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Abstract

New evidence for the regulation of vitamin C homeostasis has emerged from several studies of
human genetic variation. Polymorphisms in the genes encoding sodium-dependent vitamin C
transport proteins are strongly associated with plasma ascorbate levels and likely impact tissue
cellular vitamin C status. Furthermore, genetic variants of proteins that suppress oxidative stress or
detoxify oxidatively damaged biomolecules, i.e., haptoglobin, glutathione-S-transferases, and
possibly manganese superoxide dismutase, affect ascorbate levels in the human body. There also
is limited evidence for a role of glucose transport proteins. In this review, we examine the extent
of the variation in these genes, their impact on vitamin C status, and their potential role in altering
chronic disease risk. We conclude that future epidemiological studies should take into account
genetic variation in order to successfully determine the role of vitamin C nutriture or
supplementation in human vitamin C status and chronic disease risk.
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INTRODUCTION

Maintaining adequate vitamin C (ascorbic acid) levels in the body is essential for collagen,
catecholamine, and carnitine biosynthesis; absorption of nonheme iron; and antioxidant
protection and hence plays a critical role in normal functioning of the body and optimum
health (62). Numerous factors, both endogenous and exogenous, contribute to vitamin C
body status, including vitamin C transporters that regulate the vitamin’s bioavailability and
plasma and tissue concentrations; enzymatic reactions in which vitamin C is used up by
reducing redox-active metal cofactors; and a host of environmental factors and endogenous
stresses, such as oxidative stress, infection, and inflammation.
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Thus, over the past decades, several proteins have been identified as critical regulators of
vitamin C homeostasis. These proteins affect ascorbate levels by different mechanisms, such
as vitamin C transport, transition metal regulation, enzymatic redox activity, and antioxidant
protection (Figure 1). However, much of this work has been performed in animal models
and cell culture, the results of which often are difficult to translate to humans or are
confounded by artifacts in study design. Controlled studies of vitamin C status in humans
are difficult to perform, challenged by design, and limited in interpretation (56).

Despite these difficulties, new evidence for the regulation of vitamin C status has emerged
from studies of human genetic variations. Although a relatively new and burgeoning field,
there is strong evidence that several genetic alterations, in the form of single-nucleotide
polymorphisms (SNPs), gene duplications, or gene deletions, affect ascorbate levels in the
human body. The phenotypes of these genomic changes are supporting previous evidence of
the physiological functions of vitamin C and its role in human health.

Although the list will undoubtedly grow with future research, this review focuses on
variations within the genes for which there is direct evidence of alterations in vitamin C
plasma levels. These genes can be subdivided into two categories based on their interactions
with ascorbic acid. First, genes involved in the direct transport and regulation of vitamin C
concentrations in tissues and extracellular fluids are discussed. This discussion focuses on
the known polymorphisms in the sodium-dependent vitamin C transporters (SVCTSs) of the
SLC23 family (SL.C23A1 and SLC23A2). The second category of genes is related to the
antioxidant and redox activities of vitamin C and involves genetic variants affecting iron
homeostasis and oxidative stress. Hence, we examine iron dysregulation through
haptoglobin (HP) gene polymorphisms and genetic variants impacting the activity of
glutathione S-transferases (GSTs). In addition, as candidates for future studies, we present
some limited data on the influence of genetic changes in manganese superoxide dismutase
(SOD2) and glucose transport proteins (SLC2 family) on ascorbate levels in humans.

SODIUM-DEPENDENT VITAMIN C TRANSPORTERS

The two sodium-dependent vitamin C transport proteins, SVCT1 and SVCT2, are specific
for the cotransport of sodium ions and ascorbic acid across cell membranes. Although
sodium-dependent vitamin C transport in cells had been characterized decades before (35),
the genes encoding these members of the solute carrier family 23 (SLC23A1 and SLC23A2)
were not identified until 1999 (86). Initially characterized in rodents, human analogs were
isolated and mapped shortly afterward (26, 73, 91).

Transcriptional regulation of the S.C23 genes controls the tissue distribution of SVCTs and
is responsible for the maintenance of vitamin C levels in nearly all cells, tissues, and
extracellular fluids (Figure 2). The only cells without functional SVCT proteins are
erythrocytes, which selectively lose SVCT2 expression during erythropoiesis (59).
Consequently, ascorbate levels in erythrocytes are low, generally in equilibrium with the
surrounding blood plasma.

Due to the direct interaction of SVCTs with ascorbic acid and their roles in absorption and
tissue accumulation of vitamin C, genetic alterations in SLC23A1 and A2 appear to have the
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greatest effect on human vitamin C status of all the genetic factors investigated to date. Each
9.C23A1 and SLC23A2 is thought to have emerged via gene duplication before vertebrate
evolution and expansion (26). The divergent evolution of the two genes has led to distinct
differences in the expression, regulation, and function of SVCT1 and SVCT2, and therefore
the two genes encoding these proteins are considered separately. It should be noted that
genetic variations in both of these genes is the latest area of research in this field, with these
and other polymorphisms having the greatest potential for phenotypic effects that will
impact vitamin C homeostasis and human health.

