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Faeces

Significant amounts of porphyrins are excreted in faeces (mostly
all of the protoporphyrin and 70% of coproporphyrin; Table 1).
They may represent pigments that have reached the intestinal
tract with the bile, except dicarboxylic porphyrins, which are
mainly of dietary origin and may be derived from haem proteins
of ingested food or intestinal haemorrhages; they may also be
formed by intestinal microorganisms. Because of this, faecal
porphyrins should be measured only if the patient’s food has
been devoid of bleeding or ingestion of meat in the past 3 days.

The mechanism by which protoporphyrin is excreted into bile
has been studied mostly after description(s) of fatal liver disease
in erythropoietic protoporphyria (see Chapter 16.5). Among
haem-forming tissues, the bone marrow is the major source of
protoporphyrin, a very poorly water-soluble compound: in the
plasma, over 90% of protoporphyrin is bound to albumin with
some bound to haemopexin. Hepatic uptake may occur through
a process similar to that for other organic anions (such as biliru-
bin) that are bound to albumin. In the isolated, in situ-perfused
rat liver, the overall disappearance of protoporphyrin follows
first-order kinetics. Within the hepatocyte, protoporphyrin is
associated with several proteins, among them one of the Z
class of liver cytosolic proteins [10]. The rate-limiting step for
the overall transport of protoporphyrin from plasma to bile
appeared to be canalicular secretion, as less than 5% of the
protoporphyrin extracted by liver was secreted into bile. This
secretion should be mediated by the ABCG2/BCRP transporter,
a member of the ATP-binding cassette (ABC) family [11]. The
basal rate of bile secretion of porphyrins has been studied in
healthy humans [12]: the flow of protoporphyrin is slightly
higher than the flow of coproporphyrin; the flow of uropor-
phyrin is the lowest. Hepatic conjugation with glucuronic acid
does not occur for protoporphyrin and coproporphyrin.
Approximately 85% of hepatic protoporhyrin remains meta-
bolically unaltered before being eliminated by bile secretion;
15% of protoporphyrin extracted by the liver may be converted to
bilirubin, with non-haemoglobin haem species as intermedi-
aries, and is also excreted in bile.

Hepatic infusion of micelle-forming bile acids facilitates
canalicular protoporphyrin secretion [13]: the micelle-forming
taurocholate increased biliary protoporphyrin concentration
(by more than six times) and secretion (by more than 12 times)
considerably more than dehydrocholate (a non-micelle-forming
bile acid). Some bile acids (taurocholate and glycocholate)
increase protoporphyrin metabolism 1.7- to 2.7-fold over con-
trol values. There are a number of direct and indirect ways in
which bile acids might alter the metabolism of protoporphyrin,
including either the stimulation of the activity of enzymes
such as ferrochelatase and HO or the solubilization of proto-
porphyrin [14]. Before its final faecal excretion, a significant
proportion of protoporphyrin is reabsorbed in the intestine and
may circulate through the enterohepatic system [13]. However,
itis not yet known how much intestinal microorganisms or food
contribute to the total fecal porphyrin excretion.
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2.3.11 Vitamins and the liver (A and D)

Masataka Okuno, Rie Matsushima-Nishiwaki and Soichi Kojima

Summary

The metabolism, pathological relevance and therapeutic appli-
cations of retinoids (vitamin A and its derivatives) and vitamin
D are reviewed in human hepatic disorders. Both vitamins have
profound effects on cell activities, including cell growth, differ-
entiation and apoptosis. Retinoids consist of several molecular
species, including retinoic acid (RA), retinol and retinylesters.
Dietary retinoids are packed in nascent chylomicrons that are
taken up by the liver, in which hepatic stellate cells (HSC) store



the majority of body retinoids as retinylesters. The liver supplies
retinoids as retinol to meet the requirements of peripheral
tissues through binding to its specific binding protein, retinol-
binding protein. RA is biosynthesized from retinol in target cells
and exerts its biological functions through two distinct nuclear
receptors, RA receptor (RAR) and retinoid X receptor (RXR).
An isomer of RA, 9,13-di-cis-RA, is involved in the devel-
opment of liver fibrosis. Retinoids are prime candidates for
cancer chemoprevention by reversing the carcinogenic processes
through regulating cell proliferation and differentiation. Acyclic
retinoid, a synthetic retinoid, successfully suppresses the
development of hepatocellular carcinoma (HCC) in cirrhotic
patients. Eradication of malignant clones by inducing apoptosis
(‘clonal deletion’) is suggested as a mechanism of the chemopre-
ventive effect. Photolysis of provitamin D3 to previtamin D3 and
its thermal isomerization to vitamin D3 take place in the skin.
Vitamin D3 is metabolized in the liver to 25-hydroxyvitamin
D3, and then in the kidney to its biologically active form, 1,25-
dihydroxyvitamin D3 [1,25(OH),D3]. As the liver plays a major
role in the formation of 1,25(OH),D3, osteodystrophy often
occurs in patients with chronic liver diseases. 1,25(0OH),D3
binds to its nuclear receptor, vitamin D receptor (VDR), which
forms a heterodimer with RXR and regulates downstream genes
mainly related to calcium metabolism. VDR is expressed in
non-parenchymal liver cells but not in hepatocytes. Vitamin D
also has immunomodulatory effects, and polymorphisms of
VDR are implicated in some autoimmune diseases, including
autoimmune hepatitis and primary biliary cirrhosis. Use of vit-
amin D for the treatment of HCC is also suggested.

