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Background: Human colonocytes possess a specific, high-affinity, and regulated carrier-mediated system for TPP uptake.
Results: Human SLC44A4 protein functions as a TPP transporter.
Conclusion: The SLC44A4-mediated TPP uptake system may play a role in the absorption of the microbiota-generated TPP in
colon.
Significance: Molecular identification of the colon-specific TPP uptake system is important for understanding the mechanisms
of overall thiamine nutrition.

Colonic microbiota synthesize a considerable amount of thi-
amine in the form of thiamine pyrophosphate (TPP). Recent
functional studies from our laboratory have shown the existence
of a specific, high-affinity, and regulated carrier-mediated
uptake system for TPP in human colonocytes. Nothing, how-
ever, is known about the molecular identity of this system. Here
we report on the molecular identification of the colonic TPP
uptake system as the product of the SLC44A4 gene. We cloned
the cDNA of SLC44A4 from human colonic epithelial NCM460
cells, which, upon expression in ARPE19 cells, led to a signifi-
cant (p < 0.01, >5-fold) induction in [3H]TPP uptake. Uptake by
the induced system was also found to be temperature- and en-
ergy-dependent; Na�-independent, slightly higher at acidic buffer
pH, and highly sensitive to protonophores; saturable as a func-
tion of TPP concentration, with an apparent Km of 0.17 � 0.064
�M; and highly specific for TPP and not affected by free thia-
mine, thiamine monophosphate, or choline. Expression of the
human TPP transporter was found to be high in the colon and
negligible in the small intestine. A cell surface biotinylation
assay and live cell confocal imaging studies showed the human
TPP transporter protein to be expressed at the apical membrane
domain of polarized epithelia. These results show, for the first
time, the molecular identification and characterization of a spe-
cific and high-affinity TPP uptake system in human colono-
cytes. The findings further support the hypothesis that the
microbiota-generated TPP is absorbable and could contribute
toward host thiamine homeostasis, especially toward cellular
nutrition of colonocytes.

Thiamine (vitamin B1) is an essential micronutrient that is
required by all living organisms for critical metabolic pathways,

including oxidative (sugar) metabolism, mitochondrial ATP
synthesis, and reduction of cellular oxidative stress. In these
reactions, thiamine (mainly in its diphosphorylated form,
TPP2) acts as a cofactor for the involved enzymes (reviewed in
Refs. 1, 2). Deficiency of thiamine in humans leads to serious
clinical abnormalities that include neurological and cardiovas-
cular disorders. Such a deficiency occurs in chronic alcoholics,
diabetic patients, and other at-risk groups (3– 6).

All mammals, including humans, have an absolute require-
ment for exogenous thiamine because they lack the ability to
synthesize the vitamin de novo. Two sources of thiamine are
available to humans: a dietary source and a bacterial source.
Dietary thiamine exists mainly in the form of TPP, which is
hydrolyzed to free thiamine by the abundant small intestinal
phosphatases prior to absorption (3, 4, 7). Liberated free thia-
mine is then taken up by the polarized enterocytes via a specific
carrier-mediated process that involves both thiamine trans-
porters 1 and 2 (THTR-1 and THTR-2; in humans, these sys-
tems are referred to as hTHTR-1 and hTHTR-2) (3, 4, 7).

Regarding the bacterial source of thiamine, the microbiota of
the large intestine produce a significant amount of both free
and phosphorylated (TPP) forms of the vitamin (8 –11). In fact,
a recent study that has shown that the human gut microbiota
exist in three functionally different enterotypes (enterotypes 1,
2, and 3) has reported that enterotype 2 (which is enriched in
Prevotella and Desulfovibrio) is characteristically enriched in
enzymes that are involved in the biosynthesis of TPP (8). We
have shown previously that human colonocytes are capable of
taking up free thiamine via a specific and highly efficient pro-
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cess (12) similar to the one that functions in the small intestine
(reviewed in Refs. 3, 4).

As for the microbiota-generated TPP, it has been assumed
that human colonocytes are unable to take up this form of the
vitamin because of its size, charge, and hydrophilic nature and
the fact that colonocytes have little or no surface alkaline phos-
phatase activity (13–15). However, recent functional studies
from our laboratory that utilized non-transformed human
colonic epithelial NCM460 cells and native human colonic api-
cal membrane vesicles from human organ donors as well as
custom-made [3H]TPP have shown, for the first time, the exis-
tence of a specific, highly efficient, and regulated carrier-medi-
ated process for [3H]TPP uptake (16). Nothing, however, is
known about the molecular identity of the system involved, its
characteristics, and the pattern of its distribution in different
tissues and cell types. We addressed these issues in this study
and report here that the colonic TPP transporter (TPPT,
hTPPT for humans) is a product of the SLC44A4 gene. We
successfully cloned the hTPPT from human colonic epithelial
NCM460 cells and characterized its function following expres-
sion in human retinal pigment epithelial ARPE19 cells. Our
studies showed a predominant expression of this transporter in
the colon, with little expression in other parts of the gastroin-
testinal tract. Finally, the TPPT was found to display a predom-
inant expression at the apical membrane domain of epithelia.
These findings represent the first molecular identification of a
human uptake system that is specific for TPP and suggest that
this system may play a role in the absorption of microbiota-
generated TPP in the large intestine.

EXPERIMENTAL PROCEDURES

Materials—The NCM460 cell line was from INCELL (San
Antonio, TX). ARPE19 and Madin-Darby canine kidney
(MDCK) cells were purchased from the ATCC. Custom-made
3H-labeled thiamine pyrophosphate ([3H]TPP; specific activity,
1.0 Ci/mmol; radiochemical purity, 98.3%) was obtained from
Moravek Biochemicals, Inc. (Brea, CA). Unlabeled TPP, TMP,
and thiamine were purchased from Sigma. The pFLAG-CMV-2
vector was from Sigma. The YFP-N1 fluorescent protein vector
was from Clontech (Mountain View, CA). The Human Major
Tissue qPCR Panel II was from OriGene (Rockville, MD). Iso-
lated and purified human jejunal brush border membrane
(BBM) and colonic apical membrane (AM) preparations were
provided by Dr. P. K. Dudeja (University of Illinois at Chicago)
and were prepared as described previously (17, 18) in accor-
dance with the institutional protocols approved by the Institu-
tional Review Board of the University of Illinois at Chicago. All
other chemicals and reagents were purchased from commercial
sources and were of analytical grade.

