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Abstract
Vitamin C, or ascorbic acid, is important as an antioxidant and participates in numerous cellular
functions. Although it circulates in plasma in micromolar concentrations, it reaches millimolar
concentrations in most tissues. These high ascorbate cellular concentrations are thought to be
generated and maintained by the SVCT2 (Slc23a2), a specific transporter for ascorbate. The
vitamin is also readily recycled from its oxidized forms inside cells. Neurons in the central
nervous system (CNS) contain some of the highest ascorbic acid concentrations of mammalian
tissues. Intracellular ascorbate serves several functions in the CNS, including antioxidant
protection, peptide amidation, myelin formation, synaptic potentiation, and protection against
glutamate toxicity. The importance of the SVCT2 for CNS function is supported by the finding
that its targeted deletion in mice causes widespread cerebral hemorrhage and death on post-natal
day one. Neuronal ascorbate content as maintained by this protein also has relevance for human
disease, since ascorbate supplements decrease infarct size in ischemia-reperfusion injury models
of stroke, and since ascorbate may protect neurons from the oxidant damage associated with
neurodegenerative diseases such as Alzheimer’s, Parkinson’s, and Huntington’s. The aim of this
review is to assess the role of the SVCT2 in regulating neuronal ascorbate homeostasis and the
extent to which ascorbate affects brain function and antioxidant defenses in the CNS.
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1. Ascorbic acid physiology and recycling

Ascorbic acid is a vitamin because humans, higher primates, and a few other vertebrates
such as guinea pigs have lost the ability to synthesize it from glucose. These species lack the
enzyme L-gulono-1,4-lactone oxidase (EC 1.1.3.8), which carries out the last step in
ascorbate biosynthesis (Chatterjee et al. 1960). Species that cannot synthesize ascorbate
must therefore have efficient mechanisms for both absorption of the vitamin and for its
recycling. Absorption of vitamin C occurs largely in the distal ileum of humans and guinea
pigs, where uptake is mediated by a saturable, sodium- and energy-dependent transporter
(Stevenson and Brush 1969, Bianchi et al. 1986) that is located in the apical brush border
membrane (Bianchi et al. 1986; Rose 1988). This transporter has been cloned (Tsukaguchi et
al. 1999) and is termed SVCT1 (sodium-dependent vitamin C transporter-1, Slc23a1). The
SVCT1 helps to generate plasma ascorbate concentrations of 40–60 µM in humans (Table
1), which can double with typical levels of dietary ascorbate supplementation (e.g., 250–
1000 mg daily) (Levine et al. 1996). In contrast to plasma ascorbate concentrations, tissue

Address all correspondence to: James M. May, M.D., Departments of Medicine and Molecular Physiology and Biophysics, Vanderbilt
University School of Medicine, Nashville, TN 37232, USA, Telephone:615-936-1653, Fax: 615-936-1667,
james.may@vanderbilt.edu.

NIH Public Access
Author Manuscript
Subcell Biochem. Author manuscript; available in PMC 2013 July 27.

Published in final edited form as:
Subcell Biochem. 2012 ; 56: 85–103. doi:10.1007/978-94-007-2199-9_6.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



concentrations are typically 1 mM or higher, as exemplified by leukocytes and platelets in
human blood (Table 1). High intracellular ascorbate concentrations are achieved by two
mechanisms. The most important is probably unidirectional transport of the vitamin into
cells on a transporter very closely related to the SVCT1, termed the SVCT2 (Slc23a2)
(Tsukaguchi et al. 1999). These transporters share 65% sequence homology, substrate
saturability, high affinity for ascorbate (20–60 µM), as well as energy- and sodium-
dependence. Intracellular ascorbate tends to exit cells only slowly (May et al. 1998a),
probably because of its hydrophilic structure and negative charge at physiologic pH. The
second route by which ascorbate can enter cells is by uptake of its two-electron-oxidized
form, dehydroascorbic acid (DHA, Figure 1). DHA is taken up on the ubiquitous GLUT-
type glucose transporters (Vera et al. 1993). Although DHA, a triketone with a strained
lactone ring, has little resemblance to glucose, it forms a hydrated bicyclic hemiketal
(Pastore et al. 2001) for which these transporters have affinity (Bigley & Stankova 1974).
Since the GLUTs mediate facilitated diffusion, transport of DHA by this mechanism is bi-
directional. This also means that any DHA formed within cells by ascorbate oxidation will
rapidly efflux and be lost. This is prevented by efficient cellular mechanisms of DHA
reduction or recycling to ascorbate.

