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Abstract

Microvascular pericytes take up ascorbic acid on the ascorbate transporter SVCT2. Intracellular 

ascorbate then protects the cells against apoptosis induced by culture at diabetic glucose 

concentrations. To investigate whether pericytes might also provide ascorbate to the underlying 

endothelial cells, we studied ascorbate efflux from human pericytes. When loaded with ascorbate 

to intracellular concentrations of 0.8–1.0 mM, almost two-thirds of intracellular ascorbate effluxed 

from the cells over 2 h. This efflux was opposed by ascorbate re-uptake from the medium, since 

preventing re-uptake by destroying extracellular ascorbate with ascorbate oxidase increased 

ascorbate loss even further. Ascorbate re-uptake occurred on the SVCT2, since its blockade by 

replacing medium sodium with choline, by the SVCT2 inhibitor sulfinpyrazone, or by 

extracellular ascorbate accelerated ascorbate loss from the cells. This was supported by finding 

that net efflux of radiolabeled ascorbate was increased by unlabeled extracellular ascorbate with a 

half-maximal effect in the range of the high affinity Km of the SVCT2. Intracellular ascorbate did 

not inhibit its efflux. To assess the mechanism of ascorbate efflux, known inhibitors of volume-

regulated anion channels (VRACs) were tested. These potently inhibited ascorbate transport into 

cells on the SVCT2, but not its efflux. An exception was the anion transport inhibitor DIDS, 

which, despite inhibition of ascorbate uptake, also inhibited net efflux at 25–50 µM. These results 

suggest that ascorbate efflux from vascular pericytes occurs on a DIDS-inhibitable transporter or 

channel different from VRACs. Further, ascorbate efflux is opposed by re-uptake of ascorbate on 

the SVCT2, providing a potential regulatory mechanism.
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1. Introduction

Pericytes, which surround the endothelial cells of small venules and capillaries, support and 

interact with underlying endothelial cells, both to regulate blood flow and to tighten 

endothelial barrier permeability [1–4]. Pericytes are especially important in the brain and 

retina, where they help to maintain the tightness of the blood-brain barrier. Their loss is one 

of the hallmarks of early diabetic retinopathy [5–7], which is then followed by dysfunction 
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of endothelial cells, resulting in leakage of serum proteins and lipids into the interstitial 

space [8–11].

We have shown that human brain pericytes undergo apoptosis following high glucose-

induced activation of the Receptor for Advanced Glycation End-products (RAGE). Several 

days of treatment of pericytes with 100 µM vitamin C (ascorbic acid) increased intracellular 

ascorbate into the low millimolar range and prevented apoptosis due to RAGE agonists [12]. 

A subsequent study [13] showed that ascorbate uptake was largely mediated by the Sodium-

dependent Vitamin C Transporter 2 (SVCT2) [14,15]. This energy-dependent co-transporter 

imports ascorbate with a relatively high affinity (apparent Km 20–50 µM) compared to the 

low millimolar apparent Km of the glucose transporter, which can take up the 2-electron 

oxidized form of ascorbate, or dehydroascorbate (DHA). The SVCT2 is inhibited by several 

non-specific anion transport inhibitors, such as sulfinpyrazone [15] and DIDS [16].

At least in the short-term, ascorbate is retained in cells because of its negative charge at 

physiologic pH. However, significant ascorbate efflux has been demonstrated in hepatocytes 

[17] and in endothelial cells [17–19]. In astrocytes [16,20] and neurons [21] ascorbate efflux 

was stimulated by glutamate, an effect attributed to cell-swelling-induced opening of 

volume-regulated anion channels (VRAC). Hypoosmotic conditions in these and other cells 

also activates channels with the pharmacologic features of VRAC [22]. However, the 

relative importance and mechanism by which ascorbate escapes cells under basal conditions 

has not been determined. Certainly it is important to assess this in epithelial cells of the 

kidney, intestine, and choroid plexus, which transfer ascorbate across otherwise impermeant 

barriers, but basal ascorbate efflux and its regulation may also be important in other cells. 

