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Intracellular vitamin C, or ascorbic acid, has been shown to prevent the apoptosis of cultured vascular
pericytes under simulated diabetic conditions. We sought to determine the mechanism by which
ascorbate is transported into pericytes prior to exerting this protective effect. Measuring intracellular
ascorbate, we found that pericytes display a linear uptake over 30 min and an apparent transport Ky, of
21 pM, both of which are consistent with activity of the Sodium-dependent Vitamin C Transporter 2
(SVCT2). Uptake of both radiolabeled and unlabeled ascorbate was prevented by inhibiting SVCT2 ac-
tivity, but not by inhibiting the activity of GLUT-type glucose transporters, which import dehy-
droascorbate to also generate intracellular ascorbate. Likewise, uptake of dehydroascorbate was
prevented with the inhibition of GLUTSs, but not by inhibiting the SVCT2, indicating substrate specificity
of both transporters. Finally, presence of the SVCT2 in pericytes was confirmed by western blot analysis,
and immunocytochemistry was used to localize it to the plasma membrane and intracellular sites.
Together, these data clarify previous inconsistencies in the literature, implicate SVCT2 as the pericyte
ascorbate transporter, and show that pericytes are capable of concentrating intracellular ascorbate
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against a gradient in an energy- and sodium-dependent fashion.
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1. Introduction

Pericytes surround the endothelium of venules, post-capillary
venules, and capillaries [1]. They are smooth muscle-derived cells
that interact with endothelial cells to regulate blood flow and to
tighten endothelial barrier permeability [2—5]. Particularly in the
brain and retina, pericytes help to maintain a tight blood—brain
barrier and preserve vascular integrity. For example, dropout of
pericytes is one of the earliest changes of diabetic retinopathy
[6—8], leading to endothelial cell dysfunction and subsequent
extravasation of serum proteins into the retinal interstitium [9—12].

We recently evaluated human brain pericytes exposed to a
diabetic milieu of high glucose-induced oxidative stress, mediated
largely by activation of the Receptor for Advanced Glycation End-
products (RAGE). With the daily addition of 100 uM ascorbate, an

Abbreviations: DAPI, 4',6-diamidino-2-phenylindole; DHA, dehydroascorbate;
GLUT, facilitative glucose transporter; Hepes, N-2-hydroxyethylpiperazine-N’'-2-
ethanesulfonic acid; KRH, Krebs-Ringer Hepes; NG2, neural/glial antigen-2; RAGE,
receptor for advanced glycation end products; SVCT, sodium-dependent vitamin C
transporter.
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increase in intracellular ascorbate from 0.8 mM to 2—3 mM was
shown to prevent apoptosis in these cultured pericytes [13]. This
suggests that intracellular ascorbate accumulated against a con-
centration gradient, but the mechanism was not evaluated.

In contrast, a previous study using primary bovine retinal per-
icytes did not find that 5 uM radioactive ascorbate was concen-
trated against a gradient [14]. This was surprising because most
non-epithelial cultured cells transport ascorbate in a sodium- and
energy-dependent manner using the Sodium-dependent Vitamin C
Transporter 2 (SVCT2) [15,16]. This co-transporter imports ascor-
bate against a gradient by coupling its entry with sodium influx,
thus maintaining electroneutrality and utilizing energy derived
from the inward-to-outward sodium gradient generated by the
trans-membrane Na/K ATPase [17,18]. The SVCT2 shows saturable,
high-affinity ascorbate uptake (apparent K; 20—50 puM). It is
inhibited by removal of extracellular sodium, by energy depletion
with ouabain, and by several anion transport inhibitors, such as
sulfinpyrazone [ 16]. Ascorbate uptake on the SVCT2 is not inhibited
by D-glucose [19—21]. In contrast, pericyte ascorbate uptake was
inhibited by D-glucose and its derivatives [ 14|, which further brings
into question how pericytes transport ascorbate.