Ascorbate recycling from both of its oxidized forms occurs largely within cells, although
cell-surface reduction of its radical one electron-oxidized form has been described (May et
al. 2000, VanDuijn et al. 2000). As shown in Figure 1, ascorbate is oxidized when it donates
a hydrogen atom (proton + electron) to enzyme reactions or to scavenge free radicals. The
one-electron oxidized form of ascorbate, commonly termed the ascorbate free radical (AFR)
or monodehydroascorbate, is surprisingly stable and can be detected at 10 nM
concentrations in biological fluids by EPR (Mehlhorn 1991; Coassin et al. 1991; Buettner &
Jurkiewicz 1993). lthough the AFR has a lower mid-point reduction potential than ascorbate
(Buettner 1993), it is not very reactive. Instead of donation of another hydrogen and
electron, the preferred reaction shown in Figure 1 is for two molecules of the AFR to
dismutate, forming ascorbate and dehydroascorbate (Bielski et al. 1981). DHA is unstable at
physiologic pH, with a half-life of about 6 min (Drake et al. 1942; Winkler 1987) (Tolbert &
Ward 1982). Hydrolysis of the lactone ring irreversibly converts DHA to 2,3-diketo-1-
gulonic acid (Figures 1) (Chatterjee 1970; Bode et al. 1990). Ascorbate loss by DHA
decomposition is obviously wasteful of the vitamin, and DHA reduction to ascorbate is rapid
and efficient within cells.

Mechanisms of GSH-dependent DHA reduction include direct chemical reduction (Winkler
et al. 1994) and enzyme-dependent reduction with GSH serving as electron donor (Maellaro
et al. 1994; Winkler et al. 1994; Washburn & Wells 1999). DHA is also reduced to ascorbate
by NADPH-dependent enzymes, including thioredoxin reductase (May et al. 1997) and a
liver 3ͣ-hydroxysteroid dehydrogenase (Del Bello et al. 1994). The AFR is also reduced to
ascorbate with high affinity by both NADH-dependent reductases (Nazemi & Staudinger
1968; Ito et al. 1981; Villalba et al. 1993) and by the NADPH-dependent enzyme
thioredoxin reductase (May et al. 1998a). As reviewed previously (May & Asard 2004),
these cellular systems provide redundant and efficient mechanisms for recycling of
ascorbate from its oxidized forms.

2. Functions of ascorbate

As noted above, ascorbate provides electrons for crucial enzyme reactions in cells and acts
as a primary antioxidant capable of scavenging radicals generated within cells or plasma.
The chapter by Dr. deTulio details the non-antioxidant functions of ascorbate, which are
crucial in preventing scurvy and for maintaining cell integrity and health. The main
antioxidant function of the vitamin involves direct scavenging of radical species before they

May Page 2

Subcell Biochem. Author manuscript; available in PMC 2013 July 27.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



can damage DNA, proteins, or lipids. Another mechanism by which ascorbate functions as
an antioxidant is to recycle other antioxidants. For example, ascorbate can reduce the ͣ-
tocopheroxyl radical at the surface of biological membranes, thus contributing to the ability
of ͣ-tocopherol to break the chain of lipid peroxidation in lipid bilayers (Buettner 1993).
Another example relates to the finding that ascorbate spares tetrahydrobiopterin in cultured
endothelial cells, thus allowing continued action of endothelial nitric oxide synthase (Heller
et al. 2001; Baker et al. 2001). As with ͣ-tocopherol, the mechanism of this effect also
appears to be due to reduction of the tetrahydrobiopterin radical by ascorbate (Patel et al.
2002). Consideration of both non-antioxidant and antioxidant functions of the vitamin shows
that it has multiple sites of action in cells. Although it may not be absolutely required for
any specific action in a cell, ascorbate is clearly necessary for proper function of many
organs. Perhaps most important is its requirement in the brain and central nervous system
(CNS), as discussed next.