SVCT1 (SLC23A1)

SVCT1, encoded by the gene SLC23A1, is predominantly responsible for high-capacity
vitamin C transport across membranes. Found on the apical side of polarized epithelial cells
(8, 58), SVCT1 is highly expressed in the liver, kidney, lung, small intestine, and pancreas
(86, 91). Of these tissues, it is the expression of SVCTL in the kidney proximal tubule that is
considered most important for the regulation of whole-body vitamin C status, as it is
involved in the renal reabsorption of vitamin C following glomerular filtration of blood
plasma (Figures 2 and 3a). Mice carrying a genetic knockout of SLC23A1 excrete large
amounts of ascorbic acid in the urine and have low plasma and tissue ascorbate levels (17).
Because we cannot synthesize ascorbic acid in our body, loss of SVCT1 expression may
cause a far more severe vitamin C deficiency in humans than in ascorbic acid—synthesizing
animals. However, there are currently no reports of spontaneous loss of SVCT1 in humans.

Outside of an absence in renal reabsorption, it is unclear what other impact the loss of
SVCT1 expression may have in humans. SLC23A1 knockout mice experience increased
perinatal mortality, but with no apparent physiological or cell-specific phenotype (17).
Unlike SVCT2, SVCT1 appears to be expressed in specific locations within tissues. For
instance, SVCT1 expression in the kidney is limited to the proximal tubule of the nephron
(Figure 3a). It is possible that the loss of SVCT1 would only impact ascorbate levels in
specific cellular environments or specific cell types within tissues. Although SVCT1
expression has been noted in the skin, bile duct, lung, pancreas, and reproductive organs (29,
45, 57, 91), it is not clear what consequences a loss of SVCT1 would have in these tissues.
Another possibility is that the apparent lack of a phenotype in SLC23A1-null animals may be
obscured, as all cell types that express SVCT1 also express SVCT2 (Figure 2). SVCT2 or
glucose transporters (see below) may compensate for the lack of SVCT1, albeit with a
limited capacity. For example, although SVCT1 is expressed in the intestine, S.C23A1
genetic knockout mice are still capable of absorbing ascorbic acid from the diet (17).

Genomic Characterization of SLC23A1

S.C23A1 consists of 16 kb found on human chromosome 5 (26). The gene has 15 exons that
encode for a 598 amino acid protein. A nonfunctional splice variant with four extra amino
acids has been described in intestinal cells but has not been well characterized (91). The last
intron and exon of 9. C23A1 overlap with the promoter and first exon and intron of the gene
for polyadenylate-binding protein-interacting protein 2 (PAIP2), which encodes a
transcriptional repressor protein (26). No genetic interaction between PAIP2 and SLC23A1
has been reported.

Annu Rev Nutr. Author manuscript; available in PMC 2015 March 12.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Michels et al.

Page 4

The promoter region of SLC23A1 is small, with critical regulatory elements defined only
within a few hundred base pairs of the transcription start site. Two independent studies have
found functional binding sites for hepatocyte nuclear factor 1 (HNF1) in this region, and
regulation of SVCT1 by HNF1a has been demonstrated in HepG2 cells (63, 75). This would
support regulation of the protein by HNF4a as well. Although binding of other transcription
factors has been postulated, none have been identified. In some cells, SVCT1 expression
declines with increasing exposure to ascorbate, but the regulatory factors mediating this
response are unknown.

Over 150 SNPs have been identified in SLC23A1, although many of these have not been
verified in large populations to determine global allele frequencies. Prevalence of 13 SNPs
has been noted in Caucasian, African American, and, to a lesser degree, Asian populations
(9, 26). Overall, African American populations show the greatest diversity of SNPs present
in SL.C23A1—many of which are not detectable in Caucasians (9). However, as studies into
the genetic variations in S.C23A1 continue, a different portrait of SVCT1 genetic variability
may emerge.

At least four of the SNPs present in SLC23A1 are found within the coding region (exons 3,
7, and 8), which results in one synonymous and three nonsynonymous changes to the protein
(Table 1). All nonsynonymous polymorphisms produce a functional SVCT1 protein, but
each of these proteins displays functional declines in ascorbate transport when expressed in
Xenopus laevis oocytes (17) (Figure 3b). For example, the amino acid substitution encoded
by the rs35817838 SNP results in a methionine-to-valine missense mutation at position 258.
Oocytes expressing this particular variant demonstrate a 75% reduction in the rate of
intracellular ascorbate accumulation (Figure 3b; A772G). This SNP is found in very low
frequency in the general population, primarily in African Americans (Figure 3c; A772G). It
is currently unclear if there are individuals homozygous for the expression of this . C23A1
variant, and its impact on vitamin C homeostasis in humans is unknown.

Genetic Variation in SLC23A1 and Vitamin C Status

SVCT1 is considered to play a central role in regulating whole-body vitamin C status and is
involved in bulk vitamin C transport throughout the body (Figure 2). Although results from
9_C23A1 knockout mice suggest that absorption of ascorbic acid may not be impaired by
the loss of SVCT1, the lack of renal reabsorption results in reduced plasma levels of
ascorbate. Therefore, genetic variations in S.C23A1 may lower the renal threshold for
vitamin C and increase its urinary excretion, limiting steady-state plasma and body vitamin
C levels. The reduced rate of ascorbate transport has been demonstrated in Xenopus oocytes
as described above (Figure 3b). It is expected that individuals carrying these SNPs would
have lower plasma ascorbate levels even with high dietary vitamin C intake (Figure 3d).