Dehydroascorbate (DHA), the two-electron oxidized form of
ascorbate, is a substrate for the ubiquitous GLUT-type facilitative
transporters but not for the SVCT2 [22,23]. DHA uptake on GLUTs is
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rapid compared with that of ascorbate on the SVCT2 and is
inhibited by glucose and its transported derivatives, but not by
energy depletion or sodium removal [21]. Although not transported
on the SVCT2, DHA has recently been shown to inhibit radioactive
ascorbate uptake in several immortalized cell lines, an effect that is
half-maximal at about 20 puM DHA [24]. The mechanism of this
inhibition is unknown, but was also observed at low millimolar
DHA concentrations in primary culture pericytes by Khatami [14].
Whether this effect persists at lower, physiologically relevant DHA
concentrations remains to be determined.

To define the role of the SVCT2 in pericyte ascorbate transport,
to resolve the discrepancy between Khatami's study and the
established function of the SVCT2 in other cells, and to assess
whether DHA inhibits ascorbate transport, we studied SVCT2
expression and ascorbate transport and accumulation in human
brain microvascular pericytes.

2. Materials and methods
2.1. Materials

Sigma/Aldrich Chemical Co. (St. Louis, MO) supplied 3-O-methyl-
glucose, ascorbate, ascorbate oxidase, N-2-hydroxyethylpiperazine
N’-2-ethanesulfonic acid (Hepes), ouabain and sulfinpyrazone. Per-
kin—Elmer Life and Analytical Sciences, Inc. (Boston, MA) supplied the
[1-"C]Jascorbic acid (4.8 pCi/mmol).

2.2. Cell culture

Human brain vascular pericytes were obtained from ScienCell
Research Laboratories (catalog #1200, Carlsbad, CA) and cultured in
Pericyte Medium with included supplements (catalog #1201). Cells
were cultured on plates coated with poly-L-lysine at 37 °C in hu-
midified air containing 5% CO,. Cells were used within 3—10
passages.

2.3. Assay of intracellular ascorbate

To measure intracellular pericyte ascorbate, near-confluent cells
in 6-well plates were rinsed with Krebs-Ringer Hepes buffer (KRH;
20 mM Hepes, 128 mM NaCl, 5.2 mM KCl, 1 mM NaH;POy4, 1.4 mM
MgS04, and 1.4 mM CaCly, pH 7.4) and lysed with 25% metaphos-
phoric acid (w/v). Following neutralization with 3 volumes of
100 mM NayHPO4 and 0.05 mM EDTA (pH 8.0), cells were scraped
from the plate with a rubber spatula. Lysates were centrifuged at
3 °C for 1 min at 13,000 x g, and the supernatant was taken for
assay of ascorbate. Assay of ascorbate was performed in duplicate
by ion-pair high-performance liquid chromatography with elec-
trochemical detection as previously described [25]. Intracellular
ascorbate concentrations were calculated based on the intracellular
distribution space of 3-O-methylglucose in pericytes, measured as
previously described in endothelial cells [26]. This pericyte distri-
bution space was 6.1 + 1.6 ul/mg protein (N = 6 determinations).

2.4. Radioactive ascorbate uptake

Pericytes cultured to confluence in 12-well plates were treated
as described for 30 min, followed by addition of up to 10 uM [1-14C]
ascorbate or [1-"“C]DHA. [1-%C]DHA was generated by treating
[1-'4CJascorbate with 2 unit/ml ascorbate oxidase for 5 min.
Following incubation with radioactive ascorbate or DHA for 30 min
at 37 °C, buffer was removed and the cell layer was rinsed with ice-
cold KRH. Cells were then treated with 1 ml of 0.05 N NaOH,
scraped from the plate, and the extract was added to 5 ml Ecolume
liquid scintillation fluid (catalog #882470 ICN, Costa Mesa, CA) and

mixed. After >1 h, sample radioactivity was measured in duplicate
with a Packard CA-2200 liquid scintillation counter.

