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Background: The molecular identity of the intestinal vitamin C transporters is incomplete.

Results: Facilitative sugar transporters, GLUT2 and GLUTS, transport dehydroascorbic acid, the oxidized form of vitamin C.
Conclusion: Intestinal vitamin C absorption can occur via facilitative sugar transporters.

Significance: Vitamin C bioavailability may be inhibited by dietary factors, such as glucose and phytochemicals.

Intestinal vitamin C (Asc) absorption was believed to be medi-
ated by the Na*-dependent ascorbic acid transporter SVCT1.
However, Asc transport across the intestines of SVCT1 knock-
out mice is normal indicating that alternative ascorbic acid
transport mechanisms exist. To investigate these mechanisms,
rodents were gavaged with Asc or its oxidized form dehy-
droascorbic acid (DHA), and plasma Asc concentrations were
measured. Asc concentrations doubled following DHA but not
Asc gavage. We hypothesized that the transporters responsible
were facilitated glucose transporters (GLUTSs). Using Xenopus
oocyte expression, we investigated whether facilitative glucose
transporters GLUT2 and GLUT5-12 transported DHA. Only
GLUT2 and GLUTS, known to be expressed in intestines, trans-
ported DHA with apparent transport affinities (K,,) of 2.33 and
3.23 mM and maximal transport rates (V,,,,) of 25.9 and 10.1
pmol/min/oocyte, respectively. Maximal rates for DHA trans-
port mediated by GLUT2 and GLUTS in oocytes were lower
than maximal rates for 2-deoxy-p-glucose (V,,,, of 224 and 32
pmol/min/oocyte for GLUT2 and GLUTS, respectively) and
fructose (V. of 406 and 116 pmol/min/oocyte for GLUT2 and
GLUTS, respectively). These findings may be explained by dif-
ferences in the exofacial binding of substrates, as shown by inhi-
bition studies with ethylidine glucose. DHA transport activity in
GLUT2- and GLUTS8-expressing oocytes was inhibited by glu-
cose, fructose, and by the flavonoids phloretin and quercetin.
These studies indicate intestinal DHA transport may be medi-
ated by the facilitative sugar transporters GLUT2 and GLUTS.
Furthermore, dietary sugars and flavonoids in fruits and vegeta-
bles may modulate Asc bioavailability via inhibition of small
intestinal GLUT2 and GLUTS.
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Ascorbic acid (vitamin C, Asc)® is essential for survival of
humans, non-human primates, guinea pigs, and some labora-
tory rodents. Asc oxidizes to DHA, which is either reduced
enzymatically or chemically back to Asc, or irreversibly hydro-
lyzed to 2,3-diketogulonic acid, with loss of vitamin C activity
(1). The putative importance of Asc and DHA as physiologic
substrates has been a subject of nutrition research for more
than 60 years. Identification of Asc-specific and DHA-specific
transporters has been vital to address the issue. Asc transport as
such is now known to be mediated by at least two sodium-de-
pendent Asc transporters, SVCT1, which is expressed in the
intestine, liver, and kidney, and SVCT2, which is expressed in
all other tissues (2). Whether Asc alone or DHA was the sub-
strate for tissue accumulation was addressed first by creating
knock-out mice lacking the generally distributed tissue trans-
porter SVCT2. If Asc was the necessary substrate, mice engi-
neered to lack SVCT2 would be expected to have severe defi-
ciency and/or not survive. If DHA played a role in Asc
physiology, then knock-out SVCT2 mice should continue to
have Asc accumulated in tissues. SVCT2 knock-out mice were
observed to have severe generalized Asc deficiency and die at
birth, indicating that Asc transport as such is necessary for tis-
sue accumulation, at least in all tissues measured (3). A corol-
lary conclusion is that DHA transport is not a salvage pathway
for generalized tissue accumulation. This conclusion is consis-
tent with plasma measurements of Asc and DHA. Asc is the
dominant species measured in plasma, whereas DHA plasma
concentrations cannot be distinguished from zero (4).