For example, most non-primate mammals synthesize ascorbate in hepatocytes, and it must 

somehow leave these cells to circulate and be taken up by other cells. Efflux of ascorbate is 

also likely to be of importance during deficiency in supporting cells, such as astrocytes for 

neurons and vascular pericytes for endothelial cells. Such a supportive function of pericytes 

may be especially relevant for endothelial cells making up the blood-brain barrier. In most 

brain regions, there is little transit of ascorbate across the blood-brain barrier [23]. This is 

due to the tightness of the barrier, but may also be due to the finding that brain endothelial 

cells lack ascorbate transporters, developing the SVCT2 only with time in culture [24]. 

Under normal conditions, ascorbate enters the brain through the choroid plexus into the 

cerebrospinal fluid, where it then diffuses to the parenchyma [23]. The ability of a 

supporting cell such as the microvascular pericyte to both take up and efflux ascorbate thus 

could provide a dynamic system that helps to ensure a reserve supply of the vitamin to 

endothelial cells and neurons alike.

In this work we investigated ascorbate efflux from human microvascular pericytes, assessing 

the role of ascorbate re-uptake and key features of the efflux system.

2. Experimental Procedures

2.1. Materials

Sigma/Aldrich Chemical Co. (St. Louis, MO) supplied the reagent chemicals, including 

ascorbate, ascorbate oxidase, clomiphene, (4-(2-butyl-6,7-dichloro-2-cyclopentylindan-1-
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on-5-yl)oxybutyric acid (DCPIB), DHA, 4,4'-diisothiocyano-2,2'-stilbenedisulfonic acid 

(DIDS), N-2-hydroxyethylpiperazine N’-2-ethanesulfonic acid (Hepes), R(+)-[(6,7-

dichloro-2-cyclopentyl-2,3-dihydro-2-methyl-1-oxo-1H-inden-5-yl)-oxy]acetic acid 

(IAA-94), niflumic acid, 5-nitro-2-(3-phenylpropylamino)benzoic acid (NPPB), and 

sulfinpyrazone. Perkin-Elmer Life and Analytical Sciences, Inc. (Boston, MA) supplied the 

[1-14C]ascorbic acid (4.0 µCi/mmol).

2.2. Cell Culture

Human brain vascular pericytes were obtained from Sciencell Research Laboratories 

(Carlsbad, CA, catalog #1200) and cultured in Pericyte Medium with included supplements 

from the same company (catalog #1201). Cells were cultured on plates coated with poly-L-

lysine at 37°C in humidified air containing 5% CO2. Cells were used within 3–10 passages. 

It should be noted that the commercial culture medium for these cells contains ascorbate. In 

these experiments cells were cultured in medium that was stored at 3°C for 2 weeks, which 

depletes intracellular ascorbate to less than about 2 µM [13].

2.3. Assay of unlabeled ascorbate

To measure unlabeled intracellular ascorbate, pericytes in 6-well plates were rinsed twice 

with Krebs-Ringer Hepes buffer (KRH; 20 mM Hepes, 128 mM NaCl, 5.2 mM KCl, 1 mM 

NaH2PO4, 1.4 mM MgSO4, and 1.4 mM CaCl2, pH 7.4) and lysed with 25 % 

metaphosphoric acid (w/v). The lysate was then neutralized with 3 volumes of 100 mM 

Na2HPO4 and 0.05 mM EDTA (pH 8.0), and cells were scraped from the plate with a rubber 

spatula. The lysate was centrifuged at 3°C for 1 min at 13,000 × 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 electrochemical 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 for 

EA.hy926 endothelial cells [26]. This pericyte distribution space was 6.1 ± 1.6 µl/mg protein 

(N = 6 determinations).