Metabolism and function of retinoids

Vitamin A and its analogues, collectively termed retinoids, have
profound effects on cell activities, including cell growth, differ-
entiation, apoptosis, reproduction and morphogenesis [1].
Natural retinoids consist of retinoic acid (RA, an active metabo-
lite that binds to its nuclear receptors), retinol (a transport form
in the plasma) and retinylesters (storage forms in the tissues)
(Fig. 1) [2]. All natural retinoids originate in the diet as either
retinylesters or provitamin A carotenoids. Dietary retinylesters
and carotenoids are subjected to a series of metabolic conversions
to form retinol in the intestinal mucosa. Retinol is absorbed with
other dietary lipids, esterified to retinylesters and packed in
nascent chylomicrons. The chylomicrons are secreted into the
lymphatic system and then enter into the circulation. Most chy-
lomicron retinylesters are taken up by the liver, the major stor-
age site of body retinoids. The liver stores retinoids in the form
of retinylesters and supplies retinoids as retinol after hydrolysis
of the esters to meet the requirements of peripheral tissues.
There are specific binding proteins for retinol in the plasma
and cells, retinol-binding protein (RBP) and cellular retinol-
binding protein (CRBP) respectively [3]. RBP is synthesized in
hepatic parenchymal cells (hepatocytes) and secreted into the
plasma after binding to retinol. Although RBP has a small
molecular weight of 21 kDa, as RBP wusually binds to
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transthyretin (TTR) and forms a RBP-retinol-TTR complex,
it can avoid renal glomerular filtration. After delivery of retinol
to target tissues, apo-RBP loses the binding to TTR, is rapidly
secreted through the glomerulus and is reabsorbed by the renal
proximal tubules where RBP is degraded to its constituent
amino acids. Because RBP has a short half-life of approximately
12 h, it can be used as a sensitive diagnostic tool, particularly in
diseases of the liver and kidney and in malnutrition. Plasma
levels of RBP as well as retinol and TTR decrease in patients with
acute and chronic liver diseases. RBP and TTR levels are found
to correlate highly with the reduction of traditional markers
such as prothrombin and albumin, which indicate the severity of
liver damage. Two types of hepatic cells are known to participate
in retinoid storage and metabolism, hepatocytes and HSCs [4].
HSCs play central roles in the storage of retinoids in the liver
(more than 75% of hepatic retinoid), although HSCs account
for only around 5% of the total liver population. Hepatocytes
take up retinoids from chylomicrons and secrete them as retinol
after binding to RBP, which is also synthesized by hepatocytes.
The mechanism by which retinoids are transferred between
hepatocytes and HSCs remains unsolved, although some path-
ways are postulated. It is believed that HSCs take up retinol from
a retinol-RBP complex in the intercellular space that is secreted
by hepatocytes. However, some suggest that intracellular retinol
bound to CRBP is transferred directly between hepatocytes and
HSCs by means of membrane contacts, including desmosomes
and other direct intercellular channels. HSCs esterify retinol
into retinylesters (mostly retinyl palmitate) and store the esters
in the cytoplasm.

A small portion of dietary retinoids is converted to RA, a
bioactive hormone, absorbed through the portal vein and pre-
sent in the plasma bound to albumin. The majority of RA is
biosynthesized in the cells of peripheral tissues and modulates
the expression of various target genes [2]. Biosynthesis of RA is
mediated by alcohol dehydrogenase and aldehyde dehydroge-
nase, which convert retinol to retinal and retinal to RA respect-
ively. CRBP transfers retinol to these enzymes and helps in
the formation of RA. Excess RA binds to cellular RA-binding
protein (CRABP) in the cytoplasm and is further oxidized to an
inactive metabolite by cytochrome P450 (CYP). For example,
CYPRALI is a novel P450 that inactivates RA by hydroxylation.
CRABP acts as a buffering system to control the intracellular
concentration of RA, thereby provoking or inhibiting RA actions.
Some enzymes and proteins that modulate biosynthesis or de-
gradation of RA are under the control of RA itself. For example,
the expression of alcohol dehydrogenase, CRBP and CRABP is
upregulated by RA. Thus, the intracellular concentration of RA
is under the positive and negative feedback control of RA itself.
These regulatory systems can impose a type of check-and-
balance mechanism on RA biosynthesis and thus its function.