Despite SVCT2 knock-out mouse data and plasma measure-
ments, it remained possible that DHA had a tissue-specific
physiologic role relevant to humans. To further explore this
possibility, SVCT1 knock-out mice were created more recently
(5). One potential tissue-specific role for DHA transport is in
the intestine. Although an intestinal epithelial transporter for
Asc transport and absorption was identified as SVCT1 (2), sup-
porting functional evidence was lacking. In fact, when Asc was
administered orally by gavage to SVCT1 knock-out mice, blood

® The abbreviations used are: Asc, ascorbic acid, DHA, dehydroascorbic acid,
GLUT, facilitative glucose transporter, m, mouse; r, rat; WT, wild type; GLUT
(di-leucine motif); m, mutant GLUT (di-alanine motif); HA, human influenza
hemagglutinin; 2-DG, 2-deoxy-bd-glucose; DcytB, duodenal cytochrome
bse1-
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Asc concentrations still increased (5). These data were consis-
tent with the existence of an alternate pathway(s) for Asc intes-
tinal absorption. One pathway could involve another unidenti-
fied sodium-dependent Asc transporter(s). Another pathway
could involve intraluminal intestinal oxidation to DHA, DHA
transport into enterocytes, and then internal reduction to Asc.
Asc administered orally cures scurvy in animals and humans (6,
7). DHA given enterally in about 10-fold higher amounts com-
pared with Asc reverses scurvy in guinea pigs and the ODS rat,
neither of which synthesize Asc (8, 9). These findings have two
explanations, either DHA is reduced to Asc enterally in these
animal models or DHA itself is transported.

Until now, there has not been a clear molecular candidate to
mediate DHA intestinal absorption. DHA is transported by
facilitated GLUT transporters GLUT1 and GLUT3 (10) and to
a lesser extent by GLUT4 (11). Of note, GLUT1, GLUT3, and
GLUT4 are not expressed on either the apical membrane or the
basolateral membrane of the enterocyte in the gut. The major
intestinal glucose-facilitated glucose transporters are GLUT2
and GLUTS5, but these transporters do not appear to transport
DHA when compared with GLUT1 and GLUT3 (10). However,
because GLUT1 and GLUTS3 are high capacity DHA transport-
ers, lower DHA transport activity by GLUT2 and GLUTS5 could
be obscured in comparison, as was the case for GLUT4 (11).
Alternatively, another facilitated glucose transporter could be
responsible for DHA intestinal transport. For example, GLUT8
has recently been reported to be expressed in the intestine (12).
Data showing that DHA is transported by intestinal GLUT
transporters is potentially meaningful, because it suggests DHA
transport across the intestine could be blocked by dietary sug-
ars. For these reasons, we compared DHA with Asc intestinal
absorption in vivo using the same dose of each, and based on the
findings, we investigated whether DHA was transported by
facilitated intestinal sugar transporters GLUT?2, -5, -7, and -8,
and as well as GLUT6, and -9-12 (13).

EXPERIMENTAL PROCEDURES

Measurement of Ascorbic Acid Concentrations in Rat Plasma
Samples—180-250 g of adult male Sprague-Dawley rats with
carotid artery catheters were purchased from Charles River
Laboratories (Wilmington, MA). All animal experiments were
conducted according to protocols approved by the Animal Care
and Use Committee of NIDDK, National Institutes of Health.
After 1 week of acclimatization, rodents were fasted overnight
with full access to water and gavaged with 12 mg of DHA, Asc,
or water vehicle, and post-gavage blood samples were collected
at 0, 30, 60, 120, and 180 min. Blood was centrifuged in heparin-
treated plasma collector tubes (BD Biosciences) for 10 min at
1,000 X gat 4 °C. Plasma was then diluted at 1:10 in 90% meth-
anol plus 1 mm EDTA and centrifuged at 25,000 X g for 15 min
at 4 °C. Plasma Asc levels were analyzed by HPLC with coulo-
metric electrochemical detection as described previously (14).
Treatments with alternative solutions were performed in each
rat within a 2-week time span. At each time point, at least 10
animals were treated. Statistical significance between each
treatment at individual time points was calculated by two-tailed
paired ¢ test.
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Plasmids and Inserts—Rat GLUT1 was obtained as a plasmid
constructs from G. L. Bell and C. F. Burant (University of Chi-
cago). HA-tagged wild type human GLUT6 and mouse GLUT8
(GenBank™ accession numbers Y17802 and Y17803) contain-
ing the N-terminal di-leucine internalization motif, and HA-
tagged mutant human GLUT6 and mutant mouse GLUTS con-
taining the di-leucine to di-alanine substitution (LL-AA) were
obtained from H. Al-Hasani (University of Cologne). The HA
tag was removed from GLUT6 and GLUTS8 constructs using
Ncol. Mutant rat GLUT8 containing the di-leucine to di-ala-
nine substitution was obtained from B. Thorens (University of
Lausanne). Plasmid constructs were described previously (10,
15-17).