3. Importance of vitamin C in the CNS

Ascorbic acid is an essential micronutrient in the CNS. Whereas whole brain ascorbate
concentrations are one to two mM, intracellular neuronal concentrations have been
calculated to be much higher (Rice & Russo-Menna 1998; Rice 2000), as discussed below.
Neurons are also especially sensitive to ascorbate deficiency, perhaps because they have 10-
fold higher rates of oxidative metabolism than supporting glia (Wilson 1997; Hediger 2002).
This heightened neuronal sensitivity is most apparent in states of ascorbate deficiency and in
conditions in which there is excess oxidant stress. A neuroprotective role for ascorbate is
also suggested by the existence of homeostatic mechanisms that maintain high
concentrations of ascorbate in cerebrospinal fluid (CSF) and in neurons. A key feature in
this regard is the ability to sustain steep ascorbate concentration gradients: a) from plasma to
the CSF across the choroid plexus and b) from the CSF and interstitium into neurons (Figure
2). In both instances, this gradient is generated for the most part by the SVCT2 protein. As
discussed next, intracellular ascorbate and thus the SVCT2 protects the CNS in syndromes
of oxidant stress.

Scurvy causes severe lassitude and asthenia in humans. Although the disease has been
associated with paraparesis in humans, death appears to be due more to complications of
systemic collagen dysfunction and not to a distinct neurologic syndrome (Hirschmann &
Raugi 1999). This likely relates to the fact that ascorbate is avidly retained by the CNS
during ascorbate deficiency (Hornig 1975). For example, 14 days after removal of ascorbate
from their diet, guinea pig brains still had 24% of their original ascorbate content, compared
to only 4% for adrenal gland and 3% for spleen (Hughes et al. 1971). Whereas this could
indicate that decreases in CNS ascorbate do not play a major role in generalized scurvy, the
argument can also be made that the strong retention of ascorbate in the CNS reflects its
importance to neuronal function. This hypothesis is supported by our own studies in guinea
pigs with moderate vitamin E deficiency in which an acute deficiency of ascorbate was
superimposed (Hill et al. 2003). After two weeks of vitamin E deprivation in male guinea
pigs, plasma and brain ͣ-tocopherol concentrations were modestly decreased by 65% and
32%, respectively. These animals gained weight and appeared completely normal without
evidence of abnormal gait or ataxia (signs of vitamin E deficiency). However, within fife to
six days of removing vitamin C from their diet, the animals typically developed a
progressive ascending paralysis and died within 24 hours. No neurologic signs were
apparent in animals with single deficiencies of either vitamin C or E alone. Death occurred
in the doubly deficient animals despite only 37% and 67% decreases in brain and spinal cord
ascorbate concentrations, respectively. Despite over 95% decreases in plasma and liver
ascorbate in the animals on the vitamin C-deficient diet, neither the C-deficient nor the
doubly deficient animals had signs of scurvy (no skin or hair changes, no hemarthroses).
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The doubly deficient animals had only small increases in liver and brain F2-isoprostanes (a
marker of oxidant stress). Standard hematoxylin and eosin staining of the brains and spinal
cords showed no specific abnormalities. However, subsequent studies using Nissl and silver
degeneration stains revealed widespread neuronal loss and degeneration in the pons and long
tracts of the spinal cord (Burk et al. 2006). Thus, even a modest decrease in CNS ascorbate
accelerated signs of vitamin E deficiency in this model, indicative of a crucial role for
ascorbate in protecting the brain against oxidant stress.

If the SVCT2 transporter is responsible for maintaining high CSF and neuronal ascorbate
concentrations, what happens when the protein is knocked out in the mouse? Targeted
deletion of the SVCT2 protein results in homozygotes that die shortly after birth: although
they appear to develop normally in utero, they never take a breath and have diffuse cerebral
hemorrhage (Sotiriou et al. 2002). Whereas the latter likely reflects increased capillary
fragility due to defects in basement membrane type IV collagen (Gould et al. 2005), the
animals do not show hemorrhage elsewhere and lack signs of generalized scurvy. Further,
hydroxyproline levels in skin are normal (Sotiriou et al. 2002). The cause of death is
unknown. Catecholamine synthesis is decreased, but this is apparently not the cause of death
(Bornstein et al. 2003). Although the lungs fail to expand, their architecture is normal, as are
surfactant levels (Sotiriou et al. 2002). Brain ascorbate concentrations are decreased 30–50%
in the heterozygotes, and are very low to undetectable in the homozygous mice (Sotiriou et
al. 2002). It seems likely that diffuse cortical capillary hemorrhage along with neuronal
dysfunction contributed significantly to the death of these mice, although further studies are
needed to assess the role of the lung and metabolic defects.

