JNK), and

p38 mitogen‐activated protein kinase (MAP kinase) were dose‐ and time‐
dependently inhibited by RA. This inhibitory eVect was not mediated at the

level of mitogen‐activated protein kinase kinases (MKKs), since RA had no

eVect on stretch‐ or Ang II‐induced phosphorylation of MEK1/2, MKK4,

and MKK3/6. We further demonstrated that the upregulated expression of

MKP‐1 has an important role in mediating the MAP kinase inhibition and

antihypertrophic eVect of RA in cyclic stretch andAng II‐stimulated neonatal

cardiomyocytes (Palm‐Leis et al., 2004). These data indicate that upregula-

tion ofMKPs and inhibition ofMAP kinase‐signaling pathways may serve as

one of the signaling mechanisms involved in mediating the inhibitory eVects
of RA in cardiac hypertrophy. The regulating mechanisms of RA on the

expression of MKPs remain unclear. There is no RARE reported in the

promoter/enhancer regions of human, mouse, and rat MKP genes (Kwak

et al., 1994; Ryser et al., 2001). One possible explanation is that RA‐bound
RAR/RXR may induce MKPs expression via binding to a RARE‐like se-

quence that has not been identified. Another possibility is that the induction

of MKPs by RA is mediated by RARE‐independent mechanisms or by

binding to other transcription factors which contain RARE in the promoter

region (indirect regulation). These questions remain important mechanistic

area to be addressed.
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B. EFFECTS OF RA SIGNALING IN

CARDIAC REMODELING

Left ventricular (LV) remodeling has a major role in the progression to

heart failure. This process is associated with alterations in ventricular mass,

chamber size, shape, and function that result from myocardial injury, pres-

sure, or volume overload. At the cellular level, LV remodeling is character-

ized by myocyte hypertrophy, fibroblast hyperplasia accompanied by an

increase in collagen deposition within the interstitial matrix (fibrosis), and

cell death. Although remodeling is initially an adaptive response to maintain

normal cardiac function, it often becomes maladaptive and leads to progres-

sive decompensation. Elucidating the mechanisms responsible for preventing

and/or reversing the process of LV remodeling may lead to identifying novel

therapeutic targets for the treatment of heart failure. In normal rats, RA

treatment improved the systolic and diastolic function of isolated papillary

muscle (de Paiva et al., 2003). Although RA treatment produced an increase

in myocyte cross‐sectional area, the myocardial collagen volume fraction was

similar to controls. These results demonstrate that small, physiological doses

of RA induce ventricular remodeling resembling compensated volume‐
overload hypertrophy in rats. In vivo studies have shown that chronic RA

treatment prevented hypertrophy of intramyocardial and intrarenal arteries

and ventricular fibrosis during the development of hypertension in the SHR

(Lu et al., 2003). However, RA treatment did not lower blood pressure or left

ventricular weight and left ventricular weight‐to‐body weight ratio and had

no influence on LV ANP levels, cardiac geometry, and function in the SHR.

The failure to observe an inhibitory eVect of RA on LV hypertrophy and

blood pressure may be due to a suboptimal dose, since in another study, RA

treatment significantly lowered the increased blood pressure and attenuated

myocardial damage of the LV (including myocardial mitochondria swelling,

crest disruption, and myofilaments derangement) in the SHR (Zhong et al.,

2005). The dosage ofRA (5–10 mg/kg/day) used byLu et al. is lower than that

(10–20 mg/kg/day) used by Zhong et al. The eVect of RA on the impaired

heart function would likely be observed at 12 months in the SHR; but not at

the age of 4 months (which Lu et al. studied), which may be too early to see an

impairment of ventricular function. Our preliminary data have shown that

RA treatment (30 mg/kg/day) improved both systolic and diastolic heart

function in chronic pressure overload‐induced hypertrophy. In rats with

myocardial infarction, RA significantly reduced the cross‐sectional area of

the myocyte and interstitial collagen fraction, and increased the maximum

rate of rise of LV pressure (þdp/dt), indicating that RA treatment attenuates

cardiac remodeling in this experimental model (Paiva et al., 2005). Cardiac

fibrosis has an important role in the process of LV remodeling. It has been

shown that Ang II‐induced cardiac fibroblast proliferation and collagen

synthesis are inhibited by RA (He et al., 2006), indicating that RA‐mediated
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signaling is involved in regulating cardiac fibrosis. In a pacing‐induced
heart failure model in the dog, activity of two key enzymes of free fatty acid

(FFA) oxidation: carnitine palmitoyl transferase‐I and medium‐chain acyl‐
coenzyme A dehydrogenase (MCAD) were significantly reduced in left ven-

tricular tissue from failing hearts, a finding which correlated to reduced

expression of RXRa, suggesting that RXRa downregulation could be respon-
sible for the impairment of the FFA oxidative pathway in the failing heart

(Osorio et al., 2002). It has been demonstrated that KLF5, a Krüppel‐like
zinc‐finger transcription factor, is an essential transcription factor in cardio-

vascular remodeling (Nagai et al., 2005). Ang II‐induced cardiac hypertrophy
and fibrosis are attenuated in heterozygotes of KLF5 knockout mice. Inter-

estingly, an RARa agonist suppresses KLF5 and cardiovascular remodeling,

whereas an RARa antagonist activates KLF5 and induces angiogenesis,

suggesting that RAR ligands exert protective eVects against cardiovascular
remodeling via transrepression of KLF5 (Shindo et al., 2002). The above

results suggest that RA has a role in preventing cardiac remodeling and the

transition from adaptive cardiac hypertrophy to maladaptive heart failure;

however, the signaling mechanisms remain to be elucidated.

C. ROLE OF RA SIGNALING IN THE REGULATION

OF THE RENIN–ANGIOTENSIN SYSTEM

1. Renin–Angiotensin System

The renin–angiotensin system (RAS) is a regulatory cascade that is critical

for the maintenance of blood pressure, electrolyte, and volume homeostasis.

Inappropriate stimulation of the RAS has been associated with hypertension,

cardiac hypertrophy, myocardial infarction, and stroke. Ang II is the main

eVector molecule of the RAS (Bernstein and Berk, 1993). Renin, which is

synthesized by the kidney and secreted into the blood, hydrolyses the dec-

apeptide Ang I from theN‐terminus of angiotensinogen. Ang I is converted to

the octapeptide Ang II by the dipeptidyl carboxypeptidase, angiotensin‐
converting enzyme (ACE). Findings have shown that Ang II directlymediates

cell growth, regulates gene expression, and activates multiple intracellular‐
signaling pathways in cardiovascular and renal cells (Baker and Aceto, 1990;

Booz et al., 2002; Dostal et al., 1997; Schunkert et al., 1995). The importance

of the RAS in cardiac remodeling is well documented. Numerous studies have

shown that the RAS is activated in response to hemodynamic overload and

that activation of the (local) RAS contributes to myocardial hypertrophy,

fibrosis, and dysfunction (Cohn et al., 2000; PfeVer et al., 1995; Schnee and
Hsueh, 2000). In addition, animal studies (Kim et al., 2001; Nakamura

et al., 2003) and clinical trials in humans (Cohn and Tognoni, 2001; Flather

et al., 2000; PfeVer et al., 2003) have shown that inhibition of Ang II by ACE

inhibitors or AT1 receptor antagonists prevents or reverses ventricular
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remodeling and improves survival in patients with heart failure. ACE2 is a

recently discovered homologue of ACE with tissue‐restricted expression,

including heart and kidney endothelium (Tipnis et al., 2000). ACE2 cleaves

Ang I to generate Ang 1–9 and converts Ang II to Ang 1–7, a vasodilator

(Donoghue et al., 2000; Ferrario et al., 1997). ACE2 has been implicated in

heart function, hypertension, renal disease, and diabetes, with eVects being
mediated in part, through the ability to convert Ang II into Ang (1–7).

Targeted disruption of ACE2 in the mouse results in a severe cardiac contrac-

tility defect, increased Ang II levels, and upregulation of hypoxia‐induced
genes in the heart, indicating that ACE2 is an essential regulator of heart

function (Crackower et al., 2002). Studies have shown that Ang (1–7) acts as

an endogenous inhibitor of Ang II, providing a negative feedback mechanism

for the regulation of the actions of Ang II.

2. RA and the Renin–Angiotensin System

There is evidence that RA regulates the gene expression of RAS compo-

nents, including renin, ACE, ACE2, and AT1 receptor. RA influences the

renal RAS components in rats with experimental nephritis (Dechow et al.,

2001). In the renal cortex of nephritic rats, pretreatment withRA significantly

reduced mRNAs of all the examined renal RAS components (angiotensino-

gen, renin, ACE, and AT1 receptor), but in glomeruli it increased ACE

gene and protein expression. In vascular smooth muscle cells (VSMCs), RA

dose‐dependency inhibits Ang II‐induced cell proliferation as well as DNA

and protein synthesis. Ang II‐induced gene expression of c‐Fos and trans-

forming growth factor‐b1 mRNA is abrogated by RA treatment. Downregu-

lation of AT1 receptor mRNA and repressed Ang II‐stimulated AT1 receptor

promoter activity are observed in RA‐treated VSMCs (Haxsen et al., 2001;

Takeda et al., 2000). These findings demonstrate that retinoids are potent

inhibitors of the actions of Ang II on VSMCs. It has been shown that RA

downregulates the expression level of AT1, and upregulates the expression of

ACE2 in the heart of SHR; but not in normal WKY rats (Zhong et al., 2004,

2005). Thus, RA‐mediated signaling is involved in regulating RAS com-

ponents during the development of hypertension. Further studies are neces-

sary to elucidate the molecular mechanisms of the eVects of RA on AT1 and

ACE2 expression and the reason for a diVerent role in hypertensive and

normotensive rats.

IV. CONCLUSIONS

RA, as the active form of vitamin A, has a complex role in embryonic

and postnatal heart development and remodeling. Using the vitamin A

deficiency animal model and retinoid receptor knockout transgenic model,

multiple studies have implicated RA as essential for normal cardiovascular
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development. The requirement for RA in the embryo begins at the time of

formation of the primordial heart tube. This time of development in the

avian embryo correlates with the first 2–3 weeks of human pregnancy,

indicating the importance of adequate vitamin A nutrition during the initial

stages of pregnancy. Lack of RA during this time, will result in gross

abnormalities in heart development and early embryo lethality. Embryos

exposed to excess RA also exhibit abnormal heart development, analogous

to those seen in VAD animals. Thus, vitamin A supplements should be used

cautiously during early pregnancy to avoid teratogenic risks. A precisely

regulated supply of RA appears to be necessary for normal embryonic

development. Retinoid receptor knockout studies have shown that RXRa
is the major partner for the RARs in RA signaling aVecting developmental

function. Congenital heart disease is the most prevalent human birth defect,

with about 3% of all children born in the United States having major heart

malformations at birth. The etiology of the vast majority of congenital heart

diseases (70%) remains unknown (Srivastava, 2000). Determining the mo-

lecular mechanisms and function of RA during embryonic development will

be important in enhancing our understanding of congenital heart diseases.

The eVects of RA on postnatal and adult cardiac cells suggest potential

novel targets in the prevention and treatment of cardiac hypertrophy and

heart failure. In vitro studies have demonstrated that RA has an inhibitory

eVect on cell growth in response to various hypertrophic stimuli in fully

diVerentiated cardiomyocytes and cardiac fibroblasts. RA‐mediated signal-

ing prevents or improves cardiac remodeling, during the development of

hypertension and following myocardial infarction, in rat models. The inhibi-

tory eVect of RA on neonatal cardiac cell growth is not observed in normal or

hypertensive rats. Additional studies appear warranted to determine the

eVect of RA on regulation of cardiac cell growth and the signaling mechanisms

under pathological conditions. Studies have shown that RA signaling is in-

volved in the regulation of the expression and/or activation of the RAS;

however, the eVects of RA on the circulating and/or the local cardiac RAS,

during the process of cardiac remodeling, have not been elucidated. The

signaling mechanisms by which RA regulates the expression of the RAS and

the correlation with cardiac remodeling also warrant investigation. Although

the involved signaling mechanisms of RA in the cardiovascular system are not

well elucidated, the results presented above suggest the potential utility of RA

in the prevention and treatment of cardiovascular diseases.
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I. INTRODUCTION

Tocotrienols, a group of vitamin E stereoisomers, oVer many health ben-

efits including their ability to lower cholesterol levels and provide anticancer

and tumor‐suppressive activities. A diet rich in tocotrienols, especially dietary
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tocotrienols from a tocotrienol‐rich fraction (TRF) of palm oil, reduced the

concentration of plasma cholesterol and apolipoprotein B, platelet factor 4,

and thromboxane B2, indicating its ability to protect against platelet aggrega-

tion and endothelial dysfunction (Qureshi et al., 1991a). Red palm oil is one of

the richest sources of carotenoids; together with vitamin E, tocotrienols, and

ascorbic acid present in this oil, it represents a powerful network of antiox-

idants, which can protect tissues and cells from oxidative damage (Edem,

2002; Hendrich et al., 1994; Krinsky, 1992; Packer, 1992). For rat hearts, the

isomers of �‐tocotrienol were more proficient in the protection against oxida-

tive stress induced by ischemia‐reperfusion than �‐tocopherol (Serbinova
et al., 1992). Tocotrienols are found to be more eVective in central nervous

system protection compared to �‐tocopherol itself (Sen et al., 2004).

In another study, TRF is found to inhibit the glutamate‐induced pp60c‐src
kinase activation in HT4 neuronal cells (Sen et al., 2000). A recent study has

indicated that TRF was able to reduce myocardial infarct size and improve

postischemic ventricular dysfunction, and reduce the incidence of ventricular

arrhythmias (Das et al., 2005b). TRF was also shown to stabilize 20S and 26S

proteasome activities and reduce the ischemia‐reperfusion‐induced increase

in c‐Src phosphorylation (Das et al., 2005b).

The growing interest in tocotrienols among all other vitamin E isoforms is

the purpose of this chapter.

II. A BRIEF HISTORY OF VITAMIN

Hippocrates (460–377 B.C.), the father of Medicine said, ‘‘Let food be thy

medicine and medicine be thy food.’’ In the eighteenth century, it was found

that the intake of citrus fruits can reduce the development of scurvy. In 1905,

a British clinician, William Fletcher, who was working with the disease

beriberi, discovered that taking unpolished rice prevented beriberi and

taking polished rice did not. On the basis of this finding he concluded that

if some special factors were removed from the foods, there are high chances

to have diseases. The very next year, Dr. Fletcher’s hypothesis became

stronger when another British biochemist, Sir Frederick Gowland Hopkins,

found that foods contained necessary ‘‘accessory factors’’ in addition to

proteins, carbohydrates, fats, minerals, and water.

In 1911, Polish chemist Casimir Funk discovered that the anti‐beriberi
substance in unpolished rice was an amine, so Dr. Funk named the special

amine as ‘‘vitamine’’ for ‘‘vita amine’’ after ‘‘vita’’ means life and ‘‘amine’’

which he found in the unpolished rice, a nitrogen containing substance.

It was later discovered that many vitamins do not contain nitrogen, and,

therefore, not all vitamins are amine. Because of its widespread use, Funk’s

term continued to be applied, but the final letter ‘‘e’’ was dropped.
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In 1912, Hopkins and Funk further advanced the vitamin hypothesis of

deficiency, a theory that postulates that the absence of suYcient amounts of

a particular vitamin in a system may lead to certain diseases. During the

early 1900s, through experiments in which animals were deprived of certain

types of foods, scientists succeeded in isolating and identifying the various

vitamins recognized today.

A. VITAMIN E, NOW AND THEN

In 1922 at Berkeley University in California, a physician scientist

Dr. Herbert M. Evans and his assistant Katherine S. Bishop discovered a

fat‐soluble alcohol that functioned as an antioxidant, which they named

‘‘Factor X’’ (Papas, 1999). Evans and Bishop were feeding rats a semi‐
purified diet when they noticed that the female rats were unable to produce

oVspring because the pups died in the womb. They then fed the female rats

lettuce and wheat germ, and observed that healthy oVspring were produced.

During their research, Evans and Bishop discovered that ‘‘Factor X’’ was

contained in the lipid extract of the lettuce and concluded that this ‘‘Factor

X’’ was fat soluble (Papas, 1999). In 1924, Dr. Bennett Sure renamed

‘‘Factor X’’ as vitamin E. The first component identified was �‐tocopherol.
It was named as such from the Greek tokos (oVspring) and pheros (to bear)

and the ol ending was added to indicate the alcoholic properties of the

molecules. For over more than 30 years, it was well believed that vitamin

E existed in only one form, �‐tocopherol. As a result vitamin E named as

tocopherol. It is the most abundant form of vitamin E found in blood and

body tissue. But in 1956, scientist J. Green discovered the eight isoforms of

vitamin E, four tocopherol isomers (�‐, b‐, g‐, and d‐) and four tocotrienol

isomers (�‐, b‐, g‐, and d‐), split into two diVerent categories: tocopherols
and tocotrienols which are corresponding stereoisomers. Tocopherols and

tocotrienols are very similar, except for the fact that tocopherols have a

saturated phytyl tail, and tocotrienols have an isoprenoid tail with three

unsaturated points. In addition, on the chromanol nucleus, the various

isoforms diVer in their methyl substitutions (Fig. 1). Tocotrienols are initi-

ally named as z‐, e‐, or �‐tocopherols. The d‐form has one methyl group, the

g‐ and b‐forms have two methyl groups, and �‐form contains three methyl

groups on its chromanol head. Tocopherols and tocotrienols share a com-

mon chromanol head and a side chain at the C‐2 position (Theriault et al.,

1999). Very recently two new isomers of tocotrienols have been found and

are present in TRF of rice bran oil, desmethyl (D‐P21‐T3) and didesmethyl

(D‐P25‐T3) tocotrienols (Qureshi et al., 2001b).

The therapeutic application of vitamin E was first shown by Kamimura

(1977). The inhibitory eVect of the unsaturated fatty acid by �‐tocopherol
was well established by Tappel (1953, 1954, 1955). This observation was
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repeated in humans with the same result by Horwitt et al. (1956), in the very

next year when Tappel et al. identified the fact that the deficiency of

�‐tocopherol may lead to the high levels of oxidative lipid damage. Anti-

oxidative eVect of vitamin E can be due to the equal contribution of phenolic

head as well as the phytyl tails was explained in both in vitro and in vivo

studies (Burton and Ingold, 1989). The important discoveries of various

aspects of �‐tocopherols are listed in Table I. Since �‐tocopherol is the most

abundant vitamin E in the body, its activity as an antioxidant and its role in

protection from oxidative stress have been studied more extensively than

other forms of vitamin E. Studies show that �‐tocopherols are protective

against atherosclerosis. A study (Devaraj and Jialal, 2005) of �‐tocopherol’s
eVect on important pro‐inflammatory cytokine, tumor necrosis factor

(TNF�) release from human monocytes, found that �‐tocopherols inhibited
the release of TNF via inhibition of 5‐lipoxygenase. Inhibition of 5‐
lipoxygenase also significantly reduced TNF mRNA and NF‐�B‐binding
activity. Other studies (Meydani, 2004) show how �‐tocopherol inhibits the
activation of endothelial cells stimulated by high levels of low‐density lipo-

protein (LDL) cholesterol and pro‐inflammatory cytokines. This inhibition

is associated with the suppression of chemokines, the expression of cell

surface adhesion molecules, and the adhesion of leukocytes to endothelial

cells, all of which contribute to the development of lesions in the arterial

wall. While the benefits of tocopherols have been studied for years, health

benefits of the other seven forms of vitamin E are only recently being

explored. Just like cholesterol, tocopherols also influence the biophysical

membrane characteristics, like fluidity (Sen et al., 2006).

But for the last few years, researchers have been focusing toward

tocotrienols more as compared to tocopherols because of the fact that toco-

trienols have a more potent antioxidative property than �‐tocopherols
(Serbinova and Packer, 1994; Serbinova et al., 1991). Still there is not enough

research going on tocotrienols as compared to the extensive work done on

tocopherols.

B. TOCOTRIENOLS VERSUS TOCOPHEROLS

There are at least eight isoforms that are commonly found to have vitamin

E’s activity: �‐, b‐, g‐, and d‐tocopherol; �‐, b‐, g‐, and d‐tocotrienol (Fig. 1).
Tocotrienols diVer from tocopherols by having a farnesyl (isoprenoid)

structure compared to saturated phytyl side chain. Yet, the focus on

tocopherols is much higher than that of tocotrienols. Out of the studies done

FIGURE 1. (A) Chemical structures of two diVerent isoforms of vitamin E, tocopherol and

tocotrienols. (B) Four diVerent isoforms of tocotrienols, �, b, g, and d, diVer by their methyl

group position in their respective ring structure.
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on tocopherols only 1% have been done on tocotrienols (Sen et al., 2006). But

for the last few years, there has been a growing interest among researchers on

tocotrienols as compared to tocopherols.

The abundance of �‐tocopherol in the living cells compares to other

isoforms and of course the maximum half life period of the same isoform

TABLE I. Background Information of Vitamin E

1922 Food factor X discovered by H. M. Evans and L. S. Bishop as a substance

essential for rat pregnancy

Food factor X found in yeast and lettuce by H. A. Martill

1923 Food factor X found in alfalfa, wheat, oats, and butter by H. M. Evans et al.

1924 Food factor X named vitamin E by B. Sure

1936 �‐Tocopherol extracted from wheat‐germ oil by H. M. Evans et al.

1938 Chemical structure of vitamin E determined by E. Fenholz

DL‐�‐tocopherol synthesized by P. Karrer

1950 Research on application of vitamin E in treating frostbite started by M. Kamimura

1956 Free radical theory of the aging process proposed by D. Harmann

Eight homologues of vitamin E (tocopherols and tocotrienols) discovered by J. Green

1961 Vitamin E (DL‐�‐tocopherol) admitted to the Japanese Pharmacopoeia

1962 Antioxidant activity in the body suggested by A. L. Tappel

1968 Recommended dietary allowance (RDA) of vitamin E set at 30 IU (20‐mg �‐TE)
in the United States

1972 Recommended dietary allowance (RDA) of vitamin E revised to 10 IU (7‐mg �‐TE)
in the United States

1988 The approval standards for vitamin products revised and the daily intake of

vitamin E as an OTC product set at 300 mg/day in Japan

1991 Vitamin E shown in MONICA Study to reduce risk of coronary disorders

�‐Tocopherol transport protein (�‐TTP), which selectively transports
�‐tocopherol, isolated from the liver

1993 Familial vitamin E deficiency reported by C. Ben Hamida et al.

1994 Vitamin E intake reported to reduce mortality from coronary heart disorders by

M. C. Bellizzi et al.—European PARADOX

1996 Vitamin E shown in CHAOS Study to reduce risk of myocardial infarction

1997 Vitamin E reported by M. Sano et al. to delay progression of Alzheimer’s disease

Vitamin E reported by S. N. Meydani et al. to activate immunologic competence

in the elderly

Vitamin E reported by A. Herday et al. to improve liver function in patients with

hepatitis C

1999 Vitamins C and E reported by L. C. Chappell et al. to relieve preeclampsia

Recommended dietary allowances of vitamin E set at 10 mg for males and 8 mg

for females in Japan by the sixth revision of Nutrition Requirements

2000 Vitamins E reported by M. Boaz et al. to reduce risk of cardiovascular disease

in hemodialysis patients

2004 Vitamin E reported by S. N. Meydani et al. to lower the incidence of common colds

in elderly nursing home residents

Source: www.eisai.co.jp
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may be the major cause of its research importance among the various dis-

ciplines of clinical research. But it is well established that the antioxidative

power of tocotrienols is 1600 timesmore than that of�‐tocopherol (Serbinova
and Packer, 1994). There is evidence that tocotrienols are more potent when

compared with tocopherols. The reason of this increased eYcacy is the unsat-

uration in the aliphatic tail which facilitates easier penetration into the tissue

(Suzuki et al., 1993) and also because of unsaturation in the aliphatic tail

tocotrienols are amore potent antioxidant than tocopherols. These important

findings may be attracting many other researchers to consider tocotrienols as

a better therapeutic agent than tocopherols. It has already been proved by

various research groups that tocotrienols possess neuroprotective, anticancer,

and also cholesterol lowering properties as compared to its other isoform,

tocopherols.

It is only tocotrienols, which at nanomolar concentration protect the

neuronal cells from glutamate‐induced cell death (Khanna et al., 2003;

Roy et al., 2002; Sen et al., 2000). In a very interesting study, Sen et al.

(2000) showed that tocotrienol, but not tocopherol, inhibits the activation of

pp60 (c‐Src), which is a key regulator of glutamate‐induced neuronal cell

death. In another study, it was found that tocotrienols, and not tocopherols,

protect the neurons from glutamate‐induced 12‐lipoxygenase (12‐Lox) acti-
vation (Khanna et al., 2003). This 12‐Lox takes very important part in signal

transduction pathway to kill the neurons. The molecular level of target for

the neuroprotective eVect of tocotrienols, mainly �‐tocotrienol, is cytosol,

but not at the nucleus (Khanna et al., 2003; Sen et al., 2000). It is now a

well‐established fact that, it is tocotrienols, mainly �‐tocotrienol, which

possess a potent neuroprotection at very low concentration, but not any

other tocopherol (Khanna et al., 2005).

The anti‐carcinogenic property of tocotrienols has been established. Many

studies have shown tocotrienols provide better protection against cancer than

tocopherols do. In mice, tocotrienols were compared with �‐tocopherols, and
interestingly it was found that i.p. administration of �‐ and g‐tocotrienols,
and not �‐tocopherols, showed a slight life‐prolonging eVect in mice from

transplanted tumors (Komiyama et al., 1989). Similar observation was found

by Gould et al. (1991) in rats for chemoprevention of chemically induced

mammary tumors. Also, in human study it was shown that tocotrienols

significantly suppress growth of breast cancer cells in culture, whereas toco-

pherols fail to show similar action under identical conditions (Nesaretnam

et al., 1995). In another study, it was shown that the anti‐carcinogenic prop-
erty of tocotrienols may be a better option than tamoxifen from breast cancer

prevention (Guthrie et al., 1997). g‐ and d‐tocotrienols are considered as the

most eVective isoform among all the eight isoforms of vitamin E, for there

physiological role in modulating normal mammary gland growth, function,
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and remodeling (McIntyre et al., 2000). Relative to tocopherols, tocotrienols

are a more potent suppressor of EGF‐dependent normal mammary epithelial

cell growth, the mechanism of which is by the deactivation of PKC�,
compared to tocopherols (Sylvester et al., 2002).

The hypocholesterolemic eVect of tocotrienols is also found to be more

potent than that of tocopherols. Due to the presence of three double bonds in

the isoprenoid chain, tocotrienols can lower cholesterol levels much more

eVectively compared to tocopherols (Qureshi et al., 1986). Tocotrienols signi-

ficantly reduced the concentration of plasma cholesterol and apolipoprotein

B, platelet factor 4, and thromboxane B2, indicating its ability to protect

against platelet aggregation and endothelial dysfunction (Qureshi et al.,

1991a,b). It was found that tocotrienols and not tocopherols suppress the

3‐hydroxy‐3‐methylglutaryl CoenzymeA (HMG‐CoA) reductase, which direct-

ly inhibits the biosynthesis of cholesterol (Parker et al., 1993; Pearce et al.,

1992, 1994). Later on, the significant hypocholesterolemic eVect of tocotrie-
nols was compared with tocopherols in humans (Qureshi et al., 1995, 2001a,

2002), chicken (Qureshi and Peterson, 2001), hypercholesterolemic rat (Iqbal

et al., 2003), swine (Qureshi et al., 2001b), and hamster’s plasma (RaederstorV
et al., 2002). In conclusion, researchers have shown that for lowering of the

cholesterol, tocotrienols are the better option than tocopherols.

C. SOURCES OF TOCOTRIENOLS

Tocotrienols are mainly found in the seed endosperm of almost all the

monocots such as wheat, rice, barley oat, rye, and sour cherry. In some

dicots, endosperm also contains tocotrienols as in some Apiaceae species

and also in some Solanaceae species such as tobacco (Sen et al., 2006). But

tocotrienols are not the only member of vitamin E present in the endosperm,

but it is always present as a mixture of tocopherol–tocotrienols. That is why

researchers normally use TRF, the ratio between tocotrienols to tocopher-

ols. The TRF of rice bran oil, 90:10, is the maximum so far identified. In this

particular oil, apart from the normal four isoforms of tocotrienols, there are

two new isoforms also found as well, desmo‐ and didesmo‐tocotrienols.
Crude palm oil extract from the fruit of Elaeis guineensis also contain higher

concentration of TRF, almost 80:20. Normally, the major components

of palm‐derived TRF extract contain mainly 36% g‐tocotrienol, 26–30%

�‐tocotrienol and 20–22% �‐tocopherol and 12% d‐tocotrienol (Kamat

et al., 1997).