Subcloning Human GLUT7, -9, -10, -11, and -12 and Sub-
stituting Wild Type Di-leucine Motifs with Mutant Di-ala-
nine Motifs—Human GLUT7, GLUT9, GLUT10, GLUT11,
and GLUT12 (GenBank™ accession numbers AY571960,
NMO020041, BC113423, AJ271290, and BC070149, respec-
tively) were amplified by PCR using human kidney, brain,
and adrenal ¢cDNA libraries (Clontech) and the following
primers: 5'-GLUT?7 forward primer 5'-ATGGAGACAAAG-
AGGCGG-3' and 3'-GLUT?7 reverse primer 5'-CTAAAAG-
GAAGTTTCCTTG-3";5'-GLUT9 forward primer 5'-GGT-
CACTGAGACCCATGGCAAG-3" and 3'-GLUTY reverse
primer 5'-GAGGAGGAAACTTGTTAAGGCCT-3'; 5'-
GLUT10 forward primer 5'-CCGAGTCCCGCTCGCCAT-
GGGCCACTCCCC-3' and 3'-GLUTI10 reverse primer 5'-
TCCAGGCAGACGGATTCCTCAGGAGGCCGC-3'; 5'-
GLUT11 forward primer 5'-AGTGCTGCGGCAGAGGCGGA-
TGGAGGATGA-3’' and 3'-GLUT11 primer reverse 5'-
TCTGGCCACCCCTTTGGGACTAGAGTTCTG-3'; and
5'-GLUT12 forward primer 5'-AACTTCTACGTGACCATGG-
TACCTGTTGAA-3" and 3'-GLUT12 reverse 5'-TGTTGAGG-
CCATTAGGTCTCTGGAGAAAGC-3'. Cloned Pfu DNA
polymerase (Stratagene) was used for 24 —32 amplification cycles,
followed by a 20-min incubation with Tag polymerase. PCR prod-
ucts were visualized on 1% agarose gel and subcloned into pGEM-
Teasy (Promega). Substituting human GLUTY9, -10, -11, and -12
N-terminal di-leucine motifs with di-alanine was undertaken
using site-directed mutagenesis (Promega) and the following
primers (mismatches underlined): human GLUT9 5'-GGC-
CAGGGAGGGCAGCCGCCGAGTGTGACCACCT-3'; human
GLUT10 5 -TGTGTGCCTCTGTGTCTGCCGCCGGTGGC-
CTGAC-3’; human GLUT11 5'-CAGGGCAGGATCGCCGC-
CCTGACCATCTGCGCTG-3'; and human GLUT12 5'-
ACCGAGGGCCCCAGTGCCGCCAACCAGAAGGGGA-3'. All
c¢DNA sequences were verified by automated DNA sequencing.

Oocyte Isolation and Injection—QOocytes were isolated from
Xenopus laevis and injected with mRNA using established
methods (18). Briefly, mature adult female frogs were anesthe-
tized with 3-aminobenzoic acid ethyl ester (2 g/750 ml) in ice
water. Frog ovaries were resected, and their ovarian lobes were
opened and incubated in OR-2 without calcium (5 mm HEPES,
82.5 mMm NaCl, 2.5 mm KCl, 1 mm MgCl,, 1 mm Na,HPO,, 100
pg/ml gentamicin, pH 7.8) with collagenase type IV (2 mg/ml)
for 30 min at 23 °C. Individual oocytes were isolated and trans-
ferred to OR-2 containing 1 mm CaCl, and maintained at
18-20 °C until injection with mRNA. GLUT mRNA was pre-
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pared by cutting plasmid vectors with appropriate restriction
enzymes followed by in vitro transcription utilizing SP6, T7, or
T3 mMessage, mMachine (Ambion). DHA transport in oocytes
injected to express GLUT?2 is controversial with some authors
detecting transport above sham (19), although others have not
(10). To provide more consistent transport data, especially for
transporters with low transport activity, we therefore routinely
poly(A)-tailed GLUT cRNA prior to oocyte injection (20).
mRNA was loaded into capillary pipettes generated using a
micropipette puller (P-77, Sutter, Novato, CA), and oocytes
were injected using a pressure controlled injected (Eppendorf
transjector model 5246, Eppendorf, Hamburg, Germany).
Injection volumes were between 30 and 50 nl, and mRNA con-
centration 0.5—-1 mg/ml. Post-injected oocytes were incubated
at 20 °C in OR-2 containing 1 mm pyruvate with daily media
changes. Experiments were performed on 3-5 days after
oocytes were injected with mRNA.

Preparation of ['*C]Dehydroascorbic Acid—[**C]DHA was
prepared from crystalline [**C]Asc (6.6 mCi/mmol, Perkin-
Elmer Life Sciences) as described previously (10). Briefly, 5 ul of
bromine solution (Fluka, Ronkonkoma, NY) was added to
[**C]Asc solubilized in 600 ul of ultrapure water at a concen-
tration of 20 mm. The solution was briefly vortexed and imme-
diately purged with nitrogen on ice in the dark for 10 min.
HPLC with electro-coulometric detection confirmed 100%
conversion of [**C]Asc to DHA (14).