Retinoid receptors

RAs exert their biological functions through two distinct nuclear
receptors, RAR and RXR [5] (Fig. 2a). Both RAR and RXR
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Fig. 1 Chemical structures of retinoids and vitamin D. Retinylesters (R: fatty acid) stored in the liver are hydrolysed to all-trans-retinol that is then transported
to target cells after binding to RBP in the circulation. RA, a bioactive hormone, is biosynthesized from retinol by alcohol dehydrogenase and aldehyde
dehydrogenase in the target cells. This RA-generating process is irreversible (one-way reaction). Two isomers of RA, all-trans-RA and 9-cis-RA, activate retinoid
nuclear receptor, RAR, whereas only 9-cis RA activates the other retinoid receptor, RXR. Another isomer of RA, 13-cis-RA, is used clinically for the prevention
of head and neck cancers, and 9,13-di-cis-RA has pathological significance in liver fibrosis. 14-Hydroxy-retro-retinol enhances lymphocyte proliferation
independently of known retinoid receptors. A number of synthetic retinoids have been developed for pharmacological applications including cancer
chemotherapy and chemoprevention. Acyclic retinoid and 4-HPR successfully prevent the development of HCC and breast cancer, respectively, in clinical trials.
Am80 is a promising retinoid aiming to induce second remission in relapsed acute promyelocytic leukaemia (APL) patients who have become resistant to RA
therapy. Exposure to solar ultraviolet light converts a derivative of cholesterol (7-dehydrocholesterol) to previtamin D3 in the skin, which is rapidly subjected to
thermal isomerization to vitamin D3. Vitamin D3 is metabolized in the liver to 25-hydroxyvitamin D3, and then in the kidney to its biologically active form,
1,25-dihydroxyvitamin D3 [1,25(0OH),D3].
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Fig. 2 (a) Transcriptional repression and activation of RAR-RXR heterodimer. In the absence of ligands (RA), RAR-RXR heterodimer is linked to corepressor
complexes (CoR) and associated with histone deacetylases (HDACs). HDACs remove acetyl groups from histones, induce chromatin compaction and silence
the promoter region of the target genes (repression). Binding of RA to the receptor induces its conformational alteration, which destabilizes the interaction
with CoR and, instead, allows a connection to coactivators (CoAs) (derepression). CoAs mediate the association between the heterodimer and histone
acetyltransferase (HAT) complexes, which induces acetylation of histones and thus leads to chromatin decondensation. Subsequently, activation of
transcription takes place by contact with the basal transcription machinery, ATPase and other related factors (transactivation). (b) Direct repeats serve as
hormone-response elements for RAR, RXR, VDR, thyroid receptor (TR) and peroxisome proliferator activator receptor (PPAR). The elements consist of direct
repeats of core sequence AGGTCA (arrows in boxes) separated by defined numbers of nucleotides (the nucleotide number is shown between the two boxes).
RXR functions as a master regulator, forming homo- and heterodimers with RXR, PPAR, RAR, VDR and TR.

consist of three subtypes, o, B and 7, characterized by a modular
domain structure. The RA molecule contains four coupled
double bonds and thus has several stereoisomers, including all-
trans-RA (atRA) and 9-cis-RA (9cRA), 13-cis-RA (13cRA) and
9,13-di-cis-RA (dcRA) (Fig. 1). RAR interacts with both atRA
and 9cRA, whereas RXR binds only to 9cRA. 13cRA and dcRA
are relatively weak ligands for RAR and do not bind to RXR.
AtRA and 13cRA are used for the treatment and prevention of
cancer, as discussed later. DcRA is involved in the development
of liver fibrosis by inducing tissue plasminogen activator in HSCs
and subsequently activating transforming growth factor-f,
the most potent fibrogenic cytokine [6]. Both RAR and RXR
have a DNA-binding domain called C-domain and a ligand-
binding domain (E-domain). RXR forms a homodimer as well
as heterodimers with RAR and several other nuclear receptors.
These dimers bind to their respective response elements and
subsequently activate or inhibit the expression of target genes.
RAR and RXR bind to an RA response element (RARE) and an

RXR response element (RXRE) respectively. These elements
consist of direct repeats of the core sequence AGGTCA sep-
arated by a defined number of nucleotides. RARE has direct
repeat spacers of two or five nucleotides (DR-2 and DR-5
respectively), and RXRE has a spacer of one nucleotide (DR-1)
(Fig. 2b). The tissue-specific expression patterns of the receptors
suggest that distinct functions of each subtype and functional
redundancy make the retinoid signalling highly complex. The
detailed mechanism of transactivation via RAR-RXR hetero-
dimers has been revealed recently [7] (Fig. 2a). In the absence
of RA, the RAR-RXR heterodimer binds to corepressor com-
plexes that link between the heterodimer and histone deacety-
lases (HDACs). HDACs induce chromatin condensation and
gene silencing by removing acetyl groups from nucleosomal
histones. The binding of RA to ligand-binding domains of RAR
and RXR induces the conformational changes in the domain,
which allows the interaction between RAR/RXR and coactivators.
Coactivators recruit histone acetyltransferases (HATs) such as
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CREB-binding proteins or p300 that induce the acetylation of
histone amino-terminal tails, resulting in nucleosomal repul-
sion and chromatin decondensation. On the other hand, a novel
retinol (but not RA) metabolite, 14-hydroxy-retro-retinol (Fig. 1),
induces lymphocyte proliferation, the activity of which cannot
be substituted by any isomers of RA, implying the presence
of other orphan receptors and/or other retinoid signalling
pathways independent of nuclear receptors.

