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to the negative effects of RF deficiency, optimizing RF body
level appears to have the potential of protecting vital tissues
from ischemia-induced oxidative injury (1, 20) and is effective
in the treatment of patients with RF-responsive multiple acylCoA dehydrogenase deficiency (17, 18).
Like other mammalian cells, pancreatic cells cannot synthesize RF and thus must obtain the vitamin from exogenous
sources via transport across the plasma membrane. Nothing,
however, is currently known about the mechanism of RF
uptake by cells of this important organ, how the uptake process
is regulated, or the effect of conditions and factors that affect
the process. In this study, we began to address these issues,
focusing on pancreatic ␤-cells. These cells are highly sensitive
to oxidative stress and to inflammation (5), and RF has the
ability to reduce the level of free radicals and proinflammatory
mediators (1, 5), not to mention its essentiality for their normal
cellular metabolism. Our studies were conducted using cultured mouse-derived pancreatic ␤-TC-6 cells and freshly isolated mouse primary pancreatic islets as models. We also
extended the study to the human situation and examined
aspects of RF uptake by freshly isolated primary human pancreatic islets. Our results showed RF uptake by pancreatic
␤-cells/islets are via a specific carrier-mediated process. Furthermore, our findings showed RF uptake by these cells to be
regulated by extracellular substrate level (via what appears to
be a transcriptional mechanism) and also by an intracellular
Ca⫹2-calmodulin regulatory pathway.
MATERIALS AND METHODS

(RF) is essential for normal
cellular functions, growth, and development. In its coenzyme
forms, i.e., RF-5-phosphate and flavin adenosine dinucleotide,
the vitamin plays a key metabolic role in the transfer of
electrons in biological oxidation-reduction reactions involving
carbohydrate, lipid and amino acid metabolism, as well as the
conversion of vitamin B6 and folate into their active forms (7).
RF also plays a role in protein folding in the endoplasmic
reticulum (34) and reduces cellular oxidative stress (13, 20,
30). Furthermore, RF appears to be able to modulate both
innate and immune responses (33) and exhibits powerful antiinflammatory properties (4, 5, 13). Systemic RF deficiency
leads to serious clinical abnormalities that include degenerative
changes in the nervous system, anemia, and growth retardation
(7, 12). Deficiency and suboptimal levels of the vitamin occur
in patients with diabetes mellitus, inflammatory bowel disease,
and chronic alcoholism (2, 10, 11, 14, 15, 21, 25). In contrast
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Materials
3
H-RF (specific activity 21.2 Ci/mmol) was obtained from
Moravek Biochemicals (Brea, CA). All other chemicals, kits, and
routine reagents used in the study were either analytic or molecular
biology grade and purchased from commercial vendors. Gene-specific
primers used in this study were synthesized from Sigma Genosys
(Woodlands, TX) and listed in Table 1.

