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Abstract

Vitamin C concentrations in the brain exceed those in blood
by 10-fold. In both tissues, the vitamin is present primarily
in the reduced form, ascorbic acid. We identified the chemi-
cal form of vitamin C that readily crosses the blood-brain
barrier, and the mechanism of this process. Ascorbic acid
was not able to cross the blood-brain barrier in our studies.
In contrast, the oxidized form of vitamin C, dehydroascor-
bic acid (oxidized ascorbic acid), readily entered the brain
and was retained in the brain tissue in the form of ascorbic
acid. Transport of dehydroascorbic acid into the brain was
inhibited by D-glucose, but not by L-glucose. The facilita-
tive glucose transporter, GLUT1, is expressed on endothe-
lial cells at the blood-brain barrier, and is responsible for
glucose entry into the brain. This study provides evidence
showing that GLUT1 also transports dehydroascorbic acid
into the brain. The findings define the transport of dehy-
droascorbic acid by GLUT1 as a mechanism by which the
brain acquires vitamin C, and point to the oxidation of
ascorbic acid as a potentially important regulatory step in
accumulation of the vitamin by the brain. These results
have implications for increasing antioxidant potential in the
central nervous system. (J. Clin. Invest. 1997. 100:2842-
2848.) Key words: ascorbic acid « dehydroascorbic acid «
GLUT1 . neurodegenerative disease « antioxidants

Introduction

A considerable body of information exists regarding the role
of vitamin C in mammalian physiology. Humans and other pri-
mates cannot synthesize vitamin C, whereas most mammals
(e.g., rat and mouse) endogenously produce vitamin C in the
liver (1). Vitamin C is absorbed from the gastrointestinal tract
in the form of ascorbic acid, while dehydroascorbic acid is re-
duced to ascorbic acid for gastrointestinal absorption (2). Most
ascorbic acid is excreted by the kidneys, but a limited amount
is metabolized in the body. Ascorbic acid is oxidized to dehy-
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droascorbic acid, which can undergo irreversible hydrolysis to
2,3-diketo-L-gulonic acid, with decarboxylation to CO, and
components of the pentose phosphate cycle or oxalic acid plus
threonic acid.

Vitamin C is required for vascular and connective tissue in-
tegrity as well as normal hematopoiesis and leukocyte function
(3-8). The vitamin is believed to have critical functions in the
brain, including a role as a cofactor of dopamine B-hydroxy-
lase, and is thus involved in catecholamine biosynthesis. Vita-
min C also inhibits peroxidation of membrane phospholipids,
and acts as a scavenger of free radicals in the brain (7, 8). Vita-
min Cis present in the brain tissue at high concentrations com-
pared to other organs (9), and there is a greater than 10-fold
gradient between the concentration of ascorbic acid in brain
and serum, leading investigators to postulate a regulatable, ac-
tive transport mechanism for ascorbic acid into the brain (4, 9,
10). Evidence for such a transport mechanism arose from the
observed lack of an immediate increase in the cerebrospinal
fluid and brain concentration of ascorbic acid after intravenous
injection of ascorbic acid in rodents (4).

Ehrlich found that intravenously injected aniline dyes col-
ored all of the organs of experimental rabbits except the brain
and the spinal cord (11, 12). This observation led to the even-
tual discovery that the blood-brain barrier is comprised of a
wall of capillaries forming an endothelial barrier between the
blood and the brain, functioning primarily to regulate the
transport of nutrients and waste products (13, 14). Several nu-
trient transporters have been identified at the blood-brain bar-
rier, including the facilitative glucose transporter (GLUT1),! a
monocarboxylic acid transporter, a neutral amino acid trans-
porter, an amine transporter, a basic amino acid transporter, a
nucleoside transporter, and a purine base transporter (15).