Perhaps the most dramatic acute oxidant stress in the CNS is the ischemia-reperfusion injury
that occurs with stroke. It is generally accepted that ischemia depletes intracellular GSH and
ascorbate in brain, and that subsequent reperfusion generates reactive oxygen species (ROS)
that further deplete these two antioxidants and extend tissue damage to areas with decreased
oxidant defenses (Rice et al. 1995). Ascorbate supplements decrease infarct size in animal
studies. For example, in monkeys given one g/day of ascorbate parenterally for six days
before middle cerebral artery occlusion, brain ascorbate was increased by 50%. This
indicates that ascorbate had access to the CNS. Further, infarct size was decreased by 50%
in the ascorbate-treated group compared to the control group (Ranjan et al. 1993). Similarly,
in rats with middle cerebral artery occlusion, high dose dehydroascorbate given by
intraperitoneal injection just before, 15 min after, or three h after occlusion markedly
decreased infarct volume, mortality, and neurological deficits in mice (Huang et al. 2001). In
contrast, ascorbate itself showed no protective effect in these studies. As shown in Figure 2,
dehydroascorbate is rapidly transported across the blood-brain barrier by glucose
transporters (Agus et al. 1997; Huang et al. 2001; Mack et al. 2006), taken up by glucose
transporters in neurons, and reduced to ascorbate (May & Asard 2004). The inability of
acute treatment with ascorbate to prevent neuronal damage in the rat model is supported by
other evidence that ascorbate does not cross the blood-brain barrier in its fully reduced form
(Agus et al. 1997; Hosoya et al. 2004). This appears to be due to lack of SVCT2 in
endothelial cells of the blood-brain barrier, as shown by in situ hybridization (Berger et al.
2003; García et al. 2005) and more recently by immunostaining for the SVCT2 protein (Mun
et al. 2006).

The ability of ascorbate to decrease infarct size following ischemia-reperfusion likely relates
to scavenging of ROS, both within and around cells. Ascorbate at the concentrations present
in CSF and neurons in vivo (i.e., >100 µM) will effectively scavenge superoxide (Jackson et
al. 1998) and spare or recycle ͣ-tocopherol in the lipid bilayer (Niki et al. 1995; May et al.
1998b). For example, an increase in intracellular (but not extracellular) ascorbate content of
(rat) brain slices decreased the swelling induced by oxidant stress (Brahma et al. 2000). We
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reported that ascorbate prevented loss of ͣ-tocopherol and lipid peroxidation induced by
culture in oxygenated medium (Li et al. 2003). Finally, in our recent studies, primary
cultures of hippocampal neurons prepared from homozygous SVCT2 knockout mice showed
increased susceptibility to cell death induced by N-methyl-D-aspartate (NMDA) and H2O2
compared to cultures from wild-type mice (Qiu et al. 2006). The improved survival of
neurons containing the SVCT2 was likely due to small amounts of endogenous ascorbate
(0.1–0.2 mM) retained by the cells after 2 weeks in culture, since the culture medium did not
contain ascorbate.

Regarding extracellular ascorbate, it has long been known that ischemia releases large
amounts of ascorbate from brain cells (Hillered et al. 1988). Since this release was
associated with glutamate uptake by neurons and glia (Miele et al. 1994, Rice 2000), these
two processes were thought to be linked in mechanism involving heteroexchange across one
or more transporters (Grünewald 1993; Rebec and Pierce 1994; Yusa 2001). Removal of
extracellular glutamate by such heteroexchange would decrease excitotoxicity caused by
activation of cell surface and synaptic glutamate receptors (Grünewald 1993; Rebec &
Pierce 1994; Yusa 2001). In addition, intracellular ascorbate would be expected to scavenge
ROS generated during to glutamate-induced excitotoxicity. In this regard, ascorbate added to
the culture medium was found to prevent glutamate-induced cell damage and death in
cultured cerebellar granule cells (Ciani et al. 1996; Atlante et al. 1997). Ascorbate also has
been shown to protect neurons from excitotoxicity induced by activation of the NMDA
receptor (MacGregor et al. 1996; Majewska et al. 1990; Majewska & Bell 1990). Whereas
intracellular ascorbate protects cells against glutamate toxicity, recent evidence suggests that
it does not do so via a heteroexchange mechanism. Wilson and colleagues confirmed that
glutamate increases ascorbate efflux from cerebral astrocytes, but found no effect of
intracellular ascorbate on glutamate uptake (Wilson et al. 2000). The release of ascorbate
was attributed to glutamate-induced cell swelling followed by opening of organic ion
channels through which ascorbate can pass (Wilson et al. 2000). We found the analogous
results in SH-SY5Y neuroblastoma cells: glutamate caused release of intracellular ascorbate,
but neither intra- nor extracellular ascorbate affected glutamate uptake (May et al. 2006).
Together, the results of these studies strongly support a protective role for ascorbate and
possibly for the SVCT2 in brain during acute ROS generation.