Bioinformatic Searches for the hTPPT and Its Isolation—The
protein-protein basic local alignment search tool (BLASTP)
algorithm and the SOSUI and TMHMM transmembrane helix
prediction programs were used in our searches for mammalian
homologs of the TPP ABC transporter permease (TDE0144,
accession number NP_970761) of the oral spirochete Trepo-
nema denticola (19). Our search has led to the identification of
SLC44A4 as the potential candidate. Searching the NCBI data-
base, we found three alternatively spliced transcript variants of

the human SLC44A4, i.e. transcript variants 1, 2, and 3 (acces-
sion numbers NM_025257, NM_001178044, and
NM_001178045, respectively), which encode protein isoforms
1, 2, and 3, respectively. We cloned variants 1 and 3 because
they were the only two variants found to be expressed in human
colonic epithelial cells (see “Results”). The human SLC44A4
cDNAs of variants 1 and 3 (designated hTPPT-1 and hTPPT-3,
respectively) were isolated by RT-PCR using mRNA from
human colonic NCM460 cells and specific primers. The mRNA
from NCM460 cells was prepared with a NucleoTrap mRNA
Midi kit (Clontech) following the protocol of the manufacturer,
and a first-strand cDNA mixture was made from 0.5 �g of
mRNA primed with oligo(dT) using the Superscript II synthesis
system (Invitrogen). The hTPPT-1- and hTPPT-3-specific
cloning primers were as follows: hTPPT-1, 5�-ATGGGGGGA-
AAGCAGCGGGACGAG-3� (forward) and 5�-TCACTTCTT-
CCTCTTCTTGTTG-3� (reverse); hTPPT-3, 5�-ATGGGGGA-
GAACAAAGATAAGCCGTATC-3� (forward) and 5�-TCAC-
TTCTTCCTCTTCTTGTTG-3� (reverse). The PCR was
performed with Advantage 2 polymerase mix (Clontech) using
the following conditions: denaturation at 95 °C for 3 min
followed by 33 cycles of denaturation at 95 °C for 1 min, anne-
aling at 55 °C for 1 min, extension at 72 °C for 3 min, and then a
final extension at 72 °C for 10 min. The PCR products were
cloned into the pGEM-T Easy vector (Promega, Madison, WI),
and the DNA sequences were verified by the Laragen Sequen-
cing Facility (Los Angeles, CA).

The ORFs of hTPPT-1 and hTPPT-3 were then subcloned
into the expression plasmid pFLAG-CMV-2 using the HindIII
and BamHI sites. The primers used for subcloning into pFLAG-
CMV-2 were as follows: hTPPT-1, 5�-AAAAGCTTATGGG-
GGGAAAGCAGCGGGACGAG-3� (forward) and 5�-GGGG-
ATCCTCACTTCTTCCTCTTCTTGTTG-3�; and hTPPT-3,
5�-GGAAGCTTATGGGGGAGAACAAAGATAAGCCGT-
ATC-3� (forward) and 5�-GGGGATCCTCACTTCTTCCTCT-
TCTTGTTG-3� (reverse). The HindIII and BamHI sites are un-
derlined. The ORF of hTPPT-1 was subcloned into the yellow
fluorescent protein YFP-N1 vector (Clontech) using the
HindIII and SacII sites and the following primer combinations:
5�-AAAAGCTTATGGGGGGAAAGCAGCGGGACGAG-
3� (forward) and 5�-TCCCCGCGGCTTCTTCCTCTTCTTG-
TT-3� (reverse). The HindIII and SacII sites are underlined. The
DNA sequences were verified by the Laragen Sequencing
Facility.

Cell Culture and Transfection—Cells were maintained in
DMEM (ARPE19 cells) or minimum Eagle’s medium (MDCK
cells) supplemented with 10% (v/v) FBS, penicillin (100,000
units/liter), and streptomycin (10 mg/liter). NCM460 cells were
maintained in Ham’s F-12 culture medium supplemented with
20% (v/v) FBS and antibiotics.

For uptake studies, ARPE19 cells were grown on 12-well tis-
sue culture plates (Corning, NY). For imaging studies, MDCK
cells were grown on sterile glass-bottomed Petri dishes
(MatTek, Ashland, MA). At �90% confluence, cells were trans-
fected with 2 �g of plasmid DNA with Lipofectamine 2000
(Invitrogen). 48 h after transfection, cells were used for uptake
assays (with RNA and protein measurements done in parallel)
or analyzed by confocal microscopy.
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TPP Uptake Studies—Uptake studies were performed on
confluent ARPE19 cell monolayers 48 h following transfection
as described previously (16). Briefly, cells were incubated in
Krebs-Ringer buffer containing 133 mM NaCl, 4.93 mM KCl,
1.23 mM MgSO4, 0.85 mM CaCl2, 5 mM glucose, 5 mM gluta-
mine, 10 mM HEPES, and 10 mM MES (pH 7.4 unless stated
otherwise) at 37 °C for 3 min (the initial linear period; uptake
was found to be linear for up to 10 min of incubation (data not
shown)). [3H]TPP (0.3 �M unless stated otherwise) was added
to the incubation medium at the onset of uptake experiment,
and the reaction was terminated after 3 min by the addition of
ice-cold Krebs-Ringer buffer, followed by immediate aspiration
and washings. Cells were lysed with 1 ml of 1 N NaOH, lysates
were neutralized with HCl, and then radioactivity was assessed
using a Beckman Coulter LS6500 multipurpose scintillation
counter (Fullerton, CA). Protein was measured in parallel using
a Bio-Rad DC protein assay kit (Bio-Rad).