III. TOCOTRIENOLS AND CARDIOPROTECTION

Since cardiovascular disease contributes in a major way to the morbidity

and mortality, it is becoming a strain on the economy of many countries

worldwide. Various factors have been identified as possible causes of diVerent
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cardiac diseases such as heart failure and ischemic heart disease. As discussed

earlier, tocotrienols are very poorly studied compared to tocopherols. Due to

this reason there is very few evidence of cardioprotective eVect of tocotrienols,
whereas the cardioprotective eVect of tocopherols is immense.

IV. ATHEROSCLEROSIS

Atherosclerosis is the process by which the deposition of cholesterol

plaques takes place on the wall of blood vessels and makes those vessels

narrow, ultimately getting blocked by those fatty deposits. Atherosclerosis

finally leads ischemia to the heart muscle and can cause damage to the heart

muscle. The complete blockage of the arteries leads to myocardial infarction

(MI). According to the World Health Organization, the major cause of

death in the world as a whole by the year 2020 will be acute coronary

occlusion (Murray and Lopez, 1997).

As mentioned earlier, tocotrienols diVer from tocopherols only in three

double bonds in the isoprenoid chain which appear to be essential for the

inhibition of cholesterogenesis by higher cell penetration and followed by

better interaction with the deposited plaques (Qureshi et al., 1986). In some

clinical trials with hypercholesterolemics patients, tocotrienols significantly

reduced the serum cholesterols (Qureshi et al., 1991b). In another similar

kind of clinical trial, tocotrienols lowered both the serum cholesterols, total

cholesterol (TC), and more interestingly the LDL (Tan et al., 1991). In the

late 1980s, it was found that one of the major cause of lipid oxidation was

the oxidation of LDL. Therefore, Tan et al.’s (1991) observation draws

many researchers attention toward tocotrienols as a better anti‐lipid oxida-

tive agent. Later on, a diet rich in tocotrienols, especially dietary tocotrienols

from a TRF palm oil, reduced the concentration of plasma cholesterol and

apolipoprotein B, platelet factor 4, and thromboxane B2, indicating its

ability to protect against platelet aggregation and endothelial dysfunction

(Qureshi et al., 1991a,b). In mammalian cells, HMG‐CoA reductase enzyme

was found to regulate the cholesterol production. Tocotrienols, mainly

g‐isoform or the tocotrienols mixture, significantly suppress the secretion

of HMG‐CoA reductase, ultimately lowering the production of cholesterols

in the cells (Parker et al., 1993; Pearce et al., 1992, 1994). Another possible

mechanism of protection from lipid peroxidation by tocotrienols was found

by isoprenoid‐mediated suppression of mevalonate synthesis that depletes

tumor tissues of two intermediate products, farnesyl pyrophosphate and

geranylgeranyl pyrophosphate, which are incorporated posttranslationally

into growth control‐associated proteins (Elson and Qureshi, 1995). From the

above observations, researchers have also started to compare tocotrienols

with any statin group of medicine. In one of the study, Qureshi et al.

(2001b) showed that when tocotrienols were applied with lovastatin or when
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lovastatin was compared to tocotrienol action, there was no diVerence in

terms of cholesterol lowering power in chicken. Very interestingly, it was

found apart from these two mechanism of tocotrienols; tocotrienols are

also protecting from hypercholesterolemic phase by activating the conver-

sion of LDL to high‐density lipoprotein (HDL) through the inter phase

VLDL–VDL and finally HDL (Qureshi et al., 1995, 2001a). In hypercholes-

terolemic phase, it was also observed either g‐tocotrienol or the tocotrienols
mixture increases the number of HDL, which then interact with LDL to

reduce the concentration of LDL in the plasma (Qureshi et al., 1995), HDL

may also go by phagocytosis to lower the LDL concentration. In another

clinical trial, 100 mg/day of TRF derived from rice bran oil eVectively lower

the serum cholesterol in hypercholesterolemic patients (Qureshi et al., 2002).

The same study showed that �‐tocopherol induce the HMG‐CoA reductase

and that is why in higher doses of TRF, the opposite eVect is observed to

some extent compared to 100 mg/day of TRF (Qureshi et al., 2002). This

may be due to the fact that tocotrienols were found to go on conversion into

tocopherols in vivo (Qureshi et al., 2001a). This study clearly showed it is

only tocotrienols which are responsible for the lowering of serum cholester-

ol, but not tocopherols. Tocopherols may increase the cholesterol level by

inducing HMG‐CoA reductase (Qureshi et al., 2002).

V. TOCOTRIENOLS IN FREE RADICAL

SCAVENGING AND ANTIOXIDANT ACTIVITY

TRF has excellent free radical scavenging capacity (Kamat et al., 1997).

Numerous studies (Ikeda et al., 2003; Kamat et al., 1997) show that it is a

potent inhibitor of lipid peroxidation and protein peroxidation in rat micro-

somes and mitochondria. At low concentrations of 5 mM, TRF, mainly

g‐tocotrienol and to a lesser extent �‐ and d‐tocotrienols, significantly inhib-

ited oxidative damage to both lipids and proteins in rat brain mitochondria.

Studies of the eVect of g‐tocotrienols on endothelial nitric oxide synthase

(eNOS) activity in spontaneously hypertensive rats have reported that on

treatment with antioxidant g‐tocotrienol increased the nitric oxide (NO)

activity and concomitantly reduced the blood pressure and enhanced total

antioxidant status in plasma and blood vessels (Ikeda et al., 2003). In

general, TRF has significantly higher antioxidant ability as compared to

tocopherols. This can be explained by the structural diVerence between the

saturated side chain of tocopherols and the unsaturated side chain of toco-

trienols. The molecular mobility of polyenoic lipids in the membrane bilayer

(composed mainly of unsaturated fatty acid) is much higher than that of

saturated lipids, and hence tocotrienols are more mobile and less restricted

in their interaction with lipid radicals in membranes than tocopherols.
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This is further supported by the higher eVectiveness of tocotrienols in

processes that may involve oxidative stress such as in red blood cells

where tocotrienols have more potency against oxidative hemolysis than

�‐tocopherols (Kamat et al., 1997). In an in vitro study, the potent free

radical scavenging property of �‐tocopherol was found 1600 times more as

compared to free radical scavenging property of �‐tocotrienols (Serbinova
and Packer, 1994). In another study, it was found the potent antioxidative

property of g‐tocotrienols significantly protect the spontaneously hypertensive
rats (Newaz et al., 2003).

VI. TOCOTRIENOLS IN ISCHEMIC

HEART DISEASE

Ischemia is a stage when there is no blood flow in a cell; as blood is the

only carrier of air or oxygen, cells become subject to a lot of stress due to

lack of oxygen. When this kind of situation arises in the heart, the disease

is known as ischemia heart disease. Apart from atherosclerotic plaque depo-

sition, oxidative stress is also considered as one of the major causes of

ischemic heart disease.

The excellent free radical scavenging property of tocotrienols attenuates

the oxidative stress better compared to tocopherols. That is why, recently

researchers are considering tocotrienols as a better therapeutic option from

ischemic heart disease compared to tocopherols.

g‐Tocotrienols are found to act as a myocardial preconditioning agent by

activating the eNOS expression (Ikeda et al., 2003). eNOS is considered one

of the major cause of intracellular NO generator. This NO then goes on

vasodialation and protects the heart from ischemic phase. Due to the eNOS

regulating property of g‐tocotrienol is now considered as an important

pharmacological preconditioning agent. In a very recent study, it was shown

for the first time that beneficial eVects of tocotrienol derived from palm oil

are due to its ability to reduce c‐Src activation, which is linked with the

stabilization of proteasomes, mainly 20S and 26S (Das et al., 2005b). Toco-

trienols have extremely short half‐lives; after oral ingestion, they are not

recognized by �‐tocotrienol transport protein, which also accounts for their

low bioavailability. For this reason, TRF was used in an acute experiment to

determine its immediate eVects on the ischemic‐reperfused myocardium. The

results indicate that tocotrienol readily blocks the ischemia‐reperfusion‐
mediated increase in Src kinase activation and proteasome inactivation,

thereby providing cardioprotection (Das et al., 2005b). After this observa-

tion, in the continuing study by the same group, but this time with gavaging of

the TRF derived from palm oil, for 15 days protection of the heart from

ischemia‐reperfusion injury was observed (Das et al., 2005a). In this chronic

experiment, it was also observed that the keymechanismmay be the inhibition
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of Src activation by TRF. Myocardial ischemia‐reperfusion caused an in-

duction of the expression of c‐Src protein (Hattori et al., 2001) inhibition of

c‐Src with PPI reduces the extent of cellular injury. The ability of TRF to

block the increased phosphorylation of c‐Src appears to play a crucial role in

its ability to protect the heart from ischemia reperfusion injury.

VII. CONCLUSIONS

It should be clear from the above discussion that tocotrienols, as TRF,

provide cardioprotection not only by its cholesterol‐lowering property or by

its reducing oxidative stress but also through their ability to performing

redox signaling by potentiating an anti‐death signal through the reduction

of proapoptotic factors, at least c‐Src was identified, thereby leading to the

decrease in cardiomyocytes apoptosis. Out of a minimum of four diVerent
isoforms of tocotrienols, �‐ and g‐tocotrienols are considered as the eVec-
tive isoforms, especially, which possess the cardioprotective abilities. Both

�‐ and g‐isoforms are found to possess anti‐atherosclerotic properties, not

only by reducing the LDL cholesterols but also by increasing the number

of HDL cholesterols and also simultaneous induction of HMG‐CoA reduc-

tase activity. Apart from anti‐atherosclerotic property, TRF was found to

be protective both acutely and chronically, from ischemia‐reperfusion‐
mediated cardiac dysfunction by inhibiting the phosphorylation of c‐Src
expression significantly with both 20S and 26S proteasome stabilization.

ACKNOWLEDGMENTS

This study was supported by NIH HL 34360, HL 22559, HL 33889, and HL 56803.

REFERENCES

Burton, G. W., and Ingold, K. U. (1989). Vitamin E as an in vitro and in vivo antioxidant. Ann.

NY Acad. Sci. 570, 7–22.

Das, S., Nesaretnam, K., and Das, D. K. (2005a). Cardioprotective abilities of palm oil derived

tocotrienol rich factor. Proceedings of Malaysian Palm Oil Board.

Das, S., Powell, S. R., Wang, P., Divald, A., Nesaretnam, K., Tosaki, A., Cordis, G. A.,

Maulik, N., and Das, D. K. (2005b). Cardioprotection with palm tocotrienol: Andioxidant

activity of tocotrienol is linked with its ability to stabilize proteasomes. Am. J. Physiol.

Heart Circ. Physiol. 289, H361–H367.

Devaraj, S., and Jialal, I. (2005). Alpha‐tocopherol decreases tumor necrosis factor‐alpha
mRNA and protein from activated human monocytes by inhibition of 5‐lipoxygenase. Free
Radic. Biol. Med. 38, 1212–1220.

Edem, D. O. (2002). Palm oil: Biochemical, physiological, nutritional, hematological, and

toxicological aspects: A review. Plant Foods Hum. Nutr. 57, 319–341.

296 Das et al.



Elson, C. E., and Qureshi, A. A. (1995). Coupling the cholesterol‐ and tumor‐suppressive
actions of palm oil to the impact of its minor constituents on 3‐hydroxy‐3‐methylglutaryl

coenzyme A reductase activity. Prostaglandins Leukot. Essent. Fatty Acids 52, 205–207.

Gould, M. N., Haag, J. D., Kennan, W. S., Tanner, M. A., and Elson, C. E. (1991).

A comparison of tocopherol and tocotrienol for the chemoprevention of chemically induced

rat mammary tumors. Am. J. Clin. Nutr. 53(4 Suppl.), 1068S–1070S.

Guthrie, N., Gapor, A., Chambers, A. F., and Carroll, K. K. (1997). Inhibition of proliferation

of estrogen receptornegative MDA‐MB‐435 and ‐positive MCF‐7 human breast cancer

cells by palm oil tocotrienols and tamoxifen, alone and in combination. J. Nutr. 127,

544S–548S.

Hattori, R., Otani, H., Uchiyama, T., Imamura, H., Cui, J., Maulik, N., Cordis, G. A., Zhu, L.,

and Das, D. K. (2001). Src tyrosine kinase is the trigger but not the mediator of ischemic

preconditioning. Am. J. Physiol. Heart Circ. Physiol. 281, H1066–H1074.

Hendrich, S., Lee, K., Xu, X., Wang, H., and Murphy, P. A. (1994). Defining food components

as new nutrients. J. Nutr. 124, 1789S–1792S.

Horwitt, M. K., Harvey, C. C., Duncan, G. D., and Wilson, W. C. (1956). EVects of limited

tocopherol intake in man with relationships to erythrocyte hemolysis and lipid oxidations.

Am. J. Clin. Nutr. 4, 408–419.

Ikeda, S., Tohyama, T., Yoshimura, H., Hamamura, K., Abe, K., and Yamashita, K. (2003).

Dietary alpha‐tocopherol decreases alpha‐tocotrienol but not gamma‐tocotrienol concen-
tration in rats. J. Nutr. 133, 428–434.

Iqbal, J., Minhajuddin, M., and Beg, Z. H. (2003). Suppression of 7,12‐dimethylbenz[alpha]‐
anthracene‐induced carcinogenesis and hypercholesterolaemia in rats by tocotrienol‐rich
fraction isolated from rice bran oil. Eur. J. Cancer Prev. 12, 447–453.

Kamat, J. P., Sarma, H. D., Devasagayam, T. P., Nesaretnam, K., and Basiron, Y. (1997).

Tocotrienols from palm oil as eVective inhibitors of protein oxidation and lipid peroxidation

in rat liver microsomes. Mol. Cell. Biochem. 170, 131–137.

Kamimura, M. (1977). Physiology and clinical use of vitamin E (author’s translation).

Hokkaido Igaku Zasshi 52, 185–188.

Khanna, S., Roy, S., Ryu, H., Bahadduri, P., Swaan, P. W., Ratan, R. R., and Sen, C. K.

(2003). Molecular basis of vitamin E action: Tocotrienol modulates 12‐lipoxygenase, a key

mediator of glutamate‐induced neurodegeneration. J. Biol. Chem. 278, 43508–43515.

Khanna, S., Roy, S., Slivka, A., Craft, T. K., Chaki, S., Rink, C., Notestine, M. A., DeVries,

A. C., Parinandi, N. L., and Sen, C. K. (2005). Neuroprotective properties of the natural

vitamin E alpha‐tocotrienol. Stroke 36, 2258–2264.

Komiyama, K., Iizuka, K., Yamaoka, M., Watanabe, H., Tsuchiya, N., and Umezawa, I.

(1989). Studies on the biological activity of tocotrienols. Chem. Pharm. Bull. (Tokyo) 37,

1369–1371.

Krinsky, N. I. (1992). Mechanism of action of biological antioxidants. Proc. Soc. Exp. Biol.

Med. 200, 248–254.

McIntyre, B. S., Briski, K. P., Tirmenstein, M. A., Fariss, M. W., Gapor, A., and Sylvester,

P. W. (2000). Antiproliferative and apoptotic eVects of tocopherols and tocotrienols on

normal mouse mammary epithelial cells. Lipids 35, 171–180.

Meydani, M. (2004). Vitamin E modulation of cardiovascular disease. Ann. NY Acad. Sci. 1031,

271–279.

Murray, C. J., and Lopez, A. D. (1997). Alternate projections of mortality and disability by

cause 1990–2020: Global burden of disease study. Lancet 349, 1498–1504.

Nesaretnam, K., Guthrie, N., Chambers, A. F., and Carroll, K. K. (1995). EVect of tocotrienols

on the growth of a human breast cancer cell line in culture. Lipids 30, 1139–1143.

Newaz, M. A., Yousefipour, Z., Nawal, N., and Adeeb, N. (2003). Nitric oxide synthase activity

in blood vessels of spontaneously hypertensive rats: Antioxidant protection by gamma‐
tocotrienol. J. Physiol. Pharmacol. 54, 319–327.

Tocotrienols in Cardioprotection 297



Packer, L. (1992). Interactions among antioxidants in health and disease. Vitamin E and the

redox cycle. Proc. Soc. Exp. Biol. Med. 200, 271–276.

Papas, A. M. (1999). ‘‘The Vitamin E Factor.’’ Harper Collins Publishers Inc., New York.

Parker, R. A., Pearce, B. C., Clark, R. W., Gordon, D. A., and Wright, J. J. (1993).

Tocotrienols regulate cholesterol production in mammalian cells by post‐transcriptional
suppression of 3‐hydroxy‐3‐methylglutarylcoenzyme A reductase. J. Biol. Chem. 268,

11230–11238.

Pearce, B. C., Parker, R. A., Deason, M. E., Qureshi, A. A., and Wright, J. J. (1992).

Hypocholesterolemic activity of synthetic and natural tocotrienols. J. Med. Chem. 35,

3595–3606.

Pearce, B. C., Parker, R. A., Deason, M. E., Dischino, D. D., Gillespie, E., Qureshi, A. A.,

Volk, K., and Wright, J. J. (1994). Inhibitors of cholesterol biosynthesis. 2. Hypocholester-

olemic and antioxidant activities of benzopyran and tetrahydronaphthalene analogues of

the tocotrienols. J. Med. Chem. 37, 526–541.

Qureshi, A. A., and Peterson, D. M. (2001). The combined eVects of novel tocotrienols and

lovastatin on lipid metabolism in chickens. Atherosclerosis 156, 39–47.

Qureshi, A. A., Burger, W. C., Peterson, D. M., and Elson, C. E. (1986). The structure of

an inhibitor of cholesterol biosynthesis isolated from barley. J. Biol. Chem. 261,

10544–10550.

Qureshi, A. A., Qureshi, N., Hasler‐Rapacz, J. O., Weber, F. E., Chaudhary, V., Crenshaww,

T. D., Gapor, A., Ong, A. S., Chong, Y. H., Peterson, D., and Rapacz, J. (1991a). Dietary

tocotrienols reduce concentrations of plasma cholesterol, apolipoprotein B, thromboxane B2,

and platelet factor 4 in pigs with inherited hyperlipidemias. Am. J. Clin. Nutr. 53(Suppl. 4),

1042S–1046S.

Qureshi, A. A., Qureshi, N., Wright, J. J., Shen, Z., Kramer, G., Gapor, A., Chong, Y. H.,

DeWitt, G., Ong, A., and Peterson, D. M. (1991b). Lowering of serum cholesterol in

hypercholesterolemic humans by tocotrienols (palmvitee). Am. J. Clin. Nutr. 53,

1021S–1026S.

Qureshi, A. A., Bradlow, B. A., Brace, L., Manganello, J., Peterson, D. M., Pearce, B. C.,

Wright, J. J., Gapor, A., and Elson, C. E. (1995). Response of hypercholesterolemic subjects

to administration of tocotrienols. Lipids 30, 1171–1177.

Qureshi, A. A., Sami, S. A., Salser, W. A., and Khan, F. A. (2001a). Synergistic eVect of

tocotrienol‐rich fraction (TRF(25)) of rice bran and lovastatin on lipid parameters in

hypercholesterolemic humans. J. Nutr. Biochem. 12, 318–329.

Qureshi, A. A., Peterson, D. M., Hasler‐Rapacz, J. O., and Rapacz, J. (2001b). Novel

tocotrienols of rice bran suppress cholesterogenesis in hereditary hypercholesterolemic

swine. J. Nutr. 131, 223–230.

Qureshi, A. A., Sami, S. A., Salser, W. A., and Khan, F. A. (2002). Dose‐dependent suppression
of serum cholesterol by tocotrienol‐rich fraction (TRF(25)) of rice bran in hypercholester-

olemic humans. Atherosclerosis 161, 199–207.

RaederstorV, D., Elste, V., Aebischer, C., and Weber, P. (2002). EVect of either gamma‐
tocotrienol or a tocotrienol mixture on the plasma lipid profile in hamsters. Ann. Nutr.

Metab. 46, 17–23.

Roy, S., Lado, B. H., Khanna, S., and Sen, C. K. (2002). Vitamin E sensitive genes in the

developing rat fetal brain: A high‐density oligonucleotide microarray analysis. FEBS Lett.

530, 17–23.

Sen, C. K., Khanna, S., Roy, S., and Packer, L. (2000). Molecular basis of vitamin E action.

Tocotrienol potently inhibits glutamate‐induced pp60(c‐Src) kinase activation and death of

HT4 neuronal cells. J. Biol. Chem. 275, 13049–13055.

Sen, C. K., Khanna, S., and Roy, S. (2004). Tocotrienol: The natural vitamin E to defend the

nervous system? Ann. NY Acad. Sci. 1031, 127–142.

298 Das et al.



Sen, C. K., Khanna, S., and Roy, S. (2006). Tocotrienols: Vitamin E beyond tocopherols. Life

Sci. 78, 2088–2098.

Serbinova, E., Kagan, V., Han, D., and Packer, L. (1991). Free radical recycling and

intramembrane mobility in the antioxidant properties of alpha‐tocopherol and alpha‐
tocotrienol. Free Radic. Biol. Med. 10, 263–275.

Serbinova, E., Khwaja, S., Catudioc, J., Ericson, J., Torres, Z., Gapor, A., Kagan, V., and

Packer, L. (1992). Palm oil vitamin E protects against ischemia/reperfusion injury in the

isolated perfused LangendorV heart. Nutr. Res. 12, S203–S215.

Serbinova, E. A., and Packer, L. (1994). Antioxidant properties of alpha‐tocopherol and alpha‐
tocotrienol. Methods Enzymol. 234, 354–366.

Suzuki, Y. J., Tsuchiya, M., Wassall, S. R., Choo, Y. M., Govil, G., Kagan, V. E., and Packer,

L. (1993). Structural and dynamic membrane properties of alpha‐tocopherol and alpha‐
tocotrienol: Implication to the molecular mechanism of their antioxidant potency.

Biochemistry 32, 10692–10699.

Sylvester, P. W., Nachnani, A., Shah, S., and Briski, K. P. (2002). Role of GTP‐binding
proteins in reversing the antiproliferative eVects of tocotrienols in preneoplastic mammary

epithelial cells. Asia Pac. J. Clin. Nutr. 11(Suppl. 7), S452–S459.

Tan, D. T., Khor, H. T., Low, W. H., Ali, A., and Gapor, A. (1991). EVect of a palm‐
oil‐vitamin E concentrate on the serum and lipoprotein lipids in humans. Am. J. Clin. Nutr.

53(Suppl. 4), 1027S–1030S.

Tappel, A. L. (1953). The inhibition of hematin‐catalyzed oxidations by alpha‐tocopherol.
Arch. Biochem. Biophys. 47, 223–225.

Tappel, A. L. (1954). Studies of the mechanism of vitamin E action. II. Inhibition of

unsaturated fatty acid oxidation catalyzed by hematin compounds. Arch. Biochem. Biophys.

50, 473–485.

Tappel, A. L. (1955). Studies of the mechanism of vitamin E action. III. In vitro

copolymerization of oxidized fats with protein. Arch. Biochem. 54, 266–280.

Theriault, A., Chao, J. T., Wang, Q., Gapor, A., and Adeli, K. (1999). Tocotrienol: A review of

its therapeutic potential. Clin. Biochem. 32, 309–319.

Tocotrienols in Cardioprotection 299



This page intentionally left blank



12

Cytodifferentiation by

Retinoids, a Novel

Therapeutic Option in

Oncology: Rational

Combinations with

Other Therapeutic

Agents

Enrico Garattini, Maurizio Gianni’, and

Mineko Terao

Laboratorio di Biologia Molecolare, Centro Catullo e Daniela Borgomainerio

Istituto di Ricerche Farmacologiche ‘‘Mario Negri,’’ via Eritrea 62

20157 Milano, Italy

I. Premise and Scope: DiVerentiation Therapy with

Retinoids Is a Significant Goal in the Management of

the Neoplastic Diseases

II. The Classical Nuclear RAR Pathway Is Complex and

Has Led to the Development of DiVerent Types
of Synthetic Retinoids

III. Retinoids Promote DiVerentiation in Numerous Types

of Neoplastic Cells

A. Myeloid Leukemia

B. Neuroblastoma

C. Head and Neck Cancer

D. Breast Carcinoma

Vitamins and Hormones, Volume 75 0083-6729/07 $35.00
Copyright 2007, Elsevier Inc. All rights reserved. DOI: 10.1016/S0083-6729(06)75012-9301



E. Teratocarcinoma

F. Melanoma

IV. Retinoids Exert Pleiotropic EVects Interacting with

Multiple Intracellular Pathways: An Opportunity for

Combination Therapy

A. Growth Factors and Cytokines: G‐CSF, TGF‐b,
and Interferons

B. THE cAMP Pathway

C. The MAP Kinase Pathway

D. THE PI3K/AKT Pathway

E. Protein Kinase C

F. Histone Acetylation and DNA Methylation

V. Retinoid‐Based DiVerentiation Therapy, General

Observations, and Conclusion

References

Retinoic acid (RA) and derivatives are promising antineoplastic agents

endowedwith both therapeutic and chemopreventive potential. Although

the treatment of acute promyelocytic leukemia with all‐trans retinoic acid
is an outstanding example, the full potential of retinoids in oncology

has not yet been explored and a more generalized use of these compounds

is not yet a reality. One way to enhance the therapeutic and chemopreven-

tive activity of RA and derivatives is to identify rational combinations

between these compounds and other pharmacological agents. This is now

possible given the information available on the biochemical andmolecular

mechanisms underlying the biological activity of retinoids. At the cellular

level, the antileukemia and anticancer activity of retinoids is the result of

three main actions, cytodiVerentiation, growth inhibition, and apoptosis.

CytodiVerentiation is a particularly attractive modality of treatment and

diVerentiating agents promise to be less toxic and more specific than

conventional chemotherapy. This is the result of the fact that cytotoxicity

is not the primary aim of diVerentiation therapy. At the molecular level,

retinoids act through the activation of nuclear retinoic acid receptor‐
dependent and ‐independent pathways. The cellular pathways and

molecular networks relevant for retinoid activity are modulated by a

panoply of other intracellular and extracellular pathways that may be

targeted by known drugs and other experimental therapeutics. This

chapter aims to summarize and critically discuss the available knowledge

in the field. # 2007 Elsevier Inc.
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I. PREMISE AND SCOPE: DIFFERENTIATION

THERAPY WITH RETINOIDS IS A SIGNIFICANT

GOAL IN THE MANAGEMENT OF THE

NEOPLASTIC DISEASES

Natural retinoic acids (RAs) and their synthetic derivatives, collectively

known as retinoids, are promising agents in the chemoprevention and treat-

ment of the neoplastic disease. The natural isomer, 13‐cis retinoic acid

(13‐cis RA), alone or in combination with interferon is used in the chemo-

prevention and treatment of head and neck cancer (Hong et al., 1986;

Lippman et al., 1993). Fenretinide, a synthetic retinoid, has shown eYcacy

in the secondary chemoprevention of breast cancer (Veronesi et al., 1999).

Other prevention studies with retinoids have been performed with positive

results in the following conditions: xeroderma pigmentosum, basal cell carci-

noma, and squamous cell carcinoma of the skin (Gravis et al., 1999; Kraemer

et al., 1988; Sankowski et al., 1987). Etretinate, a synthetic analogue of RA

decreases the recurrence of superficial bladder carcinoma (Studer et al., 1984,

1995). Chemoprevention of precancerous lesions is another setting where

diVerent types of retinoids have shown eYcacy. Treatment of oral leukoplakia

with 13‐cis RA underscores the potential of retinoids for this type of clinical

application (Hong et al., 1986).

As already mentioned, chemoprevention is not the only setting in which

retinoids are useful. This class of agents finds clinical application or is

proposed also in the treatment of various neoplastic diseases. In this setting,

the most significant example of the use of retinoids is represented by acute

promyelocytic leukemia (APL) (Castaigne et al., 1990; Huang et al., 1988;

Warrell et al., 1991). APL is a rare form of acute myeloid leukemia (AML),

which accounts for no more than 10% of all the AMLs in the adult. A single

course of all‐trans retinoic acid (atRA) induces complete clinical remission in

the vast majority of APL patients. After treatment with a single monother-

apeutic course of atRA, remissions are generally short‐lived, with median

durations of 6–8 months. This is followed by relapses, which are often

resistant to further treatment with the retinoid (Ding et al., 1998; Muindi

et al., 1992). The problem prevents the use of atRA as a single agent in the

treatment of APL. However, this has not undermined the therapeutic and

clinical significance of atRA in the disease, as the compound has been

adopted as an important component of the standard chemotherapeutic

regimen used in APL (Leone et al., 1998; Sanz et al., 2004; Tallman et al.,

2002). Indeed, addition of atRA to the cocktail of cytotoxic drugs already in

use has proven superior to chemotherapy alone in the treatment of this type

of leukemia.

