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Abstract

Our knowledge of the mechanisms and regulation of intestinal absorption of water-soluble
vitamins under normal physiological conditions, and of the factors/conditions that affect and
interfere with theses processes has been significantly expanded in recent years as a result of the
availability of a host of valuable molecular/cellular tools. Although structurally and functionally
unrelated, the water-soluble vitamins share the feature of being essential for normal cellular
functions, growth and development, and that their deficiency leads to a variety of clinical
abnormalities that range from anaemia to growth retardation and neurological disorders. Humans
cannot synthesize water-soluble vitamins (with the exception of some endogenous synthesis of
niacin) and must obtain these micronutrients from exogenous sources. Thus body homoeostasis of
these micronutrients depends on their normal absorption in the intestine. Interference with
absorption, which occurs in a variety of conditions (e.g. congenital defects in the digestive or
absorptive system, intestinal disease/resection, drug interaction and chronic alcohol use), leads to
the development of deficiency (and sub-optimal status) and results in clinical abnormalities. It is
well established now that intestinal absorption of the water-soluble vitamins ascorbate, biotin,
folate, niacin, pantothenic acid, pyridoxine, riboflavin and thiamin is via specific carrier-mediated
processes. These processes are regulated by a variety of factors and conditions, and the regulation
involves transcriptional and/or post-transcriptional mechanisms. Also well recognized now is the
fact that the large intestine possesses specific and efficient uptake systems to absorb a number of
water-soluble vitamins that are synthesized by the normal microflora. This source may contribute
to total body vitamin nutrition, and especially towards the cellular nutrition and health of the local
colonocytes. The present review aims to outline our current understanding of the mechanisms
involved in intestinal absorption of water-soluble vitamins, their regulation, the cell biology of the
carriers involved and the factors that negatively affect these absorptive events.
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INTRODUCTION

The water-soluble vitamins are a structurally dissimilar group of organic compounds that
share the common features of being essential for normal cellular functions, growth and
development. Although they exist in minute quantities in the diet, they play major roles in
maintaining normal metabolic, energy, differentiation and growth status of cells. Thus it is
not surprising that their deficiency (or sub-optimal levels) negatively affect human health,
whereas optimizing their body levels brings positive benefits to human health (e.g.
prevention of neural tube defects via optimization of the folate level). Humans have lost the
ability to synthesize water-soluble vitamins (with the exception of some synthesis of niacin);
rather, they obtain these compounds from exogenous sources via intestinal absorption.
Because of that and since a variety of conditions and factors (both inherited as well as
secondary causes) interfere with their normal intestinal absorption, detailed understanding of
the mechanisms and regulation of their intestinal uptake are of high physiological/
pathophysiological and nutritional significance. The aim of the present review is to describe
our current understanding of the cellular and molecular mechanisms involved in intestinal
absorption of these vitamins, their regulation, the cell biology of the carriers involved and
their membrane expression (Figure 1), and the factors/conditions that interfere with these
events. The focus will be on those water-soluble vitamins that are transported by carrier-
mediated mechanisms, and thus no coverage of intestinal absorption of cobalamin (vitamin
B12) will be presented; an excellent review of the latter subject has been published recently
[1]. It is my hope that such a review will stimulate further investigations in these areas under
physiological and pathophysiological conditions.

ASCORBATE

Dietary ascorbate (vitamin C) exists in the reduced [(i.e. AA (ascorbic acid)] and oxidized
[DHAA (dehydro-L-ascorbic acid)] forms. The vitamin acts as a cofactor in a variety of
critical metabolic reactions that include the synthesis of collagen, carnitine and
catecholamine as well as in peptide amidation and tyrosine metabolism; it is also involved in
maintaining metal ions (like iron and copper) in their reduced forms and serves as a
scavenger for free radicals. A role for AA in the regulation of CFTR (cystic fibrosis
transmembrane conductance regulator)-mediated chloride secretion in epithelial cells has
also been suggested [2]. Deficiency of this vitamin leads to a variety of clinical
abnormalities that include scurvy, poor wound healing, vasomotor instability and connective
tissue disorders. With regard to DHAA, this compound is structurally different from AA,
rather, it is similar to glucose. DHAA is converted into AA in intestinal epithelial cells via
the action of DHAA reductase. Converting DHAA into AA helps maintain a low (non-toxic)
level of the compound [3-5].

Physiological and molecular aspects of the intestinal ascorbate absorption process

Most mammals can generate AA from D-glucose endogenously. However, humans (and
other primates as well as the guinea pig) cannot do so as they lack the enzyme L-
gulonolactone oxidase; rather, they obtain the vitamin from dietary sources via intestinal
absorption. Unlike a number of other water-soluble vitamins, which are also produced by the
normal microflora of the large intestine, there appears to be no net production of ascorbate
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by these bacteria [6]. Studies on the mechanism of intestinal absorption of AA in the small
intestine have shown the involvement of a concentrative, Na* -dependent, carriermediated
mechanism (reviewed in [7-9]). Absorption of dietary DHAA, however, occurs via a Na* -
independent carrier-mediated mechanism that is competitively inhibited by hexoses [7-9].
The molecular identity of the intestinal AA uptake systems has been delineated in recent
years [10,11]. Both SVCT-1 [sodium-dependent vitamin C transporter-1, the product of the
SLC23A1 (solute carrier family 23 member 1) gene] and SVCT-2 (the product of the
SLC23A2 gene) are expressed in the intestine, with expression of the former being higher
than that of the latter [10,11]. The SVCT-1 (a 598 amino acid protein) and SVCT-2 (a 650
amino acid protein) systems share considerable similarity with one another, and both
proteins have 12 predicted TMDs (transmembrane domains). In addition, both polypeptides
are predicted to have multiple potential protein kinase phosphorylation motifs and N-
glycosylation sites (and indeed both proteins appear to be glycosylated [12]). At the
functional level, SVCT-1 and -2 have a higher selectivity for L-ascorbic acid than for D-
isoascorbic acid, and neither transports DHAA. With regard to the molecular identity of the
system(s) involved in intestinal absorption of DHAA, GLUT1 (glucose transporter 1),
GLUT3 and GLUT4 [but not GLUT2 and GLUT5 or SGLT-1 (sodium/glucose
cotransporter-1)] have been reported to mediate the transport of this compound (reviewed in

[13]).

With the determination of molecular identity of the intestinal AA transporters, it became
possible to study certain structure— activity features of these systems. Thus an essential role
of the histidine residue at position 51 of the SVCT-1 polypeptide and of the histidine residue
at position 109 of the SVCT-2 polypeptide for the function of these transporters has been
reported [14]. In addition, the N-glycosylation sites of the hSVCT-1 (human SVCT-1)
polypeptide (located at positions 138 and 144) and those of the hSVCT-2 polypeptide
(located at positions 188 and 196) are important for functionality and are glycosylated [12].

Cell biology of the intestinal AA absorption process: membrane targeting and intracellular
trafficking of hNSVCT- 1 and hSVCT-2

Aspects of the cell biology of hSVCT-1 and -2 such as membrane targeting and intracellular
trafficking in intestinal epithelial cells have been studied in recent years using a live-cell
confocal imaging approach. Using human intestinal epithelial Caco-2 cells expressing
hSVCT-1 fused to YFP (yellow fluorescent protein), i.e. h\SVCT1-YFP, it has been shown
that the protein is exclusively expressed at the apical membrane domain of these cells [15]
(see Figure 1 for a diagrammatic depiction of the membrane domains at which well-
characterized vitamin transporters, including those of ascorbate, are expressed in intestinal
epithelial cells). Some of the protein was also observed to be inside a heterogeneous
population of intracellular structures (can be viewed at http://www.jbc.org/cgi/content/full/
M400876200/DC1) [15]. The mobility of these structures was influenced by temperature
and was dependent on an intact microtubule network. The molecular signal that dictates the
targeting of hNSVCT-1 to the apical membrane domain was shown be embedded in the
cytoplasmic C-terminal sequence PICPVFKGFS (i.e. amino acids 563-572) [15]. As to the
cell biology of the SVCT-2 system in intestinal epithelial cells, there is little known on the
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subject besides the finding that this transporter appears to be expressed at the basolateral
domain of these cells [16] (Figure 1).