Cell Culture and Uptake Studies
Mouse-derived ␤-TC-6 cells were obtained from ATCC (Rockville, MD) and maintained under standard condition in DMEM growth
medium supplemented with 15% FBS (BenchMark). RF-deficient
medium was prepared by supplementing custom-made vitamin-deficient medium (DMEM from GIBCO-BRL, Grand Island, NY) with
other vitamins, except RF. Uptake studies were performed in KrebsRinger (KR) buffer (pH 7.4) at 37°C during initial linear periods (i.e.,
5 min), and the cells were processed as described before (22). Total
protein content was determined using Bio-Rad Dc protein assay kit
(Hercules, CA), and uptake was expressed per milligram protein per
5 min.
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physiological and molecular aspects. Am J Physiol Gastrointest Liver
Physiol 303: G1052–G1058, 2012. First published August 23, 2012;
doi:10.1152/ajpgi.00314.2012.—Riboflavin (RF) is essential for the
normal metabolic activities of pancreatic ␤-cells and provides protection against oxidative stress. Very little is known about the mechanism
of RF uptake by these cells and how the process is regulated. We
addressed these issues using mouse-derived pancreatic ␤-TC-6 cells
and freshly isolated primary mouse and human pancreatic islets. Our
results showed 3H-RF uptake by ␤-TC-6 cells is Na⫹ independent, cis
inhibited by RF-related compounds, trans stimulated by unlabeled
RF, and saturable as a function of concentration (apparent Km of
0.17 ⫾ 0.02 M). The latter findings suggest involvement of a
carrier-mediated process. Similarly, RF uptake by primary mouse and
human pancreatic islets was via carrier-mediated process. RF transporters 1, 2, and 3 (RFVT-1, -3, and -2) were all expressed in mouse
and human pancreatic ␤-cells/islets, with RFVT-1 being the predominant transporter expressed in the mouse and RFVT-3 in the human.
Specific knockdown of RFVT-1 with gene-specific small interfering
RNA leads to a significant inhibition in RF uptake by ␤-TC-6 cells.
RF uptake by ␤-TC-6 cells was also found to be adaptively upregulated in RF deficiency via a transcriptional mechanism(s). Also, the
process appears to be under the regulation of a Ca2⫹/calmodulinmediated regulatory pathway. Results of these studies demonstrate,
for the first time, the involvement of a carrier-mediated process for RF
uptake by mouse and human pancreatic ␤-cells/islets. Furthermore,
the process appears to be regulated by extracellular and intracellular
factors.
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Table 1. Combination of primers used for PCR
mRFVT-1
mRFVT-2
mRFVT-3
m␤-actin
hRFVT-1
hRFVT-2
hRFVT-3
h␤-actin
mRFVT-1-hnRNA
m␤-actin-hnRNA

TGCTGGCCATCACCAA; CGTGAGCACCTGCACA
GGATCAGTGGAAGCCAGTG; GACCTGTTAGGCAGGAAGATG
CCTCCCTTCCTACCTCTCTG; TAGGAAGGCCACTGAGTACG
CATCCTGCGTCTGGACCT; TAATGTCACGCACGATTTCC
AAAAGACCTTCCAGAGGGTTG; AGCACCTGTACCACCTGGAT
CCTTTCCGAAGTGCCCATC; AGAAGGTGGTGAGGTAGTAGG
CCCTGGTCCAGACCCTA; ACACCCATGGCCAGGA
AGCCAGACCGTCTCCTTGTA; TAGAGAGGGCCCACCACAC
GGAGGGTGAGTGAAGTGG; AGGCTCCAACCTGCAG
GATTTCTGTCACTCTTCTCTTAGG; TCTCACCAAGCTAAGGATGC

m, Mouse; h, human; RFVT, RF transporter; hnRNA, heterogeneous nuclear RNA.

tion software (version 3.0) in Odyssey Infrared imaging system
(LI-COR).

Mouse primary pancreatic islets were isolated freshly by stationary
digestion followed by Ficoll gradient centrifugation, as described by
our laboratory previously (22). Briefly, four adult mice were euthanized, and pancreas was removed without fat contamination. Pancreatic tissue was minced, pooled, and digested with collagenase IV (1
mg/ml) containing DNase I (0.1 mg/ml). Following digestion, tissues
were filtered through nylon mesh, and islets were isolated by discontinuous Ficoll gradient (25, 23, 20, and 11%, respectively). Islets were taken
after centrifuging at 2,500 rpm (for 15 min) from the interface of 20 and
11% of Ficoll. Islets were washed, and uptake studies were performed by
rapid filtration technique. This experimental procedure has been approved by Institutional Animal Care and Use Committee of Veterans
Affairs Long Beach and University of California Irvine.
Freshly isolated human pancreatic islets were obtained from normal adult organ donors (National Disease Research Interchange,
Philadelphia, PA). Islets were centrifuged at 1,500 rpm for 8 min,
washed once, and resuspended in KR buffer. Viability of the human
islets was determined by Trypan blue and found to be around 70%.
Uptake was also done by rapid filtration method, as described
before (22).