In HCC, both local deficiency of retinoids in the tumour
tissues and unresponsiveness of the cancer cells to retinoids lead
to loss of retinoid signalling and normal cell function, which
seems to be linked to the development of cancer (see also
Chapter 18.2, Malignant tumours) [8,9]. Alcohol consumption
accelerates retinoid depletion in the cirrhotic liver associated
with hepatitis virus infection, which may be related to its
enhanced carcinogenic state [10]. RXRa. is phosphorylated in
HCC cells by extracellular signal-regulated kinase (Erk) 1/2
(also called mitogen-activated protein kinase), loses its function
and is accumulated in the cancer cells [11,12], leading to their
enhanced proliferation. In addition, RARP is suggested to be a
tumour suppressor gene in some tumours such as head and neck
cancer [7,13]. As the RARB-RXR heterodimer is more activated
by retinoids than the RAR~RXR heterodimer, expression of
RARP as well as RXRo. may be advantageous in suppressing
tumour cell growth. Cells with normal retinoid signalling would
be deleted and, as a result, only the remaining cells with impaired
response might survive during the carcinogenic process.

Chemoprevention of HCC (sec also Chapter 18.2)

Retinoids inhibit carcinogenesis at several steps (i.e. initiation,
promotion and progression) and are thus prime candidates for
cancer chemoprevention [14]. Recent advances in understand-
ing the molecular mechanisms of carcinogenesis and the parallel
progress in molecular targeting have stimulated the develop-
ment of novel synthetic retinoids for cancer chemotherapy and
chemoprevention. Some retinoids work as agonists that enhance
the transactivation via RARE or RXRE, whereas others function
as antagonists that inhibit the transcription induced by natural
RA. In addition, novel mechanisms of retinoid receptor-
independent induction of apoptosis have been reported recently
with some synthetic retinoids such as 4-hydroxyphenyl reti-
namide (4-HPR, fenretinide) [7] (Fig. 1). In clinical studies,
striking successes have been achieved in the therapy of acute
promyelocytic leukaemia (APL) as well as the prevention of
several malignancies, including cancers of the oral cavity, head
and neck, breast, skin and liver [7,13,15]. Now, differentiation
induction therapy with RA and a synthetic RAR ligand, Am80
(Fig. 1), has become standard in the treatment of APL. 13cRA is
used clinically for the prevention of cancers in the oral cavity,
head and neck region and the skin [7,13].

HCC, one of the most frequent cancers in the world, is an
important target of cancer prevention by retinoid. HCC is
closely linked to hepatitis viral infection and commonly arises

in livers with chronic inflammation. The annual incidence of
HCC reaches approximately as high as 3-7% in hepatitis virus-
infected cirrhotic patients [16]. Moreover, the annual incidence
rises to approximately 20-25% after the curative removal of
the primary HCC [17,18]. Such a high carcinogenic state of
the cirrhotic liver is a major cause of the limited 5-year survival
rate (approximately 40%) even after the curative treatment [19].
Therefore, a new strategy to prevent post-therapeutic recurrence
of HCC is required to improve further the therapeutic outcome
of HCC. A number of clinical studies have attempted different
strategies to suppress the development of HCC. For example,
interferon (IFN) suppresses hepatic necroinflammation and
thus serves to reduce the incidence of HCC [20,21]. IFN
may belong to a category of biopreventive (or immunopre-
ventive) agents, functioning as a biological response modifier.
On the other hand, retinoids are chemopreventive agents, as the
retinoid seems to act directly on (pre)malignant cells without
modulating hepatic necroinflammation. We have developed
a synthetic acyclic retinoid (all-trans-3,7,11,15-tetramethyl-
2,4,6,10,14-hexadecapentanoic acid or polyprenoic acid), aim-
ing for the chemoprevention of HCC (Fig. 1). A double-blind
and placebo-controlled clinical study [22,23] has shown that
oral administration of acyclic retinoid for 12 months signi-
ficantly reduced the incidence of post-therapeutic recurrence
and subsequently improved survival. In that clinical trial,
serum lectin-reactive o-fetoprotein (AFP-L3), which indicates
the presence of unrecognizable cancer cells in the remnant liver,
disappeared in the acyclic retinoid group after administration
[24]. These findings await validation in independent studies.
This observation suggests a new concept in cancer chemopre-
vention, ‘clonal deletion’, the removal of latent malignant (or
premalignant) cells that are invisible by diagnostic images from
the organ with a hypercarcinogenic state such as cirrhosis—-HCC
sequence [25,26]. This concept may explain the reason why only
a short-term administration (12 months) of acyclic retinoid has
brought about a long-term suppressive effect on the develop-
ment of HCC for several years. Once (pre)malignant clones are
deleted, it would take at least several years for the development
of de novo cancer in the cirrhotic liver. Acyclic retinoid not only
functions as a RXRa ligand but also suppresses phosphorylation
of RXRol by inactivating the Ras/Erk system, and thereby
restores the function of RXRa. [27]. Restoration of the function
of RXRa leads to apoptosis induction of the cancer cells, which
is a mechanism of clonal deletion. The detailed underlying
molecular mechanisms of retinoid-induced apoptosis are dis-
cussed elsewhere [26]. Acyclic retinoid is now being tested in a
clinical trial in Japan, aimed at chemoprevention of HCC.