Oocyte Transport Protocol—Transport of ['*C]DHA and
2-[1,2->H]deoxy-p-glucose (26.2 mCi/mmol) was examined
using groups of 10-20 oocytes injected to express GLUTs or
water-injected sham oocytes at 23 °C in OR-2 containing differ-
ent concentrations of freshly prepared ['*C]DHA (0.6-5.5
nCi/ml) or sugar (0.5-1 uCi/ml labeled sugar with added non-
labeled sugar) for 10 min. After incubation in uptake medium,
oocytes were immediately washed four times with ice-cold PBS
solution. Inhibitors were added to the incubation medium as
described in the text. Individual oocytes were dissolved in 500
ul of 10% SDS, and internalized radioactivity was measured
using scintillation spectrometry.

Statistics and Kinetics Analyses—Data are expressed as the
arithmetic mean * S.D. of 10-20 oocytes at each data point,
unless otherwise indicated. Statistical differences were deter-
mined using Student’s ¢ test. Transport kinetics were analyzed
by best fit analysis of the data points in SigmaPlot using the
nonlinear regression analysis equation Y=V, -X/Kt + X.1C,,
values for inhibition of DHA transport were determined in Sig-
maPlot using the nonlinear regression analysis equation, y =
min + (max — min)/1 + (x/ICy,) — Hill slope four-parameter
logistic curve.

RESULTS

To compare Asc and DHA intestinal transport capacities, we
examined their transport across rodent small intestine in vivo.
Rats were gavaged with 12 mg of Asc, DHA, or PBS vehicle, and
the appearance of Asc in peripheral blood was determined by
HPLC. DHA gavage resulted in a rapid increase in plasma Asc
concentrations, rising from a base line of 45 to 120 um within
1 h of the DHA gavage (Fig. 1). In contrast, Asc gavage resulted
in a modest increase in plasma Asc levels, from base line rising
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FIGURE 1. Ascorbic acid and dehydroascorbic acid transport across rat
intestine. Rats were gavaged with 12 mg of dehydroascorbic acid (&), ascor-
bic acid (#), or PBS vehicle (H). Post-gavage plasma ascorbic acid levels were
determined by HPLC, as described under “Experimental Procedures.” Data
represent the mean = S.D. of at least 10 rats per gavage treatment. When
compared with vehicle and ascorbic acid gavage, time-diet interactions
reached significance at 60 min post-DHA gavage (¥, p < 0.01 two-tailed
paired t test).

to ~70 uM within 1-2 h of the gavage. Vehicle gavage had no
effect on plasma Asc levels, which remained at base line 0-2 h
after the PBS gavage (Fig. 1).

To identify candidate intestinal DHA transporters, we next
investigated the DHA transport properties of GLUT], -2, and
-5-12. Previous studies (16) had shown that mutating the
N-terminal di-leucine motif in rat GLUTS to a di-alanine motif
was necessary for plasma membrane expression and functional
characterization in oocytes; we therefore studied the transport
properties of selected human wild type (di-leucine) and mutant
(di-alanine) GLUTSs in injected oocytes. mRNA encoding the
individual isoforms were injected into oocytes, and 3-5 days
post-injection, oocytes expressing putative GLUTs were incu-
bated with 300 um [**C]DHA for 10 min, and radiolabeled
uptake was assessed. GLUT1 mRNA was injected into oocytes
and served as a positive control for GLUT-mediated DHA
transport. 1 mm 2-[*H]DG uptake was also studied and served
as a test for the expression of functional sugar transporters.
DHA uptake into oocytes expressing human GLUT2, rat
GLUTS (LL-AA), and wild type and mutant mouse GLUT8
(LL-AA) was 5-10-fold greater than the sham-injected oocytes
(Fig. 2A). Consistent with previous reports (10), DHA uptake
into oocytes expressing GLUT1 was 100-fold greater than the
sham control (Fig. 24). DHA transport into GLUTS5, -6, -7, -9,
-10, -11, and -12 oocytes did not differ from the sham control.
Radiolabeled 2-D@G uptake into oocytes expressing GLUT1 and
-2, rat GLUT8 (LL-AA), and wild type and mutant mouse
GLUTS was significantly greater than sham-injected oocytes
(Fig. 2B). In contrast, radiolabeled 2-DG uptake in oocytes
injected with mouse GLUT8 HA and wild type and mutant
GLUTS, -7, -9, -10, -11, and -12 mRNA was not significantly
different than the sham control. On a mole for mole basis, 2-DG
and DHA uptake was similar in GLUT1-expressing oocytes,
whereas for GLUT2-expressing oocytes 2-DG uptake was ~30-
fold greater than DHA, and for GLUTS8 expressing oocytes
2-DG uptake was ~5-fold greater than DHA.