hnRNA Analysis
Total RNA isolated from ␤-TC-6 cells maintained in RF deficient
and over supplemented medium (72 h) was treated with DNase I to
exclude genomic DNA contamination. RNA was reverse transcribed
using a kit (Bio-Rad). To ensure heterogeneous nuclear RNA (hnRNA) amplification, primers were designed in the exon-intron junction, as described before (31) (Table 1). Real-time PCR was performed, and relative expression was normalized with ␤-actin-hnRNA
primers. As a negative control, DNase I-treated total RNA was used.
Statistical Analysis
Data shown in this study are means ⫾ SE of at least three
independent determinations. Level of significance was judged by the
Student’s t-test. Uptake by the carrier-mediated process was determined by subtracting the diffusion component from total uptake. The
apparent Km and Vmax of the saturable carrier-mediated component
were determined by nonlinear regression analysis via fitting the data
into Michaelis-Menten equation using Graph Pad Prism software
(version 5.03).

Real-Time PCR
RESULTS

Total RNA was isolated using Trizol (Invitrogen) method, as
described in the manufacturer’s protocol. DNA contamination was
removed by treating the RNA with DNase (Invitrogen), and firststrand cDNA was synthesized using i-script reverse transcriptase
(Bio-Rad). Relative gene expression was quantified in a CFX96
real-time PCR system (Bio-Rad) and gene specific primers (Table 1).
Ct values were normalized to respective ␤-actin following relative
relationship method (19).
siRNA Transfection
RF transporter-1 (RFVT-1)-specific small interfering RNA
(siRNA; Sigma) (130 nM) was transiently transfected to ␤-TC-6 cells,
and, 48 h posttransfection, cells were used for uptake studies and
RNA isolation.
Protein Isolation and Western Blot Analysis
Total protein was isolated from ␤-TC-6 cells by lysing with RIPA
buffer (Sigma) in the presence of protease inhibitor cocktail (Roche).
Equal amounts of protein (60 g) were loaded into NuPAGE 4 –12%
Bis-Tris gradient minigels (Invitrogen) and were transferred onto
polyvinylidene difluoride membrane (Bio-Rad). The membrane was
then probed simultaneously with anti-RFVT-1 antibody (raised in
rabbit) and anti-␤-actin antibody (raised in mice). The blot was
incubated with anti-rabbit IR 800 dye and anti-mouse IR 680 dye
(LI-COR) secondary antibodies (1:25,000) at room temperature for 1
h, and the florescent intensity was quantified using Odyssey applica-

Physiological Aspects of RF Uptake by Mouse and Human
Pancreatic ␤-Cells/Islets
The effect of incubation temperature (37, 25, 4°C) on the
initial rate of RF (14 nM) uptake by mouse pancreatic ␤-TC-6
cells was examined, and the results showed a significantly (P ⬍
0.01) higher uptake at 37°C compared with 25 and 4°C (3.80 ⫾
0.19, 2.31 ⫾ 0.06, and 0.68 ⫾ 0.02 pmol·mg protein⫺1·5 min⫺1,
respectively). We also examined the effect of changing incubation buffer pH on the initial rate of RF uptake (14 nM) by
␤-TC-6 cells and observed an increase in uptake with decreasing buffer pH from pH 8 to 6, followed by a slight decrease
thereafter (4.83 ⫾ 0.16, 5.03 ⫾ 0.37, 5.25 ⫾ 0.18, 7.13 ⫾ 0.22,
and 5.13 ⫾ 0.88 pmol·mg protein⫺1·5 min⫺1 for pH 8, 7.4, 6.5,
6, and 5, respectively).
The role of Na⫹ in the incubation medium in RF uptake was
also tested by examining the effect of its isoosmotic replacement with K⫹ or mannitol on initial rate of RF uptake. No
difference in RF uptake was observed in the presence and
absence of Na⫹ (5.13 ⫾ 0.29, 5.07 ⫾ 0.62, and 5.88 ⫾ 0.69
pmol·mg protein⫺1·5 min⫺1 in the presence of Na⫹ and in its
absence and presence of K⫹ and mannitol, respectively).
We next examined the effect of unlabeled RF (1 mM) on the
initial rate of 3H-RF (14 nM) uptake by pancreatic ␤-TC-6
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Molecular Aspects of the RF Uptake Process
of Pancreatic ␤-Cells
Three RF membrane transport systems (RFVT-1, RFVT-2,
and RFVT-3) have been recently identified in mammalian cells
and have been shown to display a different level of expression
in different tissues (35–37). Thus we investigated whether
these transporters are expressed in mouse and human pancreatic ␤-cells and determined their relative level of expression.
The results showed that all three transporters are expressed in
mouse and human pancreatic ␤-cells/islets. However, in the
mouse, the level of expression of RFVT-1 was found to be
considerably (P ⬍ 0.01) higher than that of RFVT-2 and