2.5. Immunoblotting of the SVCT2

Near-confluent pericytes were lysed with RIPA Buffer (catalog
#R0278 Sigma/Aldrich), and immunoblotting was performed as
described previously [27]. Briefly, protein yield was quantified us-
ing a BCA assay (catalog # 23225, Pierce Biotechnology, Rockford,
IL). Normalized samples were prepared with Laemmli sample
buffer [28] containing 5% B-mercaptoethanol and electrophoresed
on a 4—20% sodium dodecyl sulfate-polyacrylamide gel. Following
transfer to polyvinylidene difluoride membrane, binding of anti-
bodies against SVCT2 (catalog # 9926, Santa Cruz Biotechnology,
Santa Cruz, CA; 1:900) and actin (catalog # 1616-R; 1:10,000) was
detected with enhanced chemiluminescence reagent (catalog #
NEL105001EA, Perkin Elmer) using 1:5000 horseradish peroxidase-
conjugated secondary antibodies (catalog #W4011, Promega Cor-
poration, Madison, WI; catalog # A5420, Sigma). As a negative
control, anti-SVCT2 was pre-incubated overnight with its immu-
nizing peptide at 5x the antibody concentration (catalog # 9926 P,
Santa Cruz) before probing the membrane. Immunoblots were also
carried out using a primary antibody against SVCT1 (catalog # 9924,
Santa Cruz; 1:900).

2.6. Immunofluorescence microscopy

Cells were grown on glass coverslips coated with poly-L-lysine
and fixed with 4% formaldehyde for 15 min. Cells were blocked with
10% donkey serum, permeabilized with 0.1% saponin, and probed
for SVCT2 (Santa Cruz #9926; 1:200) and neural/glial antigen-2
(NG2, catalog # ab50009, Abcam, Cambridge, MA; 1:200).
Following incubation with Alexa Fluor 488 and Alexa Fluor 555-
conjugated secondary antibodies (catalog #s A11055 and A31570,
Life Technologies, Carlsbad, CA; 1:500), nuclei were counterstained
with 4’,6-diamidino-2-phenylindole (DAPI). Cells were visualized
using an Olympus FV1000 inverted confocal microscope (Olympus
Corporation, Tokyo, Japan; Vanderbilt Cell Imaging Shared
Resource).

2.7. Data analysis

Results are shown as mean + standard error. Statistical com-
parisons were made using GraphPad Prism version 5.04 for Win-
dows (GraphPad Software, San Diego, CA). Differences between
treatments were assessed by one-way ANOVA with replication with
post-hoc testing using Tukey's or Dunnett's test, as appropriate.

3. Results

3.1. Transport of ascorbate and DHA by human brain microvascular
pericytes

To determine whether ascorbate transport in pericytes reflects
that expected of the SVCT2, transport kinetics and inhibitor studies
were performed. The commercial culture medium initially con-
tained 100 pM ascorbate, but this was depleted with storage of the
medium for ~2 weeks at 3 °C before use in culture (cold-stored),
resulting in low intracellular ascorbate concentrations at baseline
(Fig. 1A and B). Brain microvascular pericytes readily took up added
ascorbate (100 uM) with a linear time course over 30 min (Fig. 1A,
circles). In contrast, uptake and reduction of 100 uM DHA to
ascorbate was much more rapid than uptake of ascorbate, reaching
a plateau beginning after 30 min of incubation (Fig. 1A, squares).
Using the 30 min time point, addition of increasing amounts of
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Fig. 1. Ascorbate loading of human pericytes. Panel A. Cells cultured with cold-stored medium on 6-well plates were treated with 100 uM ascorbate (circles) or DHA (squares) for
the times indicated. Cells were rinsed with KRH before removal from the plate and assay of ascorbate as described in Methods. Panel B. Cells cultured for 6 days with cold-stored
medium were treated for 30 min with the indicated concentrations of ascorbate or DHA and taken for assay of intracellular ascorbate as described in Panel A. The data were fit by
nonlinear (ascorbate, circles) or linear (DHA, squares) regression, presented as solid lines through the data points. Panel C. Cells cultured in fresh medium were treated with the
indicated concentrations of DHA, with (circles) or without (squares) 100 uM ascorbate, for 30 min and taken for assay of intracellular ascorbate as in Panel A. “*” indicates p < 0.05
compared to the corresponding treatment without ascorbate. Panel D. Pericytes cultured in cold-stored medium were rinsed with KRH and treated with 10 uM [1-'#CJascorbate,
followed immediately by the indicated concentration of DHA. After 30 min, cells were rinsed with KRH and taken for radioactive counting as described under Methods. Results were

expressed as a fraction of the control uptake. N = 6 for all data points.