We next studied the kinetics of DHA, 2-DG, and p-fructose
transport in GLUT2- and GLUT8-expressing oocytes. Oocytes
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FIGURE 2. DHA and 2-DG uptake in oocytes injected to express sugar transporters. Xenopus oocytes previously injected with GLUT1, -2, and -5-12 were
incubated for 10 min at room temperature with 300 um ["*CIDHA (A) or 1 mm 2-*H]DG (B). Oocytes were then washed, and intracellular radioactivity was
quantified. Control was sham water-injected oocytes. G, facilitative sugar transporter; m, mouse; r, rat; w, wild type GLUT (di-leucine motif); m, mutant GLUT
(di-alanine motif); HA, human influenza hemagglutinin. Results are mean = S.D. of 10-20 oocytes.

injected to express GLUT2 and GLUTS8 were incubated with
different concentrations of [*C]DHA, 2-[*H]DG, and
[**C]fructose for 10 min, and intracellular uptake of radiola-
beled substrate was quantified. DHA, 2-DG, and p-fructose
uptake into oocytes expressing GLUT2 (Fig. 3, A-C) and
GLUTS (Fig. 4, A—C) demonstrated Michaelis-Menten kinet-
ics. Apparent transport kinetics was determined by nonlinear
regression analysis. For GLUT2-mediated DHA uptake (Fig.
3A), the apparent V.. was 25.9 pmol/min/oocyte, and the K,
was 2.33 mMm. For GLUT2-mediated 2-DG uptake (Fig. 3B), the
apparent V.. was 224 pmol/min/oocytes and the K,, was 25
mM. For GLUT2-mediated fructose uptake (Fig. 3C), the appar-
ent V.. was 406 pmol/min/oocytes and K, was 108 mm. The

differences in GLUT2 transport affinities and maximal rates for
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DHA, 2-DG, and fructose cannot be attributed to differences in
the expression level of the transporter protein on the oocyte
plasma membrane. This is because for each experimental con-
dition oocytes were injected and incubated in an identical man-
ner, indicating that there must be intrinsic differences in the
exofacial binding, transmembrane translocation, or endofacial
binding of DHA, 2-DG, and fructose by GLUT2.

For GLUT8-mediated DHA uptake (Fig. 44), the apparent
Vinax Was 10.1 pmol/min/oocyte, and the K, was 3.23 mm. For
GLUT8-mediated 2-DG uptake (Fig. 4B), the apparent V.
was 32.7 pmol/min/oocytes, and the K|, was 10.3 mm. For
GLUT8-mediated fructose uptake (Fig. 4C), the apparent V,
was 116 pmol/min/oocytes, and the K, was 96 mM. Similar to
GLUT?2, the differences in the transport kinetics of GLUTS for
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FIGURE 3. DHA, 2-deoxy-p-glucose, and p-fructose transport kinetics in GLUT2-injected oocytes. Oocytes previously injected with GLUT2 mRNA were
incubated for 10 min with 0-8 mm ['*CIDHA (A), 0-100 mm 2-[*HIDG (B), and 0-300 mm D-["*Clfructose (C). Oocytes were then washed and intracellular
radioactivity quantified. A best fit curve was fitted to the collected data using the nonlinear regression function Y = V, . -X/Kt + X (SigmaPlot). Data represent

mean * S.D. of 10-20 oocytes.

its substrates are most likely to be due to differences in sub-
strate binding or translocation. Transport affinities (K,,) for
DHA were similar in GLUT2- (Fig. 34) and GLUTS (Fig. 4A)-
expressing oocytes; however, the maximal transport rate (V)
for DHA uptake mediated by GLUT2 was 2-fold greater than
that of GLUTS. This is unlikely to be due to differences between
the protein expression levels of GLUT2 and GLUT8 in oocytes,
because the maximal transport rates for 2-DG and fructose by
GLUT?2 were not 2-fold greater than GLUT8-mediated 2-DG
and fructose uptake (2-DG uptake by GLUT2 was 7-fold higher
than GLUTS8, and p-fructose uptake by GLUT2 was 4-fold
higher than GLUTS). It also unlikely to be due to intracellular
reduction of DHA to Asc becoming rate-limiting for DHA
transport, because previous studies have shown that intracellu-
lar accumulation of up to 1250 pmol of DHA/min/oocyte is
rapidly (<10 min) and completely reduced to Asc (10).
Differences in the exofacial and endofacial binding affinities
of GLUT2 and GLUTS8 for DHA were investigated. Oocytes
expressing GLUT2 or GLUT8 were incubated with 300 um
["*C]DHA in the presence of increasing concentrations of the
exofacial glucose transporter inhibitor 4,6-O-ethylidene glu-
cose (Fig. 5A) or increasing concentrations of the endofacial
glucose transporter inhibitor cytochalasin B (Fig. 5B). Intracel-
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lular uptake of radiolabeled DHA in the presence of inhibitors
was quantified, and best fit curves were fitted using nonlinear
regression analysis. The IC;, values for 4,6-O-ethylidene glu-
cose inhibition of GLUT2- and GLUT8-mediated DHA uptake
were 14 and 12 mw, respectively. The IC,, values for cytocha-
lasin B inhibition of GLUT2- and GLUT8-mediated DHA
uptake were 1 and 1.42 um, respectively. These results suggest
DHA binding to the external and internal face of GLUT2 and
GLUTS is comparable. Furthermore, these data suggest that
the difference in the apparent maximal transport rates of
GLUT?2 and GLUT8 for DHA is due to differences in the trans-
membrane translocation of the substrate.