In 2010, two studies were published demonstrating the effects of SNPs in SLC23A1 on
circulating concentrations of vitamin C (Table 1). Lower serum ascorbate levels were found
in Caucasian and East Asian subjects displaying the rs4257763 SNP variant (9). Similarly,
this SNP was associated with lower ascorbate levels in subjects participating in the British
Women’s Heart and Health Study (BWHHS) (91). Strong trends toward a decline in
circulating ascorbate levels were also observed in both aforementioned studies (9, 91) when
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a different intronic SNP (rs6596473) was examined (Table 1). Interestingly, this same SNP
was also associated with a decreased risk of follicular lymphoma (82), as further discussed
below. Another SNP (rs10063949) was also found in the BWHHS cohort to be associated
with a small but significant increase in circulating ascorbate levels, but this per allele effect
was not observed in the European Prospective Investigation into Cancer and Nutrition
(EPIC)-Norfolk cohort (85).

The most robust finding for the influence of 3. C23A1 genetic variation on plasma or serum
ascorbate levels was found by Timpson et al. (85) in a multiple cohort evaluation of more
than 15,000 individuals in the United Kingdom. One of the SNPs examined (rs33972313)
was associated with consistent, reproducible declines in circulating ascorbate levels across
all study cohorts. As discussed below, this SNP encodes an amino acid change in the
SVCT1 protein that results in decreased vitamin C transport activity. Overall, in these
human populations, this genetic feature was associated with an approximately 6 uM lower
plasma or serum ascorbate concentration per allele present. These declines were noted
despite differences in vitamin C intake, smoking status, alcohol consumption, geographical
location, and socioeconomic status.

The rs33972313 variant is a nonsynonymous SNP in SLC23A1 that results in a valine-to-
methionine substitution at position 264 of SVCT1 (17). The rs33972313 SNP is found in
Caucasians, but it is present at a higher frequency in African American and Yoruba African
populations (Figure 3c; G790A). This variation results in an approximate 50% decline in the
rate of ascorbate accumulation in cells (Figure 3b). It is postulated that the overall effects of
this mutation in humans would increase excretion of ascorbic acid from the body and alter
the dose-response relationship between plasma ascorbate levels and dietary vitamin C intake
(Figure 3d). However, no individuals carrying this variant or homozygous for this allele
have been examined to determine the strength of this relationship with vitamin C
homeostasis.

To date, the association of S.C23A1 genetic variation and plasma levels of vitamin C is the
strongest evidence for the influence of SVCT1 on human vitamin C status. Since the
regulation of plasma vitamin C homeostasis ultimately influences the availability of ascorbic
acid to all tissues and other fluids in the body, it is possible that further associations between
these SNPs in S.C23A1 and physiological function or chronic disease risk will be
discovered. However, caution must be taken in such analyses. Associations should not be
based merely on genetic variation, but also on measured plasma or serum levels of ascorbic
acid, and possibly on urinary excretion rates. Dietary records of vitamin C intake do not
adequately reflect vitamin C plasma levels or body status (30, 43) and should not be used to
evaluate the possible role of vitamin C in chronic disease risk. Hence, any future studies into
phenotypic changes associated with S_C23A1 genetic variation will require measuring the
effects on circulating vitamin C levels. Without this data, it will be difficult to draw any
conclusions in relation to vitamin C status.

Genetic Variation in SLC23A1 and Chronic Disease Risk

Early studies of genetic variation in SLC23A1 had focused on associations with disease risk.
Because higher dietary intake of vitamin C has been associated with lower risk of cancers of
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the digestive tract (13), and SVCT1 plays an important role in ascorbic acid uptake from the
diet, SNPs in SLC23A1 may play a role in gastrointestinal cancer development. However,
neither incidence of gastric cancer (94) nor advanced colorectal adenoma (28) was related to
9.C23A1 genotype. These results are not surprising given the functional redundancy of
vitamin C absorption, as both SVCT1 and SVCT2 are expressed in the digestive tract.

Since many of the genetic variations in SLC23A1 are strongly associated with decreased
plasma vitamin C levels, they might affect cancer development in tissues other than the
gastrointestinal tract by altering the supply of ascorbic acid in the circulation. Only one
study supports this idea: Skibola et al. (82) observed an increased risk of follicular
lymphoma associated with two SNPs (rs6596473 and rs11950646), one of which
(rs6596473) is associated with decreased plasma ascorbate levels (9, 85) (Table 1).
Interestingly, the increased cancer risk was observed in a U.S. but not a German cohort (82).
The reason for this discrepancy is not known but may be due to the small population size,
lower lymphoma rate in the European cohort, or interactions with diet and environmental
exposures that were not assessed in the study.

Higher vitamin C intakes or plasma levels are consistently associated with decreased
incidence and risk of death from cardiovascular diseases (30, 32, 47, 65, 90, 95).
Furthermore, several studies have shown that vitamin C supplementation and higher plasma
ascorbate levels are associated with decreased blood pressure, improved endothelial
function, lowered circulating C-reactive protein levels, and increased serum high-density
lipoprotein cholesterol levels (5, 7, 31, 44). Given these strong associations with vitamin C
status, it is surprising that no studies have investigated the effects of SNPs in SLC23A1 on
cardiovascular function. There is a significant need to determine the impact of genetic
variation in the SLC23 family on the risk of cardiovascular diseases, including coronary
artery disease, ischemic stroke, and hypertension.