Regulatory aspects of the intestinal AA absorption process

BIOTIN

Intestinal AA absorption is regulated by extracellular and intracellular factors. Knowledge
about basal transcriptional activity of the SLC23A1 and SLC23A2 genes was gained from a
study involving cloning and characterization of the 5" -regulatory regions (promoters) of
these genes with the use of the luciferase reporter-gene approach [17]. The characterization,
however, was performed in human liver cells and identified a 135-bp sequence upstream of
the transcriptional start site as the minimal promoter region required for basal activity of the
SLC23A1 promoter. A role for HNF-1 (hepatocyte nuclear factor-1), a cis-regulatory
element, in regulating the activity of the SLC23A1 gene was also reported [17]. As to the
SLC23A2 gene, a role for the cis-element KLF (Krippel-like factor)/Spl (stimulating
protein-1) in regulating this gene has been described [18]. Although these studies provide
important information about the transcriptional activity of the SLC23A1 and SLC23A2 genes
in human liver cells, it is unclear if they also apply to human intestinal epithelial cells.
Further studies are needed to address this issue.

Intestinal AA absorption appears to be adaptively regulated by the dietary level of the
vitamin. Supplementing guinea pigs with AA led to a down-regulation in intestinal AA
absorption [19,20]; similar observations were reported in a study using human intestinal
epithelial Caco-2 cells [21]. In the latter study, the decrease in AA uptake upon
supplementation was associated with a decrease in the level of expression of hNSVCT-1. In
contrast, an induction in the level of expression of SVCT-1 in the intestine of SMP30/GNI-
knockout mice (animals that have lost the ability to synthesize AA endogenously) was
observed upon feeding a vitamin C-deficient diet [22].

The intestinal AA uptake process also undergoes differentiation-dependent regulation. A
study with Caco-2 cells (which differentiate spontaneously in culture upon reaching
confluence to become mature enterocyte-like cells [23]), showed that the intestinal AA
uptake process is regulated during differentiation [24]. This regulation was associated with
changes in the level of expression of hSVCT-1, but not hSVCT-2 [24].

In mammals, biotin (vitamin H) serves as a cofactor for five carboxylases that are involved
in a variety of metabolic reactions including fatty acid biosynthesis, gluconeogenesis, and
catabolism of certain amino acids and fatty acids. The vitamin also plays a role in regulating
the expression of oncogenes and the cellular level of the second messenger cGMP [25-28].
Deficiency of biotin leads to growth retardation, dermatological abnormalities and
neurological disorders. Animal studies have also shown that biotin deficiency during
pregnancy can lead to congenital malformation and death [29-32]. Biotin deficiency and
sub-optimal levels occur in subjects with inborn errors of biotin metabolism [33], those on
long-term therapy with anticonvulsant drugs [34-37], those on long-term parenteral nutrition
[38], in chronic alcoholics [39], during pregnancy [40] and in subjects with inflammatory
bowel disease [41].
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Physiological and molecular aspects of the intestinal biotin absorption process

Humans obtain biotin from dietary and bacterial sources. The latter source is provided by the
normal microflora of the large intestine [6]. The contribution of the bacterial source towards
total body biotin nutrition is not clear. However, considering that the large intestine is
capable of absorbing luminal biotin [42—44], that colonocytes possess an efficient carrier-
mediated mechanism for biotin uptake [45] and that luminal content remains relatively
longer in the large intestine than in the small intestine, it is reasonable to suggest that this
source of vitamin is of nutritional value to the host and especially to the local colonocytes.

In the diet, biotin exists in the free and protein-bound forms. Protein-bound biotin is
digested by gastrointestinal proteases and peptidases to biocytin (biotinyl-L-lysine) and
biotin—short peptide conjugates, which are converted into free biotin prior to absorption by
the action of the enzyme biotinidase [46]. Mutation in this enzyme leads to ‘biotinidase
deficiency’, a condition in which biocytin (and other biotin—short peptides) cannot be
converted (recycled) into free biotin, resulting in impairment in cellular uptake including
absorption in the gut [46,47].

The mechanism of absorption of biotin in the small and large intestine has been studied
using a variety of intestinal preparations from a number of species (reviewed in [8,9]). These
studies have shown the involvement of an Na* -dependent carrier-mediated uptake
mechanism in both regions of the gut. This carrier was also found to transport two other
functionally unrelated nutrients, pantothenic acid (a water-soluble vitamin involved in the
synthesis of coenzyme A and acyl carrier proteins in mammalian cells) and lipoate (a potent
intracellular and extracellular antioxidant) [48,49]. It is for this reason that the biotin uptake
system is now referred to as the ‘SMVT’ (sodium-dependent multivitamin transporter).

Studies using purified intestinal BBMVs [BBM (brush-border membrane) vesicles] have
shown that the intestinal Na* -dependent carrier-mediated mechanism of biotin uptake is
functional only at the apical BBM domain of the polarized intestinal epithelial cells [50-54].
Subsequent immunological studies using specific polyclonal anti-SMVT antibodies and
confocal imaging investigations confirmed this conclusion (Figure 1) [55,56]. As to how the
negatively charged biotin leaves the intestinal absorptive epithelial cells across the BLM
(basolateral membrane), this issue was also addressed using purified intestinal BLMVs
(basolateral membrane vesicles) and involves a specialized Na* -independent carrier-
mediated mechanism [53,54].

The molecular identity of the human SMVT protein (the product of the SLC19A6 gene) and
that of a number of other species have been delineated in recent years ([57-59] and
GenBank® accession number AY572835). The hSMVT (human SMVT) protein is predicted
to have 12 TMDs and a number of potential post-translational modification sites that include
four N-glycosylation motifs and two protein kinase phosphorylation sites. Recent studies
from my laboratory have shown that the hNSMVT protein is indeed glycosylated and that this
glycosylation is important for the function and stability of the carrier protein (A. Ghosal,
V.S. Subramanian and H.M. Said, unpublished work). The relative contribution of the
hSMVT system towards total carrier-mediated biotin uptake in the intestine has also been
determined using gene-specific siRNA (small interfering RNA) [60]. Knocking down the
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hSMVT system in Caco-2 cells leads to a severe inhibition of carrier-mediated biotin
uptake, suggesting that the hSMVT system is the major (if not the only) biotin uptake
mechanism in these cells [60]. Further studies involving SMVT-knockout mouse models are
needed to confirm this conclusion in native intestinal tissue in vivo.

With the delineation of the molecular identity of the SMVT system, knowledge about the
structure—function relationship of the system has also been forthcoming. Thus, in a recent
study using site-directed mutagenesis, an important role for His1%and His?>* of the hSMVT
polypeptide in the function of the transporter has been reported [61]. Specifically, mutating
these sites was found to lead to a significant inhibition of carrier-mediated biotin uptake via
a significant reduction in the Vs, but not the apparent K, of the uptake process. This
effect was not related to the charge of the histidine residues or to changes in transcriptional
or translational efficiency of the mutated hSMVT [61]. Rather, the inhibition appeared to be
due to a significant reduction in the level of expression of the mutated hSMVT at the cell
surface [61].

Cell biology of the intestinal biotin absorption process and identification of an accessory

protein

Membrane targeting and intracellular trafficking of the hSMVT system in intestinal
epithelial cells has been investigated recently [55]. A live-cell confocal imaging study has
shown that the hSMVT protein [fused to GFP (green fluorescent protein)] is expressed
exclusively at the apical membrane domain of epithelial cells, and its C-terminal tail is
important for membrane targeting and function (Figure 2) [55]. The intracellular movement
of hSMVT involves distinct trafficking vesicles, and the mobility of these vesicles depends
on the existence of an intact microtubule network and is impaired by dynamitin (p50),
brefeldin and monensin [55].

Another recent study, using yeast two-hybrid screening of a human intestinal cDNA library,
has identified PDZD11 (PDZ domain-containing protein 11), a PDZ-containing protein, as
an interacting partner with hSMVT [62]. The interaction between hSMVT with PDZD11
was confirmed further in vitro [by a GST (glutathione transferase) pull-down assay] and in
vivo (by two-hybrid luciferase and co-immunoprecipitation assays), as well as by confocal
imaging of living cells. Furthermore, the interaction had a functional consequence in that co-
expression of hNSMVT with PDZD11 led to an increase in biotin uptake, whereas knocking
down PDZD11 (with the use of gene-specific sSiRNA) led to an inhibition of uptake.
Moreover, the PDZ-binding domain of the hNSMVT polypeptide that interacts with PDZD11
was localized to the C-terminal tail of the transporter [62].