The in vivo relevance of GLUT2- and GLUTS8-mediated
DHA transport is dependent on oxidation of Asc to DHA
and on the presence or absence of other substrates that could
inhibit transport. To test whether DHA uptake by GLUT2 and
GLUTS8 could occur under physiologically relevant concentra-
tions of glucose and fructose, oocytes expressing GLUT2 or
GLUTS were incubated for 10 min with 300 um [**C]DHA in
the presence of increasing concentrations of D-glucose and
p-fructose (Fig. 6, A and B). The IC,, values for glucose inhibi-
tion of GLUT2- and GLUT8-mediated DHA uptake were 0.366
and 0.122 mw, respectively. The IC,, value for fructose inhibi-

ASHEMB\_ VOLUME 288-NUMBER 13+MARCH 29, 2013
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FIGURE 4. DHA, 2-deoxy-p-glucose, and p-fructose transport kinetics in GLUT8-injected oocytes. Oocytes previously injected with GLUT8 mRNA were
incubated for 10 min with 0-8 mm ["*CIDHA (A), 0-100 mm 2-[*HIDG (B), and 0-300 mm p-[“Clfructose (C). Oocytes were then washed, and intracellular
radioactivity was quantified. A best fit curve was fitted to the collected data using the nonlinear regression function Y =V, X/Kt + X (SigmaPlot). Data

represent mean = S.D. of 10-20 oocytes

tion of GLUT2 and GLUT8 could not be calculated. These data
indicate that concentrations of sugars found in blood and in
tissues are likely to completely inhibit DHA transport mediated
by GLUT2 and GLUTS8

Previous reports have shown dietary flavonoids to be potent
inhibitors of facilitative glucose transporters, GLUT1-4 (21—
23). We therefore examined the ability of the flavonoids, phlor-
etin, phlorizin, quercetin, and genistein to inhibit DHA uptake
in oocytes expressing GLUT2 and GLUTS. Oocytes injected to
express GLUT2 or GLUTS8 were incubated for 10 min with 300
M ["*C]DHA in the presence of increasing concentrations of
the selected flavonoids (Fig. 7, A and B). The IC, values for
phloretin inhibition of GLUT2- and GLUT8-mediated DHA
uptake were 27.5 and 5.4 uM, respectively. The IC,, value for
quercetin inhibition of GLUT2- and GLUTS8-mediated DHA
uptake were 20 and 4.5 uM, respectively. Phlorizin and genistein
had no effect on GLUT2- and GLUT8-mediated DHA uptake
(data not shown).

DISCUSSION

In this study, we demonstrated a robust DHA transport
capacity across the rat intestine. Unexpectedly, the data here
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showed that DHA absorption was ~3-fold more than Asc
absorption, when equal doses were given. The data indicate that
DHA absorption may contribute more to overall vitamin C
availability than previously thought. DHA transport was also
detected in oocytes injected to express human GLUT1, GLUT?2,
and rodent GLUTS, whereas wild type and mutant human
GLUTS, -7, -9, -10, -11, and -12 failed to transport DHA when
expressed in oocytes. Consistent with other reports (10, 16, 24),
2-DG uptake was detected in oocytes expressing GLUTI,
GLUT?2, GLUT?7, and GLUT8 but not in oocytes injected to
express GLUTS6, -9, -10, -11, and -12.