Taken together, the current data suggest that there is only a weak association, at best,
between SLC23A1 polymorphisms and disease risk. However, it should be noted that in all
of the aforementioned studies, plasma levels of ascorbate were not measured, and dietary
vitamin C intake was evaluated in only two of the studies (28, 94). It is often assumed that
dietary vitamin C intake accurately reflects vitamin C body status, but the presence of SNPs
in SLC23A1 may alter SVCT1-based absorption of vitamin C from the diet. Because steady-
state levels of plasma ascorbate are affected by polymorphisms in SLC23A1 (see above), the
supply of ascorbate to tissues may also be affected. This suggests that in studies of chronic
disease risk, the influence of SLC23A1 SNPs must be evaluated with regard to changes in
measured, circulating levels of ascorbate.

Furthermore, it must be noted that the studies on SLC23A1 variants and cancer risk were
limited to Caucasian populations. The only nonsynonymous SNP in SLC23A1 found at high
frequency in Caucasian populations is the rs33972313 variant, which—as mentioned above
—results in a valine-to-methionine substitution at position 264 of SVCT1 and decreased
vitamin C transport activity (17). This SNP was not evaluated for cancer risk. Since other
changes in the SVCT1 protein are found at greater frequency in African and African
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American populations (Figure 3C), there may be associations between risk for certain
diseases and genetic variations in SLC23A1 that have yet to be discovered.

SVCT2 (SLC23A2)

Encoded by the gene SLC23A2, SVCT?2 is a vitamin C transport protein found in nearly
every tissue and cell of the body (Figure 2). SVCT2 is a high-affinity ascorbate transport
protein responsible for the accumulation of vitamin C into tissues that have the highest
concentrations of ascorbate: the brain, eyes, and adrenals (86). SVCT?2 is also the only
vitamin C transport protein expressed in leukocytes (70) and platelets (79); however, it is
notably absent from erythrocytes (59).

Mouse models in which SLC23A2 has been ablated survive until birth but die soon afterward
from cerebral hemorrhaging and respiratory failure due to lack of lung expansion (83). Thus,
it is believed that the expression of SVCT2 and adequate ascorbate levels in the brain are
critical for normal fetal development. Studies in animal models and human cell lines support
a role of redox signaling in the transcriptional regulation of SVCT2 (69, 70, 80).
Intracellular ascorbic acid levels regulate the expression of SVCT2 in many tissues,
although the brain appears to be an exception (61).

Genomic Characterization of SLC23A2

S C23A2 is approximately 10 times larger than S_.C23A1, exceeding 150 kbp on
chromosome 20 in humans (26, 73). Corresponding to this increased gene size, larger 5’ and
3’ untranslated regions (UTRs) and wider intronic sequences have been noted in SLC23A2.
Two distinct promoter regions exist in this gene, allowing for alternative sites for the
initiation of transcription and different lengths of mMRNA produced (76). SLC23A2 has 17
exons, with the alternative starting exons labeled exon 1a and exon 1b. Transcription
through both exons has been detected in human cells, but exon 1b predominates in mature
mRNA transcripts. Transcriptional regulation of both promoter regions has been described
through KLF, Sp1, YY1, and factors of the EGR family (71, 72), though the functional
aspects of this regulation are unclear. Additional regulation may come in the form of
microRNA binding to the 3’ UTR of the full SLC23A2 transcript. A recently published study
links the expression of miR-30b and miR-30d with lowered S.C23A2 expression (33).
These microRNAs have been implicated in regulating p53 and catalase expression in
response to hydrogen peroxide exposure (38, 50) and may mediate redox regulation of
SVCT?2 expression.

Due to the relatively large size of the gene, variants within the genetic structure are
relatively frequent and widespread. Over 2,200 SNPs have been identified, and at least 250
of those are present in greater than 5% of all populations tested. Published reports have
mentioned 30 different SNPs that span the entire length of the gene (26). Although some
specific variants have not been detected in different groups, many SNPs are present in
individuals of different ethnic backgrounds.

Overall, most of the SNPs analyzed to date fall in intronic or untranslated regions of
S C23A2 (Table 2) and do not directly affect the coding of the SVCT2 protein. SNPs that do
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lie within the protein coding region of the gene have all been synonymous polymorphisms,
suggesting that amino acid changes in SVCT2 are generally unfavorable mutations.
However, SNPs not involved in protein coding are not precluded from impacting cellular
SVCT2 levels. For example, one relatively rare SNP (rs16990301) found in a Yoruba
African population appears to influence regulation by the miR-30d microRNA, leading to
decreased SVCT2 mRNA levels (33).

Genetic Variation in SLC23A2 and Vitamin C Status

Unlike variation in S.C23A1, genetic changes in SLC23A2 are not expected to have a large
impact on ascorbate homeostasis in the circulation, as SVCT2 regulates the tissue
accumulation of the vitamin from the plasma. To date, only two studies have addressed this
question. The first found no correlation between serum ascorbate levels and two common
SNPs (rs6139591 and rs2681116) in intron 3 of SLC23A2 (9). The second study observed
significantly lower plasma ascorbate levels in subjects with variants of an SNP in intron 1
(rs1279683) (97). Since this SNP lies in the intronic regions of the gene, it is difficult to
explain why it affects circulating ascorbate levels. Because it lies on the 5" end of the gene,
it is possible that the rs1279683 polymorphism affects the transcriptional regulation of
SVCT2 mRNA.

