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Abstract

Humans cannot synthesize biotin and thus must obtain this vitamin from exogenous sources. The intestine is exposed to 2

sources of biotin: a dietary source and a bacterial source, which is normal microflora of the large intestine. Dietary protein-

bound biotin is converted to free biotin prior to absorption. Absorption of free biotin in the small and large intestine involves

a saturable and Na1-dependent carrier-mediated process that is shared with panthothenic acid and lipoate. For this reason,

the involved transport system is referred to as the sodium-dependent multivitamin transporter (SMVT); in humans, it is

designated as hSMVT. The hSMVT system has been cloned, demonstrated to be exclusively expressed at the apical

membrane of enterocytes, and shown, by means of gene-specific short interfering RNA, to be the main biotin uptake

system that operates in human intestinal epithelial cells. The 5#-regulatory region of the hSMVT gene has also been cloned

and characterized both in vitro and in vivo. Further, the human intestinal biotin uptake process was adaptively up-regulated

in biotin deficiency via a transcriptionally mediated mechanism(s) that involves Kruppel-like factor 4 sites. Studies on cell

biology of hSMVT have shown a region in the cytoplasmic C-terminal domain of the polypeptide to be essential for its

targeting to the apical membrane domain of epithelial cells. Intracellular trafficking of the hSMVT protein appears to involve

distinct traffickingvesicles that requirean intactmicrotubulesnetworkand themotor proteindynein for theirmobility. J. Nutr.

139: 158–162, 2009.

Introduction

The water-soluble vitamin biotin is required for normal cellular
functions, growth, and development. The vitamin (a carboxyl
carrier) acts as a cofactor for 5 carboxylases; 4 are located in the
mitochondria and 1 in the cytoplasm (reviewed in 1–3). These
carboxylases play a critical role in the intermediate metabolism
of gluconeogenesis, fatty acid synthesis, and amino acid catab-
olism (1–3). Recent studies have suggested an additional role
for biotin in the regulation of gene expression (reviewed in 4),
with both stimulation (as in the case of the insulin receptor,
glucokinase, and human thiamin transporter-2) and suppression
(as in the case of hepatic phosphoenolpyruvate carboxykinase)
being reported. In addition, a role for biotin in normal immune
functions (5–7) and cell proliferation (8,9) has been cited. Thus,
it is not surprising that deficiency of this essential micronutrient
leads to a variety of clinical abnormalities. These include growth
retardation, neurological disorders, and dermatological abnor-
malities (reviewed in 10). The incidence of biotin-deficiency and

suboptimal levels have been reported with increased frequency
in recent years and occurs in patients on long-term parenteral
nutrition (11,12), in patients with inborn errors of biotin
metabolism (3,10), and in those on long-term therapy with
anticonvulsant agents (13,14). Suboptimal levels of biotin have
been reported in a substantial number of alcoholics (15,16), in
women during pregnancy (17), in patients with inflammatory
bowel disease (18,19), and in patients with seboric dermatitis
and Leiner’s disease (20,21).

In nature, the biotin molecule (Fig. 1A; pKa ¼ 4.5) exists in
the form of 8 stereoisomers, but only the D-biotin isomer is
biologically active. Microorganisms (like certain bacteria and
yeast) and plant cells, but not mammalian cells, can synthesize
biotin endogenously (1). Biotin is widely distributed in food-
stuffs, with organ meat (like liver and kidney), egg yolks, some
vegetables, and cow milk representing good sources for the
vitamin (22,23).

Digestion and absorption of biotin

General characteristics of the human intestinal biotin

uptake process. Humans and other mammals cannot synthe-
size biotin and thus must obtain the vitamin from exogenous
sources via intestinal absorption. The human intestine is
exposed to 2 sources of biotin: a dietary source, and a bacterial
source, which is normal microflora of the large intestine.
Bioavailability of dietary biotin differs from one food source
to another and ranges from 5% to close to 100% (22). Dietary
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biotin exists in protein-bound and free forms (24). Protein-
bound forms of biotin are digested to free biotin prior to
absorption in the small intestine. Digestion is first performed by
the action of gastrointestinal proteases and peptidases, leading
to the generation of biocytin (biotinyl-L-lysine; Fig. 1A) and
biotin-short peptides (25). The enzyme biotinidase then liberates
free biotin from biocytin and biotin-short peptides (25). The
latter step is essential for efficient absorption and optimal
bioavailability of dietary protein-bound biotin (25,26). Muta-
tions in biotinidase, which occur in the autosomal recessive
disorder of biotinidase deficiency (27), lead to impairment in the
bioavailability of dietary protein-bound biotin (25).