4. Ascorbate function in the CNS

Whereas ascorbate is well known to be involved in neuronal biochemistry (e.g., peptide
amidation, myelination, and catecholamine synthesis), evidence for a direct role in neuronal
maturation and function has only recently been forthcoming. Culture of embryonic cortical
precursor cells in medium containing ascorbate was first shown to induce their maturation
into neurons and astrocytes by Lee and colleagues (Lee et al. 2003). We confirmed and
extended these findings in primary cultures of hippocampal neurons (Qiu et al. 2006). Key
to these experiments was the use of cells prepared from late-stage embryos (gestational day
18–19) that either expressed or completely lacked the SVCT2. After 10–14 days in culture
in serum-free medium in the absence of ascorbate, no ascorbate was present in cells
prepared from Slc23a2 (−/−) mice, whereas the ascorbate content of cells from wild-type
littermates was 0.1–0.2 mM. The SVCT2 was not detected by immunostaining in cells from
the Slc23a2 (−/−) mice, whereas it was clearly present in cells from wild-type mice. Although
the SVCT2 was previously reported to be restricted to neuronal cell bodies in sections
prepared from adult rat brain (Mun et al. 2006), we found that it was present in punctate
pattern almost exclusively in neuronal axons and not in dendrites or cell bodies. The
presence of the SVCT2 enhanced neuronal maturation in culture. Compared to neurons from
wild-type mice, neurons from Slc23a2 (−/−) mice showed slower neuronal growth, as
indicated by fewer dendritic branches and reduced total dendritic length. In addition, the
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numbers of ͣ-amino-5-hydroxy-3-methyl-4-isoxazole propionic acid (AMPA) receptor
subunit GluR1 clusters were also significantly reduced in cells lacking the SVCT2. The
mechanism for reduced GluR1 clustering was not established, but it may be due to
ascorbate-dependent abnormalities in neuronal activity, since neuronal activity can induce
neurotransmitter receptor clustering (Rao et al. 2000). Perhaps related to the abnormalities in
AMPA receptor subunit clustering, cells lacking the SVCT2 also had decreased neuronal
activity. In patch-clamp experiments, cells from Slc23a2 (−/−) mice showed both decreased
amplitude and frequency of miniature excitatory post-synaptic currents. It seems likely that
these findings are due to the ability of cells containing the SVCT2 to retain intracellular
ascorbate in culture, rather than to the presence of the SVCT2 per se.

5. Ascorbate accumulation and maintenance in the CNS: Role of SVCT2

As shown in Figure 2, there are two mechanisms by which ascorbate can enter neurons and
glia: transport of ascorbate on the SVCT2 and uptake and reduction of dehydroascorbate.
The SVCT2 mediates transport of ascorbate both from plasma across the choroid plexus to
the CSF and across the neuronal cell plasma membrane. The plasma-CSF ascorbate gradient
is about 4-fold in humans (Reiber et al. 1993; Lönnrot et al. 1996) and animals (Spector and
Lorenzo 1973; Spector 1977), resulting in CSF ascorbate concentrations of about 200 µM,
compared to plasma concentrations of 50 µM or less (Table 7.1). Although DHA enters the
CNS more rapidly than ascorbate, the latter does readily penetrate the central nervous
system after oral administration (Kontush et al. 2001). For example, supplements of one g
vitamin C a day to volunteers already replete with vitamin C increased plasma levels from
50 to 75 µM, and increased CSF ascorbate from 200 µM to 250 µM (Lönnrot et al. 1996).
Neuronal ascorbate uptake further accentuates the ascorbate concentration gradient from
plasma to neurons, and brain neurons are said to have the highest ascorbate concentrations in
the body (Rose 1988). In this regard, neuronal ascorbate concentrations in young rats have
been calculated to be as high as 10 mM, whereas glial ascorbate concentrations are only 0.9
mM (Rice a& Russo-Menna 1998; Rice 2000). Such high ascorbate concentrations in young
rats agree with the finding that SVCT2 mRNA is increased in fetal mouse brain compared to
brain from adult animals (Castro et al. 2001).