Studies are lacking on the possible effects of genetic variation in SLC23A2 on cellular
vitamin C status. No studies have looked at SVCT2 protein levels in human cell lines
expressing these SNPs, and no individuals carrying these variant alleles have been evaluated
for tissue ascorbate levels. As indicated above, measuring plasma vitamin C may not be an
accurate evaluation of the effect of SLC23A2 SNPs on the concentration of vitamin C in
tissues. Future studies should assess ascorbate levels of circulating leukocytes or other cells,
e.g., tissue biopsies or buccal cells, as a surrogate of tissues in subjects with genetic
variations in S_.C23A2.

Genetic Variation in SLC23A2 and Chronic Disease Risk

Since vitamin C concentrations in the eye are among the highest in the human body (Figure
2), changes in SVCT?2 function may have a strong impact on eye health. Indeed, in a
Mediterranean population, a polymorphism found in intron 1 of SLC23A2 (rs1279683) was
strongly associated with an increased risk of developing glaucoma (97). Not only was this
association statistically significant after adjusting for many confounding factors that could
impact disease risk or alter vitamin C status, but glaucoma patients with the variant allele
had the lowest plasma ascorbate levels of all subjects enrolled in the study. Severity of
cataracts has also been associated with vitamin C levels in the eye lens in humans. Although
some studies have observed increased dietary vitamin C intake and increased blood levels of
vitamin C to be associated with decreased risk of cataracts (22, 74, 87), no studies have been
performed in conjunction with genetic variation in SLC23A2. Hence, this may prove an
interesting avenue for future research.

Vitamin C in tissues has been postulated to affect relative cancer risk, but the overall support
of this association for SLC23A2 is limited (Table 2). A variant in SLC23A2 observed within
intron 2 (rs12479919) correlated with a trend (p = 0.06) toward a decrease in risk of gastric
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cancer (94). In addition, genetic variation at this site modified risk for bladder cancer, but
only in association with SNPs in 20 other “high-risk” genes (2). An SNP in intron 9
(rs4987129) was associated with a decreased incidence of head and neck cancer in
individuals testing positive for human papilloma virus infection (15). Haplotypes with the
rs4987129 SNP and a SNP in exon 11 (rs1110277 revealed that the combination of the two
rare alleles reduced the risk of developing advanced colorectal cancer (28). Similarly, other
haplotype analyses suggested the involvement of intronic SNPs in a reduced risk of
developing gastric cancer and non-Hodgkin’s lymphoma (82). It should be noted that in
each of these studies investigating different types of cancer, plasma or tissue ascorbate
levels were not assessed in association with the SNPs in SLC23A2. Therefore, it is not
known whether these genetic variants may affect cancer risk due to changes in vitamin C
plasma or tissue levels. However, if these genetic variants indeed lead to lower tissue
concentrations of vitamin C, a plausible mechanism for the increased cancer risk may be
increased expression of hypoxia-inducible factor 1a (34).

Although not a disease state per se, the presence of S . C23A2 SNPs in mothers was
associated with an increased risk of spontaneous preterm delivery (24-37 weeks gestational
age), but the overall effects of the genetic variation were not robust (27).

As mentioned above for S.C23A1, a majority of the studies investigating disease risk did
not assess plasma ascorbate levels. Since SVCT2 controls the transport of ascorbate from
the bloodstream to tissues, circulating levels of ascorbate may influence the risk of disease
in tissues. In light of the strong associations between vitamin C levels and vascular function
mentioned above and the fact that the heart and vascular endothelium only express SVCT2,
it is interesting to note that no studies have examined the impact of genetic variation in
SLC23A2 on cardiovascular disease risk. In addition, no studies have been performed on
SLC23A2 variation and brain function. Because vitamin C is critical for normal brain
development and function and is thought to play a role in the prevention of
neurodegenerative diseases, behavioral or functional associations with SLC23A2 SNPs
should be addressed in future studies.

HAPTOGLOBIN

Unlike the SVCT proteins, the interaction between haptoglobin and vitamin C is believed to
be indirect, with iron dysregulation and the generation of reactive oxygen species acting as
intermediaries. Both increased iron levels and oxidative stress may lead to a decline in
circulating ascorbate levels due to its antioxidant activity. Despite this indirect relationship,
haptoglobin is the only circulating blood factor for which there is a known, strong
relationship between genetic variation and vitamin C homeostasis.

Function of Haptoglobin

Haptoglobin is a hemoglobin-binding protein synthesized in the liver and released into the
circulation. The primary role of haptoglobin is to bind free hemoglobin after it has been
released from damaged or lysed erythrocytes. It is believed that this interaction allows
haptoglobin to sequester the iron-porphyrin ring and prevent it from reducing molecular
oxygen to superoxide radicals and other reactive oxygen species (36). Experimental animals
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without a functional copy of the haptoglobin gene (HP) suffer from extensive oxidative
damage in tissues, especially the kidneys, where iron may be released from the porphyrin
ring (55).