Uptake of free biotin by human small intestinal epithelial cells
occurs via an efficient Na1-dependent, carrier-mediated mech-
anism that saturates at the micromolar range (reviewed in 28–
30). The carboxyl group of the valeric acid moiety of the biotin
molecule must be free for its proper recognition by the involved
mechanism (31). Because transport across the highly polarized
human intestinal epithelial cells represents movement of biotin
across 2 structurally and functionally different membrane
domains, i.e., the brush border membrane (BBM)4 and the
basolateral membrane (BLM) domains, understanding the
mechanisms involved in each transport step is important. This
was addressed using purified BBM vesicles and BLM vesicles
isolated by established procedures from the small intestine of
human organ donors. Biotin uptake by human intestinal BBM
vesicles occurred via a carrier-mediated system that is Na1

gradient-dependent and is capable of moving the substrate
against a concentration gradient (32). Higher biotin transport
was found in the proximal compared with the distal small
intestine (33). The biotin transport event across the human
intestinal BBM was sensitive to the inhibitory effect of the
anticonvulsant drugs carbamazepine and primidone (34). Studies
with human intestinal BLM vesicles showed that biotin transport
across the BLM was via a carrier-mediated mechanism, but the
system was Na1-independent and electrogenic in nature (35).

An important characteristic of the human intestinal biotin
uptake process is that it is also utilized by 2 other structurally
and functionally unrelated nutrients, namely pantothenic acid
and lipoate (Fig. 1B; 36, 37). Pantothenic acid is a water-soluble
vitamin that plays a role in the synthesis of coenzyme A and acryl

carrier proteins. Lipoate is a potent intracellular and extracel-
lular antioxidant and also plays a role in redox cycling of other
antioxidants (e. g., vitamins C and E) and in regulating the
glutathione cellular level. It is for the above reason that the
involved transport system is referred to as the sodium-dependent
multi-vitamin transport system (SMVT); in humans it is referred
to as hSMVT.

Regarding the bacterial source of biotin, the normal microflora
of the large intestine synthesize and release into the intestinal
lumen a substantial amount of free biotin (38). The relative
contribution of this source of biotin toward total human biotin
nutrition, however, is not well defined. In vivo studies have shown
that the human large intestine is capable of absorbing installed
biotin (39). The mechanism involved in the large intestinal biotin
absorption process was investigated using cultured human
colonic epithelial NCM460 cells, with results showing the
existence of an efficient Na1 -dependent, carrier-mediated process
(36). This process was again shared with pantothenic acid and
lipoate. However, the abundantly available (and negatively
charged) short-chain fatty acids acetate and butyrate, which are
also produced by the normal microflora of the large intestine, did
not interfere with the colonic biotin uptake process (36).

Molecular identity of the intestinal biotin transport sys-

tem. Knowledge about the molecular identity of the human
intestinal Na1-dependent biotin uptake system (hSMVT) has
increased substantially following cloning of the system by
Prasad et al. (40). The hSMVT protein (635 amino acids) is
the product of the SLC5A6 gene, which is located on chromo-
some 2p23 and consists of 17 exons (41). The protein showed
considerable homology with members of the Na1:glucose family
of transporters (41); it also showed sequence homology, at both
the nucleotide and the amino-acid levels, with SMVT of a
number of other mammalian species. The hSMVT polypeptide is
predicted to have 12 trans-membrane domains and have a
number of potential post-translational modification sites (i.e.,
phosphorylation and glycosylation sites); also, both the amino-
and the carboxy- terminals of the polypeptide are oriented
toward the cell interior (40,41). Functional characterization of
the hSMVT in heterologus systems showed high Na1 depen-
dence and utilization by pantothenic acid and lipoate (40,41); it
also showed uptake kinetic parameters similar to those of the
native intestinal biotin uptake process.

The hSMVT system appears to be the main, if not the only,
biotin uptake system in human intestinal epithelial cells (42).

FIGURE 1 Chemical structure of biotin and related compounds.

4 Abbreviatons used: BBM, brush border membrane; BLM, basolateral mem-

brane; KLF4, Kruppel-like factor 4; P1 and P2, promoters 1 and 2; SMVT,

sodium-dependent multivitamin transporter.
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This conclusion is based on recent studies utilizing gene specific
short interfering RNA to selectively knock down the endoge-
nous hSMVT system of human intestinal epithelial Caco-2 cells.
Results of these studies showed that pretreatment with the
hSMVT-specific siRNA led to a specific and marked reduction in
the level of hSMVT mRNA and protein, and to a severe
inhibition of carrier-mediated biotin uptake (42).