We previously found that dehydroascorbic acid (oxidized
ascorbic acid), the oxidized form of vitamin C, is transported
through facilitative glucose transporters (16). Expression of
mammalian glucose transporters in Xenopus oocytes con-
ferred the ability to take up dehydroascorbic acid, which was
retained intracellularly after it was reduced to ascorbic acid
(16). We also established that facilitative glucose transporters
are involved in the transport and accumulation of vitamin C by
normal human neutrophils and the myeloid leukemia cell line,
HL-60 (16-18). In these cells, dehydroascorbic acid is trans-
ported across the cell membrane and accumulated in the re-
duced form, ascorbic acid, which is not transportable through
the bidirectional glucose transporters (16-18). Ascorbic acid
may also be transported through a Na*-ascorbate cotrans-

1. Abbreviations used in this paper: AA, ascorbic acid; DHA, dehy-
droascorbic acid; dpm, decays per minute; GLUT1, facilitative glu-
cose transporter.



porter that is reported to be present in the small intestine, re-
nal epithelial cells, osteoblasts, adrenomedullary chromaffin
cells, and fibroblasts (19-25). Sodium-sensitive uptake of
ascorbic acid was also demonstrated by expression studies in
Xenopus oocytes injected with poly(A)* RNA extracted from
rabbit kidney cortex (26). The cotransporter has not been mo-
lecularly characterized, and we have found no Na*-dependent
ascorbic acid uptake in white blood cells (17, 18).

In this study, we found that vitamin C crosses the blood-
brain barrier in the oxidized form, dehydroascorbic acid. The
dehydroascorbic acid traverses the blood-brain barrier through
GLUT]I, and it is subsequently reduced and retained in the
brain in the reduced form, ascorbic acid. Since only ascorbic
acid is detected in the serum, with dehydroascorbic acid at
trace or unmeasurable serum levels (27), oxidation of ascorbic
acid may be an important step regulating brain uptake of vita-
min C.

Methods

Blood-brain barrier in vivo transport studies. Balb/c mice (ages 6-8
wk) and Fischer F344 rats (70-80 grams body weight) were injected
into the tail vein with 5 wCi in the mouse (a dose expected to lead to an
in vivo concentration of ~ 250 uM, based on the average blood volume
of the mouse) or 10 pCi in the rat of [“Clascorbic acid (L-[1-
4Clascorbic acid, specific activity, 6.6 mCi/mmol; DuPont-NEN, Bos-
ton, MA), ["*C]dehydroascorbic acid, or [*H]sucrose ([fructose-
1-3H]sucrose, specific activity 20.0 Ci/mmol; Dupont NEN). [“C]Dehy-
droascorbic acid was generated in all experiments by incubating
[“CJascorbic acid with ascorbate oxidase, 1 U/1.0 mmol L-ascorbate
(derived from Cucurbita species; Sigma Chemical Co., St. Louis,
MO). Dithiothreitol (0.1 mmol/liter) was added to the vitamin C
preparations (both ascorbic acid and dehydroascorbic acid). Animals
were killed at various time points after intravenous injection by cer-
vical dislocation or CO, inhalation. The brain was dissected and ho-
mogenized in 70% methanol, and the serum fraction of blood was
placed in 70% methanol. Samples were processed for scintillation
spectrometry or HPLC as described (17, 18). HPLC was performed
on the methanol fraction with 1 mmol/lliter EDTA added (17, 18).
Samples were stored at —70°C until analysis. HPLC samples were
separated on a strong anion exchange Partisil 10 SAX (4.6 X 25 cm)
column (Whatman Inc., Clifton, NJ). A Whatman-type WCS solvent—
conditioning column was used, and the eluates were monitored with a
System Gold liquid chromatograph (Beckman Instruments, Inc., Ful-
lerton, CA) with a diode array detector and radioisotope detector ar-
ranged in series. Ascorbic acid was monitored by absorbance at 265
nm, and by radioactivity. Dehydroascorbic acid has no absorbance at
265 nm, and was monitored by radioactivity.