Quantitative Real-time PCR Analysis—Total RNA (2 �g) was
isolated from various human-derived cell lines and distinct seg-
ments of mouse intestine, followed by a reverse transcription
reaction using an iScript cDNA synthesis kit (Bio-Rad) to gen-
erate first-strand cDNAs to be used in qRT-PCR. The Human
Major Tissue qPCR Panel II (OriGene), containing PCR-ready,
first-strand cDNAs, was also used in the qRT-PCR. The mRNA
of the hTPPT and mouse TPPT expression level was quantified
in a CFX96 real-time PCR system (Bio-Rad) using iQ SYBR
Green Supermix (Bio-Rad). Primers were as follows: hTPPT,
5�-TGCTGATGCTCATCTTCCTGCG-3� (forward) and 5�-
GGACAAAGGTGACCAGTGGGTA-3� (reverse); mouse
TPPT, 5�-TGCCTACCAGAGTGTGAAGGAG-3� (forward)
and 5�-TGGCTTCCTTCAGCAGAGCGAT-3� (reverse);
human GAPDH, 5�-GTCTCCTCTGACTTCAACAGCG-3�
(forward) and 5�-ACCACCCTGTTGCTGTAGCCAA-3� (re-
verse); and mouse GAPDH, 5-CATCACTGCCACCCAGAA-
GACTG-3� (forward) and 5�-ATGCCAGTGAGCTTCCCGT-
TCAG-3� (reverse). Real-time PCR conditions were as des-
cribed previously (20), and data were normalized to GAPDH
and then quantified using a relative relationship method
supplied by the iCycler manufacturer (Bio-Rad).

PCR and Semiquantitative PCR Analysis—Total RNA (2 �g)
was isolated from NCM460 cells, followed by a reverse tran-
scription reaction using an iScript cDNA synthesis kit (Bio-
Rad). The PCR primers were designed on the basis of the
sequence information for transcript variants 1, 2, and 3 in
GenBankTM (accession numbers NM_025257, NM_001178044,
and NM_001178045, respectively) and were as follows: hTPPT-1,
5�-ATCACTCCGGAGACTGAGCC-3� (forward) and 5�-TACC-
CCTGGCAGACAAAAGT-3� (reverse); hTPPT-3, 5�-CTGGG-
GTTGACACCTTTGTCT-3� (forward) and 5�-CCCCAACA-
GTCTGTGAGAACT-3� (reverse); and hTPPT-1/hTPPT-2,
5�-GTCTCCAGGGCTCCAATCAC-3� (forward) and 5�-GTT-
CCTGTTGCAGGCTTGTG-3� (reverse). Control GAPDH-
specific primers were as follows: 5�-ACCACAGTCCATGCCA-
TCAC-3� (forward) and 5�-TCCACCACCCTGTTGCTGTA-
3� (reverse). The PCR was performed with Advantage 2
polymerase mix (Clontech) using the following conditions:
denaturation at 95 °C for 3 min, denaturation at 95 °C for 0.5
min, annealing at 60 °C for 0.5 min, and extension at 72 °C for

0.5 min (35 cycles for PCR and 18 –30 cycles (linear range) for
semiquantitative PCR), followed by analysis of the PCR prod-
ucts on 2% agarose gels.

Western Blot Analysis—Proteins (whole cell lysates, biotiny-
lated proteins, or colonic apical membrane preparations) were
separated in NuPAGE 4 –12% Bis-Tris gradient minigels (Invit-
rogen), transferred onto Immobilon polyvinylidene difluoride
membranes (Fisher Scientific), and subjected to Western blot
analysis. The primary antibodies were rabbit polyclonal anti-
hTPPT/SLC44A4 antibodies (CTL4 (D-14) antibody, catalog
no. sc-68049, Santa Cruz Biotechnology, Santa Cruz, CA) at
1:200 dilution. The secondary antibody was anti-rabbit IRDye-
800 antibody at 1:30,000 dilution. Immunoreactive bands were
visualized using the Odyssey infrared imaging system (LI-COR
Bioscience).

Cell Surface Protein Biotinylation—Biotinylation of cell sur-
face proteins in NCM460 cells was performed with a cell sur-
face protein isolation kit (Pierce) following the protocol of the
manufacturer. Briefly, cells were labeled with EZ-Link Sulfo-
NHS-SS-Biotin, lysed, and then the biotinylated proteins were
isolated with NeutrAvidin-agarose. The bound proteins were
released with NuPAGE lithium dodecyl sulfate sample buffer
and analyzed by Western blotting using anti-hTPPT/SLC44A4
antibodies (CTL4 (D-14) antibody, Santa Cruz Biotechnology).

Live Cell Confocal Imaging—Transfected MDCK cell mono-
layers were imaged using an inverted Nikon C-1 confocal
microscopy 48 h post-transfection. The YFP was excited with a
488-nm laser line, and the emitted fluorescence was monitored
at 515 � 30 nm with a short pass filter. Images were captured
with Nikon C-1 software (Nikon Instruments Inc., NY).

TLC—Mouse colonic mucosal homogenate (�1 mg of total
protein in 250 �l of Krebs-Ringer buffer (pH 7.4)) was incu-
bated with [3H]TPP (0.6 �M) at 37 °C for up to 2 h, followed by
identification of the forms of 3H radioactivity by TLC, as
described previously (16, 21). Mouse studies were approved by
the Long Beach, Veteran Affairs Subcommittee on Animal
Studies. Briefly, 15 �l of 100% trichloroacetic acid was added to
the reaction mixture, followed by centrifugation and extraction
with water-saturated ethyl ether. The TLC-ready purified sam-
ple was mixed with unlabeled thiamine, TMP, and TPP (1 mM

each, final concentration), applied onto the TLC plate (20 �
20-cm plate coated with a 250-�m layer of silica gel, Whatman),
and run using a solvent system of diethanolamine:methanol:
formic acid-67 mM dibasic sodium phosphate (1:15:1.5:5). The
separation of thiamine derivatives was checked under UV light.
Pieces of silica gel corresponding to thiamine, TMP, and TPP
were cut, and radioactivity was assessed using a Beckman
Coulter LS6500 multipurpose scintillation counter.

Data Presentation and Statistical Analysis—The data of
uptake experiments are presented as mean � S.E. of multiple
individual uptake determinations and are expressed in pico-
moles per milligram of protein per unit of time. The uptake of
TPP by the induced system was calculated by subtracting the
uptake by ARPE19 cells transfected with SLC44A4 from the
uptake by ARPE19 cells transfected with an empty vector. Stu-
dent’s t test was used in statistical analysis, with statistical sig-
nificance set at p � 0.01 or p � 0.05. Kinetic parameters of the
saturable TPP uptake process (i.e. maximal velocity (Vmax) and
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the apparent Michaelis-Menten constant (Km)) were calculated
as described by Wilkinson (22). Uptake by the saturable com-
ponent was calculated at each concentration by subtracting the
uptake by simple diffusion (determined from the slope of the
line between the point of origin and the uptake at a high con-
centration of TPP (1 mM) from the total uptake). All Western
blot analyses, the biotinylation assay, PCR assays, and confocal
imaging studies were performed on two or more separate occa-
sions with similar results.