Fig. 1. Initial rate of riboflavin (RF) uptake by pancreatic ␤-TC-6 cells as a
function of substrate concentration. Cells were incubated at 37°C in KrebsRinger buffer (pH 7.4) in the presence of different concentrations of unlabeled
RF, and uptake (5 min) by the saturable component was determined. Values
are means ⫾ SE of 3 independent experiments. When not visible, the error bars
are smaller than the symbol.

RFVT-3 (Fig. 2, A and B), while in the human the level of
expression of RFVT-3 was the highest (P ⬍ 0.05) (Fig. 2C).
These findings demonstrate the existence of species variability
in the type of the RF transport systems expressed in pancreatic
␤-cells between mouse and human.
Since RFVT-1 appears to be the predominant RFVT system
expressed in mouse pancreatic ␤-cells, we examined its relative contribution toward total carrier-mediated RF uptake. For
this, we knocked down RFVT-1 of pancreatic ␤-TC-6 cells
using gene-specific siRNA and then examined the effect of that
knockdown on initial rate of 3H-RF (14 nM) uptake (Fig. 3A).
The results showed a significant (P ⬍ 0.05) inhibition in RF
uptake by cells treated with the gene-specific siRNA compared
with those treated with scrambled siRNA (i.e., control). Effectiveness of the gene-specific RFVT-1 siRNA was demonstrated by observing a significant (P ⬍ 0.01) reduction in the
level of expression of RFVT-1 mRNA compared with control (Fig. 3B).
Regulatory Aspects of the RF Uptake Process
of Pancreatic ␤-Cells
Effect of substrate level on RF uptake by pancreatic ␤-cells.
In this study, we examined whether the pancreatic ␤-cell RF
uptake process is adaptively regulated by substrate level in the
surrounding environment. This was done by examining the
effect of maintaining pancreatic ␤-TC-6 cells (for 72 h) in a
growth medium that lacks RF or contains 100 M unlabeled
RF, followed testing of the initial rate of 3H-RF (14 nM)
uptake. The results showed a significantly (P ⬍ 0.01) higher
3
H-RF uptake by cells maintained in RF-deficient medium
compared with those maintained in RF-supplemented medium
(Fig. 4A), indicating that the uptake process is adaptively
regulated by substrate level. This adaptive upregulation in RF
uptake by cells maintained in the RF-deficient medium compared with those maintained in the supplemented medium was
associated with a significant induction in expression of
RFVT-1 (the predominant RF transporter in mouse pancreatic
␤-cells) at the protein (P ⬍ 0.05) and mRNA (P ⬍ 0.01) levels
(Fig. 4, B and C). The latter findings suggest possible involve-
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cells and observed a significant (P ⬍ 0.01) inhibition in uptake
(4.83 ⫾ 0.12 and 0.256 ⫾ 0.021 pmol·mg protein⫺1·5 min⫺1
for control and in the presence of 1 mM RF, respectively). We
performed the same experiment using freshly isolated primary
mouse pancreatic islets and again observed a significant (P ⬍
0.01) inhibition in initial rate of 3H-RF uptake (1.29 ⫾ 0.16