Metabolism and function of vitamin D

Vitamin D is known as a ‘sunshine vitamin’ [28] because of its
dependency on sunlight for conversion to an active metabolite.
There are six vitamin D compounds, vitamin D2-D7, sharing a
common basal structure with different side-chains. Among these,



vitamin D2 (ergocalciferol) and vitamin D3 (cholecalciferol)
exert high biological activities. In particular, vitamin D3 is the
major vitamin D species in man. The first step in vitamin D3
production normally takes place in the skin. Exposure to solar
ultraviolet light converts a derivative of cholesterol, 7-dehydro-
cholesterol (provitamin D3), to previtamin D3 in the skin via a
photolysis reaction. Previtamin D3 is then rapidly subjected to
thermal isomerization to vitamin D3 in the skin. Vitamin D3
originating from either the skin or the diet is transported to the
liver microsome via the circulation, where it is converted by
vitamin D 25-hydroxylase to 25-hydroxyvitamin D3 [25(OH)D3],
the major circulating form of vitamin D3 (Fig. 1). The 25-
hydroxylation reaction is the prerequisite step for the subsequent
la-hydroxylation and 24-hydroxylation reactions in the kidney.
Namely, 25(OH)D3 enters the circulation again and, in the renal
mitochondria, it is converted to 10,25-dihydroxyvitamin D3
[1,25(0OH,)D3], the active form of vitamin D3, by 25(OH)D3
la-hydroxylase, whereas the 24-hydroxylation reaction leads
to inactivation and disposal of vitamin D3. Both reactions are
strictly controlled by serum phosphorus as well as by parathy-
roid hormone, calcium and 1,25(OH,)D3.

Presently, six cytochrome P450s (CYP2C11, 27A1, 2D25, 2R1,
3A4 and 2J3) are found to exhibit vitamin D 25-hydroxylation
activities, and CYP27B1 and CYP24 have been established as
la-hydroxylase and 24-hydroxylase respectively [29]. CYP24
metabolizes vitamin D and 1,25(OH,)D3 to their excretion
products [30]. As 24-hydroxylase is induced by 1,25(0OH,)D3
itself, the vitamin has a negative feedback system. Thus, vitamin
D, like retinoids, is really more of a hormone than a vitamin.

Vitamin D plays a central role in calcium and phosphate
homeostasis and is essential for the proper development and
maintenance of bone, thus acting on the major target organs,
bone and intestine, through a vitamin D receptor (VDR), which
belongs to the class II steroid hormone superfamily and is closely
related to RAR and RXR [30] (Fig. 2b). VDR forms a het-
erodimer with RXR and regulates the downstream genes via
vitamin D-responsive element (VDRE), consisting of a direct
repeat of consensus AGGTCA separated by three nucleotides
(DR-3) (Fig. 2b). Among such genes, as described above, CYP24
(24-hydroxylase) is the most inducible gene, and participates
in the degradation of vitamin D. When VDR interacts with
1,25(0OH,)D3, VDR moves away from the corepressor and
acquires the ability to recruit coactivators after forming a het-
erodimer with RXR at VDRE, which is similar to the regulation
of RAR/RXR (Fig. 1a). VDR is expressed not only in the well-
known target cells such as osteoblasts and renal tubule cells, but
also in a variety of cells including colon cells, lymphocytes and
promyelocytes, suggesting novel functions for the hormone
beyond osseous tissues [30]. Indeed, 1,25(OH,)D3 is a potent
regulator of cell growth and differentiation, with recent evidence
showing inhibition of tumour invasion, angiogenesis and
tumour cell death [31]. For example, 1,25(OH,)D3 has been
shown to induce terminal differentiation of promyelocytes to
monocytes [32].
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The liver is generally considered to be negative for VDR,
although it is obviously a direct target organ of 1,25(OH,)D3
[33]. This may be explained by the low expression of VDR in
hepatic parenchymal cells but significant expression in non-
parenchymal cells including sinusoidal endothelial, Kupffer,
stellate and biliary epithelial cells [34]. VDR expression is also
positive in HCC, and thus experimental and clinical trials to use
1,25(0OH,)D3 for the treatment of HCC have been suggested
[31,35].

Osteodystrophy (osteomalacia and osteoporosis) is often
seen in patients with advanced chronic liver diseases [36]. Serum
25(OH)D3 concentrations of < 80 nmol/L are associated with
reduced calcium absorption, osteoporosis and increased frac-
ture risk [37]. However, although serum levels of 1,25(OH,)D3
are low in cirrhotic patients, this does not correlate with the
bone formation rates [38]. Thus, the pathogenesis of the bone
disease is multifactorial, including not only altered vitamin D
metabolism, but also other factors such as impaired vitamin K
activity, malnutrition and hypogonadism.