Calculation of the blood-brain barrier permeability—surface area
product. The amount of compound crossing the blood-brain barrier
is dependent on two parameters defined by the following equation: %
injected dose/g of brain tissue = PS X AUC\B where PS is the blood—
brain barrier permeability-surface area product, and AUC\B is the
plasma area under the concentration time-activity curve at a given
time (t) after injection. A variant of the single intravenous injection
technique, termed the external organ technique, was used to quantify
the blood-brain barrier-PS product in anesthetized animals. The
plasma and brain radioactivities were measured as decays per minute
(dpm)/pl of serum (after the ascorbic acid or sucrose was solubilized
from the cells in the presence of 70% methanol) which was equiva-
lent to the integral of the plasma radioactivity. The blood-brain bar-
rier PS product is calculated as follows:

. . Vpy -V,
Blood—brain barrier PSS -
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The variables are defined as follows:
t = time
Vp =

[ [*4C] ascorbic acid (AA) or dehydroascorbic acid (DHApm
g brain tissue
[ [**C]AA or DHA] dpm

wl serum

(brain)

(external organ)

[ [3H] sucrosgdpm

g brain tissue (brain)

Vy =
[ [3H] sucrosg¢dpm
wl serum

(external organ).

The rats were anesthetized with a mixture of ketamine (90 mg/kg)
and xylazine (10 mg/kg) during the procedure. Xylazine caused hy-
perglycemia and hypoinsulinemia in the animals with a serum glucose
of ~ 280 mg/dl 30 min after anesthesia induction (28, 29). The serum
glucose in these experiments was threefold higher than baseline glu-
cose concentrations in the rats, and competed for transport through
GLUT1, affecting PS calculations. Only the experiments done to cal-
culate the blood-brain barrier permeability—surface area product in-
volved anesthesia. Radiolabeled test compound ([*H]sucrose, ['*C]ascor-
bic acid, or ['*C]dehydroascorbic acid) was injected into a cannulated
femoral vein in several groups with three rats each. Sucrose was used
as a V, marker (plasma volume marker). For 30 s (t) after injection,
arterial blood was collected by gravity from a catheter cannulated in
the abdominal aorta, the animal was killed, and the brain was har-
vested and processed as described above.

Digital autoradiography. Animals were killed, frozen in a dry ice/
hexane mixture, and embedded in 5% carboxymethylcellulose (Sigma
Aldrich, St. Louis, MO). The animal blocks equilibrated for ~ 12 h at
—20°C, and the animals were sectioned in coronal cuts with a slice
thickness of ~ 40-45 pm in a cryomicrotome (PMV) and tape-lifted
for direct exposure onto digital plates (30). The exposure time was
~ 72 h. All digital plates were scanned on a Bas 5000 digital autora-
diographic system (Fuji Photo Film Co., Tokyo, Japan) at a 25-pm
resolution.

Results

Blood-brain barrier transport of vitamin C. Mice and rats were
injected into the tail vein with [**CJascorbic acid, ['*C]dehy-
droascorbic acid, or [*H]sucrose. 3 min after intravenous injec-
tion, the animals were killed, the brains were harvested, and
the methanol-soluble fraction was counted by liquid scintilla-
tion. Approximately 4% of the dehydroascorbic acid (ex-
pressed as percent of injected dose [ID] per g of brain tissue)
was found in the brain after 3 min (Fig. 1, A and B). Injected
ascorbic acid and sucrose yielded only trace radioactivity in the
brain homogenate at 3 min, indicating that ascorbic acid could
not pass the blood-brain barrier. Because sucrose is not me-
tabolized or transported, it is used as a marker of plasma vol-
ume (31). The small amount of radioactivity present in the
brain of the sucrose- and ascorbic acid-injected animals was
consistent with the radioactivity present within the brain blood
vessels. Control experiments were performed to demonstrate
that the ascorbate oxidase used to generate dehydroascorbic
acid did not affect the transport results. Ascorbate oxidase was
injected into five mice 15 s after radiolabeled ascorbic acid was
injected. Addition of ascorbate oxidase resulted in no change
in radiolabeled ascorbic acid in the brain. We also performed
experiments with dehydroascorbic acid generated by infusion
of boron gas as the oxidant (data not shown). The results were
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Figure 1. Dehydroascorbic acid is transported across the blood-brain barrier and accumulates in the brain as ascorbic acid. (4) Mice and (B)
rats were injected into the tail vein with [**CJascorbic acid, ['*C]dehydroascorbic acid, or [*H]sucrose. Each group consisted of 12 animals, and
values are expressed as mean=SEM. (C) HPLC analysis of the methanol-soluble fraction of the brain (solid line) of a mouse injected with 20 wCi
[**C]dehydroascorbic acid (the HPLC result of the injected material is shown in the broken line) and killed at 5 min. (C) Accumulation of vita-
min C in the brain is in the form of ascorbic acid (~ 90%; retention time, ~ 11.80 min, solid line) in the dehydroascorbic acid-injected animal
(the HPLC result of the injected material is shown in the broken line). (D) The initial kinetics and (E) 2-h kinetics of accumulation of radioactiv-
ity in the brain of mice injected intravenously with ['*Clascorbic acid (@), ['*C]dehydroascorbic acid (W), or [*H]sucrose (O). (F) The initial ki-
netics and (G) 2-h kinetics of radioactivity in the serum of mice injected intravenously with ['*C]ascorbic acid (@), ['*C]dehydroascorbic acid
(M), or [*H]sucrose (O). (H) HPLC analysis of the methanol-soluble fraction of serum (solid line) of a mouse injected with 20 wCi [**C]dehy-
droascorbic acid (the HPLC result of the injected material is shown in the broken line) and killed at 5 min. Radioactivity present in serum is in
the form of ascorbic acid (> 98%; retention time, ~ 11.80 min, solid line) in the dehydroascorbic acid-injected animal (the HPLC result of the
injected material is shown in the broken line). Each data set in D-H represents four mice=SEM.