2.4. Assay of unlabeled ascorbate uptake

Pericytes cultured to confluence in 6-well plates were rinsed twice with 2 ml of 37°C KRH 

containing 5 mM D-glucose and incubated with the agents indicated in 2 ml of glucose-

KRH for 10 min at 37 °C. Unlabeled ascorbate was added to a concentration of 100 µM and 

the incubation was continued for another 30 min at 37°C. The cells were rinsed twice in 2 

ml of ice-cold glucose-KRH and taken for assay of intracellular ascorbate as described 

above.

2.5. Assay of ascorbate efflux

Pericytes cultured to confluence in 6-well plates in cold-stored (ascorbate-depleted) culture 

medium were treated with unlabeled ascorbate at the indicated concentrations. After 1 h at 

37°C, the medium was aspirated and the cells were gently rinsed twice in 2 ml of KRH that 

contained 5 mM D-glucose. After the last rinse, the 1 ml of glucose-KRH was added and the 

cells were incubated at 37°C. At the indicated times, the medium was aspirated and the cells 

May and Qu Page 3

Biofactors. Author manuscript; available in PMC 2016 September 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



were rinsed twice in 2 ml of ice-cold KRH to stop efflux and taken for assay of intracellular 

ascorbate as described above.

For assay of radiolabeled ascorbate efflux, confluent cells in 12-well plates cultured in 1 ml 

of ascorbate-depleted medium were loaded with 0.05 µCi of L-[1-14C]ascorbic acid (10 µM) 

for 1 h at 37°C. The cells were rinsed twice in 1 ml of glucose-KRH, followed by addition 

of 1 ml of glucose-KRH at 37 °C. At the indicated times, the medium was removed and the 

cells were rinsed twice in 2 ml of ice-cold KRH. After the last rinse and removal of KRH, 

cells were 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 (ICN, Costa Mesa, CA) and mixed. The 

radioactivity of duplicate samples was measured in a Packard CA-2200 liquid scintillation 

counter, after allowing at least 1 h before counting for decay of chemiluminescence. For 

assay of extracellular radiolabeled ascorbate, at the times indicated, 100 µL aliquots of the 

medium were removed and treated as above with 1 ml of 0.05 N NaOH. This was added to 5 

ml of scintillation fluid, and radioactivity counted as described above.

2.6. Data Analysis

Results are shown as mean + standard error. Statistical comparisons were made using 

GraphPad Prism version 6.05 for Windows (GraphPad Software, San Diego, CA). 

Differences between treatments were assessed by the Student’s t-test or one-way ANOVA 

with post-hoc testing using Tukey’s or Dunnett’s test, as appropriate.

3. Results

3.1. Ascorbate efflux and re-uptake in human brain microvascular pericytes

We showed previously that human brain pericytes take up 100 µM ascorbate to an 

intracellular concentration of about 0.8 mM over 30 min of incubation at 37°C [13]. Similar 

initial intracellular ascorbate concentrations were found after 60 min of incubation of these 

cells with ascorbate (Fig. 1A, circles, left-hand Y-axis). After cells were rinsed twice in 

glucose-containing KRH and then incubated over 120 min with this KRH, intracellular 

ascorbate progressively decreased to about 300 µM. Similar results were observed when the 

cells were loaded with 10 µM radiolabeled ascorbate, with intracellular ascorbate amounts 

plateauing at about 30% of the initial loading value (Fig. 1A, squares, right-hand axis). 

Efflux of ascorbate was slightly more rapid for the lower amounts of radiolabeled ascorbate 

than for unlabeled ascorbate (Fig. 1A, compare circles to squares). Thus, despite loading to 

intracellular ascorbate concentrations several-fold more than initially present in the medium, 

the cells could only retain about one third of the initial intracellular levels attained.