ascorbate resulted in saturable uptake, with an apparent Ky of
21 + 11 pM and a calculated maximal intracellular ascorbate con-
centration of 0.9 mM (Fig. 1B, circles). On the other hand, uptake
and reduction of DHA to ascorbate was not saturable over the
concentration range used (Fig. 1B, squares).

To determine whether pericytes can concentrate ascorbate in
cells with higher basal intracellular ascorbate, cells were cultured
in fresh medium instead of cold-stored medium, and DHA was
added to further increase the intracellular ascorbate concentration.
The basal intracellular ascorbate concentration was 0.4 mM (Fig. 1C,
square at zero DHA). Nonetheless, treatment of cells with 100 uM
ascorbate alone significantly increased ascorbate (Fig. 1C, compare
circle and square at zero DHA). Further, this effect persisted as
intracellular ascorbate was increased by simultaneous treatment
with 50 or 100 uM DHA (Fig. 1C, compare squares and circles with
DHA treatment). These results show clearly that the cells can
concentrate ascorbate even when intracellular concentrations of
ascorbate are over 1.5 mM. It has been shown in several cell lines
that low concentrations of DHA actually inhibit radioactive ascor-
bate uptake [24]. However, the results in Fig. 1C show that the in-
crease in uptake due to 100 uM ascorbate is not prevented by 50 or
100 uM DHA. To determine whether DHA might inhibit uptake of a
10-fold lower concentration of radioactive ascorbate, we incubated
cells with 10 pM [1-'#C]ascorbate in the presence of increasing
concentrations of DHA. As shown in Fig. 1D, DHA had no effect on
ascorbate uptake in these cells.

3.2. Differential inhibition of ascorbate and DHA uptake

Effects of several known inhibitors of ascorbate and glucose
uptake were evaluated on ascorbate and DHA uptake with the ex-
periments shown in Fig. 2. Uptake of radiolabeled ascorbate
(10 uM) was inhibited by ascorbate itself, by the anion channel

inhibitor sulfinpyrazone, by inhibition of the Na/K ATPase with
ouabain, and by substitution of choline for sodium in the KRH
present during uptake (Fig. 2A). Radiolabeled ascorbate uptake was
not inhibited by 30 mM 3-O-methylglucose. To confirm these
findings, additional experiments were performed following the
uptake of unlabeled ascorbate in cells cultured in fresh, ascorbate-
containing medium. Although these cells had relatively high basal
ascorbate concentrations (~0.8 mM), a 30 min incubation with
100 pM ascorbate doubled its intracellular concentration (Fig. 2B,
first two bars). This uptake was not affected by treatment with
30 mM D-glucose or 3-O-methylglucose, but was prevented by
2 mM sulfinpyrazone (Fig. 2B). These results support the notion
that uptake of either a low concentration of radiolabeled ascorbate
or a 10-fold higher concentration of unlabeled ascorbate is medi-
ated by the SVCT2 in these cells.

When radiolabeled ascorbate was converted to radiolabeled
DHA by the action of ascorbate oxidase before and during addition
of ascorbate to the cells, its uptake was not inhibited by 300 pM
ascorbate or by 1 mM sulfinpyrazone (Fig. 2C, first two bars). On the
other hand, it was significantly decreased by the GLUT-type
transport inhibitors 3-O-methylglucose and cytochalasin B at con-
centrations known to inhibit GLUT-type transporters (Fig. 2C, last
2 bars). Together with the radiolabeled ascorbate uptake data, these
results extend those of Fig. 1, showing that the two forms of
ascorbate were taken up by different transport mechanisms.