Regulatory aspects of the intestinal biotin absorption process

The process of biotin absorption in the intestine is regulated by extracellular and
intracellular factors/conditions via transcriptional and post-transcriptional mechanisms.
Information about basal transcriptional activity of the SLC5A6 gene has been forthcoming as
a result of cloning of the 5’-regulatory region of this gene, and by characterization of its
activity in vitro and in vivo [63,64]. The 5’-regulatory region of the human SLC5A6 gene
harboured two distinct promoters (P1 and P2) [64]. Both P1 and P2 were TATA-less,
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CAAT-less and had multiple putative cis-regulatory elements. The minimal promoter region
required for basal activity of P1 was shown to be in a sequence between— 4830 and — 4603,
and for P2 in a sequence between —4417 and — 4303 [64]. A role for the cis-regulatory
elements [KLF-4 and AP-2 (activator protein 2)] in the function of these promoters has also
been demonstrated [65]. Functionality of the cloned human SLC5A6 5’-regulatory region
was confirmed in vivo in transgenic mice [65].

Intestinal biotin uptake is adaptively regulated by the substrate level in the diet [66,67]. A
significant and specific up-regulation in intestinal uptake was observed in rats fed on a
biotin-deficient diet compared with pair-fed controls. On the other hand, a significant down-
regulation in biotin uptake was observed in rats over-supplemented with biotin. This
adaptive regulation was mediated via changes in the Vinax (but not the apparent K,) of the
biotin uptake process, suggesting that the effect is by changes in the number (and/or activity)
of the biotin transporters, but not in their affinity. Similar adaptive regulation in biotin
uptake was observed in a study with human intestinal epithelial Caco-2 cells [67]. In the
latter study, the induction in biotin uptake in biotin deficiency was further shown to be
associated with an induction in the level of expression of h\SMVT via what appears to be a
transcriptionally mediated mechanism. A biotin deficiency-responsive region was also
identified and was mapped to a 103-bp sequence in the SLC5A6 promoter [67]. Furthermore,
a GKLF (gut-enriched KLF) cis-regulatory element was involved in this adaptive response
of the SLC5A6 promoter [67].

Intestinal biotin absorption is developmentally regulated during the early stages of life
[56,68]. An increase in biotin uptake in the proximal small intestine was observed with
maturation, and was mediated via an increase in the Vs« and the apparent Kp,, of the biotin
uptake process; it was also associated with an increase in the level of expression of SMVT
and in the transcription rate of the Slc5a6 gene [56]. These findings suggest that
developmental regulation of the intestinal biotin absorption process, at least in part, involves
a transcriptional mechanism(s).

Finally, intestinal biotin uptake was found to be under the regulation of an intracellular PKC
(protein kinase C)-mediated pathway [69,70]. Activation of this pathway leads to a
significant decrease in biotin uptake, whereas its inhibition leads to a slight (but significant)
increase in the vitamin uptake by human intestinal epithelial cells [69,70]. This PKC-
mediated regulation of intestinal biotin uptake was mediated via a decrease in the Vi (not
the apparent K.,,), suggesting that the effect is via changes in the activity (and/or number),
but not affinity, of the carrier system. More recent studies in our laboratory using site-
directed mutagenesis have shown that both of the two potential PKC phosphorylation sites
of the hSMVT polypeptide (Thr286 and Ser283) are involved in mediating the PKC effect on
biotin uptake (A. Ghosal, V.S. Subramanian and H.M. Said, unpublished work). A role for
an intracellular Ca2* /CaM (calmodulin)-mediated pathway in the regulation of the intestinal
biotin uptake process has also been suggested [70].

Factors that negatively affect the intestinal biotin absorption process

Chronic alcohol use in humans is associated with a significant reduction in plasma biotin
levels [39,71]. A rat model of chronic alcohol feeding showed that chronic alcohol feeding
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leads to a significant inhibition of intestinal biotin absorption [72]. This inhibition affected
the biotin transport process across the BBM and BLM domains of the polarized enterocytes;
it was also associated with a significant reduction in the level of expression of the SMVT
protein, mMRNA and hnRNA (heterogeneous nuclear RNA) [72]. Chronic alcohol feeding
also inhibited carrier-mediated biotin uptake in the colon [72]. When the effect of chronic
alcohol feeding on intestinal biotin uptake was examined in transgenic mice carrying the
human SLC5A6 5’-regulatory region, a significant inhibition of the activity of the SLC5A6
5’-regulatory region in the intestine of these animals was also observed [72]. Finally, chronic
exposure of Caco-2 cells to alcohol, which leads to a significant inhibition of biotin uptake,
also causes a significant inhibition in activity of the human SLC5A6 promoters [72].
Collectively, these findings showed that chronic alcohol feeding exerts profound negative
effects on intestinal biotin absorption and that the effect is, at least in part, exerted at the
transcriptional level. It is of relevance to mention here that chronic alcohol use also inhibits
the renal biotin uptake process via a similar mechanism(s) [73].

Intestinal biotin uptake also appears to be sensitive to the effect of the anticonvulsant drugs
carbamazepine and primidone [74], and both biotin deficiency and sub-optimal levels have
been reported in patients on long-term use of these agents [34,36].

The term folate (vitamin Bg) refers to folic acid and its derivatives, compounds that act as
coenzymes for cellular one-carbon metabolism and consequently for the synthesis of
thymidine and purine as well as in the metabolism of several amino acids, e.g.
homocysteine. Folate deficiency (which is a highly prevalent vitamin deficiency worldwide)
leads to clinical abnormalities that range from megaloblastic anaemia to growth retardation
and congenital (neural tube) defects. On the other hand, optimizing folate body
homoeostasis leads to a significant reduction in the incidence of neural tube defects. A
variety of conditions and factors affect and interfere with the normal intestinal folate
absorption process. This includes congenital defects in the uptake system {as in the case of
mutations in the PCFT (proton-coupled folate transporter), which occur in patients with
HFMS (hereditary folate malabsorption syndrome) [75,76] , intestinal diseases (e.g. coeliac
disease and tropical sprue), drug interaction (e.g. sulfasalazin, trimethoprim, pyrimethamine
and diphenylhydantoin) and chronic alcohol use.

Physiological and molecular aspects of the intestinal folate absorption process

The human gut is exposed to two sources of folate, a dietary source (which is processed and
absorbed mainly in the small intestine) and a bacterial source (where the vitamin is produced
by the normal microflora of the large intestine and absorbed in that region of the gut [6]).
Although the relative contribution of the bacterial source to total body nutrition of folate is
not clear, the existence of an efficient carrier-mediated mechanism for folate uptake by
human colonocytes [77,78], when combined with the considerable time luminal contents
stay in the large intestine, suggests that this source of folate contributes to host nutrition,
especially towards the cellular nutrition of the local colonocytes.
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In the diet, folate exists in the form of mono- and polyglutamates. Folate polyglutamates are
hydrolysed to folate monoglutamates prior to absorption. This digestion process occurs
mainly in the proximal part of the small intestine and involves the enzyme folylpoly-y -
glutamate carboxypeptidase. With regard to the bacterial-provided folate in the large
intestine, a substantial portion of this folate exists in the folate monoglutamate form and thus
is available for absorption [79].

The mechanism of uptake of folate monoglutamates in the small and large intestine has been
studied using a variety of human and animal small intestinal and colonic preparations
(reviewed in [8,9,80,81]). In both regions of the gut, a specific pH-dependent, Na* -
independent carrier-mediated mechanism has been found. The uptake process was also
found to be sensitive to the inhibitory effect of the anion transport inhibitors DIDS (4,4’-di-
isothiocyanostilbene-2,2’-disulfonate), and SITS (4-acetimido-4’-isothiocyanostilbene-2,2’-
disulfonate). Other studies used purified intestinal BBMV and BLMV preparations to
demonstrate the involvement of a carrier at each of the membrane domains of the polarized
enterocytes (see [8,9,81] and references therein).