It also appears that much of the ascorbate in brain is in neurons. This was first shown over
four decades ago in histochemical studies (Shimizu et al. 1960). More recent investigations
have localized high ascorbate concentrations to neuron-rich areas of the hippocampus and
neocortex in normal human brain, where the ascorbate content is as much as two-fold higher
in than in other brain regions (Mefford et al. 1981; Milby et al. 1982). The higher ascorbate
contents of neurons in comparison to glia, as alluded to above, may well account for varying
ascorbate contents of different brain regions. In post-natal rat brain, for example, areas rich
in glia have ascorbate levels only about 10–20% those of areas with high neuronal density
(Rice & Russo-Menna 1998). Indeed, whereas GSH is the major low molecular weight
cytosolic reducing agent in most cells (e.g., in glia the ascorbate/GSH ratio is 0.24), in
neurons ascorbate may take that role, since neuron-rich brain areas have an ascorbate/GSH
ratio of 4.0 (Rice & Russo-Menna 1998). This differential in ascorbate content is probably
due to the SVCT2, since in situ hybridization studies in rat brain show that SVCT2 mRNA
is present only in neurons and not in astrocytes (Castro et al. 2001; Berger et al. 2003). More
recent studies show that SVCT2 mRNA is expressed in certain glial elements in the
hypothalamus (García et al. 2005).

Although astrocytes may not express the SVCT2 in vivo, oxidant stress can induce SVCT2
expression in astrocytes and increase expression in neurons. For example, ischemia-
reperfusion injury following middle cerebral artery occlusion in rats increased SVCT2
mRNA over several hours in the peri-infarct penumbra, both in neurons and in glia (Berger
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et al. 2003). Also, astrocytes in culture develop high affinity ascorbate transport and SVCT2
mRNA (Wilson et al. 1990), an effect that has been attributed to exposure to high oxygen
concentrations in culture (Berger et al. 2003).

As noted previously, the second route by which ascorbate can enter the CNS is via transport
of dehydroascorbate across the blood-brain barrier on the ubiquitous GLUT1 glucose
transporter. Any DHA generated in the brain interstitium would also be taken up by GLUT1
and GLUT3 in glia and neurons (Figure 2). Since dehydroascorbate concentrations in
plasma are usually only 0–2% of ascorbate concentrations (Dhariwal et al. 1991), this route
of entry across the blood-brain barrier may not contribute substantially to total brain
ascorbate concentrations under normal conditions. However, during oxidant stress in the
CNS, ascorbate in the CSF and interstitial space will be oxidized to the AFR, which will
then dismutate to form ascorbate and DHA (Figure 1). The latter can then enter both glia and
neurons on glucose transporters in substantial amounts, where it will be rapidly reduced to
ascorbate. This likely serves as a back-up mechanism to recover oxidized ascorbate before it
is irretrievably lost with degradation of DHA. A similar mechanism in cultured HL-60 cells
has recently been termed the “bystander” effect (Nualart et al. 2003).

The SVCT2 thus appears to be crucial in maintaining ascorbate homeostasis in the CNS and
in neurons. However, little known about SVCT2 structure as it relates to function or about
specific mechanisms by which SVCT2 expression or function are regulated.

6. Structure-function and regulation of the SVCT2 in neurons

The SVCT2 transporter was one of two SVCT-type transporters cloned in 1999 by
Hediger’s group (Tsukaguchi et al. 1999), both of which turned out to be members of the
solute carrier (Slc) family of transporters. As noted previously, the two SVCT proteins are
quite homologous, with only minor differences between species (Takanaga et al. 2004).
There has been confusion in the literature regarding official designations of the ascorbate
transporter genes, but currently accepted usage is that the Slc23a1 gene encodes the SVCT1
protein, and that Slc23a2 encodes the SVCT2 protein (Takanaga et al. 2004). The
distributions of the two SVCT proteins differ in that mRNA for the SVCT1 is found in
epithelial tissues involved in ascorbate absorption (intestine) and re-absorption (kidney). The
SVCT2 (Figure 3) is the major isoform in most other tissues in the mouse, with highest
expression in brain and in areas of high neuronal density in particular (Tsukaguchi et al.
1999).