RESULTS

Identification of the hTPPT—Basic Local Alignment Search
Tool (BLAST) searches for mammalian homologs of the
recently identified TPP ABC transporter permease (TDE0144,
accession number NP_970761) of the oral spirochete T. denti-
cola (19) were performed to delineate the molecular identity of
the human colonic TPP uptake system (16). With the use of the
BLASTP algorithm and the transmembrane helix prediction
programs, i.e. SOSUI and TMHMM, one protein (the product
of the SLC44A4 gene, accession number NP_079533) was
found to have a significant similarity to the partial amino acid
sequence of TPP ABC transporter permease in regions that are
predicted to be in substrate-binding domains. The substrate-
binding domain prediction for the TPP ABC transporter
permease was made on the basis of the available data of x-ray
crystallography of Mhp1, a bacterial transporter for sodium-
benzylhydantoin, which proposes that the substrate-binding
site of Mhp1 consists of transmembrane (TM) segments TM1,
TM2, TM6, and TM7 (23). Using the TDE0144 amino acid
sequence corresponding to the TM1, TM2, TM6, and TM7
segments as a query in our BLASTP homology searches, we
found that the 272–370 amino acid region of the SLC44A4
polypeptide reveals a low but significant degree of homology
(26% of identity and 49% of similarity) with the query sequence.
The identified candidate for the mammalian TPP transporter
represents an uncharacterized multitransmembrane protein
with unknown function. On the basis of its amino acid
sequence, however, the SLC44A4 protein has been placed in the

family of choline transporter-like (CTL) proteins and originally
annotated as choline transporter-like protein 4 (CTL4,
reviewed in Ref. 24).

We found three alternatively spliced variants of human
SLC44A4, i.e. transcript variants 1, 2, and 3 (accession numbers
NM_025257, NM_001178044, and NM_001178045, respec-
tively), listed in the NCBI database, which encode protein iso-
forms 1, 2, and 3, respectively. In this report, we cloned variants
1 and 3 but focused our characterization on variant 1 because it
showed the highest level of expression in human colonic epi-
thelial cells compared with variant 3 (there was no expression of
variant 2 in these cells) (see below). We successfully cloned the
ORF of the SLC44A4 variant 1 into the expression plasmid
pFLAG-CMV-2 using mRNA from human colonic NCM460 cells
and primers specific for that variant. The generated construct was
then used for transient transfection of human retinal epithelial
ARPE19 cells followed by determination of [3H]TPP uptake. A
significant (p � 0.01) and marked (about 5-fold) induction in
[3H]TPP uptake (0.3 �M) was found in cDNA-transfected cells
compared with control (vector-transfected) cells (Fig. 1A). This
induction in TPP uptake was found to be associated with the
parallel induction in expression of SLC44A4 at the protein (Fig.
1B) and mRNA (Fig. 1C) levels. A Western blot analysis per-
formed with the specific polyclonal anti-SLC44A4 antibodies
(for description of the antibodies, see “Experimental Proce-
dures”) (Fig. 1B) resulted in the detection of the prominent
immunoreactive band of �110 kDa in ARPE19 cells transiently
expressing SLC44A4. In contrast, this protein band was found
to be of a very low intensity in control ARPE19 cells expressing
endogenous SLC44A4. The observed immunoreactive band is
likely to represent the glycosylated form of the SLC44A4 pro-
tein (the predicted molecular mass of SLC44A4 protein variant
1 is 79.2 kDa).

These findings (together with the findings on specificity
described below) allowed us to conclude that the SLC44A4 pro-
tein is indeed a TPPT. In further work outlined in this report,
the human SLC44A4 variant 1 and hTPPT-1 were used
interchangeably.

FIGURE 1. The SLC44A4 protein functions as a TPP transporter. ARPE19 cells were transiently transfected with the ORF of human SLC44A4 (hTPPT-1),
followed 48 h later by measurement of [3H]TPP uptake and determination of the hTPPT expression level. A, initial rate of [3H]TPP uptake by ARPE19 cells. Cells
were incubated at 37 °C in Krebs-Ringer buffer (pH 7.4). [3H]TPP (0.3 �M) was added to the incubation medium at the onset of incubation, and uptake was
measured after 3 min (i.e. initial rate) of incubation. Data are the mean � S.E. of at least five independent experiments with three to four separate uptake
determinations. B, Western blot analysis was performed using �80 �g of protein from the cell lysates. The blot was probed with the polyclonal antibodies
directed against hTPPT. The image is from a representative set of experiments. C, total RNA was isolated, and real-time quantitative PCR was performed. Data
(means � S.E.), normalized relative to GAPDH, are from three independent experiments. Note that the mean for the control is not visible on the scale of the
graph. In all experiments, control cells were transiently transfected with the empty pFLAG-CMV-2 vector. *, p � 0.01.
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Structural Features of the hTPPT-1—The ORF of hTPPT-1
encodes a protein of 710 amino acids. The predicted molecular
mass and pI of the protein is 79,254 Da and 8.91, respectively. A
comparison of the deduced amino acid sequence of hTPPT-1
with those of various mammalian species (Fig. 2A) using
BLAST reveals a high degree of homology (i.e. 82– 86% of iden-
tity) between the proteins, indicating that the TPPT is highly
conserved across mammals. As for being originally assigned to
the choline transporter-like family, which contains choline
transporter-like proteins 1–5 encoded by the SLC44A1–5
genes (24), hTPPT-1 (originally annotated as CTL-4) shows a
considerable amino acid similarity with human CTL2 and
CTL5 (52 and 46%, respectively).

A hydrophobicity analysis using SOSUI predicted that
the hTPPT-1 protein contains 13 putative transmembrane
domains and displays an extracellular amino terminus and an
intracellular carboxyl terminus (Fig. 2B). According to this to-
pographical model, there is one potential N-linked glycosyla-
tion site (Asn29), which is located in the extracellular N termi-
nus. Putative intracellular loops contain consensus sequences
for phosphorylation by protein kinase C (Ser169), Ca2�/cal-
modulin-dependent protein kinase (Ser304 and Thr406), and
tyrosine kinase (Tyr58, Tyr280, Tyr302, Tyr387, Tyr685, and
Tyr686).