The original observation that atRA induces remission in APL through

a mechanism of action that is distinct from cytotoxicity, is regarded as a
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milestone in the history of medicine (Huang et al., 1988). The retinoid is

the first and only example of clinically successful cytodiVerentiating agent

(Garattini and Terao, 2001) and the results obtained in APL represent proof

of principle that cytodiVerentiation is a viable option for the treatment of

leukemia and possibly other types of cancer. Indeed, the neoplastic cell is

characterized by multiple deficits not only in the control of proliferation

and survival but also in the processes of cell maturation and diVerentiation.
Thus, control of the leukemic and cancer cell can be achieved by reducing

the proliferation rate, diminishing the survival advantage, primarily through

activation of the apoptotic program, or favoring maturation along the

physiological diVerentiation pathway. CytodiVerentiation is a particularly

attractive modality of treatment and diVerentiating agents promise to be less

toxic and more specific than conventional chemotherapy. This is the result of

the fact that cytotoxicity is not the primary aim of diVerentiation therapy.

Currently, the promise of diVerentiation therapy is only partially met and

a more general use of atRA and other retinoids as diVerentiating agents in

oncology is hampered by a number of problems, including natural and ac-

quired resistance as well as local and systemic toxicity. The problems can be

overcome by increasing the eYcacy and/or the therapeutic index of atRA

and congeners. This can be achieved by potentiating retinoid diVerentiating
activity using combination therapy approaches. In fact, the pleiotropic acti-

vity of retinoids and the multiplicity of targets these compounds act on give

ample opportunities in terms of combination therapy. atRA and derivatives

modulate the activity of numerous genes and intracellular pathways. On the

other hand the activity of nuclear retinoic acid receptors (RARs) is con-

trolled by various signals, including diVerent types of kinase cascades. Often,

the cross talk between atRA‐dependent and other intracellular pathways

modulates the cytodiVerentiating activity of the retinoid. The knowledge on

the molecular mechanisms underlying this cross talk has increased tremen-

dously over the course of the last few years. This knowledge can be exploited

to design rational combinations of atRA or retinoids and other biologically

active compounds that may have significance in the context of diVerentiation
therapy.

The aim of this chapter of the book is to give a brief overviewof the potential

of retinoid‐based diVerentiation therapy, focusing on the possibility to increase
the therapeutic eYcacy of retinoids by rational combination approaches. With

this in mind, we will summarize and discuss the current knowledge on the cross

talk between the retinoid and other intracellular pathways. We will consider

specific pathways involved in the process of cytodiVerentiation, with particular
reference to those with the potential to be targeted pharmacologically. We

believe that the data provided will serve as a useful starting point for the design

of combination strategies aimed at improving retinoid‐based diVerentiation
therapy.
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II. THE CLASSICAL NUCLEAR RAR PATHWAY

IS COMPLEX AND HAS LED TO THE

DEVELOPMENT OF DIFFERENT TYPES

OF SYNTHETIC RETINOIDS

atRA and its natural isomers, 13‐cis RA and 9‐cis retinoic acid (9‐cis RA)

bind and activate a small subset of receptors belonging to the superfamily of

steroid nuclear receptors (Chambon, 1996; Kastner et al., 1995; Lohnes et al.,

1992). As the topic is treated in great details in other sections of this book, we

provide only the information strictly necessary to understand the remainder

of the chapter. Nuclear RARs are ligand‐dependent transactivation factors

and control the transcriptional activity of numerous genes via binding to their

DNA regulatory elements. Two types of nuclear RARs are known, RARs

and RXRs. Three main isoforms of each type of receptors have been

described, RARa, RARb, and RARg, as well as RXRa, RXRb, and RXRg.
Each isotype is coded for by a separate gene and splicing variants of each

receptor isoform diVering at the N‐terminus are known (Chambon, 1996).

Two types of transcriptionally active complexes have been described, RXR/

RAR heterodimers and RXR/RXR homodimers. atRA and 13‐cis RA bind

to and transactivate only RXR/RAR complexes, while 9‐cis RA interacts

with both RXR/RAR andRXR/RXRs. RXR/RAR dimers are believed to be

nonpermissive complexes, in which RXRs act as silent partners. In other

words when the cognate ligand is bound to the RAR moiety, the RXR

counterpart loses the ability to bind its corresponding ligand (Mangelsdorf

and Evans, 1995; Mangelsdorf et al., 1993). Both RARs and RXRs are

modular proteins consisting of a ligand‐independent transactivating domain

(AB region), a DNA‐binding domain (D region), and an E region containing

the ligand‐binding as well as ligand‐dependent transactivating functions. The
structure of the two receptors is completed by two regions of uncharacterized

function, the C and F domains.

In basal conditions, the RXR/RAR dimer is bound to the cognate DNA

sequence (RARE, retinoic acid‐responsive element) and interacts with a

multiprotein complex known as the corepressor (Wei, 2004; Weston et al.,

2003; Xu et al., 1999a). The corepressor contains proteins endowed with

histone deacetylase (HDAC) and DNA‐methylating activity that concur to

keep the surrounding chromatin structure in a ‘‘closed’’ state, eVectively
suppressing the transcriptional activity of RNA polymerase II. On ligand

binding, the corepressor is released from the RXR/RAR dimer and substi-

tuted by the ‘‘coactivator,’’ which consists of a multiprotein complex with

histone acetylase and demethylase activity (Edwards, 1999; Glass et al., 1997;

Gronemeyer and Miturski, 2001; Shibata et al., 1997; Westin et al., 2000;

Xu et al., 1999a). These two last enzymatic activities are involved inopening the

chromatin structure and igniting transcription. The activity of the RXR/RAR
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dimer is controlled not only by its interaction with the ligand but also by a

number of accessory signals in which phosphorylation events stand out

(Gianni et al., 2002a,b, 2003, 2006; Parrella et al., 2004; Rochette‐Egly,
2003). A further layer of control is represented by the rate of proteolytic

degradation of the RXR/RAR dimer and the various components of the

corepressor and coactivator complexes (Gianni et al., 2006). Degradation is

predominantly mediated by the proteasome pathway and is controlled by

some of the phosphorylation events mentioned above. Little is known about

the RXR/RXR pathway, which is far less studied than the RXR/RAR

counterpart.

The progress in the knowledge of the RA nuclear receptor pathway and

the clinical results obtained with retinoids in the therapeutic and chemopre-

ventive setting has resulted in the synthesis and development of a large

number of synthetic retinoid molecules endowed with specific properties

(Beehler et al., 2004; Benbrook et al., 1997; Brtko and Thalhamer, 2003;

Chandraratna, 1997, 1998a,b; Crowe, 2002). The current armamentarium of

synthetic retinoids consists of the following classes of molecules:

1. Pan‐RAR agonists, that is, synthetic retinoids capable of interacting

with similar aYnity withRARa, RARb, andRARg. Thesemolecules have the

same spectrum of receptor selectivity as atRA and are sometimes more potent

and often more toxic in vivo than the parent compound. The prototype of this

class is TTNPB which is a more powerful ligand of RARs than atRA and is

one of the first compounds developed.

2. RARa agonists and antagonists (Tamura et al., 1990). These com-

pounds are characterized by a more rigid structure than atRA and discrimi-

nate RARa from RARb and RARg very well. AM580, an RARa agonist, is

one of the earliest molecules to be synthesized. We showed that the molecule

is a much more powerful cytodiVerentiating agent than atRA in APL cells

and activates the oncogenic fusion protein PML‐RARa better than RARa
itself (Gianni et al., 1996a).

3. RARb agonists and antagonists. The crystal structure of the ligand‐
binding domain of RARb has been used to identify selective agonists and

antagonists (Germain et al., 2004). With this strategy, a ligand that shows

RARb selectivity with a 100‐fold higher aYnity to RARb than to a or g
isotypes was identified. RARb agonists and antagonists may be useful to

address pharmacologically the tumor suppressor role of RARb in vitro and

in animal models.

4. RARg agonists and antagonists. Numerous RARg agonists are known.
However, some of the molecules synthesized are not simply RARg agonists
and are classified as atypical retinoids (Garattini et al., 2004). The prototypes

of atypical retinoids are CD437 and ST1926 (Garattini et al., 2004; Mologni

et al., 1999; Ponzanelli et al., 2000). The two molecules are endowed with

strong and selective apoptotic properties that are largely unrelated to their
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ability of interacting with RARg. These types of compounds are interesting

anticancer agents on their own, but will not be considered in this article, as

they are largely devoid of cytodiVerentiating activity.

5. RXR agonists and antagonists (Alvarez et al., 2004). These agents act

on the silent partner of the RXR/RAR heterodimer or the RXR/RXR homo-

dimer. RXRagonists are also known as rexinoids and have been used alone or

in combinations with RAR‐specific retinoids and other nuclear receptor

ligands such as 1,25‐dihydroxy vitamin D3 (Kang et al., 1997; Li et al.,

1997, 1999). In the myeloid leukemia setting, activation of the RXR/RXR

pathway by rexinoids induces an apoptotic but not a diVerentiating response
(Boehm et al., 1995; Gottardis et al., 1996; Li et al., 1999; Nagy et al., 1995).

6. Dissociated or anti‐AP‐1 retinoids (Chen et al., 1995). This type of

retinoid binds to nuclear RARs of the RAR type but is unable to transacti-

vate them. However, dissociated retinoids maintain the ability to transre-

press the c‐Fos/c‐Jun‐containing transcriptional complexes known as AP‐1.
Transrepression of the AP‐1 complexes is a well‐known phenomenon and is

believed to play a role in the antiproliferative activity exerted by retinoids in

certain cellular contexts. Indeed, activation of AP‐1 serves as a potent

mitogenic stimulus in various situations (Shaulian and Karin, 2002).

In spite of the availability of a remarkable number of synthetic retinoids

possessing diVerent properties, the quest for novel molecules is not over.

Further synthetic molecules of potential clinical significance are expected as a

consequence of the progress on the elucidation of the tridimensional structure

of RARs and RXRs and the molecular mechanisms of action of retinoids.

III. RETINOIDSPROMOTEDIFFERENTIATION IN

NUMEROUS TYPES OF NEOPLASTIC CELLS

As discussed above, induction of terminal diVerentiation of the neoplastic

cell is an achievable and important goal in cancer therapeutics. atRA and

other retinoids promote cellular maturation of numerous cell types and in

various experimental conditions. Thus, this class of compounds is endowed

with general cytodiVerentiating properties. In cell cultures, the cytodiVeren-
tiating activity of retinoids is almost invariably accompanied by growth

inhibition and the two processes are diYcult to dissociate (Gianni et al.,

2000). On the other hand, retinoid‐dependent cytodiVerentiation is not neces-

sarily associated with cell death or apoptosis. Indeed, classical retinoids are

relatively weak apoptotic agents and, in some cases, they even exert a pro-

survival action (Lomo et al., 1998). These aspects of retinoid pharmacology

need to be considered when discussing the use of such agents in oncology.

An antiproliferative eVect superimposed to cytodiVerentiation is highly

desirable, whereas an antiapoptotic action should be avoided.
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A. MYELOID LEUKEMIA

Most of the available data on the cytodiVerentiating properties of atRA

and derivatives were obtained in the context of AML. Thus, the character-

istics of this heterogeneous collection of diseases will be described in some

detail. According to the FrenchAmerican British (FAB) classification, AMLs

can be grouped into seven entities (M1–M7) on the basis of the phenotypic

and morphological appearance of the leukemic blasts. AMLs classified as

M1–M3 are committed along the granulocytic or monocytic pathways and

diVerentiate in either direction according to the stimulus applied. The HL‐60
myeloid cell line is representative of an M2 AML blast maturing along the

granulocytic and monocytic pathway, if exposed to atRA and vitamin D3,

respectively. APL is classified as M3, is exquisitely sensitive to the cytodiVer-
entiating action of pharmacological concentrations of atRA, and undergoes

terminal diVerentiation along the granulocytic pathway (Melnick and Licht,

1999; Sirulnik et al., 2003). Paradoxically, the APL blast is characterized

by specific chromosomal translocations involving RARa, the major form

of nuclear RARs expressed in the hematopoietic system (Melnick and

Licht, 1999). The vast majority of APL patients carries a balanced transloca-

tion (t15:17) involving chromosomes 15 and 17, leading to the synthesis of

the oncogenic fusion protein PML–RARa. In the fusion protein, the very

N‐terminal region of RARa is substituted by a portion of the onco‐
suppressor PML. This results in the synthesis of a retinoid receptor that

retains ligand‐dependent transactivating activity, but acquires novel proper-

ties relative to RARa. Very rare APL variants, in which the translocation

partners of chromosome 17 are chromosomes 11 (PLZF–RARa fusion pro-

tein), and 5 (STAT5b–RARa fusion protein) (Dong and Tweardy, 2002) or

(Npm–RARa fusion protein), have been described (Chen et al., 1994; Guidez

et al., 1994). Interestingly, APL blasts expressing the PLZF–RARa fusion

protein are completely resistant to the cytodiVerentiating activity of atRA

(Guidez et al., 1994; Melnick and Licht, 1999). This has led to the concept

that PML–RARa is not only a classical oncogene involved in the first stages

of the leukemic process but also mediates the cytodiVerentiating response

observed following challenge of the APL blast with pharmacological con-

centrations of atRA. Indeed, a widely accepted view is that expression of

PML–RARa confers a growth and prosurvival advantage to the leukemic

blast, interfering with the physiological signal transduction pathways regu-

lated by RARa and/or PML. Interference with the physiological RARa
pathway is shared by PML–RARa and the other rare fusion proteins ob-

served in APL. This phenomenon is likely to be relevant for the maturation

block at the level of the promyelocyte observed in APL, since physiological

concentrations of atRA are known to regulate myelopoiesis (Collins, 2002;

Gaines and Berliner, 2003). By contrast PML–RARa is the only fusion

protein that maintains transcriptional activation by supraphysiological
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(pharmacological) concentrations of atRA, explaining sensitivity to the

cytodiVerentiating eVect of the retinoid. Although, this may represent an

oversimplified picture, it fits with the observation that atRA‐resistant re-

lapses of APL are often associated with mutations in the ligand‐binding
domain of PML–RARa (Cote et al., 2000).

The maturation of M4 and M5 blasts is blocked at the level of committed

monocyte precursor cells. Treatment of this type of blasts with atRA in vitro

does not result in signs of morphological diVerentiation along the monocytic

pathway. M6 and M7 blasts represent committed precursors of the erythro-

cyte and megakaryocite pathways, respectively, and are similarly refractory

to atRA‐induced cytodiVerentiation. Although there are reports showing

that non‐M3 AML blasts synthesize functional RARs (Grande et al., 2001)

and atRA‐dependent monocytic diVerentiation of M2 blasts can be obtained

(Manfredini et al., 1999), an overwhelming amount of data indicate that the

only type of AML which is reproducibly sensitive to the cytodiVerentiating
activity of retinoids is APL. At present, it is unclear whether sensitivity to

atRA in this particular type of leukemia is the consequence of the expression

of PML–RARa or is due to other as yet unidentified and cell‐context‐specific
factors. The maturation response observed in the APL blast is recapitulated

quite faithfully in the NB4 cellular model (Lanotte et al., 1991). This is an

immortalized cell line developed from an APL patient, maintaining expres-

sion of an active form of PML–RARa and showing sensitivity to atRA. NB4

cells are a unique tool to study the antileukemic activity of retinoids and

have been extensively used to define the molecular mechanisms underlying

the process of diVerentiation triggered by the retinoid in the myeloid context

(Bastie et al., 2005; Cao et al., 2005; Gianni et al., 1994, 1995a,b,c, 1997,

2001; Idres et al., 2001; Parrella et al., 2004).

B. NEUROBLASTOMA

As already alluded to, atRA exerts cytodiVerentiating eVects on a broad

range of neoplastic cell types. Neuroblastoma is a pediatric tumor and

represents the most frequent form of peripheral neuronal malignancy. Hu-

man neuroblastoma cell lines are sensitive to the diVerentiating action of

retinoids. The earliest data in this context were obtained with 13‐cis RA, one

of the natural isomers of vitamin A (Reynolds et al., 2003). In more recent

studies, 13‐cis RA has been substituted with the more powerful retinoid

atRA, or RAR and RXR selective agonists. Although diVerences in the

complement of expressed RARs may occur in diVerent neuroblastoma cell

lines (Carpentier et al., 1997; Joshi et al., 2006; Lovat et al., 1997; Melino

et al., 1997; Nguyen et al., 2003), it seems that this cell type synthesizes

predominantly RARa, RARg, and at least RXRa in a constitutive fashion.

As observed in various other cell types, RARb is induced by challenge with

retinoids. The available data indicate that activation of RXR/RARa and
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RXR/RARb is suYcient to trigger the neuronal diVerentiation program

(Carpentier et al., 1997; Joshi et al., 2006; Lovat et al., 1997; Melino et al.,

1997; Nguyen et al., 2003). Induction of RARb and activation of the RXR/

RARb complex may be of particular therapeutic interest, as high expression

of the receptor has been associated with good outcome in neuroblastoma

(Cheung et al., 1998). In spite of all this, it has been reported that costimula-

tion of the RXR/RAR and RXR/RXR pathways by 9‐cis RA or combina-

tions of RAR and RXR agonists results in stronger cytodiVerentiation (Chu

et al., 2003). Neuronal maturation of neuroblastoma cells is accompanied by

growth arrest and a variable level of apoptosis. atRA‐dependent growth

inhibition is associated with downregulation of the specific oncogene MYCN

regardless of its state of gene amplification (Castel and Canete, 2004). While

growth arrest is always associated with neuronal diVerentiation, the apoptotic
response can be dissociated. This last observation suggests that the molecular

mechanisms underlying atRA‐dependent cytodiVerentiation and apoptosis in
neuroblastoma cells are distinct and may involve a diVerent set of nuclear
RAR complexes. The cytodiVerentiating eVect of retinoids in neuroblastoma

cell lines is likely to be of therapeutic significance, as 13‐cis RA has proven

eYcacious in the treatment of neuroblastoma, when given after chemotherapy

(Niles, 2000). It is interesting to notice that 13‐cisRA rather than atRA is the

preferred retinoid in the disease. This may be explained by the fact that, at

clinically achievable drug levels, 13‐cis RA has proven equal or superior

to atRA in inducing morphological diVerentiation and growth arrest of

neuroblastoma cell lines (Veal et al., 2002).

C. HEAD AND NECK CANCER

A wealth of data on the cytodiVerentiating, growth inhibitory, and apo-

ptotic eVects of retinoids is available in the case of head and neck cancer

(Lotan, 1997). This is mainly the result of the fact that retinoids have been

proposed for the chemoprevention of secondary tumors and premalignant

lesions of the aerodigestive cavities. Head and neck squamous cell carcinomas

(HNSCC) are characterized by an aberrant form of squamous diVerentiation,
which is not observed in the normal epithelial counterpart. Retinoids sup-

press the growth and squamous diVerentiation of HNSCC both in vitro

(Higuchi et al., 2003) and in vivo (Satake et al., 2003). Suppression of the

squamous phenotype is believed to be the result of a cytodiVerentiating eVect,
which is also observed in premalignant lesions of the oral cavity known as

leukoplakia (Lee et al., 2000; Shin et al., 1997; Youssef et al., 2004). Most of

the HNSCC cell lines express RARa, RARg, and RXRa in basal conditions

(Klaassen et al., 2001; Lotan, 1996; Sun et al., 2000). Retinoids are capable

of inducing the expression of RARb in some of these cell lines. Suppression

of the expression of RARb has been described in premalignant oral lesions

and HNSCC cell lines (Lotan, 1997), suggesting that the receptor plays a

role in maintaining the normal phenotype of the epithelial cells lining the

310 Garattini et al.



aerodigestive cavities. A survey of various RAR isotype‐specific agonists

indicates that activation of all the possible forms of RXR/RAR complexes

is potentially capable of mediating growth inhibition by retinoids (Sun et al.,

2000). In contrast RXR/RXR agonists are generally devoid of antiprolifera-

tive eVects (Sun et al., 1999). Suppression of squamous diVerentiation may be

the result of both RARg and RARb activation, as transfection of both types

of receptors potentiates atRA‐dependent inhibition of squamous molecular

markers, such as cytokeratin 1 and transglutaminase (Xu et al., 1999b).

D. BREAST CARCINOMA

Retinoids have been proposed in the adjuvant treatment of breast carcinoma

for their ability to inhibit growth and induce morphological or phenotypic

diVerentiation of breast carcinoma cell lines (Paik et al., 2003; Yang et al.,

2002). As in many other cellular models, retinoid‐dependent growth inhibi-

tion and cytodiVerentiation are tightly linked processes. Most of the studies

conducted with breast carcinoma cell lines have focused on the anti-

proliferative activity of retinoids (del Rincon et al., 2003; Gottardis et al.,

1996). This is explained by the fact that diVerentiation of a breast cancer

cell line is diYcult to define given the general lack of accepted markers.

Morphological criteria (Seewaldt et al., 1999), cytokeratin (Jing et al., 1996)

and lactogenic markers (Di Lorenzo et al., 1993), as well as components of the

cell/cell and cell/matrix adhesion machinery (Pellegrini et al., 1995; Petersen

et al., 1998) have been used to assess the cytodiVerentiating properties of

retinoids. It is generally accepted that breast cancer cells express RARa,
RARg, and RXRa. As in the case of head and neck cancer, suppression of

RARb expression is related to the etiology or progression of breast carcinoma

(Widschwendter et al., 1997; Yang et al., 2001). RARa agonists are as eYcient

as pan‐RAR agonists in terms of growth arrest (Schneider et al., 2000),

implicating this receptor as the main determinant of retinoid sensitivity in

breast cancer cells (Schneider et al., 2000). An important and peculiar charac-

teristic of the breast carcinomamodel is the dependence of retinoid sensitivity

on the estrogen receptor (ER) status of the neoplastic cell line. Cell lines

derived from ERþ tumors, which are generally associated with favorable

outcome and are sensitive to tamoxifen, respond to retinoids in vitro, while

the ER� counterpart is generally refractory (Rousseau et al., 2004). This

suggests that ER controls the activity of nuclear RARs in this cellular context.

The molecular mechanisms underlying this phenomenon are completely

unknown, although they may be related to the control of the expression levels

of RARa in the neoplastic cell.

E. TERATOCARCINOMA

The remarkable amount of data available in the teratocarcinoma cell

model is related to the widespread use of this system as an in vitro surrogate
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for the study of the developmental eVects of retinoids. In fact, the majority

of the data available have been obtained in two mouse teratocarcinoma cell

lines, F9 and P19 (Alonso et al., 1991; Bain et al., 1994; Grabel et al., 1998;

Ingraham et al., 1989; Lehtonen et al., 1989). In vitro treatment of F9 cells

with physiological or pharmacological concentrations of atRA and deriva-

tives results in endodermal diVerentiation (Gianni et al., 1991, 1993). This

process can be followed both morphologically and through determination of

the levels of molecular markers, such as laminin B and collagen type IV

(Boylan et al., 1995). The cell line can be reprogrammed along the visceral

endodermal pathway on addition of cAMP‐elevating agents to atRA or

other retinoids (Rochette‐Egly and Chambon, 2001). DiVerentiation to the

primitive endoderm is strictly under the control of RARg, as demonstrated

with F9 sublines genetically deleted of the corresponding gene (Taneja et al.,

1997). In the F9 model, diVerentiation can be dissociated, albeit partially,

from growth inhibition, which seems to be mainly under the control of

RARb (Faria et al., 1999). In spite of all these data, recent studies conducted

with F9 cells by our group both in vitro and in vivo, indicate that retinoid‐
dependent cytodiVerentiation does not contribute significantly to the overall

antitumor activity of active retinoids (E.G. and M.T., unpublished obser-

vations). Regardless of what observed in the F9 model, the most frequent

type of cytodiVerentiation program activated in teratocarcinoma leads to

maturation along the neuronal pathway (Bain et al., 1994; Ingraham et al.,

1989). DiVerentiation can be studied morphologically by counting the

number and measuring the length of axons and dendrites induced by reti-

noid treatment (McBurney et al., 1988; Parnas and Linial, 1997; Pyle et al.,

2001). Indeed, teratocarcinoma cells have a flat appearance and they show no

evidence of axonal filaments when cultured in standard conditions. Addition

of retinoids to the culturemedium results in the appearance and growth of cell

arborizations that are typical of neurons. Morphological diVerentiation is

accompanied by the expression of neuronal molecular markers, such as

GAP 43, which is often used to follow neuronal maturation of atRA‐treated
teratocarcinoma cells (Shen et al., 2004). Given the embryonal stem (ES) cell

characteristics of the teratocarcinoma cells, it does not come as a surprise that

atRA induces neuronal maturation also of normal embryonal ES cells

(Gajovic et al., 1997; Renoncourt et al., 1998). This last type of phenomenon

may be of therapeutic relevance more in the context of the use of ES cells for

the treatment of neurological disorders than in the realm of oncology.

F. MELANOMA

Metastatic melanoma is a devastating type of neoplasia for which no

specific therapeutic options are available. Retinoids exert antiprolifera-

tive and cytodiVerentiating eVects in themouse B16melanoma cell line (Desai

and Niles, 1997; Huang et al., 2003; O’Connor and Fujita, 1995). Human
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melanoma cell lines are generally resistant to the eVects of retinoids. In this

cellular setting, cytodiVerentiation is studied by determining the levels of

enzymes or products involved in the synthesis of melanin, which is consid-

ered as a marker of phenotypic maturation (Niles, 2003). Once again,

retinoid‐dependent growth inhibition and diVerentiation of melanoma cell

lines along the melanocytic pathway are tightly associated processes. The

complement of retinoid nuclear receptors expressed in melanoma cells does

not seem to be diVerent from that of many other solid tumor counterparts,

that is, RARa and RARg constitutive expression as well as retinoid‐
dependent induction of RARb. Activation of RARa and RARg seems to

be of particular relevance for the growth‐inhibitory eVects exerted by atRA in

melanoma cells, as indicated by the results obtained with selective receptor

agonists and antagonists in the human melanoma cell line, SK MEL 28

(Emionite et al., 2003). A couple of human melanoma cell lines, S91 and

A375, were the object of an interesting study aimed at defining the mechan-

isms underlying natural resistance to retinoids. S91 are sensitive to the growth

inhibitory and cytodiVerentiating eVects of atRA, while A375 are totally

unresponsive to the agent. The two cell lines express comparable levels of

various components of the retinoid‐signaling pathway. However, A375 cells

have substantially higher levels of intracellular reactive oxygen species (ROS).

ROS seems to exert inhibitory eVects on the transactivation properties of

RXR/RAR transcriptional complexes, explaining refractoriness to retinoids

(Demary et al., 2001). Interestingly, lowering ROS levels by culturing cells

in hypoxic conditions or in the presence of antioxidants results in RXR/

RAR reactivation. This represents a novel epigenetic control mechanism of

retinoid receptor activity.

IV. RETINOIDS EXERT PLEIOTROPIC EFFECTS

INTERACTING WITH MULTIPLE

INTRACELLULAR PATHWAYS: AN

OPPORTUNITY FOR COMBINATION THERAPY

The clinical results obtained with atRA in APL and the growing body of

evidence indicating that retinoids are large‐spectrum cytodiVerentiating
agents have raised enthusiasm over the use of these compounds in the man-

agement of diVerent types of oncologic diseases. However, a generalized use

of retinoids in oncology is hampered by a number of unresolved problems

including natural and induced resistance as well as toxicity. These problems

have a major impact in the context of both the therapeutic and chemopre-

ventive use of retinoids. Toxicity issues are of particular evidence, given the

fact that diVerentiation therapy with retinoids requires prolonged adminis-

tration of the agents. This is particularly true in the case of the chemoprevent-

ing setting, where the eVect of retinoids may last as long as the compounds are
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administered. Chronic exposure to retinoids is accompanied by serious eVects
at the level of the central nervous and hepatic systems (headache, pseudotu-

mor cerebri, and hypertriglyceridemia), as well as the well‐known teratogenic

problems typically associated with the administration of this class of com-

pounds. Clearly these problems call for strategies aimed at increasing the eY-

cacy and the therapeutic index of retinoids. There are two possible ways to

achieve these goals: (a) to develop novel, more powerful and less toxic syn-

thetic retinoids and (b) to identify non‐retinoid agents capable of potentiating
the pharmacological activity of retinoids without aVecting their toxicity. It is
our opinion that the second approach is particularly promising and likely

to result in significant progress. In fact, the nuclear retinoid receptor path-

way interacts with numerous other intracellular pathways, some of which are

of obvious significance from a therapeutic point of view. The knowledge

acquired on the major biochemical pathways modulated by retinoids or

having a regulatory action on nuclear RARs is reviewed in the next sections

of this chapter.