A majority of the haptoglobin-hemoglobin complex is cleared from the circulation by
parenchymal tissue in the liver. To a lesser degree, circulating macrophages also remove this
complex from the blood, as the CD136 receptor expressed by these cells can bind to
conjugated haptoglobin. This may be an important mechanism for the clearance of
haptoglobin-hemoglobin complexes trapped in capillaries of peripheral tissues. In either
case, after cellular uptake the complex is subjected to lysosomal degradation and its iron
atom is recycled for use in other heme proteins (36).

Characterization of Human Haptoglobin Genotypes

Found on chromosome 16, the human haptoglobin gene is polymorphic, with two alleles
found in the population at relatively high frequency. The ancestral allele (HPY) consists of 5
exons, while the variant allele (HP2) contains 7 exons. The HP2 allele is thought to have
emerged by a duplication of exons 3 and 4. The resulting protein has a larger a chain with a
duplication of the cysteine residue that forms intermolecular disulfide bonds (36, 55).

Individuals homozygous for the HP! allele have traditionally been termed Hp1-1 phenotype.
The haptoglobin protein encoded by HP is an (ap),-tetramer, as the cysteine in the a chain
binds a cysteine residue in an adjacent a chain (Figure 4). On the other hand, the a chain
encoded by the HP2 allele has an additional cysteine residue that binds two other a chain
cysteine residues. Therefore, heterozygous individuals (Hp2-1) can form haptoglobin
proteins with three or more a chains in a linear polymer: a core of one or more Hp2 proteins
that are capped at each end by Hp1 subunits. In contrast, Hp2-2 individuals, homozygous for
the HP? allele, form larger haptoglobin protein complexes. The protein interactions between
the cysteine residues in the HPZ2 o chains require that these multimeric proteins are cyclical
in nature (Figure 4).

The molecular interactions of the different haptoglobin proteins distinguish their genotypes.
The haptoglobin protein encoded by HP? binds poorly to hemoglobin compared to HPL.
Compared to Hp1-1 individuals, individuals expressing the Hp2-2 phenotype have increased
circulating levels of iron, possibly free or still bound to the porphyrin ring of hemoglobin. It
is believed that this increased redox-active iron can participate in the generation of
superoxide and hydroxyl radicals and is associated with increased oxidative damage to
lipoproteins in Hp2-2 individuals (36, 55). Thus, it would be expected that plasma vitamin C
levels decline accordingly. The Hp2-2 phenotype is particularly detrimental in diabetics,
where glycosylated hemoglobin reduces the ability of haptoglobin to bind to the protein.
Thus, diabetic individuals carrying the HP2 allele have a significantly increased risk of
cardiovascular disease and diabetes-related complications (55).

Beyond this more common allelic variation, there are reports of SNPs in the HP? carriers
that impact circulating haptoglobin levels (18). In addition, there are also individuals who
have a genetic loss of haptoglobin (HPO allele), but these are found in very low frequencies
(67).
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Haptoglobin Genetic Variation and Vitamin C Status

As mentioned above, diabetic Hp2-2 individuals demonstrate increased oxidative damage to
lipoproteins, which is likely the result of increased redox-active iron levels. In vitro studies
have shown that the rate of ascorbic acid oxidation in human plasma containing free
hemoglobin is decreased by the addition of haptoglobin from either Hp1-1 or Hp2-2
individuals. This is presumably due to binding of the redox-active iron in the porphyrin ring
of hemoglobin by haptoglobin. However, the rate of ascorbate oxidation in the presence of
haptoglobin from Hp2-2 individuals is much higher than the oxidation rate observed with
the protein isolated from Hpl-1 carriers (51), in agreement with the observation that the
Hp2-2 protein binds hemoglobin with weaker affinity.

Several clinical studies have found a relationship between circulating levels of ascorbic acid
and haptoglobin phenotype. In two studies, serum ascorbate levels were lower in healthy
Hp2-2 subjects compared to both Hp2-1 and Hp1-1 individuals (21, 66). No significant
differences in plasma vitamin C concentrations were noted between subjects with the Hp2-1
and Hp1-1 phenotype. The lower serum ascorbate levels in Hp2-2 subjects were correlated
with increased serum iron and an overall decrease in circulating levels of the haptoglobin
protein. This phenotype-specific decline in plasma ascorbic acid was also demonstrated in
individuals with peripheral artery disease (20) and HIV infection (66).

An additional study on haptoglobin phenotype showed no overall difference in plasma
ascorbate levels in Hp2-2 individuals versus those carrying the HPL allele (10). However,
Hp2-2 individuals were more likely to have plasma ascorbate levels in the deficient range
(<11 uM) when consuming less than the U.S. recommended dietary allowance (RDA) of
vitamin C compared to individuals with the Hp2-1 or Hp1-1 phenotype. The authors
suggested that this is indicative of a significant diet-gene interaction between vitamin C and
haptoglobin phenotype, with Hp2-2 individuals achieving lower steady-state plasma
ascorbate concentrations than Hp2-1 or Hp1-1 individuals with the same dietary intake of
vitamin C. However, as mentioned above, assessment of dietary intake of vitamin C is
problematic, and more carefully controlled studies are needed to establish a relationship
between dietary intake of vitamin C, steady-state levels of plasma ascorbate, and
haptoglobin phenotype.