The molecular identity of the systems involved in intestinal folate absorption has been
delineated, with both the RFC (reduced folate carrier, the product of the SLC19A1 gene)
[82—84] and the PCFT (the product of the SLC46A1 gene) [75,85] involved (see detailed
reviews in [8,9,80,81]). hRFC (human RFC) (a 591 amino acid protein) is predicted to have
12 TMDs together with a number of putative protein kinase phosphorylation sites, and one
N-glycosylation motif (indeed, the latter site appears to be glycosylated). hRFC shares a
high degree of homology with that of other mammals [85]. The RFC protein is expressed at
the apical membrane domain of intestinal epithelial cells and functions at neutral pH [85-
87]. hPCFT (human PCFT, a 459 amino acid protein) is predicted to have 12 TMD and two
potential N-glycosylation sites (both of which appear to be glycosylated [88]). The protein
was originally cloned as a haem transporter [89], but a subsequent study demonstrated that
the system is an efficient folate transporter [75]. Expression of PCFT is restricted to the
apical membrane domain of the polarized intestinal epithelial cells [90]; in addition, the
protein is expressed mainly in the proximal part of the human small intestine, with low
expression in the distal small intestine and the large intestine [75,85,89]. Transport of the
negatively charged folate by the PCFT system is acidic-pH-dependent (proton coupled) and
electrogenic, i.e. it occurs via a folate™ —H* symport, and uses the energy generated by the
downhill movement of protons (see [75,80] and references therein) (an inwardly directed
proton gradient exists across the apical membrane domain of the proximal small intestine
due to the existence of the intestinal surface acid microclimate [91]).

Since both the PCFT and RFC proteins are expressed at the apical membrane domain of the
polarized intestinal epithelial cells (Figure 1), but have different pH optima, it is possible to
speculate that the contribution of each system towards total folate absorption in vivo depends
on their level of expression and on the prevailing pH at the site of absorption. Thus it is
reasonable to suggest that the PCFT system predominates in the proximal half of the small
intestine where the surface pH is acidic [91], whereas the hRFC system operates in the distal
small intestine and in the colon where surface pH is neutral [91]. An important role for
hPCFT in intestinal folate absorption has been supported by the identification of subjects
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with HFMS where loss-of-function mutations in this transporter have been identified
[75,80].

Little is known about the molecular identity of the folate transport system across the BLM
domain of intestinal epithelial cells. However, a role for a member(s) of the MDR
(multidrug resistance) proteins (see [80] and references therein) has been proposed.

Knowledge about the structure—function activity relationship of the PCFT and RFC systems
has been forthcoming from both clinical findings and experimental investigations. With
regard to RFC, experimental evidence suggests a role for the amino acid residues at position
45, 46, 104, 105, 127, 130, 297 and 309 in the function of the transporter (reviewed in [85]).
Other studies have reported a role for the intracellular loop between TMDs 6 and 7 of the
RFC protein [92], whereas no functional role was found for the N- and C-termini [93].

With regard to hPCFT, clinical mutations identified in patients with HFMS at positions 65,
66, 113, 147, 318, 376 and 425 appear to be important for functionality (see [80] and
references therein). These mutations lead to a spectrum of changes, including early
truncation and frameshift, that result in impairment in intracellular trafficking, membrane
targeting and/or changes in protein stability (see [80] and references therein). A role for the
conserved and positively charged histidine residues at positions 247 and 281 in the
functionality of hPCFT in transporting the negatively charged folate has been reported [94].

Cell biology of the intestinal folate absorption process: membrane targeting and
intracellular trafficking of hRFC and hPCFT

The mechanisms involved in membrane targeting and intracellular trafficking of the folate
transporters hRFC and hPCFT in epithelial cells have been investigated in recent years using
live-cell confocal imaging. Molecular determinants that dictate the targeting of hRFC to the
cell surface reside within the hydrophobic backbone of the polypeptide, with no role for the
N- or C-termini [93,95,96]. In addition, integrity of the hRFC backbone was critical for
trafficking of the protein from the endoplasmic reticulum to the cell surface. Intracellular
movement of hRFC involves trafficking vesicles, whose mobility depends on an intact
microtubule network [96] (trafficking vesicles can be seen at http://www.jbc.org/cgi/content/
full/277/36/33325/DC1). Another study used a bacterial two-hybrid system to show that the
DYNLRB1 (dynein, light chain, roadblock-type 1) protein is an interacting partner with
hRFC in human intestinal epithelial cells [97]. The interaction between hRFC and
DYNLRB1 was further confirmed by in vitro (pull-down assay) and in vivo (mammalian
two-hybrid luciferase assay and co-immunoprecipitation) assays [97], as well as by confocal
imaging of live intestinal epithelial cells (Figure 3). Co-expression of DYNLRB1 with
hRFC led to an increase in folate uptake, whereas its knockdown (by means of gene-specific
SiRNA) produced a decrease in folate uptake [97].

As to hPCFT, a live-cell confocal imaging study showed the protein to be exclusively
expressed at the apical membrane domain of epithelial cells (as depicted in Figure 1) and
that a f-turn sequence separating the predicted TMD2 and TMD3 of the hPCFT protein was
essential for its membrane targeting [90]. In addition, delivery of the hPCFT polypeptide to
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the cell surface depends on an intact microtubule network and was inhibited by
overexpression of the dynamitin (p50) subunit of the dynactin complex [90].

Regulatory aspects of the intestinal folate absorption process

The process of folate absorption in the intestine is under the regulation of a variety of
extracellular and intracellular conditions that act via transcriptional and/or post-
transcriptional mechanisms. Basal transcriptional activity of the SLC19A1 gene (which
encodes hRFC) involves at least six alternative promoters. The activity of these promoters
leads to the generation of 15 distinct 5" -untranslated regions (variants) that share a common
hRFC open reading frame [85]. These promoters appear to be regulated by ubiquitous [SP
and USF (upstream stimulatory factor)] and tissue-specific [e.g. AP-1 and C/EBP (CCAAT/
enhancer-binding protein)] nuclear regulatory factors, and by methylation [85]. In the
intestine, variant | appears to be the predominant hRFC variant and is driven by promoter B
of the SLC19A1 gene [81,84]. The basal transcriptional activity of the SLC46A1 gene (which
encodes hPCFT) has been studied, with the minimal region required for basal activity
mapped to a sequence of 157 bp upstream of the ATG codon and containing putative GC-
box sites as well as enhancer elements [YY1 (Yin and Yang 1) and AP-1] [98].

Another study showed that the intestinal folate digestion and absorption processes are both
adaptively regulated by the substrate level in the diet. The activity of folylpoly-y -glutamate
carboxypeptidase increased in folate deficiency [99]. Similarly, a specific and significant
induction in the jejunal carrier-mediated folate uptake process occured in folate deficiency
[99-101]. The induction in uptake was mediated via an increase in the Vihax (N0 change in
apparent K,) and was associated with an increase in the level of expression of PCFT and
RFC [99-102]. The induction in expression of RFC in folate deficiency was observed in the
small and large intestines [99]. Similar findings were observed in studies with human
intestinal epithelial Caco-2 cells maintained under a folate-deficient condition [101,102]. In
the latter studies, folate deficiency also led to an induction in the activity of SLC19A1
promoter B [101]. The folate deficiency-responsive region of the SLC19A1 promoter was
mapped to a sequence between — 2016 and — 1431 [101]. There is little known at present
about the molecular mechanism(s) involved in the induction of PCFT expression in folate
deficiency.

Both the intestinal folate digestion and absorption processes are developmentally regulated
during early stages of life [103-105]. With regard to folate uptake, a decrease in this
parameter was seen with maturation and was mediated via a decrease in the Vpax (not the
apparent K,,) of the folate uptake process; it was also associated with a decrease in the
expression of RFC and in the transcription rate of the Slc19al gene, suggesting the
involvement of transcriptional mechanism(s) [105]. Little is known about PCFT expression
during early development and the molecular mechanism(s) involved in any possible
regulation.

Intestinal folate uptake was further shown to undergo differentiation-dependent regulation.
Enterocytes gain functional maturity (differentiation status) as they move from their place of
birth in the crypts to the villus region [106]. Studies using human intestinal epithelial Caco-2
cells (which differentiate spontaneously in culture upon reaching confluence) have shown a
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significant increase in carrier-mediated folate uptake with differentiation [106]. This
increase was associated with an increase in the expression of hRFC and hPCFT and the
activity of their respective promoters. The latter suggests that the differentiation-dependent
regulation in intestinal folate uptake may involve a transcriptional mechanism(s) [106].
These findings on differentiation-dependent regulation of the intestinal folate uptake process
were further confirmed in a study with native mouse intestine [106].

Finally, intestinal folate uptake was found to be under the regulation of an intracellular
protein-tyrosine-kinase-mediated pathway [78,107]. This regulatory pathway appears to
affect the folate uptake process by changes in Vpay, Not its apparent Ky, suggesting that the
effect is mediated via changes in the activity (and/or number), but not affinity, of the folate
uptake carriers. A role for an intracellular cAMP-mediated pathway that is independent of
PKA (protein kinase A) has also been reported [78,107].