A. GROWTH FACTORS AND CYTOKINES: G‐CSF, TGF‐b,
AND INTERFERONS

Retinoids modulate the activity of various exocrine and endocrine factors

with diVerent types of activities on the neoplastic cell. Some of these factors,

such as granulocyte colony‐stimulating factor (G‐CSF), granulocyte macro-

phage colony‐stimulating factor (GM‐CSF), or transforming growth factors

(TGFs) are involved in the physiological diVerentiation and maturation of

specific cell lineages. Targeting this type of molecules and the corresponding

signal transduction pathways is very attractive from a therapeutic prospec-

tive. In fact, interfering with these pathways gives the opportunity to enhance

the cytodiVerentiating activity of retinoids in the neoplastic and the normal

cells of origin rather specifically, resulting in a higher probability to increase

the therapeutic index.

A good example of what mentioned above is the cross talk between

retinoids and G‐CSF. G‐CSF is a growth factor controlling the maturation

of myeloid precursors along the granulocytic pathway. Addition of G‐CSF
to atRA in the culture medium of freshly isolated APL cells or the derived

NB4 cell line results in more rapid and more complete granulocytic matura-

tion over what observed in the presence of the retinoid alone (Gianni et al.,

1994, 1995a; Higuchi et al., 2004; Imaizumi et al., 1994). These types of

eVects are observed in the presence of sub‐optimal concentrations of atRA

and with concentrations of G‐CSF that are completely devoid of diVeren-
tiating activity on their own. Enhanced diVerentiation is evident both at the

morphological level and in terms of the expression of granulocytic matura-

tion markers (Gianni et al., 1994). For instance, leukocyte alkaline phospha-

tase, a specific marker of the terminally diVerentiated granulocyte, is turned
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on only in the presence of atRA and G‐CSF. Enhanced diVerentiation is

accompanied by a more pronounced growth arrest (Gianni et al., 1994).

Similar eVects are observed in blasts obtained from a few cases of chronic

myeloid leukemia (CML) and in some cases of non‐M3 AML, but not in

atRA‐resistant myeloid leukemia cell lines. From a therapeutic perspective,

one potential drawback of a combined treatment of the leukemic blast with

atRA þ G‐CSF is a decrease in the secondary apoptotic response to the

retinoid. Indeed, G‐CSF is a well‐known survival factor for the diVeren-
tiated granulocyte (Colotta et al., 1992). However, at least in vitro, the

apoptotic eVect of atRA seems to dominate and mask the antiapoptotic

activity of G‐CSF. The molecular mechanisms underlying the potentiating

eVect of G‐CSF are likely to be straightforward and the result of retinoid‐
dependent eVects on the G‐CSF signal transduction pathway. In fact, atRA

causes a marked increase in the surface expression of the G‐CSF membrane

receptor (G‐CSFR) (Gianni et al., 1994; Tkatch et al., 1995). As a result of

this, G‐CSF binding to G‐CSF‐R results in a more pronounced activation

of the downstream signaling pathway, with increased phosphorylation of sig-

nal transduction and activator of transcription (STAT3) (E.G., unpublished

observations). So far there are no reports describing a modulation of the

nuclear RAR pathway by G‐CSF. The enhancing eVect of the cytokine is

relatively specific, as other molecules of the same family, like GM‐CSF,
TNFa, and TGF‐b, do not potentiate the diVerentiating activity of atRA in

APL cells. As a matter of fact, TNFa seems to exert an inhibitory action on

the atRA‐induced granulocytic maturation of myeloid leukemia cells orient-

ing them along the monocytic pathway (Witcher et al., 2004). It remains to

be proved that this combination is therapeutically significant in preclinical

and clinical models of myeloid leukemia. However, it is interesting to notice

that there is an anecdoctal report on a complete remission achieved in a

relapsed APL patient, following combined treatment with atRA and G‐CSF
(Shimodaira et al., 1999).

The superfamily of TGFs‐b includes a large number of structurally related

polypetides with prominent roles in cell proliferation, diVerentiation, and
death. Interactions between retinoids and TGF‐b have been the object of

numerous studies. In particular, TGF‐b is induced in a variety of cell types

and the eVects of combinations between the growth factor and atRA on

cellular diVerentiation have been studied in a number of models (Cao et al.,

2003; Roberts and Sporn, 1992; Sporn and Roberts, 1985; Sporn et al., 1989;

Wakefield et al., 1990). In skin epidermis, the actions of TGF‐b and atRA on

normal keratinization are synergistic, whereas those on abnormal diVerentia-
tion associated with hyperproliferation are antagonistic (Choi and Fuchs,

1990). TGF‐b enhances neuronal diVerentiation of human neuroblastoma

SH‐SY5Y cells treated with atRA, as determined by the increase in the length

and density of neurite outgrowth as well as the measurement of a specific

maturation marker like tyrosine hydroxylase (Gomez‐Santos et al., 2002).
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TGF‐b has been shown to activate the monocytic diVerentiation of AML cell

lines (De Benedetti et al., 1990; Turley et al., 1996; Walz et al., 1993). When

HL‐60 cells are treated simultaneously with atRA and TGF‐b, a mixture of

granulocytic and monocytic cells is observed. In this paradigm, atRA and the

growth factor compete with each other and commit cells toward two diVerent
types of maturation processes. Antagonistic interactions may be the conse-

quence of a retinoid‐induced phosphatase mediating the dephosphorylation

and inactivation of SMAD2, a downstream eVector of TGF‐b (Cao et al.,

2003). The growth of retinoid sensitive MCF‐7 breast carcinoma cells is

inhibited synergistically by combinations of TGF‐b and atRA (Turley et al.,

1996; Valette and Botanch, 1990). However, to the best of our knowledge,

interactions between the two compounds on the diVerentiation of this type of

tumor cells have not been reported. From a mechanistic point of view, it is

interesting to notice that TGF‐b induces the expression of AIB1 (Lauritsen

et al., 2002), a well‐known coactivator of the RXR/RAR transcriptional

complex, suggesting that the growth factor has the potential to modulate

the retinoid‐signaling pathway in a positive fashion.

Interferons (IFNs) are probably the cytokines or growth factors that have

been studied more extensively in relation to the biological and pharmaco-

logical activity of retinoids (Bollag, 1994; Chelbi‐Alix and Pelicano, 1999;

Eisenhauer et al., 1994; Fossa et al., 2004; Smith et al., 1992). This is

explained by the fact that interferons were among the first cytokines to be

identified and characterized. In addition, type I IFNs in combination with

13‐cis RA have been used in chemoprevention studies of head and neck

cancer with encouraging results (Shin et al., 2001). IFN synthesis is activated

as part of the cellular response to viral infection. Various types of IFNs have

been described and classified as type I (IFNa and IFNb) or type II (IFNg).
While IFNa and IFNb are synthesized by the majority of cell types, IFNg is
produced only by cells of the immune system. IFNs act predominantly as

autocrine or exocrine factors and bind to specific membrane receptors

which are coupled to the JAK/STAT and mitogen‐activated protein

kinase (MAPK) pathway. In particular, binding and phosphorylation of

IFN receptors lead to recruitment and activation of JAK kinases and

subsequent phosphorylation of STAT1 or other types of STATs. Activated

STAT1, in the form of a homodimer (IFNg) or a heterotrimer (STAT1‐
IGF3‐p48, IFNa, or IFNb), migrates to the nucleus and acts as a transcrip-

tion factor regulating the expression of numerous genes (Ramana et al.,

2000, 2002; Stark et al., 1998). IFNs have also been shown to activate the

MAPK pathway via p38MAPK (Kovarik et al., 1999). Type I IFNs exert

predominantly growth inhibitory eVects acting on various intracellular

systems.

Numerous reports demonstrate cross talk between the retinoid and IFN

pathway in various cell types, both in terms of cytodiVerentiation and

growth inhibition (Chelbi‐Alix and Pelicano, 1999; Dimberg et al., 2000,
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2003; Garattini et al., 1998; Gianni et al., 1996b, 1997; Lembo et al., 1992;

Matikainen et al., 1996, 1997, 1998; Pelicano et al., 1997). The most inter-

esting results on the cytodiVerentiating eVects of these types of combinations

have been reported in the context of the APL or the AML blast. In NB4

cells, we demonstrated that atRA and synthetic RARa agonists are endowed
with an IFN‐mimetic action. Treatment of this cell type causes a rapid

phosphorylation and activation of STAT1, which results in the transcription

of IFN‐responsive genes. STAT1 activation is followed by transcriptional

stimulation of the corresponding gene and subsequent increases in the levels

of the encoded protein (Gianni et al., 1997). A late event triggered by atRA is

represented by stimulation of IFNa secretion, which suggests that retinoids

may trigger an autocrine loop involving the cytokine (Gianni et al., 1997).

Induction of STAT1 by retinoids is not cell specific, as it is observed

also in breast carcinoma cells (Kambhampati et al., 2004), and may be

mediated by rapid induction of the transcription factor interferon‐responsive
factor 1 (IRF1) (Percario et al., 1999) or activation of PKCd (Kambhampati

et al., 2003). In breast carcinoma cells, atRA‐dependent STAT1 induction is

associated with reversion of natural resistance to the growth inhibitory

action of IFNs (Kolla et al., 1996, 1997; Lindner et al., 1997; Moore et al.,

1994). Combinations of type I or type II IFNs with atRA in myeloid leu-

kemia blasts causes enhanced cytodiVerentiation, at least in terms of expres-

sion of some granulocytic maturation markers (Chelbi‐Alix and Pelicano,

1999; Gianni et al., 1996b). STAT1 and IRF1 induction is relevant not only

for the observed interactions between retinoids and IFNs but also for the

cytodiVerentiating eVect of atRA in APL cells. Indeed, selective suppres-

sion of STAT1 and/or IRF1 results in inhibition of the myeloid diVerentia-
tion program activated by atRA in this cell type (Dimberg et al., 2003).

Further points of contact between retinoids and IFNs are represented by the

fact that both types of stimuli activate the p38MAPK and PKC pathways (see

Section IV.C). Although largely unexplored these phenomena may also be at

the basis of the observed additive or synergistic intercations between the retinoid

and IFN systems. For instance, PKCd is required for the generation of the

synergistic eVects of IFNa and atRA on gene transcription. Such regulatory

eVects on transcription are mediated by the atRA‐inducible, PKCd‐dependent
upregulation of STAT1 protein expression.

As a concluding remark, it must be underscored that combinations of

IFNs and retinoids have been the basis of numerous clinical trials in diVerent
types of neoplasia and have provided some encouraging results. In the CML

context, where IFN is one of the treatment mainstay, some interesting data

have been published (Egyed et al., 2003). The cytogenetic responses during

the chronic phase of 11 patients with CML treated with atRA þ IFN were

compared with those of 9 other CML patients treated with IFN alone. The

preliminary results suggest that the atRA þ IFN combination may be

superior in achieving cytogenetic remission in the first chronic phase of
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CML (Egyed et al., 2003). It remains to be established whether the positive

clinical eVects reported for the combinations of retinoids and IFNs in this as

well as other clinical contexts is related to enhanced cytodiVerentiation of

the neoplastic cell.

B. THE cAMP PATHWAY

The intracellular second messenger, cAMP, controls many aspects of the

cellular homeostasis, including proliferation, diVerentiation, and apoptosis.

Adenyl‐cyclases are coupled to many membrane receptors and control the

synthesis of cAMP from ATP. The levels of intracellular cAMP are modu-

lated in a negative fashion by phosphodiesterases, a large family of enzymes

catalyzing the hydrolysis of cAMP. Elevation of intracellular cAMP results in

the activation of the cAMP‐dependent protein kinase (PKA), which phos-

phorylates and controls the state of activation of a number of protein sub-

strates. PKA is a dimer consisting of a regulatory and a catalytic subunit.

Binding of cAMP to the regulatorymoiety causes release and activation of the

catalytic subunit. A second and less studied eVector molecule stimulated by

cAMP is EPAC, aGTP‐exchanging factor, mediating some of the biological

eVects of the cyclic nucleotide.
Most of the knowledge on the cross talk between the retinoid and the cAMP‐

signaling pathways have been acquired in two systems: AML and neuroblasto-

ma. In AML, stimuli capable of increasing the intracellular levels of cAMP

potentiate the cytodiVerentiating and growth inhibitory eVects of atRA

(Breitman et al., 1994; Imaizumi and Breitman, 1987; Parrella et al., 2004;

Yang et al., 1998). Cotreatment with atRA and cell permeable cAMP analo-

gues, like dibutyryl‐cAMP or 8Cl‐cAMP as well as specific phosphodiesterase

IV inhibitors, like piclamilast, results in a more rapid and more eYcient

granulocytic maturation of HL‐60 and NB4 cells relative to treatment with

the retinoid alone (Altucci et al., 2005; Garattini and Gianni, 1996; Gianni

et al., 1995c; Guillemin et al., 2002; Kamashev et al., 2004; Parrella et al.,

2004; Taimi et al., 2001). This is accompanied by the expression of terminally

diVerentiated granulocytic maturation markers, like leukocyte alkaline

phosphatase, which are not induced by atRA alone (Garattini and Gianni,

1996; Gianni et al., 1995c). Interestingly, treatment with cAMP‐elevating
agents in the absence of retinoids is associated only with a mild growth

inhibitory eVect in NB4 cells. In contrast, HL‐60 cells undergo a certain level

of granulocytic maturation on treatment with cell permeable analogues of

cAMP alone (Breitman et al., 1994; Imaizumi and Breitman, 1987). Combi-

nations of dibutyryl‐cAMP and atRA induce myeloid maturation in a subset

of freshly isolated non‐M3 AML and chronic myeloid leukemia cells (Gianni

et al., 1995c). These data suggest that cAMP‐elevating agents not only

potentiate the activity of atRA in retinoid sensitive cells but also sensitize

otherwise refractory blasts to the cytodiVerentiating action of retinoids.
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The potentiating eVect of cAMP on retinoid activity requires the presence of

active RARs, as similar phenomena are not observed in HL‐60 and NB4

sublines made resistant to atRA and showing inactivating mutations at

the level of the ligand‐binding sites of the nuclear receptors, RARa or

PML–RARa.
The retinoid‐sensitizing eVect observed on elevation of intracellular

cAMP augments neuronal diVerentiation of neuroblastoma, suggesting that

the phenomenon is not limited to particular cell contexts and may be of more

general therapeutic interest (Abemayor and Sidell, 1989; Holtzer et al.,

1985). In F9 mouse teratocarcinoma cells, addition of cAMP‐elevating
agents to atRA reprograms cells along the visceral endoderm maturation

pathway, suggesting that combinations of the two stimuli causes not only

quantitative but also qualitative changes in the process of cellular diVeren-
tiation (Rochette‐Egly and Chambon, 2001).

The molecular mechanisms underlying the cross talk between the cAMP

and the retinoid pathways are still incompletely defined. However, in myeloid

leukemia cells, it is clear that potentiation is the result of a PKA‐dependent
and not of an EPAC‐dependent event. In fact, only selective PKA inhibitors

suppress induction of the granulocytic maturation markers triggered by the

combination of cAMP‐elevating agents and atRA. Whether this is related to

the rapid and short‐lived activation of PKA observed in HL‐60 and NB4

cells treated with the retinoid alone is not yet known. A plausible mechanism

at the basis of the cross talk is represented by the direct eVects exerted by

PKA on the nuclear RARs (Parrella et al., 2004; Rochette‐Egly et al., 1995).

RARa is phosphorylated by PKA and this phosphorylation seems to be

necessary for the full activation of the receptor. In fact, cAMP‐elevating
agents, like piclamilast, cause a marked stimulation of the ligand‐dependent
activation of RARa. Similar eVects are observed when RARa is substituted

with the APL‐specific fusion protein, PML–RARa. Relatively specific

PKA inhibitors block the stimulating eVects of cAMP analogues or phos-

phodiesterase IV inhibitors on the ligand‐dependent activation of RARa or

PML–RARa (Parrella et al., 2004). This is consistent with the presence of a

PKA‐sensitive and key serine residue (Ser/369) in the ligand‐binding
domain of the nuclear RAR (Rochette‐Egly et al., 1995). Mutation of this

serine to an alanine knocks down the potentiating eVect aVorded by picla-

milast on the ligand‐dependent activation of RARa (Parrella et al., 2004). If

this mechanism of action is really operative, the prediction is that cAMP‐
elevating agents should have important eVects on the expression of the

majority if not the totality of RXR/RAR‐dependent genes.
An interesting observation relates to the ability of cAMP to activate

not only RXR/RAR heterodimers but also the RXR/RXR homodimers.

Activation of RXR/RXR complexes by rexinoids is associated with induc-

tion of an apoptotic response in HL‐60 cells (Nagy et al., 1995). This phe-

nomenon is not accompanied by granulocytic maturation of the leukemic
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blast (Nagy et al., 1995). Surprisingly addition of cAMP cell permeable

analogues to rexinoids induces cytodiVerentiation of retinoid sensitive as well

as retinoid‐insensitive or resistant myeloid blasts (Altucci and Gronemeyer,

2002; Altucci et al., 2005; Benoit et al., 1999). The observation is of potential

therapeutic significance, although the molecular mechanisms underlying

RXR/RXR activation by cAMP are not well understood.

A key question is whether all these observations and findings can be

translated into therapeutic eVects in vivo. In preclinical models of APL, this

seems to be the case. Indeed, we demonstrated that combinations of picla-

milast and atRA are superior to the single components of the mixture in

increasing the survival of immunodeficient SCID animals transplanted with

NB4 cells. At present the contribution of cytodiVerentiation to the overall

antileukemic eVect of combinations between piclamilast and atRA has not

been determined. Nevertheless, administration of this association is well

tolerated and does not produce significant toxicity. Although the eVect is
significant, the dosage and schedule of the combined treatment need to be

optimized. Similar results were reported in a diVerent model after prolonged

administration of 8‐Cl‐cAMP and atRA using infusion pumps (Guillemin

et al., 2002). The results obtained are promising and suggest that the

approach leads to an increase in the therapeutic index of atRA. The approach

needs to be tested in other leukemia and cancer models. This is particularly

relevant as cotreatment with cell permeable analogues of cAMP and atRA

sensitizes human neuroblastoma cells to the cytotoxic actions of chemothera-

pics like doxorubicin, melphalan, and BCNU (Carystinos et al., 2001). The

observation suggests that cytodiVerentiating therapy with cAMP‐elevating
agents and atRA could be combined eVectively to classical chemotherapy of

the neoplastic disease.

C. THE MAP KINASE PATHWAY

MAPKs are a group of enzymes that relay a variety of extracellular signals

inside the cell (Chang and Karin, 2001). Three types of MAPKs are known,

extracellular regulated kinases (ERKs), p38MAPK, and Jun N‐terminal

kinase (JNK). MAPKs are the terminal substrates of kinase cascades involv-

ing at least two other types of upstream kinases MAPKKKs and MAPKKs.

The end result of this cascade is phosphorylation and activation of anyone of

the three MAPKs mentioned above. ERKs are often associated with the

transduction of mitotic signals generated by growth and survival factors

(Shimada et al., 2006; Tibbles and Woodgett, 1999). JNK and p38MAPK

mediate, among others, apoptotic signals generated by diVerent types of

cellular stresses (Beere, 2005; Bogoyevitch et al., 1996; Mehta and Miller,

1999; Ouyang et al., 2005; Roux and Blenis, 2004; Shen and Liu, 2006). In

spite of these well‐characterized eVects, MAP kinases are involved in a pano-

ply of cellular processes, including cytodiVerentiation. The eVects exerted by
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retinoids on MAPKs are multiple and an extensive discussion is beyond the

scope of this chapter.

1. ERKs

The ERK pathway is known to be activated or inhibited by retinoids

according to the specific cell context considered. In myeloid leukemia cells,

such as HL‐60, protracted activation of ERKs is believed to be necessary for

the atRA‐dependent granulocytic maturation and growth inhibition of the

blast (Miranda et al., 2002; Wang and Studzinski, 2001; Yen et al., 1998,

1999). In fact, pharmacological inhibition of the ERK pathway suppres-

ses the cytodiVerentiating response of HL‐60, NB4, and freshly isolated

APL blasts to atRA (Miranda et al., 2002; Parrella et al., 2004; Wang and

Studzinski, 2001; Yen et al., 1998, 1999). Activation of ERKs is also instru-

mental in inducing the diVerentiation of the mouse F9 teratocarcinoma cell

along the primitive endoderm. However, further diVerentiation into parietal

endodermal cells is hampered by ERK activation (Verheijen et al., 1999).

Growth inhibition of breast carcinoma cells is accompanied and possibly

mediated by atRA‐dependent inhibition of the ERK pathway (Nakagawa

et al., 2003). In neuroblastoma cells, ERKs do not seem to play any role in the

process of neuronal diVerentiation activated by atRA (Miloso et al., 2004). At

present, it is unclear whether the negative and positive actions of atRA on the

ERK‐signaling pathway require activation of theRXR/RAR complexes. This

is possible in the case of the long‐term activation of ERK inmyeloid leukemia

cells, while it is unlikely when atRA‐triggered ERK phosphorylation and

dephosphorylation events are rapid and require minutes to be completed.

Though retinoids exert multiple eVects on the ERKpathway, there is only one

report demonstrating modulation of nuclear RARs’ activity by this type of

kinases. In T‐cells, ERK induces the ligand‐dependent transactivation of

RXRs (Ishaq et al., 2000).

2. JNKs

AP‐1 are transcriptional complexes whose principal components are

homo‐ or heterodimers of the c‐Fos/c‐Jun type (Eferl and Wagner, 2003).

The activation of AP‐1 complexes is controlled by phosphorylation events

triggered by JNK. AP‐1 is involved in cellular responses to stress, cytokine,

and proliferative stimuli (Karin and Shaulian, 2001). As already mentioned,

ligand‐bound RXR/RAR complexes have long been known to exert anti‐
AP‐1 activity through a mechanism known as transrepression (Allenby,

1995; Fisher et al., 1998). More recently, the anti‐AP‐1 activity of retinoids

has been associated with the ability of these compounds to inhibit JNK

(Caelles et al., 1997; Gonzalez et al., 1999).

Given the importance of AP‐1 complexes in the processes of cellular prolif-

eration, it is not surprising that there is a relatively vast literature correlating

the antiproliferative activity of retinoids with their inhibitory eVects on JNK.
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However, JNK inhibition by atRA has functional consequences not only for

the proliferation but also for the diVerentiation of certain types of neoplastic

cells. InAML, atRAreduces the basal level of JNKphosphorylation/activation

and this eVect may hinder the retinoid‐dependent granulocytic maturation of

the leukemia blast. The retinoid‐potentiating agent ST1346 relieves the down-

regulation of JNK aVorded by atRA and stimulates retinoid‐dependent granu-
locytic maturation. In addition, a specific JNK inhibitor blocks the enhancing

eVect of ST1346 on atRA‐induced maturation of NB4 cells (Pisano et al.,

2002).

JNK plays a central role in the process of cell diVerentiation activated

by retinoids in embryocarcinoma, neuronal, and myeloid cells. In these

cellular contexts, atRA stimulates rather than inhibit JNK phosphorylation

and activation. Though the functional consequences are unknown, atRA

has been reported to activate JNK also in head and neck squamous cell

carcinoma (HNSCC). Interestingly, this eVect is enhanced by cotreatment

with 5‐fluorouracil, a well‐known chemotherapeutic agent, and correlated

with the apoptotic responses induced by combinations of 5‐fluorouracil and
atRA (Masuda et al., 2002). Increased JNK activation was observed also in

breast and prostate carcinoma cells. This phenomenon is associated with

atRA‐stimulated apoptotic responses to taxotere (Wang and Wieder, 2004).

JNK modulates the activity of nuclear RARs. In non‐small cell lung

carcinoma (NSCLC) cells, activation of JNK may be at the basis of the

resistance to the action of retinoids (Lee et al., 1999). Activation of JNK

contributes to RAR dysfunction by phosphorylating RARa and inducing

degradation through the ubiquitin‐proteasomal pathway. Interestingly, mice

that develop lung cancer from activation of a latent K‐ras oncogene have

high intratumoral JNK activity, low RARa levels, and are resistant to

treatment with RAR ligands. JNK inhibition in a human lung cancer cell

line enhances RARa levels, ligand‐induced activity of RXR‐RAR dimers,

and growth inhibition by atRA (Srinivas et al., 2005). In spite of these

data, the major target of JNK activity seems to be the RXR moiety of the

RAR/RXR complex. Overexpression and UV activation of JNK1 and JNK2

hyperphosphorylate mouse RXRa. This inducible hyperphosphorylation

involves Ser61 and Ser75 as well as Thr87 in the B region and Ser265 in the

ligand‐binding domain (E region) (Adam‐Stitah et al., 1999; Bour et al.,

2005). Other serine residues in the A and C region of RXRa have been

implicated in JNK‐dependent hyperphosphorylation triggered by arsenic

trioxide (Mann et al., 2005). The functional consequences of RXRa phos-

phorylation by JNK are controversial. In one report, hyperphosphorylation

by JNKs has been shown to exert no significant eVect on the transactivation

properties of either RXRa homodimers or RXRa/RARa heterodimers

(Adam‐Stitah et al., 1999). In two other reports, phosphorylation has been

associated with inhibition of RXRa‐mediated transcription (Bruck et al.,

2005; Mann et al., 2005). At present, Ser32 in the A region or Ser265 in the
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omega loop of the E region are the main candidate residues involved in

JNK‐dependent inhibition of RAR/RXRa‐mediated transcription.

3. p38MAPK

p38MAPK is activated as a consequence of numerous extracellular sig-

nals. Growth factors, trophic factors, inflammatory cytokines, FAS ligand,

UV, and g radiations as well as heat shock activate the pathway through

mechanisms that are not fully elucidated. The activation of p38MAPK leads

to the phosphorylation and activation of numerous transcription factors

such as c‐myc, STAT1, ATF‐2, and CHOP, which induce specific transcrip-

tional responses. p38MAPK has been proposed to play a central role in

apoptosis.

atRA and other retinoids modulate the p38MAPK pathway. The path-

way is activated in an atRA‐dependent manner in the NB4, APL cell line.

This eVect is not observed in atRA‐resistant cell clones. Treatment with

p38MAPK inhibitors enhances atRA‐dependent induction of cell diVeren-
tiation and atRA‐regulated growth inhibitory responses (Alsayed et al.,

2001). The phenomenon is reproduced in HL‐60 cells, where cotreatment

with atRA and the p38MAPK inhibitor results in synergistic upregulation of

the two granulocytic maturation markers, CD11B and CD11C (M.G. and

E.G., unpublished observations). These results indicate that activation of

p38MAPK by atRA exerts a negative role on the granulocytic maturation of

AML cells. Negative modulation of the process may result from specific

actions of p38MAPK on atRA regulated genes involved in myeloid matura-

tion. One such gene may be the transcription factor CHOP, otherwise

known as GADD153. In NB4 and HL‐60 cells, CHOP, a downstream

phosphorylation target of p38MAPK (Wang and Ron, 1996) is induced by

atRA. Interestingly, activated CHOP inhibits the transcriptional activity of

two members of the cEBP family of transcription factors, cEBPa and cEBPE,
which are known positive regulators of granulocytic maturation (Gery et al.,

2004; Tenen, 2001; Verbeek et al., 1999).

Stimulation of the p38MAPK pathway by retinoids does not seem to be

limited to AML, as similar phenomena are observed in breast carcinoma and

adipocytic cell lines (Alsayed et al., 2001; Teruel et al., 2003). Furthermore,

atRA phosphorylates the p38MAPK in normal human keratinocytes, mouse

MC3T3‐E1 fibroblasts and chondroblast (Dai et al., 2004). In the last cell

type, atRA‐dependent stimulation of p38MAPK leads to diVerentiation.
Thus, dependent on the cellular context, activation of the kinase by the

retinoid acts as a positive or negative determinant of cell maturation. At

present, the molecular mechanisms underlying the eVect of atRA on

p38MAPK are unknown; however, they are clearly not the result of tran-

scriptional eVects induced via the RXR/RAR‐dependent pathway. In spite

of all these reports, activation of p38MAPK by atRA is not a general
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phenomenon, as the retinoid is capable of inhibiting the system in certain

cellular contexts (Palm‐Leis et al., 2004).
The most interesting aspect of the cross talk between retinoids and

p38MAPK relates to the ability of the kinase to exert direct or indirect

eVects on at least two types of RAR isoforms (Gianni et al., 2006). atRA‐
stimulated p38MAPK controls the rate of degradation of SRC3, which

represents a component of the coactivator complex associated with RARa.
Direct phosphorylation of SRC3 by the MAPK is an important signal that

directs the protein along the proteasome‐dependent degradation pathway.