To determine whether extracellular ascorbate might re-enter cells during efflux, cells loaded 

with 100 µM ascorbate as described in Fig. 1 were also treated with 1.6 U/ml ascorbate 

oxidase during efflux. Ascorbate oxidase will not enter the cells over this time period and 

will destroy extracellular ascorbate, thus preventing its re-uptake on the ascorbate 

transporter. As shown in Fig. 1B, the presence of ascorbate oxidase outside the cells 

enhanced apparent ascorbate efflux over 60 min compared to cells not treated with the 

enzyme. This result supports the notion that the apparent increase in efflux with ascorbate 
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oxidase was due to loss of ascorbate re-uptake, possibly on the SVCT2 ascorbate 

transporter. If so, then known inhibitors of the SVCT2 uptake should also accelerate 

apparent ascorbate efflux.

3.2. Mechanism of ascorbate re-uptake

Sulfinpyrazone, a non-specific anion channel inhibitor that is known to inhibit ascorbate 

uptake in other cells [27,28], inhibited uptake of unlabeled ascorbate to about 16% of 

control at 1 mM (Fig. 2A). When a concentration of 1 mM sulfinpyrazone was present 

during efflux of unlabeled ascorbate (Fig. 2B, squares), the apparent efflux of ascorbate was 

more rapid over 1 h than in its absence (Fig. 2B, circles). Since inhibition of ascorbate efflux 

would have increased retention of ascorbate in the cells, the finding of a decrease supports 

the notion that a substantial amount of ascorbate re-enters cells during efflux. It also 

suggests that it could be on the SVCT2, notwithstanding the relatively low specificity of 

sulfinpyrazone for the SVCT2.

Further suggesting that the SVCT2 mediated ascorbate re-uptake was the finding that 

replacement of sodium with choline in the medium KRH during rinses and efflux also 

decreased intracellular ascorbate by 35% compared to that seen in sodium-containing KRH 

at 30 min (Fig. 2C, first bar). Inhibition of ascorbate transport on the SVCT2 due to lack of 

sodium in the medium would prevent its re-uptake and thus increase apparent net efflux, 

reflected by decreased cellular ascorbate.

It is likely that extracellular ascorbate will also be oxidized to DHA outside cells during 

efflux. This is especially relevant to the experiment in Fig. 1B using ascorbate oxidase, 

which will convert extracellular ascorbate to DHA. This DHA could also re-enter the cells 

on the ubiquitous glucose transporter. The efflux experiments were carried out in 5 mM D-

glucose to provide ongoing cellular energy. This glucose concentration would likely inhibit 

DHA uptake on the GLUT1 transporter, which is the major glucose transporter in bovine 

retinal pericytes, with an EC50 of 0.5–2 mM [29]. To examine whether a higher 

concentration of D-glucose might further inhibit ascorbate uptake, cells that had been loaded 

with 100 µM ascorbate were rinsed twice and incubated in KRH that contained 5 mM D-

glucose, 20 mM D-glucose, or both 5 mM D-glucose and 20 mM L-glucose. After 30 min of 

efflux, there was no difference in intracellular ascorbate (Fig. 2C, second and third bars). 

Similarly, the known glucose transport inhibitor cytochalasin B at 10 µM had no effect on 

net ascorbate efflux (Fig. 2C, fourth bar). Together, these results suggest that the apparent 

ascorbate re-uptake was not due to uptake of DHA on the glucose transporter.

To determine whether this re-uptake is in fact on the SVCT2, cells were first loaded with 10 

µM radioactive ascorbate for 60 min, rinsed to remove extracellular radioactivity, and 

incubated for 60 min at 37°C in the presence of increasing concentrations of unlabeled 

ascorbate. The presence of unlabeled extracellular ascorbate during efflux of radiolabeled 

ascorbate significantly increased extracellular radiolabeled ascorbate (Fig. 3A) and 

decreased intracellular radiolabeled ascorbate (Fig. 3B). These results can be explained by 

positing that increasing concentrations of unlabeled extracellular ascorbate competitively 

prevent re-uptake of radiolabeled ascorbate, both increasing extracellular radiolabeled 

ascorbate and decreasing intracellular radiolabeled ascorbate. The effect on each phase was 
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saturable, with a half-maximal response of about 25 µM. The maximal effect was about 50% 

of the control value in the absence of added ascorbate during efflux. These results support 

the notion of substantial ascorbate re-uptake on the SVCT2 during efflux.