Functional Characteristics of hTPPT-1—Functional charac-
terization of hTPPT-1 was performed in ARPE19 cells tran-
siently transfected with FLAG-hTPPT-1. Uptake by the
induced hTPPT-1 was determined as described under “Exper-
imental Procedures.” The results showed the induced uptake (3
min, initial rate) of [3H]TPP (0.3 �M) by SLC44A4-expressing
ARPE19 cells to be temperature-dependent because a signifi-
cant (p � 0.01) decrease in uptake was found upon lowering the
incubation temperature from 37 to 22 °C (58.89 � 4.33 and
31.69 � 1.02 pmol (mg protein/3 min) for 37 °C and 22 °C,
respectively). The induced [3H]TPP uptake was also energy-de-
pendent because significant (p � 0.01) inhibition occurred as a
result of pretreatment (for 30 min) of the SLC44A4-expressing
cells with the metabolic inhibitor 2,4-dinitrophenol (1 mM)
(50.42 � 4.85 and 27.37 � 3.62 pmol (mg protein/3 min) for the
control and following pretreatment with 2,4-dinitrophenol,
respectively).

Dependence of the induced [3H]TPP uptake in SLC44A4-
expressing ARPE19 cells on availability of Na� in incubation
medium was determined by examining the effect of isosmoti-
cally replacing Na� (133 mM) in the incubation medium with
the monovalent cation Li� (133 mM) or with the inert mannitol
(266 mM) on initial rate of [3H]TPP (0.3 �M) uptake at pH 7.4.
The results (Fig. 3A) showed no significant effect of replacing
Na� with either Li� or mannitol on hTPPT-1-specific TPP
uptake. These data indicate that Na� is not involved in uptake
of TPP by the induced system.

Dependence of the induced TPP uptake in SLC44A4-ex-
pressing cells on the availability of H� in the incubation
medium was determined by examining the effect of varying the
buffer pH. The results (Fig. 3B) showed that, although uptake by
the induced TPP uptake system does not display a clear pH
optimum within the examined range of pH (5.0 –9.0), it was
found to be slightly but significantly (p � 0.01) higher at an

acidic pH of 5.0 compared with that at an alkaline pH of 8.5–9.0.
In another study, we examined the effect of pretreating (for 20
min) ARPE19 cells with the protonophores carbonyl cyanide
p-trifluoromethoxyphenylhydrazone (FCCP, 10 �M) and car-
bonyl cyanide m-chlorophenylhydrazone (CCCP, 10 �M) on
the initial rate of [3H]TPP (0.3 �M) uptake by the induced sys-
tem. The results (Fig. 3C) showed that both protonophores
caused a significant (p � 0.01) inhibition in TPP uptake by the
induced system. Indeed, the uptake was decreased by �76 and
85% by FCCP and CCCP, respectively. Proton ionophores were
not included in the incubation buffer at the time of uptake
determinations, and, thus, direct competitive inhibition of TPP
uptake by these compounds was not the case. These findings
suggest a role for the inwardly directed H� gradient in TPP
uptake by the SLC44A4-mediated system and raise the possi-
bility of the involvement of a TPP�-H� cotransport mecha-
nism. Further studies are required to address this issue.

TPP is an organic anion. Therefore, it was interesting to
examine whether any of the membrane transport inhibitors (i.e.
probenecid and the stilbene disulphonate derivatives DIDS and
SITS) that typically act on the transport of anionic substrates
are capable to affect TPP uptake by the induced system. It was
also of interest to assess the ability of amiloride, another mem-
brane transport inhibitor that has been shown previously to
inhibit the uptake of free thiamine in a variety of cellular sys-
tems, including human intestinal epithelial cells (25), to inhibit
TPP uptake by the induced system. Therefore, we examined the
effect of the above mentioned membrane transport inhibitors
(all at 0.5 mM) on the uptake of [3H]TPP (0.3 �M) by the induced
system in SLC44A4-expressing ARPE19 cells. The uptake was
found to be significantly (p � 0.01) inhibited by all tested com-
pounds (54.84 � 3.02, 20.7 � 0.79, 8.76 � 0.67, 12.01 � 1.08,
and 34.08 � 2.19 pmol (mg protein/3 min) for the control,
probenecid, DIDS, SITS, and amiloride, respectively).

To determine the substrate specificity of the induced
[3H]TPP uptake system of SLC44A4-expressing ARPE19 cells,
we assessed the ability of unlabeled TPP, its structural analogs,
i.e. free thiamine and TMP, as well as that of the unrelated
nucleotides (ADP and ATP), carboxylic anions (butyrate and
succinate), and nucleotide derivatives (FMN and FAD) (all at
200 �M) to affect the initial rate of [3H]TPP (0.3 �M) uptake.
The results (Fig. 3D) demonstrated that unlabeled TPP caused
an almost complete inhibition (�98%) in [3H]TPP uptake. In
contrast, the other compounds tested showed either no (or lit-
tle) effect. Because the TPPT system was originally assigned to
the CTL family of proteins (24), we also examined the effect of
a high concentration of choline (1 mM) on the initial rate of
[3H]TPP (0.3 �M) uptake by SLC44A4-expressing ARPE19
cells. The results (Fig. 3D) showed choline to have no effect on
[3H]TPP uptake by the induced system, further indicating that
SLC44A4 is not a choline transporter.

We also determined the kinetic parameters of the TPP-in-
duced system in SLC44A4-expressing ARPE19 cells. This was
done by examining TPP uptake as a function of concentration
(0.3–3.0 �M). The results (Fig. 3E) showed TPP uptake by the
induced system to include a saturable component with kinetic
parameters of 0.17 � 0.064 �M for the apparent Km and 54.56 �
3.12 pmol (mg protein/3 min) for Vmax. Collectively, the find-
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FIGURE 2. Structural characteristics of hTPPT-1. A, comparison of the deduced amino acid sequence of hTPPT-1 with those of bovine, mouse, and rat TPPT.
Sequences of identity and similarity are shown in black and gray, respectively. B, membrane topology of hTPPT-1. By SOSUI, hTPPT-1 is predicted to have 13
potential transmembrane domains with NH2 and COOH ends oriented outside and inside, respectively. The arrows indicate the location of potential N-glyco-
sylation sites by the NetNGlyc1.0 server and potential sites of phosphorylation by the kinase prediction algorithm group-based prediction system (GPS) 2.1. A
high threshold of GPS was chosen, with false positive predictions of 2 and 4% for Ser/Thr kinases and Tyr kinases, respectively.