equivalent to those obtained using ascorbate oxidase as the ox-
idant. HPLC analysis of the methanol fraction of the brain ho-
mogenate revealed that the form of vitamin C accumulated in
the brains of dehydroascorbic acid-injected animals was > 85%
ascorbic acid (Fig. 1 C). These results indicate that dehy-
droascorbic acid was transported across the blood-brain bar-
rier and retained as ascorbic acid in the brain.
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Time kinetics of vitamin C transport in vivo. Brain radioac-
tivity after dehydroascorbic acid injection, reached a maxi-
mum of 4.3% of ID/g brain tissue at 3 min, decreased to 3.3%
at 25 min, and remained at that level for up to 2 h after injection
(Fig. 1, D and E). Injection of sucrose and ascorbic acid re-
sulted in a maximum brain accumulation of 0.4% ID/g brain
tissue 15 to 30 s after injection (Fig. 1 D). Brain radioactivity in



the sucrose-injected animals decreased to < 0.1% after 15 min,
concomitant with the fall in serum radioactivity in these mice
(Fig. 1, E and G). In ascorbic acid-injected mice there was an
increase in brain radioactivity to 1.1% ID/g brain tissue 2 h af-
ter injection, a time period during which there was a decreasing
amount of radioactivity in the serum (Fig. 1, E and G). The se-
rum radioactivity concentration 15 s after dehydroascorbic acid
injection was 8% ID/g serum, whereas the corresponding figure
in mice injected with ascorbic acid was 27%. Thus, dehydroascor-
bic acid was cleared from the circulation substantially faster
than ascorbic acid (Fig. 1 F). At the 3-min time point the radio-
activity in the serum of the ascorbic acid— and dehydroascorbic
acid-injected animals was equivalent (Fig. 1 G). Radioactivity
remaining in the serum of the dehydroascorbic acid-injected
animals at 5 min was associated with ascorbic acid (Fig. 1 H).

The serum concentration of injected dehydroascorbic acid
reached only 20-25% of the serum concentration of ascorbic
acid or sucrose during the initial several minutes after injection
(Fig. 1 F). As sucrose has no transport mechanism, its clear-
ance from the serum was slow. Cellular transport is a clearance
mechanism for ascorbic acid and dehydroascorbic acid, with
the participation of glucose transporters in the case of dehy-
droascorbic acid and possibly a Na*-ascorbate cotransporter in
the case of ascorbic acid (19-25). The rapid clearance of dehy-
droascorbic acid from the serum likely reflected the large num-
ber of glucose transporters available.