3.3. Mechanism of ascorbate efflux by pericytes

To determine whether intracellular ascorbate affects its efflux, cells were treated for 20 min 

with 10 µM radiolabeled ascorbate to load the cells, followed by increasing concentrations 

of DHA. After 30 min, the cells were rinsed twice with KRH and incubated for another 30 

min at 37°C to allow efflux. Conversion of unlabeled DHA to unlabeled ascorbate within 

cells should increase the intracellular concentration of unlabeled ascorbate, which would 

then be present during the efflux of radiolabeled ascorbate. As shown in Fig. 3C, there was a 

modest increase of apparent efflux. This was likely due to inhibition of radiolabeled 

ascorbate re-uptake by effluxed ascorbate. Had there been inhibition of radiolabeled efflux, 

one would have expected intracellular radiolabeled ascorbate to increase, not decrease. 

Thus, intracellular ascorbate has little effect on its efflux.

As noted in the Introduction, previous studies have suggested that ascorbate might leave 

cells on an ion channel under hypo-osmotic conditions, with VRAC being the most likely 

candidate. We therefore tested several known inhibitors of VRACs and other anion 

channels, including niflumic acid, DCPIB, clomiphene, NPPB, and IAA-94 at 

concentrations known to inhibit anion efflux in VRACs. However, as shown in Fig. 4A, all 

of these inhibitors also partially blocked uptake of unlabeled ascorbate into pericytes. Each 

inhibitor was then tested at the same concentrations on unlabeled ascorbate efflux (Fig. 4B–

F). Rather than inhibit ascorbate efflux (which would have retained intracellular ascorbate 

after 30 to 60 min), these agents either had no effect (niflumic acid, Fig. 4B) or increased 

apparent efflux (DCPIB, Fig. 4C; clomiphene, Fig. 4D; NPPB, Fig. 4E; and IAA-94, Fig. 

4F). This suggests that as with sulfinpyrazone, the effect of most of the agents was to block 

ascorbate re-uptake, making it unlikely that VRAC or related channels mediate the efflux of 

basal ascorbate in these cells.

However, different results were obtained with the stilbene disulfonate anion transport 

inhibitor DIDS. As expected, DIDS inhibited ascorbate uptake into pericytes with a near-

maximal effect at 100 µM (Fig. 5A). When cells were loaded with 100 µM unlabeled 

ascorbate followed by efflux over 60 min, the presence of 100 µM DIDS in the efflux 

medium significantly retarded apparent efflux at both 20 and 60 min (Fig. 5B). The effect of 

DIDS to maintain intracellular ascorbate was biphasic, with a maximal effect at 25–50 µM, 

decreasing back to baseline at higher DIDS concentrations (Fig. 5C). When cells were 

loaded with 10 µM radioactive ascorbate instead of higher concentrations of unlabeled 

ascorbate, a similar retention of intracellular ascorbate was induced by the presence of 

increasing concentrations of DIDS (Fig. 5D).

4. Discussion

The present studies show that ascorbate effluxes from human brain microvascular pericytes 

and that this effect is counteracted by substantial re-uptake of the vitamin from the 

surrounding medium. This effect is evident both at low millimolar intracellular ascorbate 
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concentrations and much lower intracellular concentrations when the cells are loaded with 

tracer amounts of radioactive ascorbate. Multiple features of the re-uptake suggest that it 

occurs on the SVCT2 transporter. First, loss of intracellular ascorbate is increased when 

extracellular ascorbate is destroyed with ascorbate oxidase. Second, inhibition of the SVCT2 

by substitution of medium sodium with choline or by the known inhibitor sulfinpyrazone 

enhances apparent efflux. Third, ascorbate uptake is not affected by high concentrations of 

D- or L-glucose or by cytochalasin B, indicating that the observed re-uptake was not due to 

uptake of DHA on glucose transporters. Fourth, increasing concentrations of extracellular 

ascorbate during efflux caused the cells to retain less radiolabeled ascorbate during efflux. 