It should be noted that most of the health effects of haptoglobin polymorphisms have been
determined in individuals with diabetes mellitus (55). However, phenotypic changes in
plasma ascorbate levels have been determined primarily in healthy Hp2-2 individuals. It is
possible that, under normal conditions, ascorbate provides adequate antioxidant protection to
individuals carrying the HP?2 allele against oxidative damage to lipoproteins and increased
disease risk. It has been speculated that vitamin C supplementation may actually worsen
iron-catalyzed oxidative damage in Hp2-2 individuals suffering from diabetes and should be
avoided, but experimental evidence supporting this notion is lacking (3).

Furthermore, it is unclear whether the changes in vitamin C status associated with
haptoglobin genetic variation are directly related to changes in iron regulation. For example,
it is not known whether the haptoglobin phenotype is as pronounced in individuals with low
dietary iron intake or chronic anemia. It is also possible that iron dysregulation exacerbates
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the loss of vitamin C seen with the Hp2-2 phenotype. One study of Hp2-2 individuals from
Zimbabwe found that a variant allele in the TF gene, encoding the iron-binding protein
transferrin, further reduced circulating levels of ascorbate (46). It is also possible that
genetic variations in hemoglobin or the CD136 receptor may compound any effects of the
haptoglobin phenotype, increasing the levels of circulating redox-active iron. Therefore,
diet-gene interactions in Hp2-2 versus Hp1-1 individuals may extend beyond vitamin C
regulation and should be examined with respect to iron status as well.

GLUTATHIONE S-TRANSFERASES

Similar to haptoglobin, most of the interactions between vitamin C and glutathione S-
transferases (GSTSs) are thought to be mediated by reactive oxygen species. The genetic
variations in GST may also impact ascorbate levels through glutathione status, either by
preventing the oxidation of ascorbate by reactive oxygen species—hence “sparing” it—or by
recycling ascorbate from its oxidized form, dehydroascorbic acid (DHA).

Functions of Glutathione S-Transferase Isoforms

GSTs are phase 1l enzymes involved in the detoxification of harmful electrophilic
compounds of endogenous or exogenous origin. This is accomplished by the conjugation of
glutathione to a target molecule recognized by the GST enzyme. Several members of the
GST family exist, each with different ranges of substrate targets. Based on sequence
homology, eight distinct classes of soluble human glutathione S-transferases have been
identified: alpha, kappa, mu, omega, pi, sigma, theta, and zeta. It is believed that the various
members emerged over time as a result of a progressive series of gene duplication,
recombination, and mutation (39, 60). Inactive GST pseudogenes and repeated DNA
sequences lie on chromosomes near active GST members, suggesting the flexible nature of
this genetic sequence. This flexibility is also seen in the protein activity, as substrate
specificities overlap between isoforms of different GST families.

As part of their response to toxic environmental factors, including the detoxification of
carcinogens that otherwise may cause oxidative damage, the GSTs are also induced under
conditions of oxidative stress. Alpha, pi, mu, and theta-class GSTs have been implicated in
detoxification of numerous reactive lipid oxidation products, such as a,$-unsaturated
aldehydes (39). Therefore, it is conceivable that decreased GST activity results in lower
levels of ascorbate due to its direct reaction with products of lipid peroxidation (14, 64).
Furthermore, changes in glutathione S-transferase activity may also affect glutathione levels,
which in turn may alter ascorbate levels through sparing or recycling in cells and plasma, as
explained above (98).

Multiple isoforms exist in the GST mu (GSTM1-5) and theta (GSTT1-2) families (39). Both
GSTM1 and GSTT1 have deletion variants occurring in relatively high frequencies in human
populations from diverse ethnic backgrounds. These are found on chromosome 1 and
chromosome 22, respectively. Other common variants are a missense mutation in GSTM1
and a deletion mutation in GSTM3. The GST pi class consists of a single member encoded
by the gene GSTP1, found on chromosome 11. Several SNPs have been described in this
gene, with the most commonly reported being a missense mutation at position 105, resulting
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in an isoleucine-to-valine (lle105Val) amino acid substitution. This mutation reportedly
affects the substrate specificity of the protein.

In general, subjects with GSTM1 and GSTT1 deletions are considered to be at high risk from
exposure to environmental toxins. Since these two isoforms can also recognize lipid
peroxidation products as substrates, a loss of activity may predispose the body to increased
oxidative stress.

Human GST Polymorphisms and Vitamin C Status

The relationship between plasma vitamin C and GST genetic variation was first explored in
2001 in a study of middle-aged men in Slovakia, which found that the GSTM1-null genotype
was associated with increased circulating levels of ascorbate (25). This was also observed in
a more recent study in a U.S. cohort, where individuals with the highest vitamin C levels
were more likely to be GSTM1-null than to have a functional copy of GSTM1 (6). However,
this relationship between vitamin C and the presence of GSTM1 has not been universally
observed. Two studies, one in a Chinese cohort (96) and another with a mixed population in
Canada (11), showed no differences in vitamin C status associated with the GSTM1
genotype. In addition, a study of factory workers in Slovakia reported an overall decline in
plasma vitamin C levels associated with the GSTM1-null genotype (42).