A potential link between vitamin D and the immune system
has emerged as an interesting area of investigation [39]. Vitamin
D interacts with helper T lymphocytes and thereby suppresses
the inflammatory responses. For example, inflammatory bowel
diseases (IBDs), including ulcerative colitis and Crohn’s disease,
are closely related to vitamin D deficiency [40]. In addition,
VDR deficiency has been shown to exacerbate IBD in experi-
mental animals. Vitamin D-deficient mice on low-calcium diets
developed severe IBD, and 1,25(OH,)D3 treatment of mice
improved IBD symptoms [39]. Thus, the idea of using vitamin D
for the suppression of IBD has been proposed. The link between
VDR polymorphisms and two autoimmune-related liver dis-
eases, autoimmune hepatitis and primary biliary cirrhosis, has
also been suggested, although the underlying mechanism has
not yet been clarified [41,42].

Because both retinoids and vitamin D are fat-soluble vitamins
and can thus accumulate when intake is excessive, less toxic
synthetic analogues have been developed for use as clinical
therapeutics (for detailed descriptions of their toxic effects,
see Chapter 14.2, Toxic liver injury, and Chapter 14.4, Hepatic
toxicity induced by herbal medicines).

Acknowledgements

This study was supported partly by Grants-in-Aid from the
Ministry of Education, Culture, Sports, Science and Technology
of Japan (16290215 to SK). We are grateful to Drs T. Sano,
S. Adachi, Y. Takano, A. Obora, 1. Yasuda, Y. Shiratori, H.
Moriwaki and Y. Muto (Gifu University, Japan).

References

1 Hansen LA, Sigman CC, Andreola F et al. (2000) Retinoids in
chemoprevention and differentiation therapy. Carcinogenesis 21,
1271-1279.



220 2 FUNCTIONS OF THE LIVER

2

w

S

w

(=)}

~N

2]

=)

10

1

—_

12

13

14

15

16

17

18

19

20

Blaner WS, Olson JA (1994) Retinol and retinoic acid metabolism.
In: Sporn MB, Roberts AB, Goodman DS (eds) The Retinoids: Bio-
logy, Chemistry, and Medicine, 2nd edn. New York: Raven Press,
pp. 229-255.

Soprano DR, Blaner WS (1994) Plasma retinol-binding protein. In:
Sporn MB, Roberts AB, Goodman DS (eds) The Retinoids: Biology,
Chemistry, and Medicine, 2nd edn. New York: Raven Press,
pp- 257-281.

Blomhoff R, Wake K (1991) Perisinusoidal stellate cells of the liver:
important roles in retinol metabolism and fibrosis. FASEB ] 5,
271-277.

Mangelsdorf DJ, Umesono K, Evans RM (1994) The retinoid re-
ceptors. In: Sporn MB, Roberts AB, Goodman DS (eds) The Retinoids:
Biology, Chemistry, and Medicine, 2nd edn. New York: Raven Press,
pp. 319-349.

Okuno M, Sato T, Kitamoto T et al. (1999) Increased 9,13-di-cis
retinoic acid in rat hepatic fibrosis: implication for a potential link
between retinoid loss and TGF-f mediated fibrogenesis in vivo. J
Hepatol 30, 1073—1080.

Altucci L, Gronemeyer H (2001) The promise of retinoids to fight
against cancer. Nature Rev Cancer 1,181-193.

Kojima S, Okuno M, Matsushima-Nishiwaki R et al. (2004) Acyclic
retinoid in the chemoprevention of hepatocellular carcinoma. Int |
Oncol 24, 797-805.

Okuno M, Kojima S, Matsushima-Nishiwaki R et al. (2004) Retinoids
in cancer chemoprevention. Curr Cancer Drug Targ 4, 285-298.
Adachi S, Moriwaki H, Muto Y et al. (1991) Reduced retinoid content
in hepatocellular carcinoma with special reference to alcohol con-
sumption. Hepatology 14, 776—780.

Matsushima-Nishiwaki R, Okuno M, Adachi S et al. (2001)
Phosphorylation of retinoid X receptor a at serine 260 impairs its
metabolism and function in human hepatocellular carcinoma. Cancer
Res61,7675-7682.

Adachi S, Okuno M, Matsushima-Nishiwaki R et al (2002)
Phosphorylation of retinoid X receptor suppresses its ubiquitination
in human hepatocellular carcinoma. Hepatology 35, 332-340.

Hong WK, Itri LM (1994) Retinoids and human cancer. In: Sporn MB,
Roberts AB, Goodman DS (eds) The Retinoids: Biology, Chemistry, and
Medicine, 2nd edn. New York: Raven Press, pp. 597-630.

Moon RC, Metha RG, Rao KVN (1994) Retinoids and cancer in exper-
imental animals. In: Sporn MB, Roberts AB, Goodman DS (eds) The
Retinoids: Biology, Chemistry, and Medicine, 2nd edn. New York:
Raven Press, pp. 573-595.

Chen ZX, Xue YQ, Zhang R et al. (1991) A clinical and experimental
study on all-trans retinoic acid-treated acute promyelocytic leukemia
patients. Blood 78, 1413—1419.

Shiratori Y, Yoshida H, Omata M (2001) Different clinicopathological
features of hepatocellular carcinoma in relation to causative agents. J
Gastroenterol 36, 73—78.