Factors that negatively affect the intestinal folate absorption process

Folate deficiency is common in alcoholics. Although a variety of factors contribute to the
development of this deficiency, an inhibition in intestinal processing of the vitamin has been
recognized as being a major contributing factor [108,109]. Indeed chronic alcohol use
inhibits both the digestion process of dietary folate polyglutamates and the uptake phase of
liberated folate monoglutamates [108,109]. The inhibition in the intestinal folate uptake
process by chronic alcohol use was associated with a significant reduction in the level of
expression of RFC (the level of PCFT was not examined in these studies) [109,110]. It may
be of relevance to mention that a recent study reported that chronic alcohol use inhibits
pancreatic folate uptake, and the inhibition is associated with a significant reduction in the
level of expression of both the RFC and PCFT systems [111].

Other studies have reported an impairment in the activity of the folate-hydrolysing enzyme
folylpoly-y -glutamate carboxypeptidase in disease conditions such as coeliac disease and
tropical sprue [112,113] and as a result of prolonged use of sulfasalazine [114,115].
Sulfasalazine also appears to inhibit the intestinal folate absorption process [114] via an
effect on the transport systems involved [116-118].

NIACIN (NICOTINIC ACID)

Niacin (vitamin B3) is a precursor for the coenzymes NAD and NADP, both of which are
involved in metabolic reactions that maintain the redox state of the cell, including glycolysis
and the pentose phosphate shunt. The vitamin also has a lipid-lowering effect. Niacin
deficiency leads to pellagra, a disease that is characterized by inflammation of mucous
membranes, skin lesions and diarrhoea. Deficiency and sub-optimal levels occur in
alcoholics and in patients with Hartnup disease; individuals with the latter disease have
mutations in the membrane transporter of the amino acid tryptophan (the precursor of
endogenous niacin synthesis). Humans obtain their requirements for niacin from endogenous
and exogenous sources. The former source is provided via the metabolic conversion of
tryptophan into niacin, whereas the latter source is the diet (there appears to be little
contribution by the normal microflora of the large intestine as they tend to retain their niacin
intracellularly [6]).
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Early studies on the mechanism of intestinal niacin uptake produced conflicting reports with
some reporting the process as being via simple diffusion, whereas others reported the
process as being carrier-mediated with an apparent Ky, in the milimolar range [119-122].
The high apparent K, reported in these studies has raised significant doubt regarding the
physiological relevance of such a system since niacin exists in the micromolar range in the
intestinal lumen [123]. To clarify these issues, we used human intestinal epithelial Caco-2
cells and purified human intestinal BBMVSs, and physiological conditions, to show the
involvement of a specific high-affinity (apparent K, of 0.53+ 0.08 uM), acidic-pH-
dependent, Na* -independent carrier-mediated + mechanism for niacin uptake [124]. A
similar high-affinity carrier-mediated mechanism (apparent K, of 0.73 £0.16 pM) for niacin
uptake was subsequently identified in human liver cells [125]. With regard to the molecular
identity of the uptake system involved in intestinal absorption of physiological
concentrations of niacin, this issue still needs further studies, although a role for hOAT-10
(human organic anion transporter-10) in the uptake process has been proposed [126]. Other
studies [127,128] have suggested a role for the sodium-coupled monocarboxylate transporter
SLC5AS8 in intestinal uptake of niacin, but the reported apparent K, for this system of 0.23—
0.3 mM and its apparent non-specificity raises some concern regarding its role in the
absorption of physiological concentrations of niacin (which as mentioned above exist in the
micromolar range). It is possible that the SLC5A8 system is involved in the absorption of
high pharmacological doses of niacin that are used clinically as a lipid-lowering agent.
Nothing is known about the mechanism involved in niacin exit out of the enterocytes across
the BLM.

With regard to regulation of the intestinal niacin absorption process, a study involving
human Caco-2 cells suggested a role for an intracellular protein-tyrosine-kinase-mediated
pathway in regulating vitamin uptake [124].

PANTOTHENIC ACID

Pantothenic acid (vitamin Bs) is needed for the synthesis of coenzyme A and acyl carrier
protein, which are involved in carbohydrate, fat and protein metabolism. Owing to the
ubiquitous distribution of pantothenic acid, no known cases of deficiency have been reported
in humans.

Humans obtain pantothenic acid from a dietary source and a bacterial source; the latter is
provided by the normal microflora of the large intestine and is absorbed in that region of the
gut [6]. Both sources appear to contribute to the body's need for the vitamin, although the
exact level of contribution is not defined. In the diet, pantothenic acid exists mainly in the
form of coenzyme A, which is hydrolysed to free pantothenic acid prior to intestinal
absorption [129]. The mechanism of uptake of pantothenic acid in the small and large
intestines is the same and occurs via SMVT [48,49,58,69]. As discussed above in the
‘Biotin’ section, SMVT also transports biotin and lipoate. There is no information available
as to how pantothenic acid leaves the intestinal absorptive cells across the BLM.
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PYRIDOXINE (AND ITS DERIVATIVES)

Pyridoxine, together with pyridoxal and pyridoxamine, are collectively referred to as
vitamin Bg. The vitamin acts as a cofactor in a number of metabolic reactions involving
carbohydrate, protein and lipid metabolism. Pyridoxal 5" phosphate is the most biologically
active form of the vitamin. Deficiency of vitamin Bg (leading to a variety of clinical
abnormalities, including neurological disorders and anaemia) occurs in chronic alcoholism,
in patients with diabetes mellitus and those with coeliac disease; it also occurs in patients on
long-term use of the therapeutic agents isoniazid and penicillamine. Sub-optimal levels of
vitamin Bg have also been reported in patients with vitamin-Bg-dependent seizure, an
autosomal-recessive disorder believed to be due to an impairment in pyridoxine transport
into cells [130].

Physiological aspects of the intestinal pyridoxine absorption process

Humans obtain vitamin Bg from dietary and bacterial sources (the latter is produced by the
normal microflora of the large intestine [6]). Although the relative contribution of the
bacterial source to total body nutrition of vitamin Bg is well defined, evidence exists to
suggest that this source is bioavailable [131] and that the large intestine possesses an
efficient mechanism for vitamin Bg uptake (see below). In the diet, vitamin Bg compounds
exist in the free and phosphorylated forms; the latter form is hydrolysed to the free form
prior to absorption [132-134]. Earlier studies on the mechanism of intestinal vitamin Bg
absorption concluded that the process is non-saturable [132,135]. However, more recent
studies from our laboratory using the enterocyte-like human intestinal epithelial Caco-2
cells, mouse-derived colonic epithelial (YAMC) cells and purified human colonic apical
membrane vesicle preparations, isolated from the colon of organ donors, as models and
proper physiological conditions have shown the existence of a specific acidic pH (but not
Na* )-dependent carrier-mediated mechanism for pyridoxine uptake [136,137]. Studies have
also shown the vitamin Bg uptake process to be sensitive to the effect of the diuretic
amiloride [136]. Nothing is currently known about the molecular identity of the intestinal
pyridoxine carrier of any mammalian species.

Regulatory aspects of the intestinal vitamin Bg absorption process

The process of pyridoxine absorption in the intestine appears to be under the regulation of
extracellular and intracellular factors. Adaptive up-regulation of intestinal pyridoxine uptake
has been reported in intestinal epithelial cells maintained in the presence of a low vitamin
level [137]. This up-regulation appears, at least in part, to be transcriptionally mediated
[137]. Pyridoxine uptake by intestinal epithelial cells also appears to be under the regulation
of an intracellular PKA-mediated pathway [136]. An increase in intracellular cAMP level
was found to lead to a significant inhibition in pyridoxine uptake, an effect that is mediated
via a significant reduction in the Vmax, but not the apparent K., of the uptake process. These
findings suggest a decrease in the activity (and/or the number), but not affinity, of
pyridoxine uptake [136].
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RF (RIBOFLAVIN)

RF (vitamin By) in its coenzyme forms, FMN and FAD, plays key metabolic roles in a
variety of reactions involving carbohydrates, amino acids and lipids, and the conversion of
folic acid and vitamin Bg into their active coenzyme forms. Deficiency and suboptimal
levels of RF (which occur in patients with inflammatory bowel disease, chronic alcoholism
and Brown—Vialetto—Van Laere syndrome) leads to a variety of clinical abnormalities that
include degenerative changes in the nervous system, endocrine dysfunction, skin disorders
and anaemia. In contrast, optimization of RF status reduces the risk of oesophageal
squamous cell carcinoma (see [138] and references therein).