Colonic Uptake of Thiamine Pyrophosphate

4410 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 289 • NUMBER 7 • FEBRUARY 14, 2014



ings described above clearly indicate that SLC44A4 is a specific
and high-affinity TPP uptake system.

Tissue and Cell Type Distribution of TPPT—The mRNA level
of hTPPT was determined by quantitative RT-PCR using
Human Major Tissue qPCR Panel II (OriGene) and our own
RNA preparations from a variety of human cultured cell lines,
including ARPE19 (retina), HuTu 80 (duodenum), HK-2 (kid-
ney), HepG2 (liver), HeLa (cervix), Caco-2 (small intestine
model), and NCM460 (colon) cells. The primers used in this
study were specific for SLC44A4 without discrimination
between transcript variants. The results of the qRT-PCR anal-
ysis (Fig. 4, A and Fig. B) showed that the hTPPT mRNA is
highly expressed in human colon and human colonic epithelial
NCM460 cells with no or weak expression in other parts of
gastrointestinal tract, i.e. stomach, duodenum, small intestine,
and rectum. High expression of the SLC44A4 mRNA that is
comparable with the colon was also detected in the prostate,
trachea, and lung. Further studies, however, are needed to
determine the physiological role of SLC44A4 in these tissues.

We also examined hTPPT expression at the protein level in
the human colon and small intestine using purified proximal

colonic AM and jejunal BBM preparations isolated from
human organ donors. A Western blot analysis (Fig. 5) per-
formed with the specific polyclonal anti-TPPT antibodies
showed the presence of hTPPT protein (faint but reproducible
immunoreactive bands of �90 –110 kDa; data on specificity of
protein bands in colonic cells is also shown below under “Sub-
cellular Localization of hTPPT”) in the colonic AM but not in
the jejunal BBM preparations. These observations further con-
firm the predominant hTPPT expression in the colon.

To gain more information regarding TPPT expression in dis-
tinct segments of colon, we performed qRT-PCR using total
RNA isolated from mouse cecum, proximal colon, and distal
colon (TPPT expression in mouse jejunum was studied in par-
allel) and specific mouse primers. The results (Fig. 6) showed a
comparable level of mouse TPPT mRNA expression in all
colonic segments tested, with very low expression in the
jejunum.

Subcellular Localization of hTPPT—Plasma membrane
localization of hTPPT was studied in human colonic epithelial
NCM460 cells using a biotinylation approach followed by
Western blot analysis. The results (Fig. 7, lane 3) showed the

FIGURE 3. Characteristics of the hTPPT-1-specific TPP uptake process by ARPE19 cells transiently transfected with hTPPT-1. A, effect of Na� replace-
ment on the initial rate of TPP uptake. Cells were incubated at 37 °C in Krebs-Ringer buffer (pH 7.4). NaCl (133 mM NaC) was replaced as indicated. [3H]TPP (0.3
�M) was added to the incubation medium at the onset of incubation, and uptake was measured after 3 min of incubation. Data are mean � S.E. of six to nine
separate uptake determinations. B, effect of incubation buffer pH on the initial rate of TPP uptake. [3H]TPP(0.3 �M) was added to the incubation medium
(Krebs-Ringer buffer of varying pH) at the onset of incubation, and uptake was measured after 3 min of incubation. Data are mean � S.E. of three to six separate
uptake determinations. C, effect of FCCP and CCCP on the initial rate of TPP uptake. Cells were preincubated with FCCP or CCCP (both at 10 �M) for 20 min.
Control cells were preincubated with ethanol or dimethyl sulfoxide, respectively. [3H]TPP (0.3 �M) was added to the incubation medium (Krebs-Ringer buffer
of pH 5.0, no protonophores) at the onset of incubation, and uptake was measured after 3 min of incubation. Data are mean � S.E. of four to six separate uptake
determinations. *, p � 0.01. D, effect of structural analogs of TPP and unrelated compounds on the initial rate of TPP uptake. Cells were incubated in uptake
buffer (pH 7.4) at 37 °C in the presence of [3H]TPP (0.3 �M) and an unlabeled compound (1 mM for choline and 200 �M for all other compounds). Uptake was
measured after 3 min of incubation. Data are mean � S.E. of six to 12 separate uptake determinations. Control, no unlabeled compound added. *, p � 0.01; **,
p � 0.05. E, uptake of TPP as a function of substrate concentration. Cells were incubated in uptake buffer (pH 7.4) at 37 °C in the presence of different
concentrations of TPP. Uptake was measured after 3 min of incubation (i.e. initial rate). Uptake by the carrier-mediated system was calculated as described
under “Experimental Procedures.” Data are mean � S.E. of four to eight separate uptake determinations.
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expression of hTPPT (single immunoreactive band of �110
kDa) at the plasma membrane. The observed plasma mem-
brane hTPPT seems to represent the glycosylated form of the
protein (because the predicted molecular mass of hTPPT-1, i.e.
the predominant colonic hTPPT isoform, is only 79.2 kDa).
Interestingly, in whole NCM460 cell lysates, two distinct
immunoreactive bands were clearly detected (Fig. 7, lane 2). In
addition to an �110-kDa band, a band of �85–90 kDa was
observed that most likely represents a non-glycosylated hTPPT

(or a product of hTPPT posttranslational modification other
than glycosylation).

Subcellular localization of hTPPT-1 was further examined in
polarized renal epithelial MDCK cells transiently transfected
with hTPPT-1-YFP. We used MDCK cells in this study because
MDCK cells are a well suited model to study the polarized
expression of membrane proteins. Confocal imaging of the liv-
ing cells expressing hTPPT-1-YFP showed predominant apical
plasma membrane localization of the protein (Fig. 8).

FIGURE 4. Quantitative real-time PCR analysis of hTPPT mRNA expression in human tissues and human cell lines. The Human Major Tissue qPCR Panel
II, commercially available from OriGene (A), and total RNA of various human cell lines reverse-transcribed to cDNA (B) were used in qRT-PCR along with the
gene-specific primers. Data normalized relative to GAPDH are from a representative set of experiments repeated twice with a similar result.

FIGURE 5. Expression of hTPPT protein in human small and large intes-
tine. A Western blot analysis was performed using proximal colonic apical
membrane vesicle and jejunal BBM vesicle preparations from human organ
donors. Samples (equal amounts of 150 �g of total protein) were analyzed by
immunoblotting using the polyclonal anti-hTPPT antibodies. The image is
from a representative set of experiments.