and 0.457 ⫾ 0.08 pmol·mg protein⫺1·5 min⫺1 for control and
in the presence of 1 mM unlabeled RF, respectively). We
further extended the study to the human situation and examined
the effect of unlabeled RF (1 mM) on initial rate of 3H-RF
uptake. Again, a significant (P ⬍ 0.01) inhibition in 3H-RF
uptake was observed in the presence of unlabeled RF (3.13 ⫾
0.35 and 1.18 ⫾ 0.11 pmol·mg protein⫺1·5 min⫺1 for control
and in the presence of unlabeled RF, respectively). These
findings suggest involvement of a carrier-mediated component
for RF uptake by mouse and human pancreatic ␤-cells/islets.
We also investigated possible trans-stimulation in RF transport across the plasma membrane of pancreatic ␤-TC-6 cells by
examining the effect of adding unlabeled RF to the incubation
medium on the efflux of 3H-RF from preloaded ␤-TC-6 cells.
The results showed a significantly (P ⬍ 0.01) lower cellular
content of radioactivity when cells were incubated in the
presence of unlabeled RF than in its absence (4.98 ⫾ 0.13 and
1.68 ⫾ 0.09 pmol·mg protein⫺1·5 min⫺1, respectively). This
trans-stimulation in RF transport further supports the above
suggestion of involvement of a carrier-mediated process in RF
transport by pancreatic ␤-cells.
In other studies, we investigated the specificity of the RF
uptake process by pancreatic ␤-TC-6 cells. This was done by
examining the effect of the RF structural analogs lumiflavin
and lumichrome, as well as that of the structurally unrelated
biotin (all at 500 M) on the initial rate of 3H-RF (14 nM)
uptake. The results showed a significant (P ⬍ 0.01) inhibition
in 3H-RF uptake in the presence of lumiflavin and lumichrome,
but not in the presence of biotin (3.69 ⫾ 0.18, 1.63 ⫾ 0.41,
1.38 ⫾ 0.40, and 3.63 ⫾ 0.06 pmol·mg protein⫺1·5 min⫺1 for
control and in the presence of lumiflavin, lumichrome, and
biotin, respectively). These findings demonstrate specificity of
the pancreatic ␤-cell RF uptake process.
Finally, we examined the saturability in the RF uptake
process of pancreatic ␤-TC-6 cells as a function of concentration and observed clear saturation, further indicating the involvement of a carrier-mediated process. Kinetic parameters of
the saturable process were then calculated, as described in
MATERIALS AND METHODS, and found to be 0.17 ⫾ 0.02 M and
22.26 ⫾ 0.80 pmol·mg protein⫺1·5 min⫺1 for the apparent Km
and Vmax, respectively (Fig. 1).
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Fig. 2. Relative expression of RF transporter-1 (RFVT-1), RFVT-2, and
RFVT-3 in mouse-derived pancreatic ␤-TC-6 cells (A), freshly isolated primary mouse pancreatic islets (B), and freshly isolated human pancreatic islets
(C). Total RNA were isolated from cultured ␤-TC-6 cells (A), freshly isolated
primary mouse (B), and human pancreatic islets (C) and were subjected to
quantitative real-time PCR analysis using RFVT-1, -2, and -3 gene-specific
primers (Table 1). Levels are expressed relative to ␤-actin. Values are
means ⫾ SE of at least 3 independent experiments. *P ⬍ 0.01.