The reasons are unclear for the lack of transport of 2-DG or
DHA by human GLUT6-, -9-, -10-, -11-, and -12-injected in
oocytes. We cannot rule out the possibility that GLUTs failed to
express in the plasma membrane. However, for the following
reasons we believe this is unlikely. Previous reports have already
demonstrated that the new GLUT's have very low glucose trans-
port activities when expressed in heterologous systems, sug-
gesting the natural substrate may not in fact be glucose. For
example, GLUT9 has recently been characterized as a uric acid
transporter (25). We attempted to address the possibility of
poor plasma membrane expression by mutating the N-terminal
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FIGURE 5. Inhibition of GLUT2- and GLUT8-mediated DHA transport by exo- and endofacial sugar transporter inhibitors. Oocytes injected with GLUT2
(@) and GLUTS (A) were incubated with 300 um ['*CIDHA for 10 min in the presence of 0-100 mm of the exofacial sugar transporter inhibitor, ethyldiene
glucose (A) and 0-50 um of the endofacial sugar transporter inhibitor, cytochalasin B (B). Oocytes were washed, and internalized radioactivity was quantified.
A best fit curve for the collected data were obtained using the nonlinear regression analysis equation, y = min + (max — min)/1 + (x/IC5,) — Hill slope
four-parameter logistic curve (SigmaPlot). Data represent mean = S.D. of 10-20 oocytes.

di-leucine motif of selected GLUTSs to di-alanine, but without
effect. In addition, to semi-quantitatively determine protein
expression levels we obtained commercial antibodies to the
new GLUTS, but peptide competition studies indicated that all
antibodies tested were not capable of detecting new GLUTSs
(data not shown). HA tagging the proteins was also considered.
However, mouse GLUT8 HA-tagged constructs had no glucose
transport activity when compared with sham-injected oocytes,
even though de-tagged GLUT8 had glucose transport activity
(Fig. 2B). These data strongly suggest that HA tagging rendered
GLUTS8 nonfunctional and could have similar effects on other
GLUT clones. Transport findings for HA-tagged GLUTs might
not predict transport activity in either direction for untagged
proteins and further tagging would not provide clarity.

The data here show that maximal rates for DHA transport
mediated by GLUT2 and GLUT8 were much lower than for
glucose and fructose transport. Several possibilities might
explain these differences as follows: transactivation of transport
by sugars but not by DHA; differences in the internal and exter-
nal binding affinities of GLUTs for DHA and sugars; or differ-
ences in the transmembrane translocation of substrates
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through the transporter pore. Transactivation is unlikely to
explain our data because previous studies have shown lower
maximal transport rates for DHA than for sugar in oocytes
expressing GLUTSs independent to trans-activation (11). The
external binding affinities of DHA and sugars might however be
responsible because the calculated IC,, value for the exofacial
sugar transport inhibitor 4,6-O-ethyldiene-p-glucose in
GLUT?2- and GLUT8-expressing oocytes transporting 300 um
DHA of 12—-14 uMm was much lower than the IC, value for EG
inhibition of sugar transport mediated by GLUT2 of 40 —-50 mm
(26). Differences in the internal binding affinities of GLUT2 and
GLUTS for their substrates are unlikely to explain our data
because the calculated IC,, values for the endofacial sugar
transporter inhibitor cytochalasin B in GLUT2- and GLUT8-
expressing oocytes transporting DHA of 1-1.4 uM were com-
parable with the IC,, for cytochalasin B inhibition of sugar
transport by GLUT2 (26). We cannot rule out this completely,
however, because DHA is immediately reduced back to Asc
once it is internalized.

Based on the data in this report, we suggest that GLUT2, and
possibly GLUTS, might be responsible for the glucose-sensitive
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["*CIDHA for 10 min in the presence of 0-100 mm p-glucose (A) and 0-100 mm p-fructose (B). Oocytes were washed, and internalized radioactivity was
quantified. A best fit curve for the collected data was obtained using nonlinear regression analysis. Data represent mean = S.D. of 10-20 oocytes.

transport of luminal DHA across the intestine. GLUT2 is a
facilitative glucose/fructose transporter expressed in the gut,
liver, pancreatic beta cell, and kidney. In the classic model of
intestinal sugar transport, GLUT?2 is expressed on the basolat-
eral membrane and is responsible for the transport of glucose/
fructose from the enterocyte into the portal circulation. More
recent studies however have shown that luminal glucose acti-
vates the sweet taste receptor, T1R2/3, resulting in GLUT2
being expressed in the apical membrane (27). In this report,
GLUT2-expressing oocytes transported DHA; and rat intes-
tine, a tissue that is known to express GLUT?2, also transported
DHA, as shown by a robust appearance of Asc in the circula-
tion. Because the apical membrane glucose/galactose trans-
porter, SGLT1, and the fructose transporter, GLUT5, do not
transport DHA (10), luminal uptake of DHA into the entero-
cyte could be mediated by apical GLUT2. If correct, this sug-
gests luminal DHA, which is a structural analog of glucose,
regulates apical GLUT?2 expression levels via T1r2/3 activation.
The regulation of gastrointestinal function by DHA activation
of the sweet taste receptor warrants further investigation.
GLUTS8 may also contribute toward intestinal DHA trans-
port. GLUTS8 is expressed in the small intestine (12), and in our
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report rodent GLUTS8 transported DHA when expressed in
oocytes. In previous reports a di-leucine motif in rat GLUT8
had been identified that was responsible for preventing the
expression of the transporter in the plasma membrane (16, 17).
In this study, the di-leucine motif did not prevent the functional
expression of mouse GLUT8. We cannot explain why there
may be a difference in the motifs responsible for regulating the
plasma membrane expression of rat and mouse GLUTS8, but the
data suggest other motifs may be important.