Ligand binding of RARa recruits SRCR3 to the transcriptional complex.

This is coupled to p38MAPK‐dependent phosphorylation of SRC3, which is

polyubiquitinylated and degraded by the proteasome. This process is likely

to be of physiological importance putting a brake on the transcriptional

activity of the RARa complex. If the activity of p38MAPK is suppressed in a

specific fashion, the atRA‐dependent RARa/SRC3 interaction is stabilized

and prolonged, maintaining the RARa transcriptional complex in the active

state. This has important therapeutic consequences, as themechanism is likely

to play a significant role in the potentiating eVect of p38MAPK inhibitors on

the cytodiVerentiating and growth inhibitory activity of atRA in myeloid

leukemia cells (Alsayed et al., 2001; Gianni et al., 2006). The action of

p38MAPK on nuclear RARs is highly dependent on the RAR isotype con-

sidered, as what is observed in the case of RARa is not replicated in the case of
RARg. In fact, the turnover of RARg is linked to transactivation (Gianni

et al., 2002a, 2003). Unlike RARa, atRA‐dependent RARg phosphorylation
by p38MAPK signals proteasomal degradation of the receptor. Unexpectedly

and counterintuitively, specific inhibition of RARg degradation decreases the

ligand‐dependent transcriptional activity of the receptor.

4. Modulation of MAPK: Therapeutic Prospectives

From a therapeutic prospective, the direct negative eVects determined by

p38MAPK and JNK in the processes of ligand‐dependent transactivation of

the RXR/RAR complexes are the most relevant. In the context of the treat-

ment or chemoprevention of head and neck cancer, pharmacological inhibi-

tion of JNK may sensitize the neoplastic cell to the diVerentiating, growth
inhibitory, and/or apoptotic action of retinoids. The anti‐inflammatory

potential of JNK inhibitors may also add value to these compounds given

the importance that inflammation has during the tumor promotion phase of

the carcinogenic process. The JNK pathway represents a ‘‘druggable’’ target

and specific compounds like CEP‐1347, an inhibitor of the MLK family of

JNK pathway activators, or SP600125, a direct inhibitor of JNK activity,

have been developed and used in vivo. These inhibitors have demonstrated

eYcacy in vivo, decreasing brain damage in animal models (CEP‐1347) and
ameliorating some of the symptoms of arthritis in other animal models

(SP600125) (Bogoyevitch, 2005). It remains to be established whether JNK
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inhibitors can be added to retinoids without causing too much toxicity.

Indeed, it is possible that the unrestrained activity of RA nuclear receptors

may enhance the untoward actions of these compounds at the level of the

central nervous system or liver. Furthermore, from a theoretical point of view,

long‐term and generalized inhibition of JNK may block some of the most

important physiological responses to the external insults in normal cells.

Long‐term JNK inhibition may have adverse consequences in the setting of

head and neck cancer where normal epithelial cells of the aerodigestive cells

may become particularly susceptible to the DNA damage caused by environ-

mental carcinogens. In spite of these concerns, cotreatment of SCID mice

bearing NB4‐derived myeloid leukemia with atRA and the experimental bis‐
indol ST1346, which inhibits retinoid‐induced JNK activation in APL blasts,

results in increased life span relative to treatment with the single components

of the combination. It is reassuring that this type of combination is not

associated with signs of overt toxicity (Pisano et al., 2002).

Several selective inhibitors of p38MAPK are available and they are

proposed as anti‐inflammatory agents. However, this type of inhibitors is

currently studied also for the treatment of multiple myeloma (MM). MM is

a type of cancer formed by the immune cells that normally produce

infection‐fighting antibodies. The protein p38MAPK appears to stimulate

and promote an environment supportive of MM cell growth (Hideshima

et al., 2003). Inhibitors of p38MAPK are currently in the process of being

investigated as potential therapeutic agents forMM. atRAhas also been shown

to inhibit the growth of MM blasts, possibly by acting at the level of the IL‐6
autocrine loop, which is important for the proliferation of the neoplastic cell

(Koskela et al., 2004; Musto et al., 1995; Sidell et al., 1991). Thus, atRA and

p38MAPK may represent a rational therapeutic combination to be tested in

this setting.

D. THE PI3K/AKT PATHWAY

Protein kinase B or AKT is a serine/threonine kinase, which is believed to

play an important role in cell diVerentiation and survival. The AKT path-

way is complex and conveys signals from the extracellular compartment to

various intracellular sites including the nucleus. A number of growth recep-

tors are coupled to phosphatidylinositol‐3‐kinases (PI3K), which phosphory-

late the phosphatidylinositol‐diphosphate (PIP2), resulting in the synthesis of

the second messenger phosphatidylinositol‐triphosphate (PIP3). This phos-

phorylation event is limited by the activity of the PTENphosphatase, which is

a classical tumor suppressor and is mutated or inactivated in certain types of

cancer cells. PIP3 activates the kinase, phosphatidyl‐inositide‐dependent
kinase 1 (PDK1), which, in turn phosphorylates and activates AKT.

atRA modulates the activity of the PI3K/AKT pathway in various cellu-

lar systems. In turn, AKT regulates the activity of the classical nuclear RAR
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pathway. In neuroblastoma cells, atRA treatment activates the PI3K/AKT‐
signaling pathway, resulting in elevated PI3K activity and a rapid increase

in the phosphorylation of AKT (Ser/473) (Lopez‐Carballo et al., 2002).

Inhibition of PI3K by LY294002 impairs atRA‐induced diVerentiation. The
human endometrial cell line, CAC‐1 diVerentiates on treatment with phar-

macological doses of both atRA and 13‐cisRA, as evidenced by actin filament

reorganization and cell enlargement (Carter and Madden, 2000). Pretreat-

ment with the PI3K inhibitor wortmannin prevents retinoid‐dependent actin
reorganization and cell enlargement. In F9 mouse teratocarcinoma cells,

atRA stimulates AKT at early time points (Bastien et al., 2006). Specific

suppression of AKT induction with selective pharmacological inhibitors or

siRNAs blocks the cytodiVerentiation of F9 cells along the endodermal

pathway. These data demonstrate that the PI3K/AKT pathway plays a

fundamental role in the process of cytodiVerentiation activated by retinoids

in neoplastic cells of diVerent nature and origin. Furthermore, they indicate

that atRA and derivatives activate PI3K–AKT in certain cellular contexts. At

present the molecular mechanisms underlying this activation are not

completely defined. In F9 cells, stimulation is the consequence of an upregu-

lation of the p85 regulatory subunit of PI3K, which is dependent on a

transcriptional eVect under the control of RARg. However, this mechanism

is not general, as a similar phenomenon is not observed in various breast

carcinoma cell lines (Bastien et al., 2006).

Although retinoids activate the PI3K/AKT pathway in certain cellular

context, the opposite eVect has also been reported. Suppression of AKT is

observed in HL‐60 cells treated with atRA (Ishida et al., 1994). Interestingly,

pharmacological inhibitors of AKT sensitize cells to the antiproliferative

action of atRA in an HL‐60 clone with a constitutively active PI3K/AKT

pathway (Martelli et al., 2003; Neri et al., 2003). This suggests that the basal

tone of AKT regulates the retinoid pathway in a negative fashion. Binding of

atRA to cellular retinoic acid‐binding protein 1 (CRBP1) suppresses the

heterodimerization of the p85/p110 subunits of PI3K, inhibiting the kinase

activity of the enzyme in breast carcinoma cells (Farias et al., 2005). The

observation indicates a potential mechanism underlying retinoid‐dependent
down‐modulation of the PI3K/AKT pathway. Another possible mechanism

through which atRA interferes and downmodulates the PI3K/AKT pathway

was discovered in F9 teratocarcinoma cells. In this system early activation of

the PI3K/AKTpathway by atRA is followed by downregulation of the system

after 3 days of treatment (Bastien et al., 2006). Downregulation is the conse-

quence of inhibition of the PI3K p85a subunit and activation (phosphoryla-

tion) of PTEN. Similar eVects on PTEN were observed in HL‐60 cells. In this

cell line, the retinoid increases PTEN levels, and increased expression of the

phosphatase appears to parallel terminal diVerentiation of the myeloid cell

line (Hisatake et al., 2001). atRA inhibits AKT indirectly in breast cancer

cells, downregulating the expression of IRS1 and corresponding kinase
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activity. These two proteins are known to couple the insulin growth factor I

(IGF‐I) receptor to AKT (del Rincon et al., 2003).

As already mentioned, the cross talk between the retinoid and the PI3K/

AKT pathway is a two‐way process and does not involve simple perturba-

tions in the levels and basal or induced state of activity of PI3K and/or AKT

by retinoids. The ligand‐dependent transactivating properties of RARg2 are

augmented by inhibition of AKT with dominant‐negative constructs of the

kinase or specific pharmacological inhibitors of PI3K (Gianni et al., 2002b).

Transfection of constitutive active forms of AKT exerts the opposite eVects.
RARg2 inhibition by AKT has been associated with decreased phosphory-

lation of the p38MAPK‐dependent phosphorylation of the receptor (Gianni

et al., 2002b). Similar eVects on the transactivating properties of RARa have
been reported (Srinivas et al., 2006). Srinavas et al. demonstrated that AKT

has the potential to physically interact with RARa and phosphorylate the

receptor directly on Ser96, a residue located in the DNA‐binding domain. This

phosphorylation reduces the transactivating potential of RARa, through an

as yet unidentified mechanism. Overexpression or constitutive activation of

AKTmay underlie resistance to retinoids in leukemia, breast, andNSCLC cells

(Srinivas et al., 2006). In breast cancer cells, this is linked to overexpression

of epidermal growth factor receptor, Her2/Neu, which activates AKT and

inhibits the binding of RARs to the cognate DNA regulatory sequences

(Siwak et al., 2003; Tari et al., 2002). In CALU‐1, a NSCLC cell line with

high constitutive levels of the enzyme, transfection of a dominant‐negative
construct of AKT increases the sensitivity of the antiproliferative action of

atRA (Srinivas et al., 2006). Another potential point of contact between the

retinoid and the PI3K/AKT pathways is at the level of the forkhead receptor

in rhabdomyosarcoma (FKHRL1). FKHRL1 is a transcriptional factor and

a downstream target of AKT. AKT phosphorylates and inactivates the

factor, inhibiting transcriptional upregulation of the FAS ligand, a protein

endowed with proapoptotic properties. FKHRL1 acts as a coactivator of the

RAR/RXR and stimulates ligand‐dependent transactivation of responsive

constructs (Zhao et al., 2001).

Besides PI3K, AKT, and PTEN, retinoids exert actions on other compo-

nents of the pathway. atRA influences the activity of PP2A, a multisubstrate

phosphatase, which dephosphorylates and inhibits AKT. PP2A is one of the

proteins upregulated by the retinoid in acute myeloid leukemia cells (Harris

et al., 2004). PP2A is downregulated during atRA‐induced diVerentiation of

HL‐60 cells into granulocytes (Tawara et al., 1993). This eVect may have

relevance for the granulocytic maturation process induced by atRA in this

cell type. In fact, okadaic acid, a relatively specific inhibitor of PP2A aug-

ments atRA‐induced granulocytic diVerentiation of HL‐60 cells (Morita

et al., 1992). Contrary to what observed in the myeloid cellular context,

atRA‐dependent increases in PP2A activity were observed in ovarian carci-

noma cells. The phenomenon was linked to retinoid‐induced repression of
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the transcription complex AP‐1, which is involved in cellular proliferation

(Ramirez et al., 2005).

The available data clearly demonstrate cross talk between retinoids and the

PI3K/AKT pathway. This interaction is relevant in terms of growth inhibi-

tion, cytodiVerentiation, and apoptosis. Thus, pharmacologic modulation of

the PI3K/AKT pathway may translate into a potentiation of retinoids’ anti-

tumor and antileukemic activity. The inhibitory eVects of retinoids on PI3K/

AKT are of potential therapeutic significance, as theymay lead to death of the

neoplastic cell. Furthermore, inhibition of AKT mediates suppression of the

telomerase activity present in HSC‐1 human epidermal cells (Kunisada et al.,

2005). As telomerase activity regulates cell proliferation and senescence in a

positive and negative manner, respectively, its inhibition by atRA may trans-

late into an antineoplastic eVect. In addition, while overexpression of CRBP‐I
in breast epithelial cells increases retinoic receptor activity, inhibits anoikis,

promotes acinar diVerentiation, and inhibits tumorigenicity, the protein is

often downregulated or absent in breast cancer cells.

E. PROTEIN KINASE C

The PKC family of serine/threonine kinases includes several members

(Newton, 1997). The classification of distinct members of the PKC family

in discrete isoform groups relies on the requirements that the diVerent iso-
forms exhibit for activation of their kinase domains. One group includes

PKC isoforms that require increases in intracellular calcium for their activa-

tion. The three known conventional PKC isoforms are PKCa, PKCb, and
PKCg (Newton, 1997). The second group of PKC isozymes is the group of

novel PKC isoforms, which do not require Ca2þ (Newton, 1997). PKCd,
PKCe, PKCy, PKC�, and PKCm are included in this group. Finally, a third

group of atypical PKC isoforms exists, whosemembers are Ca2þ‐independent
and are insensitive to phorbol esters, a well‐known family of PKC activators.

PKCz and PKCl are the two known atypical PKC isoforms (Newton, 1997).

Extensive studies have shown that these kinases play critical roles in the

regulation of several important cellular responses such as diVerentiation, cell
growth, and apoptosis (Newton, 1997). It is of interest that diVerent PKC

isoforms mediate diVerent responses and, in some cases, appear to exhibit

opposing eVects on cell proliferation and apoptosis.

atRA and other retinoids modulate the activity of PKCs (Aggarwal et al.,

2006; Cho et al., 1997; Kambhampati et al., 2003; Khuri et al., 1996; Yang

et al., 1994). This family of kinases is involved in the process of cyto-

diVerentiation activated in neuroblastoma and myeloid leukemia cells.

In neuroblastoma cells, the specific PKC inhibitor, GF 109203X, inhibits

atRA‐induced neuritogenesis and cell survival (Miloso et al., 2004). In the

myeloid leukemia context, pretreatment of HL‐60 cells with staurosporine,
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a well‐known PKC inhibitor, results in enhancement of the granulocytic

maturation of the leukemic blast induced by atRA (Yung and Hui, 1995).

More recent results indicate that activation of specific PKC isoforms may

enhance the cytodiVerentiating activity of atRA in the same cellular context

(Kambhampati et al., 2003). PKCd mediates atRA‐dependent induction of

diVerentiation in NB4 cells. atRA activates PKCd and specific inhibition

of the kinase isoform results in suppression of the atRA‐dependent diVeren-
tiative response. Furthermore, forced expression of a constitutively active

form of PKCd enhances retinoid‐dependent granulocytic maturation. These

phenomena may be explained by the fact that PKCd is involved in the ligand‐
dependent transactivation of the RXR/RAR transcriptional complexes.

In fact, the kinase is present in RAR nuclear complexes bound to RAREs,

as demonstrated by coimmunoprecipitation experiments and chromatin

immunoprecipitation assays. Pharmacological inhibition of the kinase results

in suppression of ligand‐dependent transactivation of the complex.

In spite of all these results, the role of PKC activation in the regulation of

the RXR/RAR pathway is far from being clear and is highly dependent on

the type of PKC isoform considered. Relatively old studies had implicated a

PKC isoform in RA‐dependent gene transcription, as evidenced by the fact

that depletion of the enzymatic activity by treatment with phorbol esters leads

to loss of ligand‐dependent transcription (Tahayato et al., 1993). However,

the identity of the PKC isoform involved was unknown at the time (Tahayato

et al., 1993). Other studies have demonstrated that PKCa‐ or PKCg‐
dependent phosphorylation of RARa at Ser/157 correlates with a decreased

ability of RARa to heterodimerize with RXRa, resulting in decreased tran-

scriptional activity (Delmotte et al., 1999). As other studies have established

that diVerent PKC isoforms have opposing eVects in the induction of certain

responses, it is possible that PKCd acts as a positive modulator of retinoid‐
dependent gene transcription and opposes the eVects of PKCa and/or PKCg.
A similar phenomenon appears to occur in the regulation of the RXRs in

T‐lymphocytes. In this cellular context, PKCy synergizes with calcineurin to

induce RXR‐dependent activation, whereas such activation is antagonized

by the PKCa isoform (Ishaq et al., 2002). Another PKC isoform implicated

in the process of retinoid‐dependent granulocytic maturation of AML cells

is PKCz. atRA induces a parallel increase of ceramide and catalytically

active PKC‐zeta into the nuclear compartment of HL‐60 cells. However,

transient transfection of the PKC‐zeta cDNA demonstrates that the over-

expression of catalytically active PKCz is not accompanied by the appearance

of a diVerentiated morphology. Altogether these findings suggest that nuclear

PKC‐zeta is necessary but not suYcient to induce granulocytic diVerentiation
of HL‐60 myeloid malignant cells (Bertolaso et al., 1998).

The process of retinoid‐induced diVerentiation varies in diVerent cell types
andmay involve activation of selected PKC isoforms in a cell‐specific fashion.
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PKCy is involved in the diVerentiation process activated by atRA in LAN‐5
neuroblastoma cells. In fact, PKCy, which is expressed as a nuclear and

perinuclear protein, is induced and redistributed inside the cell by atRA.

More importantly, PKCy antisense oligonucleotides reduce the expression

level of the kinase and the cell response to atRA (Sparatore et al., 2000). In F9

embryonal carcinoma cells, PKCa seems to play an important role in atRA‐
induced parietal endoderm diVerentiation. UndiVerentiated stem cells express

PKCb but not PKCa, whereas diVerentiated parietal endoderm cells express

PKCa but not PKCb. Constitutive expression of PKCa or inhibition of PKCb
expression in F9 stem cells enhances atRA induced diVerentiation. In addi-

tion, expressing PKCb in a parietal endoderm cell line causes these cells to

retrodiVerentiate into stem cells. On the basis of these results, it was proposed

that PKCb and PKCa are key targets for RA‐regulated gene expression. In

particular, PKCa plays an important, active role in inducing and maintaining

the parietal endoderm phenotype, and PKCb activity is incompatible with

maintaining the diVerentiated state of these cells (Cho et al., 1998). Similarly,

PKCa mediates melanocytic diVerentiation in melanoma cells treated with

atRA. Indeed, the retinoid induces expression of PKCa selectively. Further-

more, forced expression of PKCa decreases the ability of B16 cells to form

colonies in soft agar and increases melanin production. This translates into a

therapeutic eVect, as atRA decreases tumorigenicity in mice transplanted

subcutaneously with B16 melanoma cells (Niles, 2003). Clearly, the prodiVer-
entiating eVects of PKCa observed in F9 andB16 cells treatedwith atRAmust

be related to mechanisms other than modulation of the RXR/RAR complex,

given the mentioned negative role exerted by the kinase on the transcriptional

activity of the heterodimer (Delmotte et al., 1999).

The active role of PKCa or other PKC isoforms in atRA‐induced cytodi-

Verentiation is likely to be cell‐context‐specific. In fact, there are at least two

situations in which cytodiVerentiation and growth inhibition are associated

with down‐ rather than upregulation of the enzyme. CAC‐1 is a poorly diVer-
entiated human endometrial adenocarcinoma cell line characterized by an

epithelial appearance and the expression of epithelial molecular markers.

CAC‐1 cells undergo morphological diVerentiation and growth retardation in

response to atRA. In concomitance with these eVects, atRA delocalizes PKCa
from the plasma membrane to the cytosol, eVectively inactivating the enzyme

and downregulating the system (Radominska‐Pandya et al., 2000). The growth
of the estrogen receptor‐negativeMDA‐MB‐231 cell line is strongly inhibited
by retinoids in combination with a PKC inhibitor. While neither RA nor the

PKC inhibitor, GF109203X, has a significant growth inhibitory eVect in these
cells, the combination of the two compounds potently suppresses prolifera-

tion. This is accompanied by an apoptotic response. Expression of phos-

phorylated as well as total PKC is decreased by GF109203X and the

phenomenon is potentiated by atRA (Pettersson et al., 2004).
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At this time, the precise upstream regulatory events that ultimately result in

PKC activation and inactivation or up‐ and downregulation are not known.

The phosphorylation/activation of PKCd by atRAmay reflect engagement of

a signaling loop following the formation of atRA‐RARcomplexes or could be

regulated by other early cellular events induced by the retinoid. PKCd has

been reported to be activated down‐stream of PI3K via the kinase PDK1

(Balendran et al., 2000; Le Good et al., 1998). It is therefore possible that the

atRA‐dependent pathway involves sequential activation of a PI3K/PDK1/

PKCd cascade. On the other hand, direct and RXR/RAR‐independent eVects
activated by retinoids cannot be ruled out. Amino acid alignments and crystal

structure analysis of atRA‐binding proteins reveals a putative atRA‐binding
motif in PKC. This is supported by photolabeling studies showing con-

centration‐ and UV‐dependent photoincorporation of [(3)H]ATRA into

PKCa, which is eVectively protected by 4‐OH‐atRA, 9‐cis RA, and atRA

glucuronide, but not by retinol. PhotoaYnity labeling demonstrates strong

competition between atRA and phosphatidylserine for binding to PKCa
(Radominska‐Pandya et al., 2000).

Although the available data indicate numerous points of contact between

the retinoid and PKC intracellular pathways, it is diYcult to predict how

pharmacological modulation of the cross talk may aVect the cytodiVeren-
tiating and therapeutic action of retinoids. From a pharmacological point of

view, the most significant data are those demonstrating the negative eVects
of certain PKC‐isoforms on RXR/RAR transcriptional activity and those

reporting on the retinoid‐dependent downregulation of the PKC system.

These observations suggest that inhibition of the PKC system and of partic-

ular PKC isoforms may potentiate the cytodiVerentiating and therapeutic

activity of atRA and derivatives. However, future eVorts in this direction

require the availability of selective inhibitors for the various PKC isoforms,

PKCa in particular. In spite of these caveats, combinations between selective

PKC inhibitors and atRA may be rational in the context of chemopreven-

tion, given the purported role of the PKC system in the promotion phase of

the carcinogenic process.

F. HISTONE ACETYLATION AND DNA METHYLATION

From a basic standpoint, a major and recent breakthrough in the eluci-

dation of retinoids’ molecular mechanisms of action is the observation that

chromatin structure controls the transcriptional activity of nuclear RARs

via changes in the levels of local histone acetylation and DNA methylation.

On the one hand, it is now clear that the state of DNA methylation and the

level of acetylation of histones and other chromatin‐associated factors in

the local chromatin environment modulates the transcriptional activity of
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the DNA‐bound retinoid receptors complexes (Di Croce et al., 2002; Fazi

et al., 2005; He et al., 2001; Jones et al., 2004; Pandolfi, 2001a,b; Salomoni

and Pandolfi, 2000; Warrell et al., 1998). On the other hand, ligand binding of

the receptors changes the state of DNA methylation and chromatin acetyla-

tion via switching of the corepressor with the coactivator multiprotein com-

plexes. These two concepts are at the basis of the current eVorts aimed at

using demethylating agents as well as deacetylase inhibitors to potentiate the

therapeutic activity of retinoids in certain types of neoplastic disease.

Demethylating agents, such as 5‐aza‐20‐deoxycytidine (5‐aza‐CdR), or

deacetylase inhibitors, such as phenyl butyrate and valproic acid, have been

combined to retinoids with the aim of increasing the therapeutic eVect
obtained. A lack of RARb2 mRNA expression has been observed in solid

tumor cells, including lung carcinoma, squamous cell carcinoma, and breast

cancer (Hanabata et al., 2004; Ivanova et al., 2002; Widschwendter et al.,

2000). A growing body of evidence supports the hypotheses that the RARb2
gene is a tumor suppressor gene (Ekmekci et al., 2004; Fackler et al., 2003;

Segura‐Pacheco et al., 2003) and that the chemopreventive eVects of reti-

noids are due to induction of RARb2 (Hsu et al., 2000). The demethylating

agent 5‐aza‐CdR restores RARb (Cote and Momparler, 1997; Youssef et al.,

2004) inducibility by atRA in head and neck as well as colon cancer cell lines,

which posses a methylated RARb promoter. In the latter cell lines, this eVect
is associated with increased growth inhibition after combined treatment with

5‐aza‐CdR and atRA (Youssef et al., 2004). Potentiation of atRA‐induced
cytodiVerentiation of N‐18 neuroblastoma cells by 5‐aza‐CdR has been

reported. In this cell line, atRA fails to induce choline‐acetyltransferase, a
marker of neuronal diVerentiation. Treatment with the DNA demethylating

agent alone also does not aVect choline‐acetyltransferase activity. However,

after pretreatment of the cells with the DNA demethylating agents, the

activity of the enzyme is greatly increased by atRA (Okuse et al., 1993).

HDAC‐dependent transcriptional repression of the RA‐signaling path-

way underlies the diVerentiation block of APL. Cotreatment of retinoid‐
refractory AML blasts with combinations of HDAC inhibitors and atRA is

associated with increased myeloid maturation. One of the first deacetylase

inhibitors to be used in combination with atRA is phenylbutyrate (PB). In

the millimolar range, PB induces histone acetylation in all the cell lines tested.

The impact of combining PB with atRA was studied in the ML‐1 myeloid

leukemia cell line. In this model, PB augments atRA‐induced diVerentia-
tion, cell cycle arrest, and apoptosis. PB increases atRA induction of the

myelomonocytic marker CD11b at all doses tested. Compared to PB

alone, the combination with atRA induces greater G0/G1 cell cycle arrest

(Yu et al., 1999). Combinations of PB and atRA or Ro 41‐5253 were tested in

two human breast cancer cell lines: the retinoid‐sensitive MCF‐7 and the

retinoid‐resistant MDA‐MB‐231. In both cell lines, when the retinoids were
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combined with PB, synergistic eVects on growth inhibition were observed

(Emionite et al., 2004). A similar combination, consisting of PB and 13‐cis
RA, has been considered for the treatment of prostate carcinoma. The

combination of PB and 13‐cis RA inhibits cell proliferation and increases

apoptosis in vitro in an additive fashion as compared with single agents.

Similar to what observed in the case of treatment with demethylating agents

in breast carcinoma, prostate tumor cells treated with both PB and 13‐cisRA

reveal increased expression of RARb, suggesting a molecular mechanism for

the biological additive eVect. The combination of PB and 13‐cis RA also

inhibits prostate tumor growth in vivo as compared with single agents. Histo-

logical examination of tumor xenografts reveals decreased in vivo tumor cell

proliferation, an increased apoptosis rate, and a reduced microvessel density

in the animals treated with combined drugs, suggesting an antiangiogenesis

eVect of this combination (Pili et al., 2001). One of the main problems

associated with this type of combinations is the need to achieve millimolar

concentrations of PB to obtain eVective deacetylase inhibition. In fact, milli-

molar concentrations of PB are diYcult to maintain in the patient for the

relatively long period of times required.

APL with the t(11;17) chromosomal translocation, expressing the PLZF–

RARa gene fusion, is a rare variant of the disease. This variant has been

associated with poor clinical response to atRA treatment. In vitro studies

indicate that blast diVerentiation is potentiated by the addition of the

HDAC inhibitor, tricostatin A, to atRA (Petti et al., 2002). The combination

is of potential therapeutic interest, as indicated by preclinical data obtained

in relevant transgenic animals. Transgenic mice harboring the PLZF–RARa
fusion gene develop forms of leukemia that faithfully recapitulate both

the clinical features and the response to atRA observed in humans with

the corresponding translocations. Combinations of HDAC inhibitors and

atRA induce leukemia remission and prolonged survival, without apparent

toxic side eVects (He et al., 2001). Transcriptional repression of atRA

signaling seems to be a common mechanism in AMLs. HDAC inhibitors

restore atRA‐dependent transcriptional activation and trigger terminal

diVerentiation of primary blasts from 23 AML patients. Accordingly,

AML1/ETO, the commonest AML‐associated fusion protein, is an

HDAC‐dependent repressor of atRA signaling. These findings relate alter-

ation of the atRA pathway to myeloid leukemogenesis and underscore the

potential of transcriptional/diVerentiation therapy in AML (Ferrara et al.,

2001). The combined use of HDAC inhibitors and atRA has been taken all

the way to the clinic. In a recent clinical trial performed on AML patients

who were too old and/or medically unfit to receive intensive chemotherapy,

combinations between valproic acid and atRA were administered. Com-

bined treatment with the two agents resulted in clinical benefit in �16% of

the patients (Kuendgen et al., 2004).
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V. RETINOID‐BASED DIFFERENTIATION

THERAPY, GENERAL OBSERVATIONS,

AND CONCLUSION

In conclusion, what reviewed in the article indicates that retinoids act on

and regulate the activity of numerous intracellular pathways involved in

the processes of diVerentiation of numerous cell types. Rational modulation

of these pathways by pharmacological or other kinds of strategies is likely

to result in increased therapeutic eYcacy of atRA and derivatives in the

chemoprevention or therapy of leukemia and solid tumors.However, a number

of considerations regarding the general and unresolved problems associated

with the diVerentiation approach in oncology. Obviously, these apply not only

to retinoids but also to other classes of diVerentiating agents.
DiVerentiation therapy relies on the concept that the neoplastic cell, like the

normal counterpart, can be induced to proceed along a relatively physiological

maturation pathway by the application of appropriate exogenous stimuli.