3.3. Pericytes express the SVCT2

To assess the presence and cellular distribution of the SVCT2,
cultured pericytes were fixed and immunofluorescently stained for
the SVCT2, the pericyte marker NG2 [29] and the nuclear stain
DAPI, as shown in Fig. 3. NG2 was present in the cell periphery and
in proximal cell extensions (Fig. 3A). The SVCT2 was present in
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Fig. 2. Inhibitor effects on radiolabeled ascorbate and DHA uptake. Panel A. [1-4C]
Ascorbate uptake. Using cultured pericytes, cold-stored medium was exchanged for
KRH containing either 124 mM sodium chloride (first 5 bars) or 128 mM choline
chloride instead of sodium (last bar). Cells in sodium-containing KRH were then
incubated for 30 min with no additions (Control), with 1 mM ascorbate, with 2 mM
sulfinpyrazone, with 300 uM ouabain, or with 30 mM 3-O-methylglucose (30MG).
After 30 min, 10 pM [1-'4CJascorbate was added to cells for an additional 30 min, and
then cells were prepared for radioactive counting as described under Methods. Panel B.
Uptake of unlabeled ascorbate. Cells cultured in fresh medium were untreated (first
bar) or treated with 100 uM ascorbate, without or in addition to 3-O-methylglucose
(30MG, 30 mM), D-glucose (30 mM), or sulfinpyrazone (2 mM). After 30 min, cells
were rinsed and harvested for assay of intracellular ascorbate. Panel C. [1-'%C]DHA
uptake. Cells cultured in cold-stored medium were treated for 30 min with the in-
hibitors and under the conditions noted in Panel A. Cytochalasin B (Cyto B, 10 uM) or 3-
0-methylglucose (30MG, 30 mM) were added where noted. [1-*C|DHA was prepared
as described under Methods and its uptake at a final concentration of 10 uM was

punctate areas throughout the cells, with areas of plasma mem-
brane staining particularly evident in some cell extensions (Fig. 3B,
arrows). Additionally, NG2 and SVCT2 appeared to overlap in some
plasma membrane areas (Fig. 3C).

Western blot analysis was performed to confirm the presence of
SVCT2 and verify its antibody's specificity. When probed with anti-
SVCT2, two bands were found between 50 and 75 kDa (Fig. 3D, left
lane). Both bands completely disappeared when the SVCT2 anti-
body was incubated with its immunizing peptide before probing
the membrane (Fig. 3D, right lane). A blot for actin was performed
on the same membrane to confirm equal protein loading between
lanes. On the other hand, the alternative SVCT isoform, SVCT1, was
not observed in pericytes (data not shown).

4. Discussion

The present studies suggest that ascorbate is taken up by human
brain endothelial pericytes on the ascorbate transporter SVCT2.
This is supported by the observed high-affinity transport kinetics,
by transport inhibition with known inhibitors of the SVCT2, and by
the demonstrated presence of the SVCT2 in these cells. Although
ascorbate could enter pericytes after extracellular oxidation as DHA
on pericyte GLUT-type glucose transporters, this seems unlikely
based on several findings. First, uptake and reduction of DHA to
ascorbate was much more rapid than observed for ascorbate, which
would fit with an abundant high-capacity GLUT-type transporter.
Second, DHA uptake and reduction was not saturated by increasing
DHA concentrations as high as 300 uM, which would also be ex-
pected from the low-millimolar Ky, of the GLUT-type transporters
for glucose (or DHA). Third, DHA uptake and reduction was
inhibited by both 3-O-methylglucose and cytochalasin B, which are
known inhibitors of GLUT-type transporters [30,31]. In contrast,
ascorbate uptake was not inhibited by 3-O-methylglucose.