Because of the concentration-dependence of the effect, this likely reflects inhibition of 

radiolabeled ascorbate re-uptake. A specific role for the SVCT2 in ascorbate re-uptake was 

further supported by the finding that the effects of increasing extracellular ascorbate on the 

retention of radiolabeled ascorbate were half-maximal at extracellular concentrations of 

about 25 µM, which are in the range of the Km for the high affinity SVCT2 [15]. Finally, we 

have shown that these human pericytes express the SVCT2 [13].

If extracellular DHA inhibits the SVCT2, this could affect re-uptake of ascorbate, especially 

in the presence of added ascorbate oxidase, which will generate DHA from ascorbate. 

Others have shown in cell lines [30] and bovine retinal pericytes [31]. However, we did not 

observe this for 10 µM radiolabeled ascorbate uptake in the same primary culture pericytes 

used in this study over a range of added DHA concentrations (10–200 µM) [13]. Thus, we 

do not think that inhibition of the SVCT2 by DHA is a factor in the current experiments.

As noted in the Introduction, other cells, including hepatocytes and endothelial cells are 

known to efflux ascorbate. When directly compared, hepatocytes have higher relative rates 

of efflux than do endothelial cells [17]. This might be expected, given that at least in non-

primates, hepatocytes synthesize ascorbate and release it for use by the rest of the body. In 

the absence of ascorbate re-uptake, pericytes in the present studies had released from 50 to 

85% of their intracellular ascorbate in 60 min. These results suggest that ascorbate re-uptake 

serves as a compensatory mechanism for the otherwise relatively rapid loss of ascorbate 

from cells.

Whereas extracellular ascorbate enhanced ascorbate release from pericytes, intracellular 

ascorbate did not. In hepatocytes efflux was inhibited about 50% by 4 mM intracellular 

ascorbate [17]. Since we did not achieve intracellular ascorbate concentrations much above 

1.5 mM in pericytes in this study, we may have missed this effect. However, we failed to 

observe an effect on ascorbate efflux even at intracellular ascorbate concentrations as high 

as 3 mM in EA.hy926 cells [19].

When cultured cells are placed in conditions of low osmolality, VRAC are activated and 

release increased amounts of ascorbate and other organic anions [20,32]. Similarly, it has 

been shown that glutamate treatment of astrocytes causes cell swelling and activation of 

VRACs to release more ascorbate [33]. How ascorbate effluxes from cells in the absence of 

such stimuli, as studied in this work, remains an enigma. We tested several known VRAC 

inhibitors and found that they all inhibited ascorbate uptake at concentrations usually used to 

inhibit VRACs. For the most part, they also accelerated apparent ascorbate efflux. This 
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could be due to activation of efflux or to inhibition of re-uptake. Since these agents are 

known as inhibitors of anion channels, we favor the latter explanation and conclude that 

VRACs are not involved in the mechanism of basal ascorbate efflux.

In contrast to the VRAC inhibitors, low concentrations (25–50 µM) of the generic anion 

transport inhibitor DIDS decreased both unlabeled and radiolabeled ascorbate efflux from 

pericytes. This, along with previous results that ascorbate efflux is regulated by intracellular 

calcium in endothelial cells [18,19], suggests that the efflux occurs on a channel or transport 

protein and is not due to simple diffusion. Because of its two sulfonic acid groups, DIDS 

should not penetrate the cells to an appreciable extent during the time course of efflux, 

suggesting that it interacts with the exofacial portion of the efflux channel/transporter. At 

higher concentrations, the inhibitory effect of DIDS on efflux of unlabeled ascorbate 

declines, although there is only a trend for radiolabeled ascorbate. This suggests that another 

process increasing efflux is induced by concentrations of DIDS 100 µM and higher. 