Physiological and molecular aspects of the intestinal RF absorption process

As in the case of a number of other water-soluble vitamins, the human intestine is exposed
to two sources of RF, one being dietary (which is processed and absorbed in the small
intestine) and the other bacterial (where the vitamin is generated by the normal microflora of
the large intestine and is absorbed in that region of the intestinal tract [6]). Again, although
the contribution of the latter source to total body RF homoeostasis is not clear, what is clear
is that the large intestine is capable of absorbing luminal RF [43,139] and that colonocytes
possess an efficient uptake mechanism for RF (see below).

In the diet, RF exists in the free and FMN and FAD forms. The latter two forms are
hydrolysed to free RF prior to absorption by intestinal phosphatases [140]. As to the
bacterially produced RF in the large intestine, a considerable amount of this RF exists in the
free (absorbable) form [141,142]. The mechanism of RF absorption in the small and large
intestines has been studied using a variety of preparations from a number of species
(reviewed in [8,9]). These studies have shown the involvement of an efficient and specific
Na* -independent carrier-mediated mechanism for RF uptake located at the apical
membrane domain. Other studies have characterized the exit process of RF out of the
polarized enterocyte (transport across the BLM) and showed the event to also be via a
specific carrier-mediated mechanism (reviewed in [8,9]). Studies have delineated the
molecular identity of the intestinal RF uptake systems. Both RFT-1 (RF transporter-1) and
RFT-2 (GenBank® accession numbers NM_017986 and NM_033409 respectively;
[143,144]) are expressed in the small intestine, with expression of the latter being
significantly higher than that of the former [143,144]. Furthermore, hRFT-2 (human RFT-2)
appears to be a more efficient RF transporter than hRFT-1 [144]; in addition, the apparent
Km of RF uptake by RFT-2 is similar to the apparent Ky, of the RF uptake process in
intestinal epithelial cells (both being in the sub-micromolar range) [145,146]. A third RFT
(RFT-3) has been described recently, but it appears to be brain-specific [147]. hRFT-1 (a
448 amino acid protein) is predicted to have ten TMDs [143], whereas hRFT-2 (a 468 amino
acid protein) is predicted to have 11 TMDs; in addition, the two proteins share 43% identity
with one another [144].

Knowledge about the structure—activity relationship of the RF transporters has also begun to
emerge from both clinical findings and laboratory investigations. Many mutations in
hRFT-2 have been identified recently in patients with Brown—Vialetto—Van Laere
syndrome, a rare neurological disorder caused by mutation(s) in this transporter, and are
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associated with RF deficiency and sub-optimal levels [148-150]. The affected amino acids
were reported to be at positions 28, 36, 71, 132, 213, 224, 413 and 457 of the hRFT-2
polypeptide. These findings suggest a role for these sites in the function and/or cell biology
of hRFT-2, although no detailed characterizations of their function and cell biology have
been performed so far. Another study used thiol-group-specific reagents to indicate the
possible involvement of such groups in the function of the intestinal RF uptake process
[145].

Regulatory aspects of the intestinal RF absorption process

The process of RF absorption in the intestine is regulated by extracellular and intracellular
factors/conditions. Specifically, intestinal RF uptake was adaptively regulated by
extracellular substrate levels [145,146,151]. Studies using cultured intestinal epithelial cells
and rats have shown that RF deficiency leads to a significant up-regulation in RF uptake,
whereas over-supplementation with RF leads to a significant down-regulation
[145,146,151]. These adaptive changes in the intestinal RF uptake by substrate levels were
mediated via changes in the Vs (but not the apparent K,,,) of the uptake process,
suggesting a change in the number (and/or activity), but not the affinity, of the RF carriers
[145]. Furthermore, the up-regulation in RF uptake in deficiency was suppressed by the
transcription inhibitor actinomycin D, suggesting the possible involvement of a
transcriptional regulatory mechanism(s).

Intestinal RF uptake also appears to be developmentally regulated during early stages of life,
with a decrease in RF uptake occurring with maturation [152]. This decrease appears to be
mediated via a decrease in the Va1 and an increase in the apparent K, of the RF uptake
process, suggesting a decrease in the number (and/or activity) and affinity of the RF uptake
carriers with maturation.

Finally, intestinal RF uptake is under the regulation of specific intracellular regulatory
pathways. A role for a PKA-mediated signalling pathway was reported where activation of
the pathway leads to a significant inhibition in uptake [153]. The PKA-mediated inhibition
in intestinal RF uptake was reversible and was mediated via a reduction in the V3« (but not
the apparent K.,) of the RF uptake process. A role for an intracellular Ca?* /CaM-mediated
pathway in the regulation of intestinal RF uptake has also been reported [153].

Factors that negatively affect the intestinal RF absorption process

THIAMIN

Laboratory investigations show that the intestinal RF uptake process is sensitive to the
inhibitory effect of the Na* /H* exchanger inhibitor amiloride [145]. In addition, the
tricyclic phenothiazine drug chlorpromazine (a compound that shares structural similarity
with RF) inhibits intestinal RF uptake [154]. Whether these pharmacological agents also
affect RF absorption in human intestine in vivo is not clear and requires further
investigation.

Thiamin (vitamin B,) is the first member of the family of water-soluble vitamins to be
described, appearing in Chinese medical literature some 4000 years ago. The vitamin acts as

Biochem J. Author manuscript; available in PMC 2014 June 09.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Said

Page 17

a coenzyme in a variety of critical metabolic reactions related to energy metabolism; it is
also involved in the generation of chemical-reducing power in cells. Deficiency of this
vitamin leads to a variety of clinical abnormalities that include neurological and
cardiovascular disorders (reviewed in [155]). The incidence of thiamin deficiency (and sub-
optimal levels) is common in chronic alcoholics and diabetic patients [156-159]. It has also
been reported in patients with coeliac disease [160] and those on long-term use of the
diuretic furosemide [161]. Tissue-specific (i.e. localized) deficiency of thiamin also occurs
in humans, as in the case of patients with TRMA (thiamin-responsive megaloblastic
anaemia) and those with thiamin-responsive Wernicke's-like encephalopathy. The
autosomal-recessive disorder TRMA is caused by mutations in hTHTR-1 [human THTR-1
(thiamin transporter-1)] (the product of the SLC19A2 gene) [162—164], which is highly
expressed in the affected tissues. TRMA is characterized by megaloblastic anaemia,
sensorineural deafness and Type 2 diabetes mellitus [165,166]. The thiamin-responsive
Wernicke's-like encephalopathy is believed to be caused by mutations in the other major
thiamin transporter, hnTHTR-2 (the product of the SLC19A3 gene) [167].

Physiological and molecular aspects of the intestinal thiamin absorption process

Humans obtain thiamin from dietary and bacterial sources; the latter is provided by the
normal microflora of the large intestine [6] and is absorbed in that region of the gut
[42,139]. Again, the relative contribution of the bacterial source towards the total body
requirement of thiamin is not clear. However, the recent identification of an efficient and
specific uptake mechanism for luminal thiamin by human colonocytes (see below) when
considered in combination with the time luminal content stays in the large intestine raises
the possibility that this source of thiamin is of nutritional value to the host, especially for the
cellular nutrition of the local colonocytes.

In the diet, thiamin exists mainly in the phosphorylated form, which is converted by
phosphatases into free thiamin prior to absorption in the proximal part of the small intestine
[168]. As to the bacterially produced thiamin in the large intestine, up to 50% of this thiamin
exists in the free absorbable form [169-171]. The mechanism of absorption of free thiamin
in the small and large intestine has been studied using a variety of intestinal and colonic
preparations from a number of species. These studies indicate the involvement of a similar
specialized carrier-mediated mechanism for thiamin uptake in both regions of the gut
(reviewed in [8,9]). Others studies have shown that thiamin transport across the individual
membrane domain of the polarized enterocyte is via a pH (but not Na* )-dependent,
electroneutral carrier-mediated mechanism [172-174]. The molecular identity of the systems
involved in intestinal thiamin uptake has been delineated in recent years following the
cloning of THTR-1 and THTR-2 from different tissues of a number of species [162—
164,175,176]. Both hTHTR-1 (a 497 amino acid protein) and hTHTR-2 (a 496 amino acid
protein) are expressed in the small and large intestines with expression of the former being
significantly higher than that of the latter. These transport proteins are predicted to have 12
TMDs and multiple potential post-translational modification sites. The transporters also
share considerable similarity with one another and with hRFC. However, neither of these
thiamin transporters handles folate nor does RFC handle free thiamin. hTHTR-1 functions at
the micromolar range, whereas hTHTR-2 functions at the nanomolar range. In addition,
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although the hTHTR-1 protein is expressed at both the BBM and BLM domains of the
polarized enterocyte, expression of the hTHTR-2 protein is restricted to the BBM domain of
these cells [177,178].