Injected ['*C]ascorbic acid showed no measurable trans-
port into the brain over the first 30 min, but some radioactivity
accumulated in the brain at longer time periods. There are at
least three potential explanations for this result. The first is

that the ascorbic acid was metabolized in the serum in the in-
terval time period, and the radioactivity in the brain repre-
sented transported radiolabeled metabolic breakdown prod-
ucts of ascorbic acid. Such an explanation is unlikely as the
HPLC results demonstrated that the majority of the radioac-
tivity in the brains of dehydroascorbic acid-injected animals
was eluted in radioactive peaks consistent with intact ascorbic
acid. A second possibility is the presence of some Na*-ascor-
bate cotransporters at the blood-brain barrier or choroid
plexus (2). We do not consider this possibility likely since accu-
mulation of ascorbic acid did not occur linearly with time, but
only occurred after 30 min. Nonetheless, our results do not
rule out the notion that ascorbic acid in the blood may be di-
rectly transported into the brain. We favor the interpretation
that oxidation of ascorbic acid in the microenvironment oc-
curred in vivo, leading to the production of dehydroascorbic
acid that was then transported across the blood-brain barrier
and trapped in the brain as ascorbic acid.

Digital autoradiography of the rat brain. Digital autoradio-
graphy of the brain of a rat injected with [**C]dehydroascorbic
acid and a rat injected with [“Clascorbic acid was performed
to confirm the anatomical distribution of the injected com-
pounds (Fig. 2). Autoradiographic evidence of activity accu-
mulation in the brain was seen only in animals injected with
dehydroascorbic acid. ['*C]sucrose was used as a marker of in-
travascular volume. The photostimulated luminescence (PSL)/
mm? ratio of brain/background counts for the dehydroascorbic
acid-injected rat was 8.6+0.3 (mean of three sections*SEM).
The PSL/mm? ratio in the ascorbic acid-injected rat was
1.5£0.1 and 1.4=0.1 in the sucrose—injected rat.

Radioactive counts

Low —— High
Figure 2. Brain digital autoradiography of rat with *C-labeled ascorbic acid, dehydroascorbic acid, and sucrose. (A) Digital autoradiography

was performed on a Fischer F344 rat (8 wk of age) 3 min after intravenous injection with 40 wCi of ['*C]dehydroascorbic acid, (B) 40 n.Ci
[*CJascorbic acid, and (C) 40 p.Ci [“C]sucrose ([glucose-'*C(U)]-sucrose, specific activity, 310 mCi/mmol, DuPont-NEN). *Represents the area

of the brain. Scale bars = 1 cm.
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Inhibition of blood-brain barrier vitamin C transport by
D-deoxyglucose. GLUT1 is expressed on endothelial cells at
the blood-brain barrier, and is responsible for glucose trans-
port into the brain (32, 33). The glucose transporter GLUT1
selectively transports D-glucose, but not L-glucose. To confirm
that dehydroascorbic acid passed the blood-brain barrier
through GLUTSs, we determined the ability of D- and L-glucose
to inhibit vitamin C uptake. A mouse has a baseline blood glu-
cose concentration of ~ 5-7 mM or 2.67 mg glucose in the en-
tire mouse, based on an average blood volume. The amount of
exogenous glucose administered in this experiment was based
on whole mouse blood glucose and subsequent multiples to a
maximum tolerable amount. The concentrations of both blood
glucose and dehydroascorbic acid in the mice change rapidly and
widely during the time after injection, and therefore it was dif-
ficult to obtain meaningful data. 2-Deoxy-D-glucose (D-deoxy-
glucose) and D-glucose (data not shown) inhibited up to 70%
of dehydroascorbic acid uptake in the brain in a dose-depen-
dent fashion, whereas L-glucose and leucine had no effect (Fig.
3 A). The uptake of leucine, which is not transported by GLUTs,
but crosses the blood-brain barrier largely through L system
transporters, and to a minor extent by the ASC system trans-
porter (34), was not affected by increasing concentrations of
L-glucose or D-deoxyglucose (Fig. 3 B), nor were the serum
concentrations of ascorbic acid, dehydroascorbic acid, and leu-
cine affected by increasing concentrations of D-deoxyglucose
or L-glucose (data not shown). These results establish that
D-deoxyglucose inhibits dehydroascorbic acid from entering
the brain through the glucose transporters, but does not affect
certain other transport systems or alter general blood-brain
barrier permeability by osmotic effects.