Certainly inhibition of any re-uptake on the SVCT2 by DIDS could contribute to this effect, 

as could opening of another efflux channel by higher DIDS concentrations.

The results of this study show that brain microvascular pericytes release ascorbate and that 

this release is counteracted in part by re-uptake on the SVCT2. Ascorbate efflux likely 

occurs on a channel/transporter that does not resemble a VRAC in terms of its response to 

inhibitors. Nonetheless, ascorbate efflux is substantial and could acutely supply the vitamin 

to neighboring endothelial cells when extracellular concentrations of the vitamin are sharply 

decreased in response to oxidative stress.
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Abbreviations

DCPIB (4-(2-butyl-6,7-dichloro-2-cyclopentylindan-1-on-5-yl)oxybutyric acid

DIDS 4,4'-diisothiocyano-2,2'-stilbenedisulfonic acid

DHA dehydroascorbate

Hepes N-2-hydroxyethylpiperazine-N’-2-ethanesulfonic acid

KRH Krebs-Ringer Hepes

IAA-94 R(+)-[(6,7-dichloro-2-cyclopentyl-2,3-dihydro-2-methyl-1-oxo-1H-inden-5-yl)-

oxy]acetic acid

NPPB 5-nitro-2-(3-phenylpropylamino)benzoic acid

VRAC voltage-regulated anion channels.
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Figure 1. Intracellular ascorbate concentrations
Panel A. Efflux ascorbate from cells loaded with 100 µM ascorbate (circles) or 10 µM 

[1-14C]ascorbate (squares) was measured as described under Materials and methods. Results 

for radiolabeled ascorbate efflux are expressed as a fraction of the time zero value, which 

was 49 ± 5 pmol/well. N = 6 plates for each form of ascorbate. Panel B. Efflux of unlabeled 

ascorbate in the absence (circles) or presence (squares) of 1.6 U/ml ascorbate oxidase was 

measured as described in Materials and methods. Results are shown from 8 plates, with p < 
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0.05 compared to the corresponding control sample from the same plate lacking ascorbate 

oxidase.
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Figure 2. Effects of SVCT2 and glucose transport inhibition on intracellular ascorbate 
concentrations
Panel A. Pericytes were incubated at 37 °C with the indicated concentrations of 

sulfinpyrazone, followed in 10 min by 100 µM ascorbate. After 30 min the cells were rinsed 

and taken for assay of intracellular ascorbate as described in Materials and methods. Results 

are shown from 4 experiments with an “*” indicating p < 0.05 compared to the sample not 

treated with the inhibitor. Panel B. Cells loaded for 60 min with 100 µM ascorbate were 

treated without (circles) or with 1 mM sulfinpyrazone at 37 °C during efflux and 
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intracellular ascorbate was measured as described in Materials and methods. Results are 

shown from 6 experiments, with an “*” indicating p < 0.05 compared to the corresponding 

time point sample without the inhibitor. Panel C. Cells loaded with 100 µM ascorbate for 60 

min were rinsed twice in 37 °C KRH containing 5 mM D-glucose and either 128 mM 

sodium or 128 mM choline chloride. Cells were incubated at 37°C during ascorbate efflux in 

sodium-free KRH (first bar) or in sodium-containing KRH with 20 mM D-glucose (second 

bar), 20 mM L-glucose plus 5 mM D-glucose (third bar), or 5 mM D-glucose plus 10 µM 

cytochalasin B and 1.6 U/ml ascorbate oxidase (fourth bar). After 30 min, the medium was 

aspirated, the cells were rinsed twice in the respective KRH and were then taken for assay of 

intracellular ascorbate. Results are shown from 4–5 experiments, expressed as a fraction of 

the 5 mM D-glucose control that was carried out in each experiment. An “*” indicates p < 

0.01 compared to that control.
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Figure 3. Effects of intra- and extracellular unlabeled ascorbate on radiolabeled ascorbate efflux
Pericytes in 12-well plates were incubated for 60 min with 10 µM radiolabeled ascorbate, 

the medium was aspirated, and the cells were rinsed twice in KRH containing 5 mM D-

glucose. The cells were incubated with 1 ml of glucose-KRH containing the indicated 

concentration of unlabeled ascorbate. After 60 min, radiolabeled ascorbate was measured in 

the medium (Panel A) or in the cells (Panel B) as described in Materials and methods. 