FIGURE 6. Expression of mouse TPPT mRNA in various intestinal seg-
ments. Total RNA was isolated from distinct segments of mouse intestine,
and real-time quantitative PCR was performed. Data (mean � S.E.), normal-
ized relative to GAPDH, are from two mice, with RT-PCR performed three
times. *, p � 0.05.
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Isoforms of hTPPT in Human Colon Epithelial NCM460
Cells—The human SLC44A4 gene, located on chromosome 6,
spans about 16 kb and consists of 22 exons. As mentioned ear-
lier, reference sequences of three alternatively spliced tran-
script variants of the human SLC44A4 gene, i.e. transcript vari-
ants 1, 2, and 3, were found in the NCBI database. Transcript
variant 1 (exon 2 skipped, use of exon 3) encodes the longest
hTPPT isoform, isoform 1 (hTPPT-1), and is 710 amino acids in
length. Transcript variant 2 (exons 2 and 7 skipped, use of exons
3 and 8) encodes hTPPT isoform 2 (hTPPT-2), which has the
same N and C termini but is shorter (668 amino acids in length)
than isoform 1 because of the loss of 42 amino acids from an
alternate in-frame exon 7. Transcript variant 3 (exon 1 skipped,
use of exon 2) encodes hTPPT isoform 3 (hTPPT-3), which
represents the truncation of isoform 1 (only 634 amino acids in
length, with the first 76 amino acids missing from the N termi-
nus). We also examined the expression of these SLC44A4 tran-
script variants by means of semiquantitative PCR in human
colonic NCM460 cells and obtained results showing that only
variants 1 and 3 are expressed (with no expression of variant 2
even after 35 cycles, data not shown). We also found the expres-
sion of variant 1 to be markedly higher than that of variant 3
(Fig. 9).

Because the hTPPT-3 variant is also expressed in NCM460
cells, we decided to examine its ability to transport TPP. For
this, we cloned the ORF of this variant into the expression plas-
mid pFLAG-CMV-2 using mRNA from human colonic
NCM460 cells and variant-specific primers, expressed the
cDNA in ARPE19 cells, and performed a [3H]TPP uptake assay.

In parallel, uptake was determined in cells transiently trans-
fected with hTPPT-1 (positive control). The results (Fig. 10)
showed that the induction in [3H]TPP uptake mediated by
hTPPT-3 is similar to that mediated by hTPPT-1. These data
indicate that hTPPT-3 is also a functionally active variant capa-
ble of transporting TPP.

Metabolism of TPP in Mouse Colonic Enterocytes—To gain
insight into the metabolic fate of the TPP transported into
colonocytes, we incubated [3H]TPP (0.6 �M; 37 °C) with freshly
prepared mouse colonic mucosal homogenate (�1 mg of total
protein) for different periods of time, followed by determina-
tion of the forms of 3H radioactivity by TLC (see “Experimental

FIGURE 7. Plasma membrane expression of hTPPT in colonic epithelial
cells. NCM460 cells were labeled with EZ-Link Sulfo-NHS-SS-Biotin, and bioti-
nylated proteins were isolated with NeutrAvidin-agarose followed by West-
ern blot analysis using the polyclonal anti-hTPPT antibodies. The image is
representative of two separate sets of experiments with similar results.

FIGURE 8. Apical membrane targeting of hTPPT-1-YFP in polarized renal epithelial cells. Targeting of YFP (vector alone), hTPPT-1-YFP, hSMVT-GFP (a
known apical membrane marker (32)), and hSVCT2-YFP (a known basolateral membrane marker (33)) in MDCK cells in lateral (xy, top row) and axial (xz, bottom
row).

FIGURE 9. Expression of SLC44A4 transcript variants in NCM460 cells.
Semiquantitative PCR was performed to estimate mRNA expression of
SLC44A4 transcript variants 1 and 3 (variant 2 is not expressed in these cells).
The image is from a representative set of experiments with similar results.

FIGURE 10. Initial rate of [3H]TPP uptake by ARPE19 cells transiently
transfected with hTPPT-3. Cells (48 h post-transfection) were incubated at
37 °C in Krebs-Ringer buffer (pH 7.4). [3H]TPP (0.3 �M) was added to the incu-
bation medium at the onset of incubation, and uptake was measured after 3
min of incubation (i.e. initial rate). Data are the mean � S.E. of three to six
separate uptake determinations. Control, cells transiently transfected with
the empty pFLAG-CMV-2 vector. *, p � 0.01.
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Procedures”). The results showed that, after 1 h of incubation of
TPP with the colonic mucosal homogenate, only �39% of 3H
radioactivity was in the form of intact TPP, with the remaining
�45 and �16% of radioactivity distributed between TMP and
free thiamine, respectively. Longer (2 h) incubation of TPP with
the colonic mucosal homogenate resulted in further TPP
metabolism, with a distribution pattern of 3H radioactivity as
follows: �29% of TPP, �55% of TMP, and �16% of free thia-
mine. These data suggest that considerable metabolism occurs
in TPP following its uptake by colonocytes.

DISCUSSION

Our aim in this study was to determine the molecular iden-
tity of the system involved in TPP uptake we have identified
recently, by functional means, in human colonocytes (16). This
system appears to be involved in the uptake of the microbiota-
generated TPP, which otherwise would be lost in the feces
because of the inability of the colonocytes to convert this large,
charged, and water-soluble molecule into free thiamine
(colonocytes have little surface alkaline phosphatase activity
(13–15)). We achieved our goal by bioinformatics analysis of
the NCBI database, using as a query the recently identified TPP
ABC transporter permease of the oral spirochete T. denticola
(19). Our search has resulted in the identification of one candi-
date protein that showed significant similarity to the partial
amino acid sequence of the query protein in regions predicted
to participate in substrate recognition and binding (23). That
protein is the product of the human SLC44A4 gene, which so far
has been considered as an uncharacterized multitransmem-
brane protein with an unknown function. The protein, how-
ever, has been classified as a member of the CTL family of pro-
teins on the basis of some structural similarities and was given
the name choline transporter-like protein 4 (CTL4) (reviewed
in Ref. 24). The first member of the CTL family of transporters,
i.e. CTL1 (a product of SLC44A1 gene) was initially cloned from
Torpedo marmorata (26). A CTL1-related protein was subse-
quently identified in mammals, followed by identification of
other members of this family (i.e. CTL2–5, products of the
SLC44A2–5 genes) (24, 26, 27). CTL1 is, so far, the only mem-
ber that demonstrates a choline transport function (24, 26, 27).
In fact, evidence exists, from studies in yeast and nematodes,
that suggests that paralogs of other members of SLC44A family
are not choline transporters (28, 29).