Calculation of the blood—brain barrier permeability—surface
area product. The external organ approach, using serum as the

A B

% injected dose/ gram brain tissue
w

0 ' . - I. . .
0 27 53 80 107 134 0 27 53 80 107 134

Deoxyglucose L-Glucose
Injected Dose (mg)

Figure 3. Specificity of the transport of dehydroascorbic acid through
GLUT1 at the mouse blood-brain barrier. (4) ["*C]Dehydroascorbic
acid (M) entered the brain, and its accumulation was blocked by in-
creasing amounts of D-deoxyglucose that is transported through
GLUTT1. Transport of [*H]leucine (O) or [**C]ascorbic acid (@)
across the blood-brain barrier was not affected by D-deoxyglucose.
(B) L-glucose, which is not transported through GLUT1, had no ef-
fect on the transport of ['*C]dehydroascorbic acid. Transport of
[*H]leucine (O) or [*CJascorbic acid (@) across the blood—brain bar-
rier was not affected by L-glucose. All experiments were carried out
over a 30-s time course. Each data set included four mice, and the
data were expressed as mean*=SEM.
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external organ, was used to calculate the blood-brain barrier
permeability—surface area product (PS) in the Fischer F344 rat
(35). The calculated PS of ['*C]dehydroascorbic acid was
13612 (SEM) wl/min/g brain tissue, that of ['*CJascorbic acid
was —0.44+0.24 pl/min/g brain tissue, and that of PH]-D-deoxy-
glucose was 44+3.2 pl/min/g brain tissue. The difference in the
blood-brain barrier PS between ascorbic acid and dehy-
droascorbic acid illustrated the marked differences in the
blood-brain barrier transport between the redox states of vita-
min C. The calculated PS of ascorbic acid was ~ 0 wl/min/g
brain tissue at 30 s, similar to that of sucrose, which indicates
no transport across the blood-brain barrier.

Discussion

The results of this study established that the transport of vita-
min C into the brain is mediated by glucose transporters at the
blood-brain barrier that transport dehydroascorbic acid. We
found no measurable transport of ascorbic acid across the
blood-brain barrier at short time intervals. It is possible that
the blood-brain barrier has a means to transport ascorbic acid
slowly since a small amount of brain uptake was seen 30 min
after ascorbic acid injection. Transport of ascorbic acid may be
underestimated in our study because of competition of the ra-
diolabeled ascorbic acid by ascorbic acid in the blood. The cal-
culated concentration of radiolabeled ascorbic acid in the
mouse studies, however, was ~ 250 uM, which is 2.5 to 3 times
the blood concentration of ascorbic acid in the mouse (37).
Thus, from a simple kinetic analysis, we calculate no more
than a maximum of 30% potential competition of transport of
the radiolabeled material. Similarly, endogenous glucose is ex-
pected to compete partially for dehydroascorbic acid uptake
across the blood-brain barrier in our assays, although to a mi-
nor extent. The blood concentration of glucose in normal ro-
dents is ~ 5-7 mM, yet dehydroascorbic acid was readily trans-
ported into the brain across the blood-brain barrier. Both
dehydroascorbic acid and glucose are substrates of the glucose
transporters under physiologic conditions. Our results are con-
sistent with in vitro data demonstrating that a deoxyglucose
concentration > 50 mM is necesary to block the transport of
dehydroascorbic acid through GLUT1 (17, 18). The kinetic
constant (K ;) of the blood-brain barrier transport of glucose
is 11.0=1.4 mM (38). Thus, a blood glucose concentration
of ~ 11 mM would be necessary to block 50% of the transport
of dehydroascorbic acid. Our in vivo experiments show that
a severalfold increase in blood glucose caused a dose-depen-
dent inhibition of dehydroascorbic acid accumulation in the
brain. We were unable to completely inhibit dehydroascorbic
acid transport in the brain in these experiments because we
were not able to increase blood glucose concentration above
25-30 mM.