Maturation eventually results in the appearance of neoplastic cells which

have acquired phenotypic markers typical of the terminally diVerentiated
normal cell of origin. Operationally, a cell that expresses a number of specific

diVerentiation‐associated markers and has lost its ability to proliferate is

defined as a terminally diVerentiated cell. Thus, terminal diVerentiation is

accompanied or followed by growth arrest and loss of proliferative potential,

which may result in subsequent cell death. Clearly, the goal of diVerentiation
therapy is to eliminate the neoplastic cell by acting only indirectly on the

processes of cellular proliferation and survival. As already discussed, the con-

cept of diVerentiation therapy can be applied to both a chemotherapeutic and a

chemopreventive setting.

In a chemotherapeutic setting, diVerentiating agents may be used to

induce remission or to debulk the tumor mass, during the earliest stages of

any given clinical protocol. Currently, the use of atRA in APL is the only

documented example in this respect. In the APL paradigm, the retinoid

induces the following sequence of ordinate events in the leukemic blast:

granulocytic maturation, G1 cell cycle arrest, and secondary apoptosis

(Gianni et al., 2000). The three processes are at the basis of the complete

remissions observed in APL patients during the early stages of the clinical

development of atRA (Warrell et al., 1991). In spite of the enthusiasm raised

by the initial results obtained in APL, it is unlikely that monotherapy with

retinoids and other classes of cytodiVerentiating agents may find significant

applications during the early phases of cancer or leukemia treatment. In this

context, it is more likely that diVerentiating agents will find applications in

combination with cytotoxic agents or targeted therapy. This type of orienta-

tion is clearly evident even in the case of APL, where the drug is no more

used alone to induce remission, but is part of a regimen involving classical

chemotherapeutic agents.

334 Garattini et al.



Retinoid‐based diVerentiation therapy is likely to be reevaluated on the

basis of the emerging concepts of cancer stem cells and transcriptional therapy.

From a theoretical point of view, the recent developments of the ‘‘cancer stem

cell hypothesis’’ suggest that combinations between retinoids and cytotoxic

agents may be a rational way to manage the neoplastic disease. The hypothesis

states that the growth and progression of a tumor mass or leukemic disease are

mainly the result of a minor cell population endowed with stem cell character-

istics. As normal organ‐specific stem cells, cancer stem cells are defined by their

capacity to undergo self‐renewal and diVerentiation. Cancer stem cells com-

prise only a small fraction of the total number of tumor cells and seem to be

quiescent or cycling in a relatively slowmanner. There is growing evidence that

the cancer stem cell pool is more resistant than the other fraction of more

diVerentiated neoplastic cells to the cytotoxic activity of chemotherapeutics.

Hence, it is believed that the debulking eVect of classical cytotoxic agents is

primarily the result of an eVect on the diVerentiated cellular component of the

tumor or leukemia. Guzman et al. demonstrated that leukemic stem cells are

more resistant to chemotherapy than the more diVerentiated myeloblastic

counterparts. Similarly there are reports indicating that myeloma stem cells

are resistant to many therapies used to treat myeloma, including chemothera-

py and the proteasome inhibitor, velcade (Guzman et al., 2002). On the basis

of this evidence, it is possible to envisage the use of atRA and other retinoids

to target cancer and leukemic stem cells, forcing them to diVerentiate into a

cell type that may be more sensitive to cytotoxic stimuli.

A major obstacle in the development of diVerentiation therapy is repre-

sented by the fact that the terminally diVerentiated phenotype in APL is

largely known and can be easily studied with the use of recognized molecular

markers of myeloid diVerentiation. Furthermore, it is well established that

the terminally diVerentiated leukemic blast is poised to undergo program-

med cell death. Hence, treatment with diVerentiating agents, like retinoids,

automatically translates into decreased neoplastic cell burden andmeasurable

clinical benefit. All this may not be the case for other types of leukemia

and cancer. Indeed, maturation of leukemic blasts of non‐M3 origin along

the monocytic, erythroblastic, or thrombocytic pathway generally results

in growth inhibition, but is not necessarily associated with an apoptotic

response. From a therapeutic prospective, this may represent an important

obstacle, which can be overcome only by the combined use of retinoid or other

diVerentiating agents and cytotoxic compounds, as alluded to above. Another

practical problem is the lack of established molecular, morphological, and

biochemical markers of diVerentiation in most types of leukemia and solid

tumors. The deficiency makes it diYcult to study the therapeutic use of

diVerentiating agents with established surrogate markers. These and other

problems need to be resolved in the next future before the advent of a more

generalized use of retinoids in oncology. However, the recent progress in the

elucidation of the molecular mechanisms underlying the pharmacological
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activity of RA and derivatives is likely to indicate the most rational way to

achieve this goal.
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antiretroviral therapy (ART) for HIV disease/AIDS has prolonged as well

as improved the quality of life ofHIV‐infected individuals.However, access

to such treatment remains a major concern in most parts of the world,

especially in thedeveloping countries.Hence, there is a constant need tofind

low‐cost interventions to complement the roleofART inpreventionofHIV

infection and slowing clinical disease progression.

Nutritional interventions, particularly vitamin supplementation, have

the potential to be a low‐cost method for being such an intervention by

virtue of their modulation of the immune system. Among all the vitamins,

the role of vitamin A has been studied most extensively; most observatio-

nal studies have found that low vitamin A levels are associated with

increased riskof transmissionofHIV frommother tochild.This findinghas

not been supported by large randomized trials of vitamin A supplementa-

tion; on the contrary, these trials have found that vitamin A supplemen-

tation increases the risk of mother‐to‐child transmission (MTCT). There

are a number of potential mechanisms that might explain these con-

tradictory findings. One is the issue of reverse causality in observational

studies—for instance, advanced HIV disease may suppress release of

vitamin A from the liver. This would lead to low levels of vitamin A in the

plasma despite the body having enough vitamin A liver stores. Further,

advanced HIV disease is likely to increase the risk ofMTCT, and hence it

would appear that low serum vitamin A levels are associated with

increased MTCT. The HIV genome also has a retinoic acid receptor

element—hence, vitamin A may increase HIV replication via interacting

with this element, thus increasing risk of MTCT. Finally, vitamin A is

known to increase lymphoid cell diVerentiation, which leads to an increase

in CCR5 receptors. These receptors are essential for attachment of HIV

to the lymphocytes and therefore, an increase in their number is likely to

increase HIV replication.

Vitamin A supplementation in HIV‐infected children, on the other

hand, has been associated with protective eVects against mortality and

morbidity, similar to that seen in HIV‐negative children. The risk for

lower respiratory tract infection and severe watery diarrhea has been

shown to be lower inHIV‐infected children supplementedwith vitaminA.

All‐cause mortality and AIDS‐related deaths have also been found to be

lower in vitamin A‐supplemented HIV‐infected children.

The benefits of multivitamin supplementation, particularly vitamins

B, C, and E, have been more consistent across studies. Multivitamin

supplementation in HIV‐infected pregnant mothers has been shown to

reduce the incidence of adverse pregnancy outcomes such as fetal loss

and low birth weight. It also has been shown to decrease rates of MTCT

among women who have poor nutritional or immunologic status.

Further, multivitamin supplementation reduces the rate of HIV disease

progression among patients in early stage of disease, thus delaying the

need for ART by prolonging the pre‐ART stage.

In brief, there is no evidence to recommend vitamin A supplementa-

tion of HIV‐infected pregnant women; however, periodic vitamin A
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supplementation of HIV‐infected infants and children is beneficial in

reducing all‐cause mortality and morbidity and is recommended.

Similarly, multivitamin supplementation of people infected with HIV,

particularly pregnant women, is strongly suggested. # 2007 Elsevier Inc.

I. INTRODUCTION

June 5, 1981. The Centers for Disease Control and Prevention (CDC,

1981) released a report entitled ‘‘Pneumocystis Pneumonia—Los Angeles,’’

in which, five case studies were presented—all with a common theme of

homosexuality, male gender, and some unknown cellular‐immune dysfunc-

tion. This dysfunction is what we today know as the acquired immune‐
deficiency syndrome (AIDS). Since then, a huge body of literature on AIDS

has been amassed in a relatively short span of time. Extensive academic as

well as economic resources have been invested to study AIDS at a scale and

speed unparalleled by any other disease or syndrome. In spite of all these

eVorts, an estimated 25 million people have died from AIDS in the last

25 years.

December 31, 2005. In the latest UNAIDS update on the AIDS epidemic,

�40.3 million people are believed to be living with the human immunodefi-

ciency virus (HIV) infection or AIDS worldwide. Over 60% of the people

living with HIV/AIDS (PLWHA) are in sub‐Saharan Africa, the most

aVected geographical region, which is home to just about 10% of the world’s

population. This region also has 77% of women living with HIV/AIDS

globally and over 89% of the world’s total number of new infections among

children. In recent years, this epidemic has rapidly expanded in other areas of

the world. Notably in 2005, South/Southeast Asia region had an estimated

7.4 million people living with HIV/AIDS (UNAIDS, 2005).

AIDS is characterized by a progressive deterioration in immune function.

Interventions that may oVset this impairment have the potential to decrease

the viral load and consequently the risk of transmission—both from mother‐
to‐child as well as horizontal partner‐to‐partner transmission. Such an

improvement in immune function is also likely to slow down HIV disease

progression, apart from improving the quality of life. The latter has become

increasingly important in the face of HIV infection becoming a chronic

disease in those with access to adequate antiretroviral therapy.

By virtue of its ability to influence humoral and cell‐mediated immune

function, nutritional status has been extensively studied and researched as an

adjunct therapy for decreasing transmission and also for reducing morbidity

in HIV‐infected patients. There are two other important points in the favor

of pursuit of nutritional interventions. First, they are relatively inexpensive;
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second, they may potentially demonstrate benefit regardless of HIV status,

especially in pregnant women with reference to improvement in pregnancy

outcomes and child health. Hence, a nutrition program is likely to cover a

relatively greater proportion of the population, a feature which is important

in regions such as sub‐Saharan Africa where the prevention of mother‐to‐
child transmission (PMTCT) services coverage was a mere 5% in 2003

(UNAIDS, 2005).

Vitamin supplementation is one of the most commonly practiced methods

of improving nutritional status in HIV‐infected patients. This practice is based

on the vast literature from laboratory‐based and epidemiological studies

implicating various vitamins in improving immune responses. In this chapter,

wewill examineHIVdisease progression andHIV transmission as separate and

outline the evidence for use or nonuse of various vitamins for these outcomes,

with a special focus on vitamin A. HIV disease itself has varying eVects on
diVerent body systems and is likely to alter nutritional status by inducing

abnormalities in absorption, utilization, and excretion of nutrients as well as

by reducing appetite and consequently intake of various nutrients (Keusch

and Farthing, 1990). For example, a review examining the etiologies for

HIV‐associated wasting and weight loss found that more than 25% of women

in the nutrition for healthy living (NFHL) cohort had inadequate dietary

intakes of vitamins A, C, E, and B6 (Mangili et al., 2006). However, for the

purposes of this chapter, we would restrict ourselves to description of the

eVects of various vitamins on HIV‐related outcomes.

II. VITAMINS AND IMMUNE FUNCTION

A number of reviews available in the literature detail the cellular and

molecular mechanisms by which vitamin A may influence immune function

(Semba, 1998, 1999; Stephensen, 2001); to complement these, there is a

comprehensive review of the eVects of ‘‘vitamin A supplementation’’ on

immune responses as well (Villamor and Fawzi, 2005). Briefly, vitamin A

is believed to be important at all levels of the immune system (Ross and

Stephensen, 1996; Semba, 1998)—its various functions include maintaining

the integrity of the epithelia, increasing the levels of acute phase reactants in

response to infection, regulating monocyte diVerentiation and function,

improving the cytotoxicity of natural killer cells, enhancing the antibody

responses to tetanus toxoid (Semba et al., 1992) and measles vaccines

(Coutsoudis et al., 1992), and increasing the total lymphocyte count, espe-

cially the CD4 subset. Similarly, various other vitamins regulate cellular and

humoral immune function at a variety of levels. A summary of the possible

roles of various vitamins in immune function is provided in Table I.
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TABLE I. Vitamins and Immune Function

Vitamin A (Coutsoudis et al., 1992; Ross and Stephensen, 1996; Semba, 1998; Semba

et al., 1992)

Innate Immunity

Maintenance of epithelial integrity

Acute phase response—increase in serum amyloid A and C reactive protein during

infection

Enhanced monocyte diVerentiation and function

Increased cytotoxicity of natural killer cells

Improved neutrophil function

Adaptive Immunity

Increase in T‐cell counts, particularly of the CD4 cells

Increase in the antibody response to tetanus toxoid and measles vaccine

Vitamin B6 (Meydani et al., 1991)

Increased lymphocyte production

Increased cell‐mediated cytotoxicity

Increased delayed‐type hypersensitivity (DTH) responses

Increased antibody production

Folic Acid (Bendich and Cohen, 1988)

Improved neutrophil phagocytosis and activity

Vitamin B12 (Bendich and Cohen, 1988)

Improved antibody immunity

Impaired neutrophil function

Vitamin E (Bendich, 1988; Meydani et al., 1990, 1997; Wang et al., 1994, 1995)

Improved DTH skin response, neutrophil phagocytosis, lymphocyte proliferation

Increased IL‐2 production

Increased natural killer cell cytotoxicity

Reduced production of inflammatory cytokines such as TNF, IL‐6

Improved antibody response to T‐cell‐dependent vaccines

Vitamin C (Bendich, 1988; Hemila, 1997; Winklhofer‐Roob et al., 1997)

Improved T‐ and B‐lymphocyte proliferative responses

Reduced concentration of proinflammatory cytokines, including IL‐6 and 1‐acid
glycoprotein

Vitamin D (Abe et al., 1984; Bar‐Shavit et al., 1981; Mariani et al., 1999; Yang et al., 1993)

Improved phagocytic capacity of macrophages

Improved cell‐mediated immunity

Increase in natural killer cell number and their cytolytic activity
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III. VITAMINS, HIV TRANSMISSION, AND

PREGNANCY OUTCOMES

HIV transmission can occur via many routes, with person‐to‐person (hori-

zontal) transmission andmother‐to‐child (vertical) transmission, constituting

themajor transmission pathways.Mother‐to‐child transmission (MTCT) can

be further segmented into three time periods with varying degrees of risk of

transmission—intrauterine (during pregnancy), intrapartum (during passage

through the birth canal), and during breast‐feeding. In the absence of preven-

tive measures, HIV is transmitted from an HIV‐infected mother to her infant

in �25–48% of the cases in developing countries (15–25% in the setting of a

developed country) (Dabis et al., 1993; UNAIDS, 1998). In addition to the

risk of MTCT of HIV, infants born to HIV‐infected mothers experience

increased risk of prematurity, low birth weight, and small‐for‐gestational
age (Brocklehurst and French, 1998). A number of strategies have been imple-

mented and studied to reduce transmission as well as improve pregnancy

outcomes—the most eVective of which is the use of antiretroviral therapy,

primarily with the drugs Zidovudine and Nevirapine (Connor et al., 1994;

Guay et al., 1999; Jackson et al., 2003; Wiktor et al., 1999). Complementary

approaches that have been or are being evaluated include delivery via

caesarean section, avoidance of breast‐feeding, inactivation of HIV through

expression and heat treatment of breast milk, and a variety of nutritional

interventions. Among the latter, supplementation with vitamins has been an

obvious choice, prompted by the fact that the regions with the highest HIV

burden often have high prevalence of vitamin deficiencies, as indicated by

intake as well as serum levels of these vitamins. Thus, vitamin supplementa-

tion may have benefits even among the HIV‐negative population. However,

to reiterate, nutritional interventions are at best a complementary therapy

and not a substitute for antiretroviral treatment. Treatment courses with

antiretroviral drugs should be the primary mode of therapy for all HIV‐
infected pregnant women who are advanced in their disease and are eligible

for such therapy per national and international guidelines.

There are many biologically plausible mechanisms by which vitamins may

reduce HIV transmission. As mentioned in the earlier section, most vitamins

are modulators or regulators of the immune system; hence, they might

influence HIV transmission by a nonspecific immunostimulatory eVect and
a subsequent decrease in the systemic viral load. Vitamins may specifically

reduce the risk of intrapartum transmission by strengthening the epithelial

integrity of the placenta and the lower genital tract to decrease fetal exposure

to HIV. Moreover, improved nutritional status may reduce inflammation of

the breast tissue, consequently decreasing viral shedding in breast milk and

protecting against HIV transmission via breast‐feeding. Maternal vitamin

supplementation may also lead to more robust immune and gastrointestinal
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systems in the newborn, which may provide additional defense against

transmission through breast‐feeding (Dreyfuss and Fawzi, 2002).

A. EVIDENCE FROM OBSERVATIONAL STUDIES

A few observational studies conducted in Malawi and Rwanda in the

1990s suggested that low serum vitamin A concentrations in HIV‐infected
pregnant women are associated with an increased risk of MTCT of HIV.

In Malawi (Semba et al., 1994), the investigators enrolled 338 HIV‐infected
women and measured their serum vitamin A concentrations and assessed the

HIV status of the newborn infant. Overall, the rate of MTCT was 21.9%

among mothers whose infants were alive at 12 months postpartum. The

investigators divided the mothers into four groups based on their vitamin A

levels—less than 0.70, between 0.70 and 1.05, between 1.05 and 1.40, and

greater than or equal to 1.40 mmol/liter. The rates of MTCT in each group

were 32.4%, 26.2%, 16.0%, and 7.2%, respectively. The odds ratio (OR) for

vertical transmission was 1.78 [95% confidence interval (CI): 1.18, 2.70] for

every 0.45 mmol/liter decrease in serum retinol levels, adjusted for maternal

age, body mass index (BMI), CD4 cell count, birth weight, and gestational

age. In another study in Malawi, the same investigators found that low

maternal plasma vitamin A during HIV infection also predicted increased

infant mortality (Semba et al., 1995b). Infant mortality rate was 14.2% in the

children born to women with vitamin A levels greater than 1.75 mmol/liter, as

compared to 93.3% in children born to women with vitamin A levels less

than 0.35 mmol/liter. The study in Rwanda (Graham et al., 1993) followed

302 HIV‐infected women during pregnancy and characterized their vitamin

A status as normal if serum retinol levels were greater than or equal to

0.70 mmol/liter and as low for levels below 0.70 mmol/liter. The OR for infant

HIV infection, adjusted for percent CD4 cells and hematocrit, was reported

to be 1.96 (95% CI: 1.11, 3.45) for the low vitamin A group, as compared to

the normal vitamin A group.

However, the results of studies examining the relationship between vita-

min A levels and MTCT in the United States have been more equivocal.

A nonsignificant protective trend against transmissionwas seenwith increasing

vitamin A levels in a study of 449 HIV‐infected pregnant women enrolled

from across the US [OR of 1.78 (95% CI: 0.69, 4.54), comparing women with

levels below 0.70 mmol/liter to women with levels greater than or equal to

1.05 mmol/liter, adjusted for plasma viral RNA, %CD4þ cells, birth weight,

and hard drug use] (Burns et al., 1999). However, the incidence of low birth

weight (<2500 g) in infants of mothers with low (20 to <30 mg/dl) and very

low (<20 mg/dl) vitamin A levels was significantly higher than in those

infants born to mothers with higher levels of vitamin A (OR of 4.58; 95%

CI: 1.57, 13.4; and OR of 6.99; 95% CI: 1.09, 45.0, respectively). In another
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study, 133 women were enrolled from 2 urban areas of the eastern United

States and an OR of 4.54 (95% CI: 1.08, 20.0) for vertical transmission of

HIV infection was observed, comparing women with levels below 0.70 mmol/

liter to women with levels greater than or equal to 1.05 mmol/liter, adjusted

for percent CD4 cells, mode of delivery, gestational age, duration of mem-

brane rupture, and race (Greenberg et al., 1997). A small cohort study of

95 HIVþwomen in the US found that the levels of serum retinol, b‐carotene,
and vitamin E during pregnancy were not associated with vertical HIV

transmission (Burger et al., 1997).

Some studies have assessed the role of vitamins in horizontal transmission

of HIV. A nested case‐control study of sexually active, adult women in

Kigali, Rwanda compared the baseline serum levels of various nutrients in

45 women who seroconverted during the 24‐month study period with serum

levels in 74 women who remained seronegative throughout the study. No

diVerences in the baseline serum levels of vitamin A, carotenoids, and

vitamin E were observed (Moore et al., 1993). In a nested case‐control study
in India that enrolled individuals attending 2 sexually transmitted disease

(STD) clinics in Pune, subjects having a b‐carotene concentration of less than

0.075 mmol/liter were 21 times more likely to acquire HIV infection than those

with higher levels (adjusted OR of 21.1; p¼ 0.01) (Mehendale et al., 2001).

There was no association betweenHIV infection and other non‐provitamin A

carotenoids. These results contrast those from a study in Kenya that enrolled

men with concurrent genital ulcers and found that a low serum retinol

concentration (less than 20 mg/dl) was associated with a lower probability of

seroconversion. Seroconversion was found to be independently associated

with a retinol level greater than 20 mg/dl [hazard ratio (HR) of 2.43; 95% CI:

1.25, 4.70] (MacDonald et al., 2001). Another nested case‐control study in

Tanzania found no significant relationship between serum vitamin A concen-

trations and the risk of HIV seroconversion among women attending family

planning clinics in Dar es Salaam (Villamor et al., 2006.)

The evidence from observational studies of vitamins andHIV transmission

is summarized in Table II.

B. EVIDENCE FROM TRIALS

The results from the observational studies motivated the initiation of

randomized, placebo‐controlled intervention trials to assess the role of

micronutrient supplementation in vertical HIV transmission and pregnancy

outcomes. All of these trials were conducted on antiretroviral‐naive preg-

nant women. In Malawi, 697 HIV‐infected pregnant women were randomly

assigned to receive daily doses of iron and folate, either alone or with

vitamin A (3‐mg retinol equivalent¼ 10,000 IU preformed vitamin A) from
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TABLE II. Vitamins and HIV Transmission

Study Exposure

Risk of transmission

and other results

Observational studies

Vertical transmission

Malawi (Semba et al., 1994,

1995b)

Low maternal vitamin A "; " Infant mortality

Rwanda (Graham et al., 1993) Low maternal vitamin A "
United States (Burns et al.,

1999)

Low maternal vitamin A $; " Risk of low

birth weight

United States (Greenberg

et al., 1997)

Low maternal vitamin A "

United States (Burger et al.,

1997)

Low maternal vitamin A $

Low maternal b‐carotene $
Low maternal vitamin E $

Horizontal transmission

Rwanda (Moore et al.,

1993)

Low serum vitamin A $

Low serum vitamin E $
Low serum carotenoids $

India (Mehendale et al.,

2001)

Low serum b‐carotene "

Kenya (MacDonald et al.,

2001)

Low serum vitamin A #

Tanzania (Villamor et al.,

2006)

Low serum vitamin A $

Trials

Malawi (Kumwenda

et al., 2002)

Vitamin A supplementation $; # Risk of low birth weight and

anemia in the newborn; no

association with prematurity

South Africa (Coutsoudis

et al., 1999)

Vitamin A plus b‐carotene
supplementation

$; No association with low birth

weight, infant mortality; # risk

of preterm delivery

Tanzania (Fawzi et al.,

1998, 2000b,

2002, 2004a; Villamor

et al., 2002b)

Vitamin A plus b‐carotene
supplementation

"; No association with low birth

weight, fetal mortality, severe

preterm (<34 weeks), small

SGA; " risk of HIV shedding

through the lower genital tract

Multivitamin (vitamins

B, C, and E)

supplementation

# Only among children of women

who had a poorer nutritional

and immunologic status at

baseline; # risk of low birth

weight, fetal mortality, severe

preterm (<34 weeks), small SGA

Kenya (Baeten et al., 2002;

McClelland et al., 2004)

Vitamin A

supplementation

$; No eVect on HIV shedding in

vaginal secretions

Kenya (McClelland et al.,

2004)

Multivitamin þ Se

supplementation

" Risk of HIV shedding in vaginal

secretions

Zimbabwe (Humphrey

et al., 2006)

Vitamin A supplementation

to either mother or infant

"; " Risk of infant mortality

", Increased risk; #, decreased risk; $, no association; SGA, small for gestational age;

Se, selenium.
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18 to 28 weeks of gestation until delivery. Supplementation with vitamin A

had no eVect on prematurity or on HIV transmission from mother to child

assessed at 6 weeks or at 24 months postpartum; however, the vitamin A

group had significantly lower proportion of low birth weight infants (14%

versus 21.1% in the control group; p¼ 0.03) and a reduced incidence of

anemia in the newborn children at 6 weeks postpartum (23.4% versus

40.6%; p < 0.001) (Kumwenda et al., 2002).

In South Africa, 728 HIV‐infected pregnant women were randomized

to receive either 5000 IU vitamin A (1.667‐mg retinol equivalent) plus

30‐mg b‐carotene (5‐mg retinol equivalent) daily during the third trimester

of pregnancy plus 200,000 IU vitamin A at delivery or placebo. No diVerence
was found either in the risk of HIV infection or in birth weights or in the

fetal/infant mortality rates in the two groups at 3 months of age. However,

women in the vitamin A group were significantly less likely to have a preterm

delivery (11.4% versus 17.4% in the placebo group; p¼ 0.03) (Coutsoudis

et al., 1999).

In Tanzania, the Trial of Vitamins (TOV) study randomized 1078 HIV‐
infected pregnant women at 12–27 weeks of gestation to receive either daily

vitamin A supplements [30‐mg b‐carotene (5‐mg retinol equivalent) and

5000 IU of preformed vitamin A (1.667‐mg retinol equivalent)], multivita-

mins (20‐mg thiamine, 20‐mg riboflavin, 25‐mg B6, 100‐mg niacin, 50‐mg
B12, 500‐mg C, 30‐mg E, and 0.8‐mg folic acid), both, or neither using a

2� 2 factorial design. At delivery, women in vitamin A groups received an

additional oral dose of vitamin A (200,000 IU), whereas women in nonvita-

min A groups received a placebo. In addition, all women received 120 mg of

ferrous iron and 5 mg of folate tablets daily and 300 mg of Chloroquine as

malaria prophylaxis weekly. Neither multivitamins [relative risk (RR) of

0.95; 95% CI: 0.73, 1.24] nor vitamin A (RR of 1.06; 95% CI: 0.81, 1.39)

had an eVect on the risk of HIV transmission or survival through 6 weeks

postpartum. Babies born HIV‐negative to the mothers supplemented with

multivitamins, but not vitamin A, had higher birth weights as compared to

those in the no‐multivitamin arm (94 g diVerence in birth weights, p¼ 0.02)

(Fawzi et al., 2000b). Moreover, the multivitamin supplements, but not

vitamin A, decreased the risk of fetal death by 39% [30 fetal deaths in the

multivitamin group, compared to 49 among those not on multivitamins

(RR of 0.61; 95% CI: 0.39, 0.94)]. Multivitamin supplementation decreased

the risk of low birth weight (<2500 g) by 44% (RR of 0.56; 95% CI: 0.38,

0.82), severe preterm birth (<34 weeks of gestation) by 39% (RR of 0.61;

95% CI: 0.38, 0.96), and small size for gestational age at birth by 43% (RR of

0.57; 95% CI: 0.39, 0.82). Vitamin A supplementation had no significant

eVect on these endpoints. Multivitamins, but not vitamin A, resulted in a

significant increase in CD4, CD8, and CD3 counts in the women (Fawzi

et al., 1998). Maternal multivitamin supplements, but not vitamin A, also led
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to a significant increase in the weight gain during pregnancy, along with

reducing the risk of developing hypertension during pregnancy (RR of

0.62; 95% CI: 0.40, 0.94) (Merchant et al., 2005; Villamor et al., 2002b).