Kumada T, Nakano S, Takeda I et al. (1997) Patterns of recurrence
after initial treatment in patients with small hepatocellular carcinoma.
Hepatology 25, 87-92.

Koda M, Murawaki Y, Mitsuda A et al. (2000) Predictive factors for
intrahepatic recurrence after percutaneous ethanol injection therapy
for small hepatocellular carcinoma. Cancer 88, 529-537.

Kakumu S (2002) Trends in liver cancer researched by the liver cancer
study group of Japan. Hepatol Res 24, S21-S27.

Nishiguchi S, Kuroki T, Nakatani S et al. (1995) Randomized trial
of effects of interferon-alpha on the incidence of hepatocellular

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

carcinoma in chronic active hepatitis C with cirrhosis. Lancet 346,
1051-1055.

Yoshida H, Shiratori Y, Moriyama M et al. (1999) Interferon therapy
reduces the risk for hepatocellular carcinoma: National surveillance
program of cirrhotic and noncirrhotic patients with chronic hepatitis
Cin Japan. Ann Intern Med 131, 174—181.

Muto Y, Moriwaki H, Ninomiya M et al.(1996) Prevention of second
primary tumors by an acyclic retinoid, polyprenoic acid, in patients
with hepatocellular carcinoma. N Engl ] Med 334, 1561-1567.

Muto Y, Moriwaki H, Saito A (1999) Prevention of second primary
tumors by an acyclic retinoid in patients with hepatocellular carci-
noma. N Engl ] Med 340, 1046—1047.

Moriwaki H, Yasuda I, Shiratori Y et al. (1997) Deletion of serum
lectin-reactive a-fetoprotein by acyclic retinoid: a potent biomarker in
the chemoprevention of second primary hepatoma. Clin Cancer Res 3,
727-731.

Moriwaki H, Okuno M, Shiratori Y et al. (2000) Clonal deletion, a
novel strategy of cancer control that falls between cancer chemopre-
vention and cancer chemotherapy: a clinical experience in liver cancer.
In: Okita K (ed.) Frontiers in Hepatology: Progress in Hepatocellular
Carcinoma Treatment. Tokyo: Springer-Verlag, pp. 97-103.

Okuno M, Sano T, Matsushima-Nishiwaki R et al. (2001) Apoptosis
induction by acyclic retinoid: a molecular basis of ‘clonal deletion’
therapy for hepatocellular carcinoma. Jpn J Clin Oncol 31, 359-362.
Matsushima-Nishiwaki R, Okuno M, Takano Y et al. (2003) Mole-
cular mechanism for growth suppression of human hepatocellular
carcinoma cells by acyclic retinoid. Carcinogenesis 24, 1353—1359.
DeLuca HF (2004) Overview of general physiologic features and
functions of vitamin D. Am J Clin Nutr 80, 16895—1696S.

Ohyama Y, Yamasaki T (2004) Eight cytochrome P450s catalyze
vitamin D metabolism. Front Biosci 9, 3007—3018.

Jones G, Strugnell SA, DeLuca HF (1998) Current understanding of
the molecular actions of vitamin D. Physiol Rev 78, 1193—1231.
Pourgholami MH, Morris DL (2004) 1,25-Dihydroxyvitamin D3
in lipiodol for the treatment of hepatocellular carcinoma: cellular,
animal and clinical studies. J Steroid Biochem Mol Biol 89-90, 513—
518.

Suda T, Ueno Y, Fujii K et al. (2002) Vitamin D and bone. ] Cell
Biochem 88,259-266.

Sandgren ME, Bronnegard M, DeLuca HF (1991) Tissue distribution
of the 1,25-dihydroxyvitamin D3 receptor in the male rat. Biochem
Biophys Res Commun 181, 611-616.

Gascon-Barre M, Demers C, Mirshahi A et al. (2003) The normal liver
harbors the vitamin D nuclear receptor in nonparenchymal and biliary
epithelial cells. Hepatology 37, 1034—1042.

Dalhoft K, Dancey J, Astrup L et al. (2003) A phase II study of the
vitamin D analogue Seocalcitol in patients with inoperable hepato-
cellular carcinoma. Br ] Cancer 89, 252—257.

Crosbie OM, Freaney R, McKenna M]J et al. (1999) Bone density, vi-
tamin D status, and disordered bone remodeling in end-stage chronic
liver disease. Calcif Tissue Int 64, 295-300.

Heaney RP (2004) Functional indices of vitamin D status and ramifica-
tions of vitamin D deficiency. Am J Clin Nutr 80, 1706S—1709S.
Diamond T, Stiel D, Mason R et al. (1989) Serum vitamin D meta-
bolites are not responsible for low turnover osteoporosis in chronic
liver disease. J Clin Endocrinol Metab 69, 1234—-1239.

Cantorna MT, Zhu Y, Froicu M et al. (2004) Vitamin D status,
1,25-dihydroxyvitamin D3, and the immune system. Am J Clin Nutr
80, 17175-17208S.



40 Andreassen H, Rungby J, Dahlerup JF et al. (1997) Inflammatory
bowel disease and osteoporosis. Scand ] Gastroenterol 32, 1247—1255.