ment of transcriptional mechanism(s) in the adaptive upregulatory effect. To further test this possibility, we determined the
level of expression of RFVT-1 hnRNA in cells maintained in
RF-deficient growth medium compared with those maintained
in RF-supplemented medium [the level of hnRNA of a given
gene can be used as a measure of transcriptional activity of that
gene (9, 26, 32)]. The results showed a significantly (P ⬍ 0.05)
higher level of expression of RFVT-1 hnRNA in cells maintained in the former growth medium (RF deficient) compared
with the latter (Fig. 4D). In a related study, we examined the
effect of pretreating the cells maintained in RF-deficient medium with the transcriptional inhibitor actinomycin D on their
ability to upregulate RF uptake and observed a significant (P ⬍
0.05) blunting in the level of induction in RF uptake compared
with cells maintained in RF-deficient medium, but without
actinomycin D (Fig. 5) [actinomycin D also caused a significant (P ⬍ 0.01) reduction in level of expression of the RFVT-1

6

*

3

0
Scrambled SiRNA

B

RFVT-1 SiRNA

3

2

**
1

0
Scrambled Si RNA

RFVT-1 SiRNA

Fig. 3. Effect of knocking down RFVT-1 of pancreatic ␤-TC-6 cells on RF
uptake. A: 3H-RF uptake was examined in ␤-TC-6 cells treated with RFVT-1
gene-specific and scrambled (control) small interfering RNA (siRNA).
B: quantitative real-time PCR showing relative expression of RFVT-1 mRNA;
data were normalized relative to ␤-actin. Values are means ⫾ SE of at least 3
independent experiments. *P ⬍ 0.05. **P ⬍ 0.01.
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B
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mRNA; data not shown]. These findings further confirm the
possible involvement of a transcriptional mechanism(s) in the
adaptive regulation of RF uptake by substrate level.
Potential role of intracellular signaling mechanisms in the
regulation of RF uptake by pancreatic ␤-cells. In these investigations, we examined the potential involvement of certain
intracellular regulatory pathways in the regulation of RF uptake by mouse pancreatic ␤-cells. We specifically focused on
examining the role of Ca2⫹-calmodulin, protein kinase A
(PKA), and protein kinase C (PKC)-mediated pathways, since
a role for these pathways in the regulation of membrane
transport of other substrates has been well documented (3, 6, 8,
23, 24). We used specific modulators of these pathways in our
investigations. The results showed that pretreating (1 h)
␤-TC-6 cells with calmidazolium (an inhibitor of the Ca2⫹calmodulin-mediated pathway) leads to a significant and concentration-dependent reduction in the initial rate of RF uptake
(P ⬍ 0.05 for 10 M; P ⬍ 0.01 for 25 and 50 M calmidazolium, respectively) (Fig. 6A). Similarly, trifluoperazine (50
M), another inhibitor of the Ca2⫹-calmodulin-mediated pathway, showed a significant (P ⬍ 0.05) inhibition in RF uptake.
We also tested the effect of calmidazolium on kinetic parameters of pancreatic ␤-cells RF uptake process and observed a
significant (P ⬍ 0.01) reduction in the Vmax (30.49 ⫾ 1.142
and 9.36 ⫾ 0.871 pmol·mg protein⫺1·5 min⫺1 for control and
calmidazolium-treated samples, respectively) and a significant
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Fig. 4. Effect of extracellular RF level on RF uptake by pancreatic ␤-TC-6 cells. A: effect on RF uptake. ␤-TC-6 cells were maintained (72 h) in growth medium
containing no added RF (deficient) or that supplemented with 100 M unlabeled RF, followed by determination of initial rate of 3H-RF uptake. *P ⬍ 0.01.
B: effect on level of expression of RFVT-1 protein. Western blotting was performed using equal amounts of total protein (60 g) harvested from ␤-TC-6 cells
maintained under RF-deficient and supplemented conditions and specific polyclonal antibodies. Expression of RFVT-1 was normalized relative to corresponding
␤-actin. Inset: results of a representative Western blot. **P ⬍ 0.05. C: effect on level of expression of RFVT-1 (and RFVT-2 and -3) mRNA. Total RNA was
isolated from ␤-TC-6 cells maintained in RF-deficient and supplemented growth medium. Quantitative real-time PCR was performed using gene-specific primers.
*P ⬍ 0.01. All results presented here are means ⫾ SE of at least 3 independent experiments. D: effect on the level of expression of RFVT-1 heterogeneous nuclear
RNA (hnRNA). RFVT-1 hnRNA level was determined as an index of transcriptional control using gene-specific primers. mRFVT-1, mouse RFVT-1. Values
are means ⫾ SE of 3 independent experiments. **P ⬍ 0.05.