After assessment of HIV transmission through breast‐feeding, vitamin A/b‐
carotene resulted in a significant increase of 38% in the risk of overall vertical

HIV transmission, whereas multivitamins excluding A had no eVect on the

risk of transmission (Fawzi et al., 2002). Children who were HIV‐negative at
6 weeks of age and were born to women who were in relatively poorer

nutritional or immunologic conditions at baseline and whose mothers

received multivitamins experienced significant reductions in HIV transmis-

sion through breast‐feeding and improvement in HIV‐free survival. Vitamin

A/b‐carotene supplementation also led to a significant increased in shedding

of the virus through the lower genital tract (Fawzi et al., 2004a). There are

two important diVerences to note between TOV and the previously men-

tioned vitamin A trials—first, the supplementation of the mothers continued

beyond the antenatal period, unlike the other trials; second, the eVect of the
supplementation regimens on the various routes of vertical transmission

(intrauterine, intrapartum, and breast‐feeding) could be assessed.

Another trial inMombasa in Kenya randomized 400 HIV‐infected women

to receive either vitamin A (10,000 IU) supplementation daily for 6 weeks or

placebo to examine diVerence in viral shedding in vaginal secretions between

the 2 groups, if any. No such diVerence was seen at the end of follow‐up;
moreover, there was no eVect observed on plasma viral load or on CD4 or

CD8 counts with vitamin A supplementation in these women (Baeten et al.,

2002). The same investigators then conducted a similar trial withmultivitamin

plus selenium supplementation versus placebo for 6 weeks to examine the

same outcome. They found that micronutrient supplementation led to a

2.5 times higher risk (p¼ 0.001) of viral shedding and this eVect was greatest
among women who had normal selenium levels at baseline (McClelland et al.,

2004). Moreover, this trial used a similar dose of vitamins B, C, and E as the

TOV in Tanzania. These observations appear to indicate selenium as a

potential risk factor for HIV transmission, an issue that needs to be examined

further.

In Zimbabwe, the investigators assessed the eYcacy of a single large dose of

vitamin A given to women (400,000 IU) early during the postpartum period

and/or to infants (50,000 IU). The authors used the data from a total of 4495

infants born to HIV‐infected women and found that vitamin A supplementa-

tion to either mothers or infants resulted in an increased risk of infant HIV

infection or death, although the eVect of providing the supplement to both

mother and infant was not diVerent from the eVect of providing a placebo

(Humphrey et al., 2006).

The findings from these trials assessing the role of vitamin supplementa-

tion in the prevention of HIV transmission are summarized in Table II.
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IV. VITAMINS AND HIV DISEASE

PROGRESSION IN ADULTS

The benefit of slowing HIV disease progression is likely to be twofold—

one is that it will improve the quality of life of the infected patient, and

second is the potential to decrease transmission of HIV, as the stage of HIV

disease is a key determinant of probability of transmission. There have been

a few studies, which have been reviewed below, exploring the role of vitamin

status or vitamin supplementation in slowing clinical, immunologic, and

virological disease progression.

A. EVIDENCE FROM OBSERVATIONAL STUDIES

In the United States, two long‐term prospective studies have followed

cohorts of HIV‐infected homosexual or bisexual men. One was titled the

San Francisco Men’s Health Study (SFMHS) and it enrolled 1034 single

men between 25 and 54 years of age (Winkelstein et al., 1987). The other was

named Multicenter AIDS Cohort study (MACS) and it enrolled about 5000

homosexualmale volunteers for participation in a semiannual interview, physi-

cal examination, and laboratory testing in 4 metropolitan areas (Kaslow et al.,

1987).

In the SFMHS cohort, nutrient intake was assessed for 296 HIV‐infected
men using food frequency questionnaires (FFQs), and progression to clinical

AIDS was determined. The authors found that vitamin A intake was posi-

tively associated with the CD4 cell count at baseline but not with progression

to AIDS. A doubling of daily intake of carotenoids and vitamin A were

associated with RRs of 0.93 and 0.98, respectively, for progression to AIDS,

neither of which were statistically significant [adjusted for age, smoking,

energy intake, symptoms, and CD4 cell count; 95% CI: (0.78, 1.12) for

carotenoids and (0.78, 1.23) for vitamin A]. However, intakes of vitamins

B1 (thiamine), B2 (riboflavin), folate, niacin, C, and E were all associated

with a decreased risk of progression to AIDS; only B2 and E intakes

remained significant after adjustment for age, smoking, energy intake, HIV

symptoms, and CD4 cell count (Abrams et al., 1993). Overall, the use of a

daily multivitamin was associated with a significantly reduced risk for low

CD4 counts as well as a significant reduction in the risk of progression to

AIDS by 30% in this cohort.

In the MACS cohort, nutrient intakes were also assessed using FFQs for

281 HIV‐infected men and the relationships of various micronutrients with

2 endpoints were examined—progression to clinical AIDS (Tang et al., 1993)

and death (Tang et al., 1996). A U‐shaped relationship was found between

vitamin A intake (from diet and supplements) and risks of progression to

clinical AIDS and death; the middle two quartiles of intake were associated

366 Mehta and Fawzi



with significantly slower progression to AIDS (RR of 0.55; 95% CI: 0.35,

0.88), as compared to the lowest and the highest quartiles. No association

was noted between serum levels of vitamin A and progression to AIDS in

this cohort; however, most of the participants had vitamin A levels in the

normal to high range (median¼ 2.44 mmol/liter) and only 2% of them had

serum vitamin A concentrations indicative of vitamin A deficiency (Tang

et al., 1997b). Higher intakes of vitamins B1, B2, niacin, and C were as-

sociated with a decreased risk of progression to clinical AIDS (Tang et al.,

1993); higher intakes of B vitamins (B1, B2, B6, and niacin) as well as the use

of vitamin B supplements (B1, B2, and B6) were also associated with

increased survival in this cohort (Tang et al., 1996). It is important to note

that �40% reduction in mortality was seen with the supplemental use of

vitamins B1 and B2 at levels that were five times the recommended dietary

allowance (RDA) and of B6 at levels that were two times the RDA. No eVect
on survival was seen with vitamins C or E in this cohort. However, men in

the highest quartile of serum vitamin E levels (�23.5 mmol/liter) had a 34%

decrease in the risk of progression to AIDS, when compared to men in the

lowest quartile (Tang et al., 1997b). In a subsample of the MACS cohort, the

investigators found that men with low serum vitamin B12 concentrations

(<120 pmol/liter) progressed to AIDS much faster than those with higher

vitamin B12 levels (median AIDS‐free time¼ 4 versus 8 years, respectively,

p¼ 0.004) (Tang et al., 1997a). This relationship persisted after adjusting for

HIV symptoms, CD4 cell counts, age, serum albumin, use of antiretroviral

treatment before AIDS, frequency of alcohol consumption, and serum folate

concentration as well as after excluding men with advanced disease at

baseline.

In a cross‐sectional study of 132 adults attending an HIV clinic in Cape

Town, South Africa, vitamin A levels were found to be low (<1.05 mmol/liter)

in 39% of patients in early stages (WHO stages I and II) compared to being low

in 48% and 79% of the patients in WHO stage III and IV, respectively

(p < 0.01). There was a weak positive association of serum retinol seen with

CD4 cell count (r¼ 0.27, 95% CI: 0.1, 0.43). A novel aspect of this study was

that they tried to eliminate confounding by the acute phase response by

controlling for C‐reactive protein in multivariate analysis and by excluding

active opportunistic infections (Visser et al., 2003).

A smaller study enrolled 108 HIV‐infected homosexual men in the United

States and followed them for 18 months; biochemical measurements of nu-

trients weremade at baseline and after every 6months. Low plasma vitaminA

and B12 concentrations were associated with a significant decline in CD4

count, and normalization of these concentrations over time led to a significant

increase in the CD4 cell counts (Baum et al., 1995). Low vitamin B12 at

baseline also significantly predicted faster HIV disease progression. Impor-

tantly, these results were unaVected by the use of Zidovudine, indicating a

benefit regardless of antiretroviral treatment. In another study by the same
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investigators, 125 HIV‐infected drug‐using men and women were followed

for 3.5 years in Miami, Florida. Various immunologic parameters and

nutrient levels were assessed every 6 months. Low serum vitamin A concen-

tration was not found to predict mortality after multivariate adjustment for

CD4 cell count less than 200 cells/mm3 at baseline, CD4 cell counts over

time, and for other nutritional deficiencies (Baum et al., 1997).

However, in a trial of micronutrient supplements for HIV‐infected
patients with diarrhea in Zambia, serum vitamin A and E levels before treat-

ment were found to be a significant predictor of early mortality (Kelly et al.,

1999).

A team of investigators at Johns Hopkins University followed a cohort of

2000 intravenous drug users in Baltimore. In one study, they analyzed blood

samples for vitamin A levels in a random subsample of 179 subjects and

measured their survival. They found that low plasma vitamin A (vitamin A

levels less than 1.05 mmol/liter) was associated with lower CD4 levels as

well as with increased mortality (RR of 6.3; 95% CI: 2.1, 18.6) among the

HIV‐infected subjects (Semba et al., 1993). The investigators also did a

nested case‐control study in which 50 HIV‐infected adult subjects who died

from AIDS and infections were matched with 235 HIV‐infected controls

that survived. They found that low plasma vitamin A was associated with

a higher risk of mortality (OR of 4.6; 95% CI: 1.8, 11.3) (Semba et al.,

1995a).

In South Africa, a case‐control study of 175 pairs of black HIV‐infected
subjects, matched by age, gender, CD4 cell counts, and year of HIV diagno-

sis, found that the use of B vitamins was associated with an increase in

median duration to AIDS by about 40 weeks (72.7 weeks with B vitamin use

versus 32.0 weeks with no vitamin use, p¼ 0.004) and an increase in the

survival time by more than 2 years (264.6 weeks with B vitamin use versus

144.8 weeks with no vitamin use, p¼ 0.001) (Kanter et al., 1999).

In a study of 50 HIV‐infected female outpatients in Germany examining

osteopenia, serum levels of vitamin D (1,25‐dihydroxyvitamin D) were sig-

nificantly reduced compared to 50 age‐matched healthy controls and there

was a significant positive correlation between the CD4 counts and vitamin D

(correlation of 0.45, p < 0.05) (Teichmann et al., 2003). Another study found

significantly lower serum levels of 1,25‐vitamin D in HIV‐infected symp-

tomatic patients compared with controls as well as with HIV‐infected asy-

mptomatic patients. Low serum level of 1,25‐vitamin D was correlated with

a low CD4 cell count and also predicted a shorter survival time as com-

pared to HIV‐infected subjects with levels above 25 pg/ml (Haug et al., 1994).

A summary of the results of observational studies examining the relationship

between vitamins and HIV disease progression is provided in Table III.
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TABLE III. Vitamins and HIV Disease Progression

Study Exposure Main results

Observational studies

SFMHS, United States

(Abrams et al., 1993)

Vitamin A intake " CD4; no eVect on

clinical progression

Daily multivitamin intake " CD4; # clinical

progression

MACS, United States

(Tang et al., 1993,

1996, 1997a,b)

Vitamin A intake U‐shaped relationship

with clinical

progression and

mortality

Serum vitamin A No eVect on clinical

progression

Intake of B vitamins (B1,

B2, B6, niacin)/use of

supplements (B1, B2, B6)

# Clinical progression

and mortality

Low serum vitamin E " Clinical progression

Low serum vitamin B12 " Clinical progression

South Africa (Visser

et al., 2003)

Low serum vitamin A # CD4; " clinical

progression

United States (Baum

et al., 1995)

Low serum vitamin A # CD4

Low serum vitamin B12 # CD4; " clinical

progression

United States (Baum

et al., 1997)

Low serum vitamin A No association with

mortality

Zambia (Kelly et al., 1999) Low serum vitamin A and E " Mortality

United States (Semba et al.,

1993, 1995a)

Low serum vitamin A # CD4; " mortality

South Africa (Kanter

et al., 1999)

Use of B‐vitamins # Clinical progression

and mortality

Germany (Teichmann

et al., 2003)

Low serum vitamin D* # CD4

Norway (Haug et al., 1994) Low serum vitamin D* # CD4; " mortality

Trials

United States (Coodley

et al., 1993)

b‐Carotene supplementation " CD4

United States (Coodley

et al., 1996)

b‐Carotene supplementation No association with

CD4 cell counts

France (Constans et al.,

1996)

b‐Carotene supplementation No association with

CD4 cell counts

Kenya (Baeten et al., 2002) Vitamin A supplementation No association with

CD4 cell counts or

viral load

(Continues)
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B. EVIDENCE FROM TRIALS

A number of intervention studies have examined the eVect of vitamin A

supplementation on HIV disease progression. Some of these studies used

b‐carotene as the supplement because it has additional antioxidant proper-

ties, apart from contributing to body stores of vitamin A. A double‐blind
placebo‐controlled clinical trial enrolled 21 HIV‐infected patients and ran-

domized them to receive either b‐carotene (180 mg/day) or placebo for

4 weeks, and then crossed them over so that participants received the alter-

native treatment for the ensuing 4 weeks. b‐Carotene supplementation re-

sulted in significant increases in the leucocyte counts, the percentage change in

CD4 cell counts, and the percentage change in the ratio of CD4 to CD8 cells.

TABLE III. (Continued)

Study Exposure Main results

Kenya (McClelland

et al., 2004)

Multivitamins plus Se

supplementation

" CD4; no association

with viral load

United States (Semba

et al., 1998)

Vitamin A supplementation No association with

CD4 cell counts or

viral load

United States (Humphrey

et al., 1999)

Vitamin A supplementation No association with

CD4 cell counts or

viral load

Thailand (Jiamton

et al., 2003)

Multiple micronutrient

supplementation (vitamins A,

B1, B2, B6, B12, C, D, E, K,

b‐carotene, folate, iron, zinc,
and selenium)

No association with

CD4 cell counts or

viral load; # mortality

only among individuals

with baseline

CD4 < 100 cells/mm3

Zambia (Kelly et al., 1999) Vitamins A, C, E, Se, Zn No association with

CD4 cell counts

Canada (Allard et al., 1998) Vitamins C and E # Viral load

Tanzania (Fawzi et al.,

2004b)

Vitamin A supplementation No association with

CD4 cell count,

viral load, or clinical

progression

Multivitamin (vitamins B, C,

and E) supplementation

" CD4; # viral load;

# clinical progression

South Africa (Coutsoudis

et al., 1997)

Vitamin A and b‐carotene
supplementation

No association with

viral load

SFMHS, San Francisco Men’s Health Study; MACS, Multicenter AIDS Cohort Study;

", increase in; #, decrease in; *, 1,25‐dihydroxyvitamin D; Se, selenium; Zn, zinc.
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A decrease in these parameters was observed when the subjects were crossed

over to the placebo regimen (Coodley et al., 1993). In a larger trial, the same

investigators randomly assigned 72 HIV‐infected patients to receive either

b‐carotene (180 mg/day) or placebo for a period of 3 months. No eVect on
immune cells was seen in this study. However, a multivitamin supplement

(containing 5000 IU of vitamin A) was provided to all study subjects, which

in the authors’ opinion may have masked the diVerence between the two

groups (Coodley et al., 1996). In another study, 52 HIV‐infected patients with
CD4 counts below 400 cells/mm3 were randomized to receive either 60‐mg

b‐carotene (10‐mg retinol equivalent) or 0.25‐mg selenium/day for 1 year. An

improvement in measures of oxidative stress was reported but no eVect on
CD4 cell counts was observed in either arm (Constans et al., 1996).

In the trial fromMombasa, Kenya referred to earlier, investigators enrolled

400 HIV‐infected women and randomized them to receive either 10,000 IU of

vitamin A daily for 6 weeks or placebo. No diVerence in plasma viral load or

CD4 or CD8 cell counts was observed in the two groups. Moreover, no eVect
was noted even among the womenwhowere deficient at baseline (Baeten et al.,

2002). The same investigators then conducted a similar trial using micronu-

trient (multivitamins and selenium) supplementation instead of vitamin A.

Micronutrient‐supplemented patients had higher CD4 (þ23 cells/ml) andCD8

(þ74 cells/ml) counts than placebo patients after adjustment for baseline

CD4 and CD8 count, respectively. There was no diVerence in plasma viral

load between the two groups (McClelland et al., 2004).

In a short‐term trial, 120 HIV‐infected injection drug users were rando-

mized to receive either a single high‐dose of vitamin A (200,000 IU) or

placebo. No significant eVect was observed on HIV load or on CD4 lympho-

cyte count at 2 and 4weeks after treatment (Semba et al., 1998). Similar results

were obtained in another trial, which recruited 40 HIV‐infected women of

reproductive age and randomized them to receive either a single high‐dose of
vitamin A (300,000 IU) or a placebo (Humphrey et al., 1999). The South

African trial on vertical transmission described earlier also did not find any

significant eVect of vitamin A and b‐carotene supplementation on HIV load

or on the immunologic progression of HIV disease (Coutsoudis et al., 1997).

There have been very few trials examining the role of vitamins, other thanA,

inHIV disease progression.One randomized, double‐blind, placebo‐controlled
trial in Thailand provided daily micronutrient supplementation (including

vitamin A, b‐carotene, vitamins D, E, K, C, B1, B2, B6, B12, folate, iron, zinc,

and selenium) for 48 weeks to 481 HIV‐infected asymptomatic men and

women. The supplements had no eVect on CD4 cell counts or viral load, but

were associated with a reduction in mortality, which was significant only

among individualswith baselineCD4 cell counts below 100 cells/mm3 (Jiamton

et al., 2003). Though this study indicates that there is a benefit of micronutri-

ent supplementation, a few aspects of the study deserve mention. First, the

supplementation was provided for a limited duration of time (48 weeks) to
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subjects who were asymptomatic at baseline; and second, the study had

limited statistical power as the sample size was relatively small (n¼ 481).

In Zambia, 141 HIV‐infected patients with persistent diarrhea were ran-

domized to albendazole plus vitamins A, C, and E, selenium, and zinc or to

albendazole plus placebo for 2 weeks. There was no eVect of the supplemen-

tation on CD4 cell counts or on any clinical markers of illness severity (Kelly

et al., 1999). Again, a limitation of this study was its short duration of

2 weeks, in which a beneficial benefit of micronutrient supplementation,

if any, may not be seen.

In a randomized, placebo‐controlled trial in Canada, 49 HIV‐infected
patients were randomized to receive large daily doses of vitamin E (800 IU)

and vitamin C (1000 mg) or matched placebo for a duration of 3 months.

A general trend toward reduced viral load was observed, along with a signifi-

cant reduction in the measures of oxidative stress (breath pentane output,

plasma malondialdehyde, and lipid peroxides) (Allard et al., 1998).

The TOV study in Tanzania also looked at various clinical and laboratory

markers of disease progression in the HIV‐infected pregnant women. One of

the chief findings was a 30% reduction in the risk of progression to WHO

stage IV or AIDS‐related death with multivitamin use (vitamins B, C, and E;

RR of 0.71; 95% CI: 0.51, 0.98) (Fawzi et al., 2004b). Multivitamins signifi-

cantly reduced oral and gastrointestinal manifestations of HIV disease such

as oral thrush, oral ulcers, and diYculty in swallowing, along with signifi-

cantly decreasing incidence of reported fatigue, rash, and acute upper respi-

ratory infections. Vitamin A alone had no significant beneficial eVect on any

of these symptoms/signs. Multivitamin supplements also led to a significant

increase in the CD4 and CD8 cell counts, apart from significantly lowering

viral load (Fawzi et al., 2004b). Multivitamins were also found to have a

protective eVect on wasting in these HIV‐infected women (Villamor et al.,

2005). Vitamin A supplementation had no beneficial eVect on CD4, CD3,

and CD8 counts in the HIV‐infected pregnant women (Fawzi et al., 1998).

The findings of the trials assessing the role of vitamin supplementation in

HIV disease progression are summarized in Table III.

V. VITAMINS, GROWTH, AND DISEASE

PROGRESSION IN HIV‐INFECTED CHILDREN

AND HIV‐NEGATIVE CHILDREN BORN TO

HIV‐INFECTED MOTHERS

HIV infection in children appears to be bimodal in the developed

countries—10–20% of infected children progress rapidly to AIDS and usually

die before 4 years of age; whereas the remaining 80–90% have a mean survival

of�9–10 years (Rogers et al., 1994). However, survival in African countries is

shorter than what is seen in the more developed world. Median survival in
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studies in Uganda (Marum et al., 1996), Rwanda (Spira et al., 1999), West

Africa (Dabis et al., 2001), andGambia (Schim van der LoeV et al., 2003) have

ranged from a little over a year to 2.5 years. HIV‐infected children are more

likely to suVer from nutritional deficiencies and related diseases, especially in

developing areas of the world. Failure to thrive, weight loss, delayed mile-

stones, persistent diarrhea, persistent fever, and severe pneumonia are all

expected to occur at a greater frequency in HIV‐infected children. In a study

in Zaire, the incidence rates of acute diarrhea was 1.7 times higher in HIV‐
infected children as compared to uninfected children (170 per 100 child years

versus 100 per 100 child years) (Thea et al., 1993). In the same study, HIV‐
infected children were twice as likely die of diarrheal disease as compared to

uninfected children. In this context, the need and relevance of nutritional

interventions is perhaps greater in HIV‐infected children.

A few trials have directly examined the eVects of vitaminA supplementation

in children with HIV infection or children born to HIV‐infected women. The

first one in Durban, South Africa, randomized 118 infants born to HIV‐
infected women to either a vitamin A supplementation arm or a placebo arm.

VitaminA supplementationwas provided at 1 and 3months of age (50,000 IU),

at 6 and 9 months (100,000 IU), and at 12 and 15 months (200,000 IU).

Morbidity associated with diarrhea in vitamin A supplemented HIV‐infected
children went down by almost 50% (OR of 0.51; 95% CI: 0.27, 0.99), whereas

there was no eVect of supplementation seen in uninfected children (Coutsoudis

et al., 1995). In another trial in South Africa among HIV‐infected children,

supplementation with vitamin A before influenza vaccination decreased the

increase in HIV viral load typically observed postimmunization (Hanekom

et al., 2000).

Another trial in Tanzania examined whether vitamin A supplementation

could ameliorate the adverse eVect of various infections, such as HIV, malaria,

and diarrheal disease on child growth. 687 children between 6 and 60 months

of age, who had been admitted to the hospital with pneumonia, were rando-

mized to either receive vitamin A supplementation or placebo. The vitamin A

regimen included an oral dose of 200,000 IU (100,000 IU if age <12 months)

at day of admission, a second dose on the following day, and third and fourth

doses at 4 and 8 months after discharge from the hospital. HIV infection

was found in 9% of the children. Among these HIV‐infected children, the

average gain in length was 2.8 cm (95% CI: 1.0–4.6) more in the vitamin A

supplemented group than in the children who received placebo, whereas no

eVect was seen in infants who were HIV‐negative (Villamor et al., 2002a).

HIV‐infected children, who were supplemented with vitamin A, were at

lower risk for a respiratory tract infection. Vitamin A supplementation also

significantly decreased the risk of severe watery diarrhea (multivariate OR of

0.56; 95% CI: 0.32, 0.99) (Fawzi et al., 2000a). Vitamin A supplements

reduced all‐cause mortality by 63% among these HIV‐infected children (RR

of 0.37; 95% CI: 0.14, 0.95) and by 42% among uninfected children
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(RR of 0.58; 95%CI: 0.28, 1.19). Vitamin A supplements were also associated

with a 68% reduction in AIDS‐related deaths (p¼ 0.05) and a 92% reduction

in diarrhea‐related deaths (p¼ 0.01) (Fawzi et al., 1999).

A randomized trial in Uganda enrolled 181 HIV‐infected children at

6 months and randomized them to receive vitamin A supplementation (60‐mg

retinol equivalent¼ 200,000 IU) or placebo every 3 months from ages 15 to

36 months. Children were followed for a median duration of 17.8 months

after reaching 15 months of age and the trial was stopped when a new national

policy for mass supplementation of vitamin A was implemented in Uganda.

The investigators found that the children in vitamin A group had significantly

lower risk of mortality as compared to the children in placebo group (RR of

0.54; 95% CI: 0.30, 0.98) (Semba et al., 2005).

In another study, the Bayley Scales of infant development were adminis-

tered at 6, 12, and 18 months of age to a subset (n¼ 327) of the children born

to women who participated in the TOV trial in Tanzania. The eVect of

maternal vitamin A and multivitamin (vitamins B, C, and E) supplementa-

tion was assessed using linear regression models and Cox proportional

hazard models for the Mental Development Index, the Psychomotor Deve-

lopment Index, and raw scores separately. Multivitamin supplementation

was associated significantly with a mean increase in Psychomotor Develop-

ment Index score of 2.6 (95% CI: 0.1, 5.1). Multivitamins were also signifi-

cantly protective against the risk for developmental delay on the motor scale

(RR of 0.4; 95% CI: 0.2, 0.7) but not on the Mental Development Index.

Vitamin A supplementation had no significant eVect on these outcomes

(McGrath et al., 2006).

The eYcacy of a single large dose of vitamin A given to women early

during the postpartum period and/or to infants was assessed in a trial in

Zimbabwe, referred to earlier. Vitamin A supplementation had no eVect on
mortality in infants who were positive by polymerase chain reaction (PCR)

for HIV at baseline; however, neonatal supplementation decreased mortality

by 28% (p¼ 0.01) in infants who were PCR negative at baseline but PCR

positive at 6 weeks, but maternal supplementation had no eVect; in the

majority of infants, that is, those who were PCR negative at 6 weeks—all

three vitamin A regimens were significantly associated with twofold higher

mortality (p� 0.05) (Humphrey et al., 2006).

Table IV presents a brief summary of these trials examining HIV disease

progression and mortality in HIV‐infected children.

VI. COMMENT

Most observational studies have demonstrated a harmful association

between low serum vitamin A and MTCT; however, results from these

studies need to be interpreted cautiously. It is well established that a state
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of infection may lead to decreased mobilization of vitamin A stores from the

liver, resulting in a low serum level (Baeten et al., 2004; Filteau et al., 1993).

Hence, low vitamin A levels may be a marker of advanced HIV disease stage,

and this disease progression may be responsible for the increased risk of

transmission observed. Reverse causality in the form of HIV disease itself

adversely aVecting absorption and metabolism of nutrients leading to bio-

chemical deficiency might bias the observed relationship as well. Addition-

ally, there may be residual confounding due to factors such as access to

care, opportunistic infections, and other nutritional deficiencies, which were

not assessed in these studies. It is also likely that the follow‐up time and/or

TABLE IV. Vitamins and HIV Disease in Children

Trial Exposure Main results

South Africa

(Coutsoudis et al., 1995)

Vitamin A

supplementation

# Morbidity associated with

diarrhea in vitamin A

supplemented HIV‐infected
children; no eVect in

HIV‐uninfected children

South Africa (Hanekom

et al., 2000)

Vitamin A

supplementation

Decreased the increase in HIV

viral load observed after

influenza vaccination

Tanzania (Fawzi et al., 1999,

2000a; Villamor et al.,

2002a)

Vitamin A

supplementation

# All‐cause mortality; # risk of

severe watery diarrhea;

" average length gain in

HIV‐infected children; # risk

of respiratory infection in

HIV‐infected children

Uganda (Semba et al., 2005) Vitamin A

supplementation

# Mortality

Tanzania (McGrath

et al., 2006)

Maternal vitamin A

supplementation

No eVect on psychomotor

development index or on the

risk for developmental delay

on the motor scale

Maternal multivitamin

(vitamins B, C, and E)

supplementation

" Psychomotor development

index score; # risk of

developmental delay on the

motor scale

Zimbabwe (Humphrey

et al., 2006)

Vitamin A

supplementation

No eVect on mortality in infants

who were positive by PCR for

HIV at baseline; # mortality

with neonatal supplementation

in infants PCR negative at

baseline but PCR positive at

6 weeks; " mortality in infants

who were PCR negative at

6 weeks

", Increase in; #, decrease in.
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the stage of disease of vitamin A‐deficient women diVered from vitamin

A‐suYcient women and consequently they were more likely to develop

AIDS and be excluded from the cohort (Brookmeyer et al., 1987). Another

limitation of these studies is that they could not evaluate the relationship

between maternal vitamin A status and the diVerent routes of HIV trans-

mission from mother‐to‐child, as the HIV status of the infant was deter-

mined at diVerent times postnatally. Moreover, the women in the studies

carried out in the United States were not breast‐feeding—hence, the associ-

ation between this route of transmission and maternal vitamin A levels could

not be assessed (Dreyfuss and Fawzi, 2002).