Neuronal and most other cells have long been known to accumulate ascorbate against a
concentration gradient via a saturable, sodium-dependent mechanism (Wilson 2004). With
the cloning of the protein, it became apparent that this sodium- and energy-dependent
transport is mediated largely by SVCT2 (Tsukaguchi et al. 1999). The SVCT2 has a high
affinity for ascorbate (Km = 20–40 µM) that corresponds well to plasma ascorbate
concentrations (30–50 µM). In neuronal cells the apparent Km for ascorbate appears to be
somewhat higher (113 µM (May et al. 2006)), but even with this modest decrease in affinity,
the SVCT2 will still be nearly saturated at the ascorbate concentrations present in CSF
(200–400 µM). If the SVCT2 is saturated, then acute regulation of its function by changes in
substrate affinity will be minimal in contrast to changes in transporter Vmax or transporter
expression in the membrane. It seems likely that transporter number and ability to function
rather than affinity are the major mechanisms involved in regulation of the SVCT2.

Rat brain SVCT2 cDNA codes for a 647-amino acid protein that hydropathy analysis shows
to cross the cell membrane 12 times, with both the N- and C-termini in the cytoplasm
(Figure 3) (Tsukaguchi et al. 1999). Assuming an average amino acid molecular weight of
121, this predicts that it will migrate as a 78 kDa protein on electrophoretic gels. This
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electrophoretic migration on Western blotting has been reported by two laboratories
(Lutsenko et al. 2004; García et al. 2005). Although there have been reports of the SVCT2
from various tissues migrating in the 50–65 kDa region on Western blots using detection by
polyclonal antibodies (Li et al. 2003; Wu et al. 2003; Jin et al. 2005; Mun et al. 2006), these
results could be explained by proteolysis during sample preparation, by expression of short
forms of the transporter (Lutsenko et al. 2004), or by variable glycosylation of the protein.
Regarding the latter, the SVCT2 does have potential N-glycosylation sites on an exofacial
loop between trans-membrane segments three and four (Tsukaguchi et al. 1999).
Confirmation that the protein is glycosylated was provided by Liang and co-workers (Liang
et al. 2002), who showed that endoglycosidase digestion of extracted protein decreased its
apparent migration on electrophoretic gels from about 80 kDa to 65 kDa. This finding adds
support to the trans-membrane loop topology originally projected by hydropathy analysis
(Tsukaguchi et al. 1999). Moreover, the expression of non-glycosylated transporter
precursors could explain the presence of bands migrating at lower apparent molecular
weights on Western blots in the studies noted above. Shortening of the protein will also
generate lower molecular weight bands. Lutsenko, et al. (Lutsenko et al. 2004) showed that
a truncated form of the SVCT2 was present in cultured cells by Western blotting and in
normal human brain by PCR. They hypothesized that this truncated SVCT2 corresponds to a
non-functional variant that is missing 115 amino acids from domains five and six (Figure 3).
Whereas a 75–80 kDa protein found on Western blots likely represents the SVCT2, shorter
forms may also be present as well.

There are several plausible mechanisms for regulation of SVCT2 function. First, the SVCT2
protein has putative sites for protein kinase-A and protein kinase-C regulation on the
cytoplasmic portions (Tsukaguchi et al. 1999) (Figure 3) Studies in cultured cells support
the notion that these are functional in acute regulation of the protein, since ascorbate
transport Vmax is decreased by both dibutyryl cyclic AMP (Siushansian and Wilson 1995,
Korcok et al. 2000) and by protein kinase-C agonists (Daruwala et al. 1999; Liang et al.
2002) (Figures 4 and 5). Intracellular ascorbate may also regulate SVCT2 expression, based
on the findings of Wilson, et al, that there is a time-dependent up-regulation of ascorbate
transport in astrocytes depleted of the vitamin in culture (Wilson et al. 1990). A recent study
(Seno et al. 2004) has also shown that function of the SVCT2 expressed in human umbilical
vein endothelial cells is inhibited by tumor necrosis factor-ͣ and by interleukin-1ͤ. Since
these inhibitor effects were maximal after 5 or more hours of exposure in culture, it seems
likely that they were due to changes in protein expression rather than affinity. If so, these
studies bring up the notion that the SVCT2 may be regulated by inflammatory cytokines and
thus possibly by the level of oxidant stress experienced by the cells.