(P ⬍ 0.05) increase in the apparent Km (0.111 ⫾ 0.014 to
0.254 ⫾ 0.06 M) of the RF uptake process (Fig. 6B).
Treatment of cells with IBMX, forskolin, and dibutyryl cAMP
(compounds that increase intracellular level of cAMP and thus
activate PKA), however, did not affect RF uptake (data not
shown). Similarly, pretreatment of ␤-TC-6 cells with phorbol
12-myristate 13-acetate, which modulates the activity of PKC,
was without an effect on RF uptake (data not shown).
DISCUSSION

The aim of this investigation was to examine the mechanism
and regulation of RF uptake by pancreatic ␤-cells and islets.
RF is essential for normal metabolic activities of pancreatic
␤-cells, and its deficiency increases the oxidative stress burden
on cells (5, 20, 30). We used cultured mouse-derived pancreatic ␤-TC-6 cells and freshly isolated mouse primary pancreatic islets, as well as human primary pancreatic islets obtained
from organ donors. Our findings demonstrated that RF uptake
by pancreatic ␤-TC-6 cells is temperature dependent but Na⫹
independent in nature and involves a specific carrier-mediated
process. Evidence supporting the latter includes the significant

cis-inhibition caused by unlabeled RF and its closely related
structural analogs lumiflavin and lumichrom on the initial rate
of 3H-RF uptake, the trans-stimulation in the 3H-RF uptake by
unlabeled RF, and the saturation in substrate uptake as a
function of concentration. Similarly, RF uptake by mouse
primary pancreatic islets was found to be carrier mediated, thus
providing physiological relevance to our in vitro findings with
␤-TC-6 cells. The same was seen with human primary pancreatic islets with regards to existence of a carrier-mediated
process for RF uptake.
After establishing the physiological mechanism of involvement of a carrier-mediated process in RF uptake by pancreatic
␤-cells, we investigated molecular aspects of the uptake process by determining which of the three known mammalian RF
transporters (RFVT-1, -2, and -3) are expressed in these cells.
The results showed that all three systems were expressed in
both mouse and human pancreatic ␤-cells/islets. However,
some differences were also observed between the two species
in that, in the mouse, RFVT-1 was found to be the predominantly expressed RF transporter, while RFVT-3 was the predominantly expressed system in the human pancreatic islets. It
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Fig. 6. A: effect of modulators of the Ca2⫹/calmodulin-mediated pathway on
RF uptake by pancreatic ␤-TC-6 cells. ␤-TC-6 cells were incubated for 1 h in
the absence and presence of different concentrations of calmidazolium (10, 25,
and 50 M) or with trifluoperazine (TFP; 50 M), followed by determination
of initial rate of 3H-RF uptake. Values are means ⫾ SE of 3 independent
experiments. *P ⬍ 0.05. **P ⬍ 0.01. B: effect of calmidazolium on kinetic
parameters of RF uptake as a function of RF concentration. ␤-TC-6 cells were
incubated in the presence and absence of calmidazolium (for 1 h), and initial
rate of uptake of different concentrations of RF was examined. Values are
means ⫾ SE of 3 independent experiments.