The relative contribution of THTR-1 and THTR-2 towards total carrier-mediated thiamin
uptake in the intestine has also been determined using gene-specific siRNAs to selectively
knock down the individual transporter [178]. That study showed that the transporters are
involved in intestinal thiamin uptake and account for total carrier-mediated thiamin uptake
[178]. A more recent study used THTR-1- and THTR-2-knockout mouse models to show a
significant and specific inhibition in thiamin uptake in the intestine of THTR-2-knockout
mice (Figure 4), whereas normal uptake was observed in the intestine of THTR-1-knockout
mice [179]. The latter observation is most probably due to the significant induction of
THTR-2 observed in the intestine (and kidney) of the THTR-1-knockout mice compared
with their wild-type littermates. Collectively, these findings establish an important role for
THTR-2 in the process of intestinal thiamin absorption. They may explain the normal
plasma level of thiamin observed in patients with TRMA despite dysfunctional THTR-1
[180]. The latter could be due to an induction in hTHTR-2 expression in the intestine (and
kidney) of the affected subjects, which may translate into a higher intestinal absorption (and
renal re-uptake) of thiamin and, hence, a thiamin plasma level within the normal range
[179].

Knowledge about the structure—function relationship of hTHTR-1 and -2 has been emerging
from both clinical findings and experimental investigations. Thus 16 missense and nonsense
mutations have been found in hTHTR-1 in patients with TRMA [180,181]. These mutations
lead to a spectrum of physiological and biological phenotypes (including changes in protein
stability, membrane targeting and/or transport activity) that result in impaired functionality
[182,183]. Another study reported an important role for the amino acid at position 138 of the
hTHTR-1 polypeptide (the only conserved anionic amino acid residue in the TMD of the
polypeptide) in the transport of positively charged thiamin [183]. No role, however, was
found for the putative N-glycosylation sites (predicted to be at positions 63 and 314 of the
polypeptide) in the function or membrane targeting of hTHTR-1 [183]. With regard to the
structure—function relationship of the hTHTR-2 polypeptide, a number of clinical mutations
have also been identified recently. Two such mutations (K44E and E320Q) were identified
in patients with thiamin-responsive Wernicke's-like encephalopathy, and both were shown
to lead to a significant impairment in function [167]. In addition, although the E320Q
mutant trafficked to the cell membrane, the K44E mutant failed to do so [167]. Few other
additional mutations in the hTHTR2 polypeptide have been reported in patients with biotin-
responsive basal ganglia disease [184], but it is unclear how mutations in a specific thiamin
transporter contribute to the pathology of a condition that responds to biotin, since hTHTR-2
does not transport biotin [185]. A role for the three conserved negatively charged glutamic
acid residues in the TMDs of both the hTHTR-1 and hTHTR-2 polypeptides (located at
positions 120, 320 and 346) in the function of hTHTR-2 in transporting the positively
charged vitamin has also been reported [185]. On the other hand, the two putative N-
glycosylation sites (located at positions 45 and 166) of the hTHTR-2 polypeptide are not
important for function or targeting of the protein to the cell membrane [185].
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Cell biology of the intestinal thiamin absorption process: membrane targeting and
intracellular trafficking of N THTR-1 and hTHTR-2

Significant progress in our understanding of the cell biology of hTHTR-1 and -2 with regard
to membrane targeting and intracellular trafficking to the cell surface has been made
[177,186]. Live-cell confocal imaging of human intestinal epithelial cells expressing full-
length and truncated hTHTR-1 constructs fused to GFP show that the full-length construct is
expressed at both the apical and the BLM domains of these cells, with expression slightly
higher at the latter than the former domain (Figure 5) [177]. These studies show an essential
role for the N-terminal and backbone of the hTHTR-1 polypeptide (but not its C-terminal
tail) in membrane targeting. Furthermore, truncation within a region of the hTHTR-1
polypeptide where several TRMA mutations are clustered leads to an intracellular retention
of the mutant protein [177]. With regard to intracellular trafficking of hTHTR-1, this protein
was found inside trafficking vesicles, whose mobility requires an intact microtubule network
and is temperature-dependent ([177]; a movie of this can be seen at http://www.jch.org/cgi/
content/full/278/6/3976/DC1). The cell biology of hTHTR-2 in epithelial cells has been
studied using live-cell confocal imaging, with results showing the exclusive expression of
the protein at the apical membrane domain of these cells (Figure 5) [186]. Again, an
essential role for the transmembrane backbone of the hTHTR-2 polypeptide, but not its
cytoplasmic C-terminus, was found [186]. With regard to intracellular trafficking of the
hTHTR-2 protein, this protein was again found to be inside numerous trafficking vesicles,
whose mobility depends on an intact microtubule network and is affected by overexpression
of dynamitin (p50) (a subunit of dynactin, which is involved in trafficking of vesicles via the
minus-end-directed motor protein dynein) [186].

Regulatory aspects of the intestinal thiamin absorption process

The process of thiamin absorption in the intestine is regulated by extracellular and
intracellular factors/conditions via transcriptional and post-transcriptional mechanisms. Our
understanding of the basal transcriptional regulation of hnTHTR-1 and hTHTR-2 arises from
studies in which the 5’-regulatory region (promoter) of their respective genes (SLC19A2 and
SLC19A3 respectively) were cloned and characterized. The minimal promoter region
required for basal activity of the SLC19A2 promoter in intestinal epithelial cells was found
in a sequence between —356 and — 36, and included multiple putative cis-regulatory
elements [187,188]. A number of these cis-elements [GKLF, NF-1 (nuclear factor-1) and
Sp1] were shown experimentally (by mutational analysis, oligonucleotide competition
assays, and electrophoretic mobility shift and supershift assays) to be important for promoter
activity [187,188]. Functionality of the cloned human SLC19A2 promoter was also
confirmed in vivo in transgenic mice [188]. With regard to the minimal promoter region
required for basal activity of the SLC19A3 promoter, this region was found in a sequence
between — 77 and + 59, and contains a number of putative cis-regulatory elements. An
important role for the Sp1/GC-box-binding site (located at position — 48/— 45 bp) in
promoter activity was established; in addition, this site appears to interact with both Sp1 and
Sp3 [189]. Functionality of the human SLC19A3 promoter was also confirmed in vivo in
transgenic mice [189].
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The intestinal thiamin uptake process is adaptively regulated by the substrate level in the
diet. Thiamin deficiency leads to a specific and significant induction in intestinal thiamin
uptake [190,191]. This effect was associated with a significant induction in the level of
expression of THTR-2 (but not THTR-1). When transgenic mice carrying the human
SLC19A2 and SLC19A3 promoter—luciferase constructs were fed on a thiamin-deficient diet,
a significant induction in the activity of the SLC19A3 (but not the SLC19A2) promoter in the
intestine was observed compared with pair-fed transgenic controls [191]. These findings
suggest that the up-regulation in THTR-2 is, at least in part, mediated via transcriptional
mechanism(s).

The intestinal thiamin uptake process is developmentally regulated during early stages of
life, with a decrease in thiamin uptake occurring with maturation [192]. This decrease was
associated with a reduction in the expression of endogenous mouse THTR-1 and THTR-2
[192]. Furthermore, it was associated with a decrease in the activity of both the human
SLC19A2 and SLC19A3 promoters in the small intestine of transgenic mice carrying these
constructs [192]. These observations suggest that the regulation of intestinal thiamin uptake
during development is, at least partially, mediated via a transcriptional mechanism(s). A
similar pattern of developmental regulation was observed in thiamin uptake in the kidney
[192].