The extent to which Asc is oxidized in the intestinal lumen to
DHA is unknown. However, the robust increase in systemic Asc
levels that occurred following DHA gavage when compared
with Asc gavage suggests that Asc oxidation and uptake of DHA
by apical GLUT2 (and possibly GLUTS8) might substantially
contribute to enteral absorption of vitamin C. DHA entering
the enterocyte would be expected to be rapidly reduced back to
Asc by NADPH-dependent thioredoxin reductase or glutathi-
one-dependent DHA reductase (28). Asc would then be trans-
ported across the basolateral membrane into the portal circu-
lation by a mechanism that has yet to be identified. An
alternative possibility is that intracellular DHA is not reduced
back to Asc, and instead it effluxes the enterocyte via basolat-
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FIGURE 7. Inhibition of GLUT2- and GLUT8-mediated DHA uptake by flavonoids. Oocytes injected with GLUT2 (@) and GLUT8 (A) were incubated with 300
uM ["*CIDHA for 10 min in the presence of 0-100 um phloretin (A) and 0-100 um quercetin (B). Oocytes were washed, and internalized radioactivity was
quantified. A best fit curve for the collected data was obtained using nonlinear regression analysis. Data represent mean = S.D. of 10-20 oocytes.

eral GLUT2; it could then be reduced back to ascorbic acid via
abasolateral membrane-localized oxidoreductase protein, such
as hephaestin, which is involved in the conversion of Fe** to
Fe®* in portal blood (29).

Previous studies have shown that flavonoids present in vita-
min C-rich foods (fruits and vegetables) can inhibit sodium-de-
pendent Asc transporter-mediated Asc transport (30) and
GLUT-mediated DHA transport (21). Physiologic levels of glu-
cose can also inhibit GLUT-mediated DHA transport (10). In
this study, the IC,, value for p-glucose inhibition of DHA trans-
port by GLUT2 and GLUTS in oocytes is 0.366 and 0.122 mm,
respectively. Quercetin and phloretin were also potent inhibi-
tors of DHA transport in oocytes expressing GLUT2 and
GLUTS. Consumption of sugar-sweetened beverages or fruits
juices containing free sugars and flavonoids might therefore
result in diminished intestinal absorption of DHA, particularly
in the proximal regions of the small intestine, and result in a
lower predicted bioavailability for vitamin C. For meals con-
taining complex carbohydrates, digestion and liberation of free
sugars occur principally in the jejunum. We would therefore
expect DHA uptake to be largely unimpeded in the duodenum
and possibly the ileum.

9100 JOURNAL OF BIOLOGICAL CHEMISTRY

In the intestine, glucose-insensitive DHA transport might
occur if a fraction of luminal DHA is reduced back to Asc,
which is then transported across the apical membrane by the
glucose-insensitive SVCT1. For this to occur, a reducing
agent must be present at the luminal surface. Duodenal cyto-
chrome b4, (DcytB) is an apical membrane-expressed pro-
tein that catalyzes the reduction of Fe** to Fe*"* and facili-
tates iron absorption (31). Interestingly, iron absorption is
normal in DcytB knock-out mice (32), suggesting the protein
has alternative functions in vivo. Erythrocyte Cyt b, is
believed to be responsible for extracellular recycling of Asc
via reduction of mono-DHA/DHA (33). We therefore spec-
ulate that DcytB acts as an apical membrane electron donor
reducing DHA to Asc.

In summary, in this report we have shown the intestine can
absorb both Asc and DHA. Intestinal uptake of Asc is mediated
by the Na*-dependent transporter SVCT1. Kinetics studies in
oocytes suggest GLUT2 and GLUT8 are low affinity/low capac-
ity DHA transporters responsible for intestinal uptake of DHA.
Furthermore, vitamin C bioavailability may be reduced by
luminal dietary factors inhibiting DHA transport mediated by
intestinal GLUT2 and GLUTS.
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