41 Vogel A, Strassburg CP, Manns MP (2002) Genetic association of
vitamin D receptor polymorphisms with primary biliary cirrhosis and
autoimmune hepatitis. Hepatology 35, 126—131.

42 Fan L, Tu X, Zhu Y et al. (2005) Genetic association of vitamin D
receptor polymorphisms with autoimmune hepatitis and primary
biliary cirrhosis in the Chinese. J Gastroenterol Hepatol 20, 249-255.

2.3.12 Normal iron metabolism
Kyle E. Brown

Introduction

Iron is an essential nutrient, but one with considerable potential
for toxicity. It is therefore understandable that the uptake and
disposition of iron are controlled by elaborate physiological
mechanisms. Although the highly regulated nature of iron
metabolism has been recognized for decades, the mechanisms
governing its regulation have only recently been elucidated. This
has been made possible by the discovery of a variety of proteins
involved in iron transport, as well as the iron-regulatory
hormone, hepcidin. The aim of this chapter is to provide an
overview of iron metabolism with an emphasis on these new
discoveries, particularly as they relate to the liver.

Overview of iron metabolism

Before describing these discoveries, a brief review of iron
metabolism is necessary. Iron metabolism is a highly conservat-
ive process characterized by recycling. The body of the average
adult male contains approximately 5 g of iron, of which the
single largest component is the haemoglobin contained in the
erythrocytes. At the end of their relatively short lifespan, these
cells are destroyed, their haemoglobin catabolized and the
resulting iron made available for reuse in the synthesis of
haemoglobin, myoglobin or any of a number of iron-requiring
enzymes, including the cytochrome P450 system, ribonucleotide
reductase and the prolyl hydroxylases. In an iron-replete indi-
vidual, some iron is stored, primarily in the liver, spleen and
bone marrow. Hence, once absorbed, iron is conserved. This
observation is underscored by the fact that there is no regulated
pathway for the excretion of iron, and daily iron loss is neglig-
ible, resulting mostly from desquamation of cells.

Given the lack of a regulated means of excreting iron, the
control of iron uptake is clearly of paramount importance. The
duodenum and proximal jejunum are the main sites of absorp-
tion of dietary iron. Haem iron is absorbed more efficiently
than non-haem iron, apparently by endocytosis of the intact
iron—protoporphyrin complex at the enterocyte brush border.
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Iron is then liberated from the haem moiety by the action of
haem oxygenase and enters the intracellular iron pool from
which it can be transferred across the basolateral membrane,
bind to transferrin and enter the circulation. In contrast, the
absorption of non-haem iron is more limited, in part as a result
of its more complex uptake. As detailed below, absorption of
non-haem iron requires reduction of ferric iron at the brush
border membrane, followed by internalization by a proton-
coupled transporter. Presumably, once iron derived from non-
haem sources enters the intracellular iron pool within the
enterocyte, its fate is similar to that of haem-derived iron. It
is worth noting that, although a great deal has been learned
about the mechanisms controlling iron absorption, iron stores
exert a major influence on this process under physiological con-
ditions but the means by which iron stores are sensed remains
unclear.

Iron transport and uptake mechanisms

Because of the ability of iron to catalyse the production of
reactive intermediates, its uptake and transit through the body
require mechanisms to diminish its reactivity and thus prevent
free radical generation. One of the means by which this is
accomplished is by the binding of iron to proteins for trans-
portation and storage. Thus, iron is transported in the blood
bound to transferrin. Each molecule of transferrin can bind
two atoms of ferric iron. Transferrin-bound iron is taken up at
the cell membrane by the interaction of transferrin with the
extracellular ligand-binding domain of the transferrin receptor
1 (TfR1). Upon binding of transferrin to TfR1, the entire com-
plex is internalized by receptor-mediated endocytosis. Iron
dissociates from transferrin in the acidic milieu of the endo-
some and then enters the intracellular iron pool, from which it
is incorporated into iron-containing proteins, while apotrans-
ferrin and TfR1 are recycled to the cell membrane.

The abundance of TfR1 is regulated by cellular iron status,
while the identical mechanism controls expression of the iron-
storage protein ferritin in an inverse manner. Cellular iron con-
tent determines the composition of a cytosolic protein termed
the iron regulatory protein 1 (IRP1). Under iron-replete condi-
tions, IRP1 contains a 4Fe—4S cluster that is unable to bind to
iron-responsive elements (IRE) in the mRNAs of TfR1 and fer-
ritin. When cellular iron content is low, the iron—sulphur cluster
is disassembled, liberating an apo-IRP that binds to specific
stem-loop structures in the 3" or 5" untranslated regions (UTRs)
of the mRNAs encoding these proteins. In the case of TfR1, the
IREs are located in the 3” UTR, and binding of IRP1 increases
the stability of the message and enhances the synthesis of TfR1.
Conversely, binding of IRP1 to the IREs in the 5" UTR of ferritin
mRNA mediates translation repression. Thus, under iron-
replete conditions, there is more rapid turnover of TfR1 mRNA,
leading to diminished translation and cell-surface expression
of TfR1, reduced uptake of transferrin-bound iron and an
expanded capacity for iron storage through increased synthesis