Results are shown from 6 experiments, with an “*” indicating p < 0.05 compared to the 

sample not treated with unlabeled ascorbate. Panel C. Pericytes were loaded with 10 µM 
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radiolabeled ascorbate for 20 min in complete medium, followed by addition of the 

indicated concentration of DHA. After another 30 min at 37°C, the medium was removed 

and the cells were rinsed twice in 37°C glucose-KRH. Following addition of 1 ml of 

glucose-KRH at 37°C, efflux was measured at 30 min as described in Materials and 

methods. Results are shown from 6 experiments, with an “*” indicating p < 0.05 compared 

to the sample not treated with DHA.
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Figure 4. VRAC inhibitor effects on ascorbate uptake and efflux
Panel A. After 2 rinses in KRH containing 5 mM D-glucose at 37°C, pericytes were treated 

with the inhibitors as noted for 10 min, followed by addition of 100 µM ascorbate. After 30 

min at 37°C, the cells were rinsed and taken for assay of intracellular ascorbate as described 

in Methods. The inhibitor concentrations were: niflumic acid, 100 µM; DCPIB, 20 µM; 

clomiphene, 100 µM; NPPB, 100 µM, and IAA-94, 100 µM. Results are shown from 4 

experiments, with an “*” indicating p < 0.05 compared to the sample not treated with an 

inhibitor. Panels B – F. Pericytes were loaded with 100 µM ascorbate for 60 min in medium 
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at 37°C. After medium aspiration and 2 rinses in glucose-KRH, the cells were treated with 

glucose-KRH containing the inhibitor noted in each panel at the same concentration used in 

the uptake studies. Efflux of unlabeled ascorbate was measured at each time point indicated. 

Results are shown from 3–4 experiments, with an “*” indicating p < 0.05 compared to the 

corresponding control at 20 or 60 min of efflux.
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Figure 5. DIDS inhibition of ascorbate uptake and efflux
Panel A. Pericytes were rinsed and treated in KRH containing 5 mM D-glucose with the 

indicated concentrations of DIDS at 37°C for 30 min before rinsing and assay of 

intracellular ascorbate. Results are from 6 experiments, with an “*” indicating p < 0.05 

compared to a sample not treated with DIDS. Panel B. Pericytes loaded with 100 µM 

unlabeled ascorbate for 60 min in culture medium at 37°C were rinsed twice in 37°C 

glucose-KRH and treated without (circles) or with (squares) 100 µM DIDS in 1 ml of 

glucose-KRH. At the indicated times, the medium was aspirated and the cells were rinsed 

twice in 2 ml of ice-cold KRH before assay of intracellular ascorbate. Results are from 5 

experiments, with an “*” indicating p < 0.05 compared to the sample not treated with DIDS 

at the same time point. Panel C. Pericytes were loaded with 100 µM unlabeled ascorbate for 

60 min, rinsed twice in glucose-KRH, and treated in 37 °C glucose-KRH with the indicated 

concentration of DIDS. After 30 min, the cells were rinsed again in ice-cold KRH and taken 
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for assay of intracellular ascorbate. Results are shown from 6 experiments with an “*” 

indicating p < 0.05 compared to the sample not treated with DIDS. Panel D. Pericytes in 

culture medium were loaded with 10 µM radiolabeled ascorbate for 60 min, rinsed twice in 

glucose-KRH, and treated with the indicated concentration of DIDS in glucose-KRH. After 

30 min, the cells were rinsed and taken for assay of intracellular radiolabeled ascorbate. 

Results are shown from 7 experiments, with an “*” indicating p < 0.05 compared to the 

sample not treated with DIDS.
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