These findings contrast with several results reported by Kha-
tami [14] in cultured bovine retinal pericytes. Although both
studies found a relatively high affinity for ascorbate (K, = 76 uM in
the Khatami study, 21 uM in the present study), Khatami found
ascorbate uptake was inhibited by substrates for the GLUTs. We did
not find 30 mM 3-0-methylglucose to inhibit either 10 uM radio-
labeled or 100 pM unlabeled ascorbate uptake. The differing results
between this study and that of Khatami could be due to use of
bovine retinal versus human brain pericytes, but more likely relate
to other factors. First, apparent inhibition of radiolabeled ascorbate
uptake by glucose derivatives in the Khatami study could be due to
oxidation of radioactive ascorbate to radioactive DHA outside the
cells, making it susceptible to inhibition by glucose and its de-
rivatives. This caveat was recognized by Khatami, who found that
25—-30% of even a relatively high medium concentration of ascor-
bate (200 uM) was oxidized to DHA over 40 min [14]. At lower
radioactive ascorbate concentrations (5—50 uM) used in most of the
Khatami studies, this oxidation would have been relatively greater.
Thus, glucose-inhibitable uptake of radiolabeled DHA on glucose
transporters may have accounted for a significant fraction of
apparent radioactive ascorbate uptake.

A second difference was failure of pericytes to accumulate 5 pM
radioactive ascorbate against a concentration gradient after
40 min in the Khatami study. In contrast, we found unlabeled
ascorbate to accumulate against a concentration gradient over
15—300 uM extracellular ascorbate. We have no explanation for
this difference, but would note that steady-state intracellular

measured as described for [1-'4C]ascorbate. Results in all panels are shown from 4 to 6
experiments, with those in A and C normalized in each experiment to an untreated
control. “*” indicates p < 0.05 compared to the respective control.
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Fig. 3. Presence of the SVCT2 in pericytes. Panels A—C. Pericytes cultured on coverslips
were fixed and probed with antibodies against the SVCT2 and NG2 as described under
Methods. Cells were counterstained with DAPI to visualize nuclei and resolved by
confocal microscopy at 600x magnification. Panel D. Pericyte lysates were subjected to
gel electrophoresis and transferred to PVDF membranes as described under Methods.
Membranes were probed with antibody against the SVCT2 (left lane), or with the same
antibody pre-incubated with 5x its immunizing peptide as a negative control (right
lane). The same membranes were probed for actin to confirm equal protein loading.
Results shown are representative of 3 experiments.

ascorbate concentrations in culture were also higher than those
known to be present in the media and depended on the medium
ascorbate concentration.

A third difference we observed was the failure of DHA to inhibit
uptake of both unlabeled and radiolabeled ascorbate. This inhibi-
tion was reported previously in bovine retinal pericytes [14] and
immortalized cell lines [24]. Failure of DHA to inhibit ascorbate
uptake in our studies cannot be explained by rapid decomposition
of DHA, since uptake and reduction of the same lot of DHA over
30 min resulted in substantial intracellular ascorbate accumulation.
On the other hand, commercial DHA is known to have impurities
and to contain low amounts of ascorbate that could have contrib-
uted to inhibition of high affinity ascorbate uptake in the previous
studies. Future studies in other cell types expressing the SVCT2 will
need to clarify this issue further.

Human brain microvascular pericytes expressed the SVCT2 in
culture, as assessed by both immunocytochemistry and immuno-
blotting. The SVCT1 was not found by immunoblotting, suggesting
that the SVCT2 is the major pericyte ascorbate transporter. The
SVCT2 appeared to be present in the plasma membrane, where it
would account for the uptake features we observed in this study.
However, much of it was intra-nuclear and in discreet particles, as
shown previously in other primary cell types [32,33], which may be
due to functional expression in mitochondria [34,35].

In conclusion, human brain microvascular pericytes import
ascorbate primarily on the SVCT2, concentrating intracellular
ascorbate against a gradient in an energy- and sodium-dependent
fashion. Pericytes also import the less-abundant DHA using
GLUTSs, forming intracellular ascorbate after reduction. Both trans-
porters function independently and are unaffected by the others’
substrates. Thus, in vivo, SVCT2 is likely a key player in protecting

pericytes from diabetes-induced oxidative stress and RAGE acti-
vation that causes apoptosis.
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