Regulation of the intestinal biotin absorption process

Transcriptional activity of the hSMVT gene. The 5#-regulatory
region of the hSMVT gene has been recently cloned and
characterized (43,44). Two distinct and functional promoters
(P1 and P2; Fig. 2A) were identified, and both were TATA-less,
CAAT-less, contained highly GC-rich sites, and had multiple
putative regulatory cis-elements. Functionality was assessed by
fusing the promoters to the Firefly luciferase reporter gene (Fig.
2B), followed by transfection into human intestinal epithelial
Caco-2 cells. hSMVT P1 was much more active than P2 in these
cells (Fig. 2C). The minimal region required for basal activity of
hSMVT P1 was encoded by a sequence between -5846 and -5313,
whereas that of P2 was encoded by a sequence between -4417 and
-4244 (relative to the translation initiation codon). Mutation of
specific cis-regulatory elements in the minimal region [Kruppel-
like factor 4 (KLF-4) and activator protein-2] led to a decrease in
promoter activity. The trans-acting factors KLF-4 and activator
protein-2 were indeed found to interact with these identified cis-
regulatory elements, as shown by studies using oligonucleotide
competition and antibody super-shift assays. Activity of the
hSMVT promoter (using an integrated hSMVT promoter-luciferase
construct) was confirmed in vivo in transgenic mice to establish
the physiological relevance of the in vitro promoter studies
described above (44). Studies with the transgenic mice also
showed that the pattern of expression of the hSMVT promoter in
different mice tissues was similar to the pattern of expression of
the endogenous mouse SMVT message.

Adaptive regulation of the human intestinal biotin uptake

process. The intestinal biotin uptake process is adaptively
regulated by substrate levels in both humans and animal models
(31,45). Biotin deficiency leads to a substantial and specific up-
regulation in biotin uptake by human intestinal epithelial Caco-2
cells, and the effect is mediated via a marked increase (258%) in
the Vmax of the vitamin uptake process (31). This up-regulation
in biotin uptake was also associated with a marked induction
in protein and mRNA levels of hSMVT (46). The increase in

hSMVT mRNA levels was not because of an increase in RNA
stability, rather it was the result of an induction in the activity of
the hSMVT promoter (46). A biotin deficiency-responsive region
that confers the response to biotin deficiency was mapped to a
103-bp region within the hSMVT promoter (46). This region
contained KLF4 sites, whose mutation led to abrogation in
hSMVT promoter response to biotin deficiency (46).

Differentiation-dependent regulation of biotin uptake by

human intestinal epithelial cells. The human intestinal biotin
uptake process appears to undergo differentiation-dependent
regulation. This conclusion is based on recent observations
obtained using the human-derived intestinal epithelial Caco-2
cells (a good model for studying differentiation aspects of
intestinal epithelia). Biotin uptake and level of expression of
hSMVT mRNA and protein, as well as activity of the hSMVT
promoter, was higher in postconfluent (differentiated) Caco-2
cells than in preconfluent (undifferentiated) Caco-2 cells
(J. Reidling and H. M. Said, unpublished data). These findings
point to the possible involvement (at least in part) of a
transcriptional regulatory mechanism(s) in this type of regula-
tion of the intestinal biotin uptake process. Further studies are
required in this area.

Cell biology of hSMVT in epithelial cells

Using live cell confocal imaging and human intestinal epithelial
Caco-2 cells and canine renal epithelial MDCK cells, membrane
targeting and intracellular trafficking mechanisms of the
hSMVT protein (fused to green fluorescent protein; i.e.,
hSMVT-GFP) have been the subject of a recent investigation
(47). Expression of the hSMVT protein was exclusively confined
to the apical membrane domain of these epithelial cells. The
cytoplasmic C-terminal tail of the hSMVT polypeptide was
essential for targeting the protein to the apical membrane
domain of these cells. Intracellular trafficking of the hSMVT
protein was critically dependent on an intact microtubule
network and involved distinct trafficking vesicles. A role for
the minus-end directed microtubule motor protein dynein in
regulating the polarized delivery of hSMVT protein to the apical
cell surface has also been reported (47).

Concluding remarks

Substantial progress has been made in recent years regarding the
physiology and cell and/or molecular biology aspects of the
human (mammalian) intestinal biotin absorption process. It is

FIGURE 2 Diagrammatic representation of the hSMVT promoters P1 and P2 (A), fusion constructs of the hSMVT promoters with luciferase

reporter gene (B), and activity of the hSMVT promoters in human intestinal epithelial Caco-2 cells (C). In panel C, values are means 6 SEM,

n ¼ 3, with the data adapted from (44) with the permission of the APS.
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clear now that the human intestinal biotin uptake process
involves carrier-mediated systems at both the apical BBM and
BLM domains of the polarized enterocyte (Fig. 3), that the
hSMVT system mediates the transport event at the apical BBM
(the rate limiting step), and that the biotin uptake process is also
utilized by pantothenic acid and lipoate. Considerable knowl-
edge regarding regulation of the intestinal biotin uptake process
and the mechanisms involved has also been gained in recent
years. In addition, knowledge of intracellular trafficking and
membrane targeting of the hSMVT protein has begun to emerge.
Further studies, however, are needed to further our understand-
ing of the intestinal biotin uptake process at the integrated whole
animal level in vivo, and of the structural-functional require-
ments of the systems involved.

Other articles in this supplement include references (48–51).
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