The intestinal thiamin uptake process was further shown to undergo a differentiation-
dependent regulation [193]. Studies using Caco-2 cells, which differentiate spontaneously in
culture upon reaching confluence to become enterocyte-like cells [23], show a significant
induction in carrier-mediated thiamin uptake with differentiation [193]. This induction was
associated with a significant increase in the expression of h\THTR-1 and hTHTR-2, and in
the activity of their respective promoters. The differentiation-responsive region is located
between —356 and — 275 bp for the SLC19A2 promoter, and between— 77 —13 bp for the
SLC19A3 promoter [193]. An important role for an NF-1-binding site (located between —348
and —345 bp of the SLC19A2 promoter) and for a Sp1/GC-box-binding— - site (located
between — 48 and - 45 bp of the SLC19A3 promoter) in the differentiation-dependent
response was also demonstrated. The differentiation-dependent regulation of intestinal
thiamin uptake was also observed in studies with wild-type and transgenic mice carrying the
human SLC19A2 and SLC19A3 promoters. In these studies, a significantly higher thiamin
uptake, level of expression of the endogenous THTR-1 and THTR-2, and activity of
SLC19A2 and SLC19A3 promoters were observed in intestinal villus compared with crypt
epithelial cells [193].

Finally, the intestinal thiamin uptake process is under the regulation of specific intracellular
regulatory pathways. A role for an intracellular Ca?* /CaM-mediated pathway in the
regulation of intestinal thiamin uptake has been reported [194,195]. This pathway functions
by a change in the Vmax, but not the apparent Ky, of the uptake process (i.e. via an effect on
the activity and/or number, but not affinity, of the uptake process) [194,195]. The same
intracellular pathway appears to regulate thiamin uptake in other non-intestinal cellular
systems [196-198].
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Factors that negatively affect the intestinal thiamin absorption process

It has been well recognized that chronic alcohol use leads to thiamin deficiency and that
inhibition in intestinal thiamin absorption plays a role in causing this deficiency [199,200].
A A recent study in rats investigated the cellular and molecular parameters of the intestinal
thiamin absorption process that were affected by chronic alcohol use [201]. Chronic alcohol
feeding inhibited carrier-mediated thiamin transport across the BBM and BLM domains of
the polarized enterocyte, and the inhibition was apparent as early as 2 weeks after the start of
chronic alcohol feeding. This inhibition was associated with a marked decrease in the level
of expression of THTR-1 (but not THTR-2) at the protein, mMRNA and hnRNA levels,
suggesting that the effect is being exerted, at least in part, at the level of transcription [201].
Similarly, thiamin uptake in rat colon was inhibited by chronic alcohol feeding, suggesting
that this ingestion negatively affects the ability of the colon to absorb the bacterially
synthesized thiamin [201]. Similar inhibition in thiamin uptake by chronic alcohol feeding
was observed in the kidney [202]. These findings demonstrate that chronic alcohol use leads
to inhibition in the entry of thiamin into the body (via the intestine) and its salvaging
(reabsorption) by the kidneys, thus compounding its negative impact on normal thiamin
homoeostasis in the body.

The intestinal thiamin uptake process is also negatively affected by infection with Gram-
negative EPEC (enteropathogenic Escherichia coli) [203]. EPEC, a food-borne pathogen,
causes a significant inhibition in thiamin uptake by Caco-2 cells [203]. This inhibition was
not generalized to all members of the B family of vitamins as uptake of riboflavin, folate and
biotin was not affected (A. Ghosal, B. Ashokkumar and H.M. Said, unpublished work).
EPEC inhibition of thiamin uptake was mediated via a suppression in the function and
expression of both hTHTR-1 and hTHTR-2; it was also associated with a decrease in the
level of expression of hTHTR-1 and THTR-2 proteins at the cell surface [203]. EPEC also
affected the transcription rate of SLC19A2 and SLC19A3. Thus EPEC infection of intestinal
epithelial cells appears to have a rapid effect on thiamin uptake (mediated by inhibition in
the function and membrane expression of the thiamin transporters) and a prolonged effect
(exerted at the transcriptional level). The structural components of EPEC that are needed to
cause the inhibition in thiamin uptake were also investigated, with results showing a role for
the espF and espH genes (both of which encode effector proteins) [203].

Finally, expression of THTR-1 and -2 in the small intestine was shown to be significantly
reduced in an animal model of chronic kidney disease [204]. Whether the same occurs in
humans with kidney disease and what functional consequence this inhibition may have on
intestinal thiamin absorption require further investigations.
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ascorbic acid

activator protein

brush-border membrane
brush-border membrane vesicle
basolateral membrane

basolateral membrane vesicle
calmodulin

dehydro-L-ascorbic acid

dynein, light chain, roadblock-type 1
enteropathogenic Escherichia coli
green fluorescent protein

glucose transporter

hereditary folate malabsorption syndrome
hepatocyte nuclear factor
heterogeneous nuclear RNA
Kriippel-like factor

gut-enriched KLF

nuclear factor

proton-coupled folate transporter
human PCFT

PDZ domain-containing protein 11
protein kinase A

protein kinase C

riboflavin

reduced folate carrier

human RFC

RF transporter-1

human RFT

small interfering RNA

solute carrier

sodium-dependent multivitamin transporter
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hSMVT human SMVT
Spl stimulating protein-1
SVCT sodium-dependent vitamin C transporter
hSVCT human SVCT
THTR thiamin transporter
hTHTR human THTR
TMD transmembrane domain
TRMA thiamin-responsive megaloblastic anaemia
YFP yellow fluorescent protein
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Figurel.
Schematic depiction of the membrane expression of well-characterized water-soluble
vitamin transporters in polarized intestinal epithelial cells
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Figure 2. Distribution of hSMVT fused to GFP in human intestinal epithelial Caco-2 cells grown
on filters

(A) XY and Z confocal images showing a Caco-2 cell expressing hSMVT-EGFP (enhanced
GFP) and DsRed (a cytoplasmic dye) imaged 48 h after transient transfection. The lower
panels show distribution of EGFP alone. (B) Western blot showing the expression of
hSMVT at human colonic apical (but not basolateral) membrane. Ab, antibody; AMV,
apical membrane vesicles. Adapted from The American Journal of Physiology: Cell
Physiology, vol. 296 (2010), Subramanian, V.S., Marchant, J.S., Boulware, M.J., Ma, T.Y.
and Said, H.M., Membrane targeting and intracellular trafficking of the human sodium-
dependent multivitamin transporter in polarized epithelial cells, pp. C663—-C671, used with
permission from The American Physiological Society.
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hRFC-GFP DsRed-DYNLRE1 Merge

Figure 3. Co-localization of hRFC with DYNLRB1 in human intestinal epithelial cells
Human intestinal epithelial HuTu-80 cells were grown on glass-bottomed Petri dishes and

cotransfected with hRFC-GFP (left-hand panel) and DsRed-DYNLRB1 (middle panel); the
right-hand panel is a merged image showing co-localization of hRFC and DYNLRB1
(yellow). Adapted from The American Journal of Physiology: Gastrointestinal and Liver
Physiology, vol. 297 (2009), Ashokkumar, B., Nabokina, S.M., Ma, T.Y. and Said, H.M.,
Identification of dynein light chain road block-1 as a novel interaction partner with the
human reduced folate carrier, pp. G480-G487, used with permission from The American
Physiological Society.
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Figure 4. Effect of theloss of THTR-2 on intestinal thiamin uptake
Initial rate of carrier-mediated thiamin uptake in vitro in freshly isolated intestinal epithelial

cells (A) and in vivo by intact intestinal loops (B) from THTR-2-knockout mice
(THTR-277) and their sex-matched littermates [P < 0.01 for (A and B)]. (C) Initial rate of
carrier-mediated biotin uptake in vivo by intact intestinal loops from THTR-2*/* and
THTR-2"" mice. Reprinted from Gastroenterology, vol. 138, Reidling, J.C., Lambrecht, N.,
Kassir, M. and Said, H.M., Impaired intestinal vitamin B1 (thiamin) uptake in thiamin
transporter-2-deficient mice, pp. 1802-1809, © 2010, with permission from Elsevier.
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Figure 5. Expression of hTHTR-1 (A and B) and hTHTR-2 (C and D) fused to GFP in polarized
living human intestinal epithelial Caco-2 cells

AP, apical membrane; BL, basolateral membrane. Adapted from The American Journal of
Physiology: Gastrointestinal and Liver Physiology, vol. 286 (2003), Said, H.M.,
Balamurugan, K., Subramanian, V.S. and Marchant, J.S., Expression and functional
contribution of hTHTR-2 in thiamin absorption in human intestine, G491-G498, used with
permission from The American Physiological Society.
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