The trials, on the other hand, have either found no eVect or an increase in

the risk of transmission of HIV with vitamin A supplementation. The find-

ings from these trials raise concerns about the safety of maternal vitamin A

supplementation programs as recommended by the World Health Organiza-

tion (WHO/UNICEF/IVACG, 1997)—which are based on large trials such

as the one in Nepal where investigators found that vitamin A supplementa-

tion halved maternal mortality in presumably HIV‐negative pregnant wom-

en (West et al., 1999)—especially in areas where HIV infection is endemic

(Fawzi, 2006). These findings also raise the question of how vitamin A may

be leading to such an adverse eVect. As mentioned earlier, vitamin A leads to

an increased shedding of the virus from the lower genital tract (Fawzi et al.,

2004a); however, the mechanism of this is not clear. It has also been

hypothesized that vitamin Amay lead to increased density of CCR5 receptors

by increasing the multiplication and diVerentiation of lymphoid and myeloid

cells; the CCR5 receptors are critical for the attachment of the virus to the

lymphocytes as well as for subsequent replication of the virus (MacDonald

et al., 2001). Vitamin A could also potentially modulate HIV replication

because the virus genome contains a retinoic acid response element (Semba

et al., 1998). It is also possible that the adverse eVect noted in the Tanzania

trial, at least, is due to the b‐carotene component of the regimen. b‐Carotene
has been found to be relatively safe for short periods in HIV‐infected indivi-

duals (Coodley et al., 1993; Nimmagadda et al., 1998); however, there has

been no study of the safety of prolonged supplementation.

Unlike vitamin A, the evidence for a beneficial eVect of multivitamin

supplementation is consistent across observational studies and randomized

trials. To reemphasize though, multivitamins are at best a complementary

intervention in the care of the HIV‐infected patient and not an alternative to

antiretroviral therapy. A daily multivitamin is likely to reduce HIV disease

progression and thus prolong the time before initiation antiretroviral thera-

py is recommended. This is likely to help preserve the antiretroviral drugs

for later stages of disease, avert their adverse eVects, and thus enhance

compliance and quality of life of the HIV‐infected patient.

Overall, the evidence reviewed suggests that daily supplementation with

vitamin A or b‐carotene to HIV‐infected women is not to be advised.
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However, a strong case can be made for supplementation of vitamins B, C,

and E at multiples of the RDA among HIV‐infected, pregnant, or lactating
women. The results also support periodic vitamin A supplementation of

HIV‐positive infants and children starting at 6 months of age, as it is likely

to prolong their survival and decrease morbidity associated with various

childhood illnesses.

VII. FUTURE RESEARCH

Future research should address the role of other vitamins, for example,

vitamin D, as well as determine the safety and the eYcacy of multivitamin

supplements among adults who are advanced in their disease and are receiv-

ing antiretroviral therapy, and among children. The protective eVects of

multivitamins on pregnancy and child outcomes among HIV‐infected wom-

en may not be generalizable to HIV‐negative women, and research among

the HIV‐negative pregnant and lactating women is needed. Similarly, more

studies need to be conducted among men and children with multivitamin

supplementation to assess any diVerence in response with reference to disease

progression. The issue of whether single versus multiple RDAs of multivita-

mins have similar benefits is already being examined in a trial setting. More-

over, the conflicting findings from the various studies reinforce the need for

international collaboration to define the baseline nutritional profiles and

prevailing burden of infections in each area of the world to help us interpret

the results of interventions in a region‐relevant manner.
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Within the last several years, research scientists and clinicians have been

intriguedwith the potential use of an active formof vitaminA, retinoic acid

(RA), for the treatment and prevention of emphysema. The interest in

this area can be largely attributed to the work of Massaro and Massaro

(1996, 1997, 2000) in which they presented evidence that RA partially

protectsagainst and tosomedegree restores elastase‐induced emphysema in

rats. The mechanism for this protective eVect of RA is in part related to

elastin metabolism. RA also inhibits inflammation, an upstream event that

may lead to the development of emphysema. Although there is evidence of

this protective eVect in young rats and a mechanistic explanation, more

studies are needed in humans in order to establish a role for vitamin A in

protecting against emphysema. Toomany unanswered questions remain to

definitively state that vitamin A protects against this disease in humans.

Nevertheless, the potential for this novel approach in prevention and

treatment of emphysema is an exciting area of research. # 2007 Elsevier Inc.

I. DOES VITAMIN A PROTECT AGAINST

PULMONARY EMPHYSEMA?

A. VITAMIN A AND ITS FUNCTIONS

Vitamin A is a fat‐soluble nutrient, and its derivatives have a number of

already established functions, as well as new functions currently being dis-

covered. The name vitamin A is synonymous with the alcohol form of the

vitamin retinol. It is oxidized into retinal and further oxidized to RA which

can exist as all‐trans or several cis isomers. Besides the well‐established role of

retinal for vision, vitamin A in the form of RA exerts its eVects via nuclear

receptors that act as transcription factors for changing gene expression.

Carotenoids are a family of compounds of which some can form vitaminA.

One of the carotenoids, b‐carotene, is converted into retinal and eventually

retinol by an intestinal central cleavage enzyme. As the activity of this en-

zyme is very low in humans, very small amounts are converted into vitaminA.

The conversion ratio is about 12:1 (b‐carotene:retinol). An appropriate ani-

mal model for the study of b‐carotene metabolism in humans is the ferret.

Thus, if one wants to test the eVect of vitamin A in humans, then retinol or its

derivatives should be used as opposed to b‐carotene. Orally supplemented,

purified b‐carotene cannot be used in place of the dietary retinoid form for

human studies because of the potential deleterious side products that are

formed with excess b‐carotene. When isolated b‐carotene is ingested in excess

by ferrets, abnormal cleavage products are formed, along with the typical

intestinal central cleavage enzyme product, retinal, a vitamin A metabolite

(Wang et al., 1999). The atypical acentric products that are also formed have
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been found to interfere with normal retinol metabolism and potentially cause

a functional deficiency. In the ferret model, cigarette smoking increased the

production of these abnormal metabolites and decreased retinoid signaling.

There are many functions of vitamin A. Along with vision, vitamin A is

important for reproduction, immune function, growth, bone development,

cellular diVerentiation, proliferation, and cell signaling. Vitamin A is particu-

larly important for normal epithelial cell (surface cell) function and integrity.

These epithelial cells aVected by vitamin A include the intestinal cells, skin

cells, urogenital cells, and lung cells.Within the last 20 years, there has been an

increased interest in vitamin A, as discoveries have highlighted the impor-

tance of vitamin A in maintenance of normal lung function and prevention of

injury.

B. VITAMIN A AND THE LUNG

Adequate dietary intake of vitamin A is essential in preserving the integrity

of the lung epithelium. Pulmonary anomalies observed in vitamin A‐deficient
rats resemble those found in premature infants that have inadequate stores of

the vitamin (McMenamy and Zachman, 1993). Several studies have at-

tempted to define the role of vitamin A in the tracheal epithelial cells (Klann

and Marchok, 1982; Lancillotti et al., 1992; McDowell et al., 1984, 1987).

These studies suggest that regeneration of the tracheal epithelium after injury

requires vitamin A‐dependentmucous cell proliferation. In vitamin A‐deficient
rats, the proliferation of the mucous cells is inhibited, which leads to the

development of squamous metaplasia (Lancillotti et al., 1992; McDowell

et al., 1984, 1987). More information is needed regarding the role of

vitamin A in protecting against tissue pathologies in the upper and lower

respiratory tract.

C. VITAMIN A AND THE TYPE II PNEUMOCYTE

There are critical cell types within the lung that facilitate and mediate lung

cell repair. RA, an active metabolite of vitamin A, stimulates cell growth and

proliferation in cultured tracheal cells (Klann andMarchok, 1982; Lancillotti

et al., 1992). In the lower part of the respiratory tract, the mechanism respon-

sible for maintaining alveolar integrity stems in part from vitamin A‐directed
proliferation of type II pneumocytes in response to injury (Takahashi et al.,

1993). The type II pneumocyte not only plays a critical role in the lung by

producing surfactant, a mixture of phospholipids and proteins that reduces

surface tension in the air spaces and maintains alveolar patency, but it also

serves as a progenitor for the type I pneumocyte, which is the major resident

of the alveolar wall and therefore important for normal lung maintenance.

Because of its large surface area, the type I pneumocyte is more susceptible to

injury and death by environmental toxins. When the type I pneumocyte dies,
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the type II pneumocyte is thought to proliferate. Then one of its daughter

cells diVerentiates into a type I pneumocyte and replaces the injured cell.

In vitamin A deficiency, type II pneumocyte proliferation is inhibited and

lung cell repair is obstructed in ozone‐injured lung cells (Takahashi et al.,

1993). When type II pneumocytes are cultured, RA stimulates at least two

conditions necessary for cell repair: that of cell proliferation (Nabeyrat et al.,

1998) and increased availability of polyamines through enhanced synthesis

and uptake (Heger and Baybutt, 1999). Polyamines are organic polycations

that are thought to act as a scaVolding to hold negatively charged DNA in

such a way as to facilitate and enable cell proliferation (Pegg, 1986). Thus,

type II pneumocytes depend on vitamin A in maintenance of lung tissue

integrity and in mediating lung cell repair.

D. EMPHYSEMA

When there is a defect in the cell repair mechanisms of the lung, large air

spaces may be created and lung function compromised. Emphysema is a des-

tructive lung disease of the pulmonary parenchyma characterized by large

air spaces in the lungs, which are associated with a small number of alveoli.

In 1964, the US Surgeon General first reported a potential relationship bet-

ween smoking and emphysema, and this connection was strengthened by

numerous epidemiological and animal studies (US Surgeon‐General, 1984).

Having now established that cigarette smoking is the leading cause of emphy-

sema, the focus has shifted to determining how smoke‐induced emphysema

develops.

Among the proposed mechanisms for the development of emphysema,

the protease/antiprotease and oxidant/antioxidant hypotheses are popular.

The major tenant of the protease/antiprotease theory is that cigarette smok-

ing produces an imbalance between antiprotease, a‐1 antitrypsin, and elas-

tase, favoring elastase activity. It is thought that the a‐1 antitrypsin protein is

more susceptible to destruction by the cigarette smoke components than is the

elastase. The active elastase catabolizes the matrix protein elastin that even-

tually leads to a reduced number of alveoli and the creation of large air spaces

or areas of emphysema.

The basis for the oxidant/antioxidant hypothesis is that the oxidants in the

cigarette smoke deplete the antioxidant supply in the lung and cause oxida-

tive injury to the tissues, leading to emphysema. During exposure to cigarette

smoke, large amounts of oxygen free radicals are generated which could dam-

age lipid components of cell membranes as well as matrix components of the

lung (JanoV et al., 1987). Destruction of lung matrix, especially elastin, leads

to emphysema. The precise chemical and biochemical mechanism for the

injuries induced by cigarette smoke are not yet thoroughly explored.
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E. EMPHYSEMA AND VITAMIN A

An alternative hypothesis for the development of cigarette smoke‐induced
emphysema attributes the disease to consequences of vitamin A deficiency.

There is evidence that suggests that cigarette smoke induces vitamin A defi-

ciency and that this deficiency leads to emphysema. Support for this hypoth-

esis is based on a series of related experiments. Weanling rats fed a vitamin

A‐deficient diet for 6 weeks with no smoke exposure develop emphysema

(Baybutt et al., 2000). These pathological eVects of vitamin A deficiency did

not appear to be due to malnutrition because there was no diVerence in the

average food intake or average body weight between rats fed the vitamin

A‐deficient diet and those fed the vitamin A‐adequate diet for the length of

this study. These results suggest that vitaminA deficiency per se creates emphy-

semic lungs with the histological data presented in Fig. 1. Another novel

and interesting result from this study was that within the same lung of the

vitamin A‐deficient rat, there were areas of inflammation along with areas of

emphysema. It is likely that the areas of inflammation precede and eventually

become the areas of emphysema.

The development of emphysema observed in the lungs of vitamin

A‐deficient rats is consistent with other studies. In an elastase‐induced model

of emphysema in rats, Massaro and Massaro (1996, 1997) found that devel-

opment of emphysema could be prevented and to some extent reversed by

the administration of all‐trans RA. They also have shown an important role

for RA in alveolar formation during development (Massaro and Massaro,

2001). RA initiates septation or formation of smaller and more numerous

gas‐exchange saccules or alveoli and increases the total number of alveoli

relative to untreated rats (Massaro and Massaro, 2000). These studies sug-

gest that vitamin A plays a critical role in lung development, maintenance of

lung epithelium, and likely prevention or possible treatment of emphysema.

F. CIGARETTE SMOKING, VITAMIN A DEFICIENCY, AND

THE DEVELOPMENT OF EMPHYSEMA

The overwhelming majority of cases of emphysema have been linked to

cigarette smoking. Because vitamin A deficiency induces emphysema (Baybutt

et al., 2000), the emphysema resulting from cigarette smoke could be the

consequence of a localized vitamin A deficiency of the lungs. In support of

this hypothesis, there is evidence that cigarette smoking leads to vitamin A

deficiency. Edes andGysbers (1993) reported that feeding rats benzopyrene, a

constituent in cigarette smoke, depleted the vitamin A content of the lungs

and liver. As previously noted, vitamin A‐deficient lungs produce areas of

emphysema (Baybutt et al., 2000). Therefore, the emphysema incurred from

cigarette smoke could be the consequence of a localized vitamin A deficiency

in the lungs. Further support for this hypothesis is reported in a study by
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FIGURE 1. Vitamin A deficiency induces emphysema and lung inflammation. Represen-

tative section of the lung (A) of a rat receiving a diet with an adequate intake of vitamin A, and

diVerent areas from the lung of a rat fed a vitamin A‐deficient diet (B and C). (A) shows a

normal appearance, and (B) shows emphysematous areas of dilation of many alveolar spaces,

extensive destruction of the septal walls, and thinning of the walls in other areas. Within the

same lungs at diVerent locations were areas of interstitial pneumonia (C), with distortion and/or

reduction of the alveolar spaces. Small bronchi show presence of necrotic material and

inflammatory cells in their lumen with partial disepithelization. Staining: H&E Magnification:

100� Bar (lower left corner) ¼ 100 mm. Adapted from Baybutt et al. (2000).
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Li et al. (2003) in which rats were exposed to cigarette smoke from 20

nonfiltered commercial cigarettes/day in a smoke chamber for 5 days/week

while the control group was exposed to air. After 6 weeks, vitamin A levels

significantly decreased in the serum, lung, and liver of smoke‐treated rats and

produced areas of emphysema in the deficient rats (Fig. 2). It is interesting to

note the similarities of the lung pathologies between the vitamin A‐deficient
lungs caused by a deficient diet and the vitamin A‐deficient lungs caused by

cigarette smoke. Both conditions produced lungs with areas of inflammation

and areas of emphysema (compare Figs. 1 and 2).

There also appears to be a connection between poor vitamin A status and

emphysema. For smoke‐induced emphysema, the degree of emphysema is in-

versely related to the vitamin A content of the lung (Li et al., 2003). This study

provided the first evidence that cigarette smoke inhalation by rats decreases

lung and liver retinol levels, for there was no significant diVerence in mean

daily food intake. Therefore, the depletion appeared to be largely attributed

to the cigarette smoke. Others have found that intraperitoneal administration

of tobacco extract or a tobacco constituent N0‐nitrosonornicotine decreased
the hepatic pool of vitamin A (Ammigan et al., 1990). When adult ferrets are

exposed to cigarette smoke, retinoid catabolism increases, with the result of

significantly lower levels of RA in the lung (Liu et al., 2000; Wang et al.,

1999); however, lung retinol concentrations are not significantly altered in this

study. This apparent discrepancy can be explained by the age of the animal.

The adult ferret used in this study would have ample supply of vitamin A or

retinol stored, which could prevent the adult ferret from becoming vitamin A

deficient.

It should be noted that vitamin A deficiency‐induced emphysema was

observed in growing rats (Baybutt et al., 2000) when the development of the

lung was still occurring.Whether the induction of vitamin A deficiency occurs

in the adult animal or in humans in response to cigarette smoke remains to be

determined. The precise role of vitamin A in smoke‐induced emphysema is

not known.

The amount of smoke exposuremay be another important determinant for

the smoke‐induced vitamin A depletion. When weanling guinea pigs were

exposed to a low dose of six cigarettes per day for 6 weeks, the levels of retinol

in the lung increased (Mukherjee et al., 1995). In contrast, when weanling rats

were exposed to a higher dose of 20 cigarettes per day, lung retinol decreased

after 6 weeks.

The eVects of cigarette smoke on vitamin A status in humans is less

clear and more diYcult to determine. Results from cross‐sectional studies
indicated an inverse relationship between plasma retinol and degree of

airway obstruction (Morabia et al., 1990; Paiva et al., 1996). Some studies

with smoking pregnant women have reported decreased serum levels of

retinol (Chelchowska et al., 2001; Laskowska‐Klita et al., 1999); while

in other studies, cigarette smoking did not aVect serum retinol levels
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FIGURE 2. Cigarette smoke induces inflammation and emphysema. (A) Representative

histological section of the lung of a control rat. No abnormalities were found.

(B) Representative section of an area in the lung of a rat in response to cigarette smoke exposure

for 6 weeks. The alveolar septa were significantly thickened with infiltration of inflammatory

cells. DiVuse interstitial pneumonia was present. Large number of red blood cells are spread in

the septa and the alveolar lumen. (C) Histological section of another area of the lung of the

same cigarette smoke‐exposed rat depicted in Fig. 2B. The alveolar wall was thinner than

normal. Emphysematous area of dilation of many alveolar spaces, destruction of the septa wall

was evident. Red blood cell and few chronic inflammatory cells were also present. Staining:

Trichrome; Magnification: 400�. Adapted from Li et al. (2003).
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(al Senaidy et al., 1997; Lim et al., 2001), or even increased serum retinol levels

(Pamuk et al., 1994). It is important to note that serum retinol is not an

accurate measure for vitamin A status because most of this vitamin is stored

in the liver. Methods have been developed for determining body content of

vitamin A in humans using the dilution of an injected deuterated retinol (Furr

et al., 1989; Haskell et al., 1997). Such methods have not been used for

smokers and may help define the relationship between cigarette smokers

and vitamin A status.

The mechanism for the cigarette smoke‐induced vitamin A depletion and/

or impaired function of vitamin A is not known. It may be due to induction

of the cytochrome P450 system. Exposure to cigarette smoke increases

lung and liver cytochrome P450 isoforms CYP1A1 and CYP1A2 (Liu et al.,

2003; Villard et al., 1988), which increases catabolism of RA (Liu et al., 2003;

McSorley and Daly, 2000) and may lead to vitamin A depletion. Another

mechanism for the cigarette smoke‐induced vitamin A depletion may be that

the cigarette smoke constituents block cellular uptake of retinol and create a

functional deficiency. The cigarette smoke constituent benzopyrene inhibits

uptake of retinol by tracheal cells and therefore could block its function

(Biesalski and Engel, 1996).

G. EMPHYSEMA, VITAMIN A, AND

ELASTIN METABOLISM

Another characteristic of emphysema is a decreased elastic recoil after

exhalation because of a decrease in the amount of the matrix protein elastin,

which provides structural framework and elasticity for the lung. There is less

elastin staining detected in the lungs of vitamin A‐deficient rats (Baybutt

et al., 2000). Furthermore, cigarette smoking that has been found to induce

vitamin A deficiency (Li et al., 2003) impairs elastin synthesis in the lungs of

hamsters in an elastase‐induced emphysema model (Osman et al., 1985).

Decreased elastin staining can also be observed in the lungs of rat fetuses

from vitamin A‐deficient mothers and is associated with a decreased elastin

mRNA in the fetal lung (Antipatis et al., 1998). In contrast, the levels of RA,

RA receptor, and cellular retinol‐binding protein are highest in lung intersti-

tial fibroblasts during the time of maximal elastin synthesis, when extensive

enlargement of the alveolar surface area occurs (McGowan et al., 1995).

Despite the uncertainty of the precise mechanism for elastin preservation,

vitamin A maintains elastin levels in the lung.

H. MECHANISMS FOR PROTECTION AGAINST

EMPHYSEMA BY VITAMIN A

Several mechanisms have been proposed to describe how vitamin A may

protect against emphysema. Progressive breakdown of elastin within the alve-

oli, which is a key feature in development of emphysema (Cardoso et al., 1993),
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is thought to be caused by excessive activity of elastase (Cichy et al., 1997)

and/or metalloproteinases (Seagrave, 2000). Cigarette smoke significantly

increases lung and lavage macrophage elastolytic activity of smoke‐exposed
guinea pigs (Sansores et al., 1997). RA inhibits the activity of human leuko-

cyte elastase (Sklan et al., 1990) and metalloproteinase activity (Varani et al.,

1994). During systemic infection or inflammation, increased neutrophil elas-

tase activity is regulated by a1‐proteinase inhibitor (a1‐PI) that contributes
most of the functional anti‐elastase protection of the alveolar wall (Gadek

et al., 1981). Retinol and retinaldehyde, but not RA, increase a1‐protease
inhibitor in corneal epithelial cells (Boskovic and Twining, 1997). Thus,

vitamin A could eVectively inhibit breakdown of elastin.

Vitamin A not only protects against elastin degradation but also pro-

motes elastin synthesis. In chick embryonic fibroblasts, RA stimulates elas-

tin synthesis, increasing both elastin mRNA and protein (Tajima et al.,

1997). RA, but not retinol, increases transcription of the elastin precursor,

tropoelastin (Hayashi et al., 1995; Liu et al., 1993; Tajima et al., 1997) and

promotes elastin protein synthesis (Hayashi et al., 1995). This elastin induc-

tion appears to be mediated through the nuclear RA receptor gamma

(RARg) as evidenced by an increased content of RA paralleled with an

increased RARgmRNA (McGowan et al., 1995). Furthermore, in RARg
knockout mice, tropoelastin mRNA decreases, as does the number of alveo-

li, and their lungs morphologically resemble emphysema (McGowan et al.,

2000). On the basis of a number of studies, it appears that RA preserves the

levels of elastin in a number of ways.

I. VITAMIN A, LUNG INFLAMMATION,

AND EMPHYSEMA

Lung inflammation typically precedes the development of emphysema.

The inflammatory cells release proteolytic enzymes that eventually degrade

the matrix proteins, elastin and collagen, and eventually create areas of em-

physema. In the lungs of rats that have developed emphysema there are also

areas of inflammation in the same lung as observed in vitamin A deficiency

and smoke exposure (Figs. 1 and 2). One way that vitamin A can protect

against emphysema is by inhibiting inflammation.

Vitamin A has been found to exert anti‐inflammatory properties within

the lung in a number of diVerent animal models. In one such model, mono-

crotaline, a pyrrolizadine alkaloid, is injected subcutaneously in rats to in-

duce pulmonary inflammation. When monocrotaline‐treated rats are fed a

diet with eight times the amount of retinol of the control diet, the inflamma-

tory response is significantly inhibited in the lung parenchyma and pulmonary

arterioles (Swamidas et al., 1999). Dietary retinol used in this study decreases

the inflammatory responses within the alveolar septa, the vasculature, and

the cardiac tissue, indicating a common anti‐inflammatory eVect of retinol
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on the response to monocrotaline toxicity. Another anti‐inflammatory role

for vitamin A was reported (Redlich et al., 1998), in which vitamin A reduced

lung inflammation after thoracic radiation. Other studies have shown that

high doses of retinol are anti‐inflammatory in the lung of rats treated with

1‐nitronaphthalene (Sauer et al., 1995) and bleomycin (Habib et al., 1993).

In addition, a similar response is observed when rats are fed an enriched

b‐carotene diet (Baybutt and Molteni, 1999), as illustrated in Fig. 3.

The observed eVects of b‐carotene likely are due to retinol because much of

the ingested b‐carotene is converted to retinol in the rat intestine (Wang,

1994). The rat is an eYcient converter of b‐carotene into retinol (a ratio of

about 2:1).

Anti‐inflammatory properties are also evident in a vitamin A‐deficient
model (Fig. 1). When weanling rats are deprived of dietary vitamin A for

6 weeks, lung inflammation occurs in certain areas of the lung, while emphy-

sema occurs in other areas of the same lung (Baybutt et al., 2000). Thus,

without vitamin A lung inflammation increases. The increased presence of

pulmonary inflammation and emphysema in cigarette smokers may be related

to vitamin A status.

Exposing rats to cigarette smoke creates another useful model for in-

ducing lung inflammation. Cigarette smoke exposure depletes the anti‐
inflammatory vitamin A in the lung and increases pulmonary inflammation and

emphysema in rats (Li et al., 2003). Providing additional dietary vitamin A

inhibits the inflammatory response and thus the emphysema. As mentioned

previously, provitamin A carotenoids do not always substitute for vitamin A

and its functions.

At present, the precise mechanism underlying the anti‐inflammatory

eVect of retinol is not known. However, one possible mechanism may in-

volve the neutrophil, an important mediator and promoter of inflammation.

Retinol has been shown to moderate the activity of the neutrophil in a

number of diVerent ways. Retinol inhibits the release of the superoxide anion

(the oxygen free radical) that initiates the inflammatory response (Camisa

et al., 1982; Sharma et al., 1990). In addition, retinol inhibits the conversion

of arachidonic acid to leukotriene B4 (Randall et al., 1987), which acts as a

chemoattractant, amplifying the inflammatory response through recruitment

of other neutrophils. Consistent with such a role of retinol, vitamin A

deficiency in rats resulted in a 43% increase in leukocytes, over half of which

are neutrophils (Wiedermann et al., 1996). Also vitamin A‐deficient mice

exhibited an enhanced inflammatory response to ozone (Paquette et al.,

1996). Some investigators have found that inflammation accelerates deple-

tion of lung retinol, resulting in a localized deficiency (Kanda et al., 1990).

Dietary supplemental vitamin A may help prevent the localized deficiency,

thereby blunting the response of the neutrophils and other inflammatory

cells. The biochemical and cellular observations cited above clearly suggest

that retinol plays a critical role in suppressing inflammatory responses.
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FIGURE 3. Histological sections of lungs of rats in response to dietary and MCT

treatment. Staining: Masson Trichrome and Magnification: 600�. (A) Representative section of

the lung of a control rat. No significant abnormalities. The b‐carotene‐supplemented rats did

not diVer from the rats fed the control diet (not shown). (B) Representative section of the lung

of a rat receiving MCT. Severe and widespread inflammatory reaction with large number of

inflammatory cells and macrophages (small black arrowhead). Red cells are spread in the septa

and the alveolar lumen (large white arrowhead). Septal walls are thicker with increased collagen

deposition (small white arrow). A small artery shows narrowing of the lumen and increased

thickness of the media with significant collagen deposition and presence of inflammatory cells
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J. EVIDENCE FOR LUNG RESTORATION BY VITAMIN A

At least three research groups, Massaro andMassaro (1997), Belloni et al.

(2000), and Tepper et al. (2000), have found that intraperitoneally adminis-

tered RA (all‐trans and 9‐cis) provide some restoration of lung epithelium in

rats that have been treated intratracheally with elastase. These consistent

protective eVects of RA against elastase‐induced emphysema observed in

rats have not been observed in some other animal models. For younger mice

less than 2 months of age, RA protects against elastase‐induced emphysema

(Massaro and Massaro, 2000), but does not protect in one study using older

mice (Fujita et al., 2006). In another study in cigarette smoke‐exposed guinea

pigs, RA did not prevent the development of emphysema (Meshi et al.,

2002). There are many factors to consider in evaluating the eVectiveness of
vitamin A in protecting against or reversing emphysematous lungs. Clearly

more studies are needed to delineate the role of vitamin A in protecting

against emphysema in animal studies.

There have been two published clinical studies that tested the eVectiveness
of RA in restoring airway tissue of former cigarette smokers (Kurie et al.,

2003; Mao et al., 2002). In one of the studies, a high dose of RA (100 mg/

person/day) was eVective in reducing the degree of tracheal metaplasia

(Kurie et al., 2003), but a lower dose of RA (20 mg/person/day) showed

no benefit for those with emphysema (Mao et al., 2002). Although the

diVerent outcomes of the studies may have been due to dose of RA, the

precise reason is not known.

II. CONCLUSIONS

The possibility of using RA as a potential therapy against emphysema is

quite exciting, though perplexing. Although there are a number of potential

mechanisms to explain the benefits of RA against emphysema, the animal

data have not convincingly demonstrated its usefulness. In addition, the

clinical studies in humans have not demonstrated clearly that RA may

benefit the patient with emphysema. There are many unanswered questions

that remain as to the appropriate dose of RA, form of RA (cis or trans), and

route of administration. Whether RA will protect against emphysema or

restore emphysematous tissue in humans is still uncertain. These are some of

the challenging issues that remain to be resolved before a definitive statement

(large black arrowhead). Many inflammatory cells are also evident in the adventitia.

(C) Representative section of the lung in which b‐carotene was added to the diet of MCT‐treated
rats. The inflammation of the parenchyma is less severe, and collagen deposition in the septa is

reduced. One small artery still shows an increased thickness of the media but few inflammatory

cells. Adapted from Baybutt and Molteni (1999).

Vitamin A and Emphysema 397



can be made concerning the use of vitamin A or, in particular, RA as a

therapy against emphysema.
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