The permeability—surface area product of dehydroascorbic
acid was threefold greater than that of D-deoxyglucose, which
agrees with the difference in the K, values between the two
compounds. The apparent K, of D-deoxyglucose for trans-
port was 2.5 mM in HL-60 cells, compared with an apparent
K., of 0.85 mM for dehydroascorbic acid in HL-60 cells (17,
18). The glucose transporter at the blood-brain barrier was
found to function in vivo comparably to in vitro models of
the facilitative hexose transporters in that only the oxidized
form of vitamin C, dehydroascorbic acid, was transportable
(16-18). GLUT]1, an isoform of the glucose transporter, is ex-
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Figure 4. A proposed mechanism of vitamin C transport and accumu-
lation in the brain. AA, the predominant form of vitamin C in blood,
is oxidized to dehydroascorbic acid DHA in the tissue microenviron-
ment. Oxidation is thus a regulatory step for brain transport of vita-
min C. The DHA is then transported through GLUT1 at the surface
of the blood-brain barrier endothelial cell. The DHA is transported
out of the endothelial cell through GLUT1. DHA may first be re-
duced to AA inside the cell, and then be oxidized for export through
GLUT1, although there are little data concerning this step. The DHA
in the brain is then reduced to AA, which is trapped in the brain be-
cause it cannot be transported through GLUT1 (36).

pressed at the blood-brain barrier on endothelial cells, and
was responsible for the dehydroascorbic acid transport. Dehy-
droascorbic acid was reduced to ascorbic acid after passing the
blood-brain barrier, and was retained in the brain as ascorbic
acid. This trapping mechanism allows for accumulation of sub-
stantially higher concentrations of vitamin C in the brain than
in the blood. A model for vitamin C accumulation in the brain
is summarized in Fig. 4.

The current recommended daily allowance of vitamin C
is 60 mg, and yields a steady-state plasma concentration of
~ 24 uM in human volunteers (39). The vitamin C detected in
the serum is in the form of ascorbic acid, with dehydroascorbic
acid at trace or unmeasurable serum levels (27). Thus, vitamin
C exists in the blood as ascorbic acid, and must be converted to
dehydroascorbic acid in order to traverse the blood-brain bar-
rier through the glucose transporter. Therefore, our results
point to oxidation of ascorbic acid as a potentially important
step in regulating vitamin C entry into the brain. The mecha-
nism and location of in vivo vitamin C oxidation is not known.

James Lind detailed the clinical description of scurvy in A
Treatise of the Scurvy in 1772. He concluded his report of the
autopsy results of scorbutic patients’ “ravaged bodies” as fol-
lows: “What was very surprising, the brains of those poor crea-
tures were always sound and entire . . .” (40). Therefore, there
appeared to be a mechanism for accumulation and storage of
ascorbic acid in the brain such that the brain would be the last
organ depleted of vitamin C. The normal human brain has a vi-
tamin C concentration of ~ 1 mM, 10 times the normal serum
concentration (37). The precise role of vitamin C in the brain is
uncertain, but ascorbic acid may be a cofactor of dopamine
B-hydroxylase, and thus involved in the biosynthesis of cate-
cholamines. Vitamin C can also inhibit the peroxidation of
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membrane phospholipids and act as a scavenger of free radi-
cals in the brain (7, 8). Our findings in this study suggest that
vitamin C concentrations in the brain could be increased by in-
creasing the blood concentration of dehydroascorbic acid. De-
hydroascorbic acid is trapped in the brain and in cells by reduc-
tion to ascorbic acid. The mechanism of dehydroascorbic acid
reduction is not known, but it is believed to be related to glu-
tathione and/or glutathione-dependent reductases (41-43). In
HL-60 myeloid leukemia cells, glutathione or glutathione-depen-
dent reductases are not needed for dehydroascorbic acid re-
duction (44). There is also evidence for the existence of a glu-
tathione-independent, NADPH-dependent mechanism to reduce
dehydroascorbic acid in rat liver (45). Dehydroascorbic acid
reduction requires electron donation, and the mechanism of
donor regeneration is not known. It is possible that a large
amount of dehydroascorbic acid in the brain may overwhelm
the brain’s reductive capacity, but there is no evidence to this
point.

Our results define a mechanism by which the brain obtains
and retains vitamin C. We demonstrate that vitamin C enters
the brain in the form of dehydroascorbic acid through GLUT1
at the blood-brain barrier, and is reduced and retained in the
brain as ascorbic acid. These results have implications for in-
creasing antioxidant potential in the central nervous system.
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