RF uptake is not clear and is in need of further investigations.
A similar role for Ca⫹2/calmodulin-mediated pathway in regulating RF uptake in other cell types has also been observed
previously (16, 28, 29). No role for the PKA (and PKC)mediated pathway in the regulation of RF uptake by pancreatic
␤-cells was observed. This is in contrast to the apparent
regulation of RF uptake by intestinal epithelial cells by a
PKA-mediated pathway (27).
In conclusion, our study shows, for first time, the existence
of a specific, carrier-mediated process for RF uptake by mouse
and human pancreatic ␤-cells/islets. The study also shows that
the uptake process is adaptive regulated by substrate level and
by an intracellular Ca⫹2/calmodulin-mediated pathway.
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Fig. 5. Effect of the transcriptional inhibitor actinomycin D on the observed
induction in RF uptake in RF deficiency. ␤-TC-6 cells were maintained (48 h)
in RF-deficient growth medium in the presence and absence of actinomycin D,
followed by determination of initial rate of RF (14 nM) uptake. Values are
means ⫾ SE of 3 independent experiments. *P ⬍ 0.05.

DISCLOSURES
No conflicts of interest, financial or otherwise, are declared by the author(s).
AUTHOR CONTRIBUTIONS
Author contributions: A.G. and H.M.S. conception and design of research;
A.G. performed experiments; A.G. and H.M.S. analyzed data; A.G. and
H.M.S. interpreted results of experiments; A.G. prepared figures; A.G. and

AJP-Gastrointest Liver Physiol • doi:10.1152/ajpgi.00314.2012 • www.ajpgi.org

Downloaded from http://ajpgi.physiology.org/ by 10.220.32.247 on September 14, 2016

is relevant to mention here that the three RF transport systems
identified thus far have different functional characteristics (36).
Specifically, hRFVT-3 appears to be more active in transporting RF than the other two systems and is acidic pH dependent
(36). Also, the three RF uptake systems display a different
pattern of tissue distribution (36).
The functional contribution of mouse RFVT-1 in RF uptake
by the mouse-derived ␤-TC-6 cells was also tested, utilizing
RNA interference approach. The results showed a significant
(⬃60%) inhibition in carrier-mediated RF uptake by the
siRNA-treated cells compared with those treated with scrambled siRNA, thus demonstrating the important role played by
this transporter in the vitamin uptake by mouse pancreatic
␤-cells.
We also investigated certain regulatory aspects of RF uptake
by pancreatic ␤-cells. Thus effect of changes in extracellular
RF level on the vitamin uptake was tested, and evidence was
obtained to indicate that the uptake process is adaptively
regulated by substrate availability. This regulation involves
parallel changes in level of expression of the RFVT-1 at the
protein, RNA, and hnRNA levels. The latter findings suggest
that a transcriptional mechanism(s) may be involved in this
adaptive regulatory response. This suggestion was further supported by the finding that treating cells maintained in RFdeficient medium with the transcriptional inhibitor actinomycin D led to a significant blunting in the induction in RF uptake
seen in RF deficiency. Further studies are needed to delineate
the exact mechanism involved in this apparent transcriptional
regulation.
The other RF uptake process of pancreatic ␤-TC-6 cells was
also found to be under the regulation of an intracellular
Ca⫹2/calmodulin-mediated regulatory pathway, as suggested
by the findings of significant and concentration-dependent
inhibition of RF uptake by modulators (calmidazolium and
trifluoperazine) of this pathway. The effect of calmidazolium
appeared to be mediated via a significant inhibition in the Vmax
of the RF uptake process and an increase in its apparent Km,
suggesting that the effect is mediated via a decrease in the
activity of the RF uptake system and a decrease in its affinity,
respectively. The exact mechanism(s) through which the Ca⫹2/
calmodulin-mediated pathway exerts its regulatory effect on
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