In addition to regulating SVCT2 transporter expression, oxidant stress could directly modify
transporter function by oxidizing key amino acids in the protein. This would most likely
involve formation of mixed disulfides or oxidation of cysteine sulfhydryls or methionine,
thus causing changes in cell surface or protein redox status. For example, we found in
cultured endothelial cells (May & Qu 2004) that rates of ascorbate transport on the SVCT2
are very sensitive to sulfhydryl reagents. Transport was inhibited by agents restricted to the
extracellular space, suggesting that one or more of the four cysteines on the exofacial
transporter (Figure 2) are involved in the transport mechanism. The presence of one or more
exofacial sulfhydryls on the SVCT2 mirrors the situation with the GLUT1 glucose
transporter. On that protein, modification of a single sulfhydryl (Cys-429) decreased
affected transporter affinity for glucose (May 1988; May et al. 1990), although cysteine-
scanning mutagenesis showed that its substitution with serine did not affect transporter
function in Xenopus oocytes (Due et al. 1995). SVCT2 expression or function may also be
regulated by changes in intracellular redox stress. For example, ascorbate transport in
cultured endothelial cells is decreased in parallel with intracellular GSH concentrations in
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cultured endothelial cells (May & Qu 2004), which suggests that it is susceptible to redox
regulation.

The presence of a non-functional truncated SVCT2 may also modify transporter function. In
cultured cells truncated SVCT2 was present on the cell surface and expressed inversely in
proportion to rates of ascorbate transport (Lutsenko et al. 2004). Further, transfection of the
cells with truncated SVCT2 cDNA inhibited ascorbate transport. This dominant-negative
inhibition was thought due to protein-protein interaction between functional and non-
functional transporters. decreased ascorbate transport (Lutsenko et al. 2004).

Whether any of these potential mechanisms for SVCT2 regulation are important for the CNS
protein remains to be determined. Other considerations regarding how neuronal ascorbate
concentrations are regulated are the extent to which entry of ascorbate as DHA on the GLUT
transporters supplies neuronal ascorbate, whether neurons and glia interact to maintain CNS
ascorbate, and the extent to which glutamate-induced ascorbate efflux from neurons
modulates intracellular ascorbate concentrations.

7. Conclusion

Lethality of the SVCT2 knockout on day one of life could reflect the need for ascorbate in
the lung or the CNS. Indeed, any damage to the CNS in utero may simply show that
ascorbate is required for neuronal maturation, not for maintenance and function of mature
neurons. Nonetheless, differential retention of brain ascorbate in scurvy and the novel two-
step concentrating mechanism used by the CNS to get ascorbate into neurons suggests that
the importance of the vitamin for neuronal repair, myelination, and function may have been
underestimated.
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Figure 1.
Ascorbate oxidation and recycling.
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Figure 2.
Ascorbate uptake and metabolism in the CNS. ASC, ascorbate; AFR, ascorbate free radical;
DHA, dehydroascorbate; X•, oxidizing free radical species. AFR generated by X• dismutates
to form ascorbate and dehydroascorbate. Both the AFR and DHA are recycled back to
ascorbate by cellular metabolism.
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Figure 3.
Trans-membrane structure of rat brain SVCT2 (Tsukaguchi et al. 1999). Numbered dots
show the location of the 13 cysteines in the sequence.
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Figure 4.
Ascorbate preservation of nitric oxide sustains capillary perfusion.
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Figure 5.
Sites of cellular protection by ascorbate against oxidative stress.
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Table 1

Ascorbate concentrations in plasma and blood cells from normal humans

Tissue/Fluid Ages; # of Subjects Diet
(mg/day)

Concentration
(mM)

Reference

Plasma >60 years; 226 < 120 0.057 ± 0.003 (Jacques et al. 1995)

Plasma 73 years; 161 257 0.072 ± 0.027 (Taylor et al. 1997)

Aqueous humor 73 years; 161 257 1.64 ± 0.58 (Taylor et al. 1997)

Lens 73 years; 161 257 3.74 ± 1.4 (Taylor et al. 1997)

Neutrophils 19–27 years; 13 100 1.17 (Levine et al. 2001)

Monocytes 17–55 years; 41 Unknown 3.8 (Evans et al. 1982)

Platelets 17–55 years; 41 Unknown 1.9 (Evans et al. 1982)

Erythrocytes 17–55 years; 41 Unknown 0.043 (Evans et al. 1982)

Plasma 17–55 years; 41 Unknown 0.045 (Evans et al. 1982)
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