We report here that the SLC44A4 system is in actuality a
specific and high-affinity TPPT. We found three alternatively
spliced variants of the human SLC44A4 gene in the NCBI data-
base. Because of our finding that SLC44A4 variant 1 is the pre-
dominant variant expressed in human colonic epithelial cells,
we focused on this variant in our further investigations. We
cloned SLC44A4 variant 1 from human colonic epithelial
NCM460 cells and established its function as a specific and
efficient TPPT by expression of its cDNA in human retinal pig-
ment epithelial ARPE19 cells. Our functional characterization
of the SLC44A4 system expressed in ARPE19 cells showed
3H-TPP uptake by the induced carrier to be temperature- and
energy-dependent but Na�- independent in nature. TPP
uptake by the induced system was detectable over a broad range
of extracellular pH values, and although it did not display an

obvious pH maximum, it was found to be slightly but signifi-
cantly (p � 0.01) higher at an acidic pH of 5.0. Furthermore, a
dissipation of the pH gradient by the proton ionophores FCCP
and CCCP resulted in almost complete abolishment of TPP
uptake by the induced system at pH 5.0, implying an important
role for the pH gradient in the uptake process. With respect to
these findings, the driving mechanism of TPPT is of particular
interest. Taking into account the energy-dependent character-
istics of this transporter, the absence of Na� involvement, and
the importance of an outside-to-inside-directed H� gradient
for the function of the transporter, it is possible to suggest that
a TPP�-H� cotransport mechanism may be involved. Future
studies are needed to confirm this suggestion.

The induced carrier was also found to be highly specific for
TPP (unlabeled TPP caused an almost complete inhibition in
induced [3H]TPP uptake) but was not affected by free thiamine
or TMP. It was also minimally affected by a host of other com-
pounds that includes ADP, FMN, and butyrate. Of particular
interest was the inability of a high concentration of choline (1
mM) to affect the uptake of [3H]TPP by the induced carrier in
the hTPPT-1-expressing ARPE19 cells. This finding further
supports the conclusion that this system is not a choline trans-
porter. We also determined the apparent Km of the induced
carrier and found it to be around 0.17 �M. This apparent Km was
very similar to the apparent Km of the TPP uptake process
found in intact human colonic NCM460 monolayers (around
0.16 �M) (16). All other major functional characteristics of
energy dependence, Na� independence, a lack of an obvious
extracellular pH maximum, and high specificity for TPP were
also in agreement with those of the TPP transport system in
NCM460 monolayers, strongly suggesting that TPPT is respon-
sible for that transport system. At a physiological pH, TPP is
negatively charged and can be considered an organic anion. We
assessed the ability of known anion transport inhibitors such as
probenecid and stilbene disulphonates, i.e. DIDS and SITS, to
inhibit the hTPPT-1-specific uptake of [3H]TPP, and, as
expected, found that all of these compounds significantly inhib-
ited uptake. It is interesting that amiloride, an organic cation,
was also found to significantly inhibit the hTPPT-1-specific
uptake of 3H-TPP. This observation, together with the previ-
ously reported ability of amiloride to cause inhibition of uptake
of free thiamine in a variety of cellular systems, including
human intestinal epithelial cells (25), could indicate an impor-
tant role of thiamine moiety in the TPP substrate molecule for
recognition and/or binding of TPP with the hTPPT system.
Further studies, however, are needed to test this possibility.

The hTPPT protein appears to be expressed in the human
colon but not in the proximal small intestine. This conclusion
was made on the basis of the results of the Western blot analysis
using purified colonic AM and jejunal BBM vesicle prepara-
tions isolated from human organ donors. Similarly, a high
expression of SLC44A4 mRNA was found in the human colon
but not in the proximal small intestine (or in other parts of the
gastrointestinal tract, like the stomach and rectum). These
finding clearly indicated that the hTPPT is a predominantly
colonic protein. We also investigated the cellular localization of
the hTPPT protein in colonic epithelial cells. This was done by
means of a cell surface biotinylation approach, with the results
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showing clear plasma membrane localization (at this stage we
could not differentiate between the hTPPT variant proteins
because the antibodies used were raised against an antigenic
peptide shared by all of them). The polarized expression of the
hTPPT-1 protein in epithelial cells was also examined using a
well established epithelial cell model for such investigations
(the MDCK cell model), hTPPT-1-YFP, and a live-cell confocal
imaging approach. The results showed predominant localiza-
tion of the hTPPT-1 protein at the apical plasma membrane
domain of these polarized epithelial cells.

We have shown previously that contact of TPP with human
colonic epithelial cells does not affect the metabolic status of
TPP (16), confirming the notion that colonocytes have little or
no surface alkaline phosphatase (13–15). A question, however,
exists as to what happens to the TPP molecule following its
uptake into colonocytes. We addressed this issue by examining
the metabolic forms of TPP (by TLC approach) following the
incubation of [3H]TPP with a homogenate of mouse colonic
mucosa cells. The results showed a time-dependent and con-
siderable TPP metabolism to free thiamine and TMP. On the
basis of the above findings, we propose a model for TPP uptake
by colonocytes in which TPP is first taken in by the TPPT sys-
tem, with part of this TPP then being used for the metabolic
needs of the colonocytes and the rest being metabolized to free
thiamine and to TMP. Free thiamine could then move out of the
cell across the basolateral membrane via the previously charac-
terized THTR-1, which is expressed in colonocytes (12). As for
TMP, this thiamine metabolite does exist in considerable
amounts in the plasma (30), and, thus, it is possible that it can
also leave the colonocyte via a yet to be identified transport
system. Whether TPP itself can also cross the colonic basolat-
eral membrane (knowing that there is some TPP in the plasma
(31)) is not clear and requires further investigations.

In summary, findings of this study represent the first molec-
ular identification and characterization of the membrane trans-
port system involved in colonic TPP uptake. The identifica-
tion of this system should assist in the performance of
further investigations to understand the molecular regula-
tion of the colonic TPP uptake process and how this process
contributes toward overall thiamine nutrition, especially
that of the local colonocytes.
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