Although difficult to explain, these disparate results may reflect a more complex relationship
of the GSTM1 genotype with vitamin C homeostasis, involving, e.g., dietary vitamin C
intake and environmental exposures. The GSTM1-null genotype appeared to be associated
with increased plasma levels of ascorbate when the dietary intake of vitamin C also was high
(6, 25). Conversely, the populations with low dietary intake of vitamin C and the GSTM1
deletion showed lower plasma ascorbate levels than did individuals with functional GSTM1
at the same intake level (11, 42). This suggests a heretofore uncharacterized interaction
between dietary vitamin C, plasma ascorbate, and the activity of GSTs, possibly involving
lipid peroxidation products or environmental toxins. There were many different types of
environmental exposure in these studies, from cigarette smoking to hazardous working
conditions. Together, these data would suggest that further studies on genetic variation in
GSTML1 and vitamin C levels in plasma, tissues, and diet are warranted, with special
attention to known substrates for GST enzymes.

GSTP1 variation has a poorly defined relationship with vitamin C status. One report in
middle-aged men from Slovakia showed that individuals heterozygous for the l1le105Val
variant had lower circulating ascorbate levels than did those homozygous for the valine
substitution (25). However, this relationship with GSTP1 was not observed in a study of
other factory workers in Slovakia (42). A more detailed study of bioavailability of vitamin C
in Japanese women showed that individuals heterozygous for the GSTP1 variant had lower
absorption after a single oral dose of ascorbic acid, despite having nearly identical plasma
ascorbate levels before the supplementation began (41). This would suggest that GSTP1
variations may alter vitamin C bioavailability.

An additional study on vitamin C intake in pregnant women showed that GSTP1 genotype
and dietary vitamin C appeared to interact with fetal development and exposure to
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environmental carcinogens. Although circulating levels of ascorbic acid were not measured
in this study, GSTP1 variation and vitamin C intake were associated with differential effects
of benzo(a)pyrene exposure (24). Overall, women with the lle/Val or Val/Val variants of
GSTP1 exposed to high levels of benzo(a)pyrene were at significantly higher risk of having
children with a low birth weight when their vitamin C intakes were low. However, high
vitamin C intake negated the increased susceptibility of those carrying the GSTP1
polymorphism.

In contrast to other GSTs, a loss of GSTT1 does not appear to impact circulating vitamin C
levels in the general population. Although an early study of individuals with the GSTT1-null
genotype showed a decline in serum ascorbate (25), this was not seen in four other study
populations (6, 11, 42, 96). One study reported that in individuals who consumed less than
the RDA of vitamin C, GSTT1 gene deletion may contribute to lower circulating levels of
ascorbate (11), but the same was not observed in two other studies (6, 96). On the other
hand, isolated lymphocytes from individuals missing a functional GSTT1 gene were more
susceptible to hydrogen peroxide-induced DNA damage (92), suggesting that cellular
ascorbate levels, rather than those in the plasma, should be measured as a functional
consequence of GSTT1 disruption.

In general, it appears that interactions between vitamin C levels and genetic variation of
GSTs exist, but overall conclusions are difficult to reach. Future studies need to focus on the
interactions of GSTs not only with vitamin C bioavailability, but also the interaction of these
polymorphisms with each other and with exposure to environmental toxins. Other classes of
GSTs should also be examined besides deletions in GSTM1 and GSTT1, or variations in
GSTPL. Genetic variation in other members of the mu and theta classes of the enzyme might
provide further insight into vitamin C interactions. GST omega has recently been postulated
to have DHA reductase activity (98), and future work may address the effect of variation in
the GSTO gene family on vitamin C recycling.

OTHER GENETIC INTERACTIONS WITH VITAMIN C

Manganese Superoxide Dismutase Polymorphisms and Vitamin C Status

Superoxide dismutase (SOD) is responsible for the removal of superoxide radicals by
conversion to hydrogen peroxide and molecular oxygen and is thus considered one of the
major antioxidant enzymes in the body. Three SOD isoforms exist in humans. The isoform
found in mitochondria contains manganese as a cofactor (MnSOD) and is encoded by the
gene SOD2 (16). A common polymorphism exists in SOD2 that causes a missense mutation
at codon 16, causing an alanine-to-valine substitution. The valine-containing isoform of
MnSOD is thought to affect the mitochondrial targeting sequence (84) and, hence, resistance
of mitochondria to oxidative stress.

Although many studies have found associations between vitamin C intake, MnSOD
polymorphisms, and cancer risk (1, 37), only one has measured the effect of MnSOD
variants on plasma vitamin C levels (23). Interestingly, healthy individuals homozygous for
the valine isoform had higher levels of serum ascorbate. Conversely, those individuals with
hypercholesterolemia and at least one copy of the valine-containing MnSOD showed a
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significant decline in serum ascorbate levels compared to subjects homozygous for the
alanine variant. Further work is needed to confirm and expand these observations before a
definite conclusion on the effect of SOD2 polymorphisms on vitamin C status can be drawn.

Glucose Transporters and Vitamin C Transport

In addition to the SVCTs, vitamin C accumulation in cells may occur through the transport
of DHA by glucose transporter (GLUT) proteins. Specifically, GLUT1, GLUT3, and
GLUT10, the gene products of SLC2A1, SLC2A3, and SLC2A10, respectively, have been
shown to transport DHA (52, 78). Other GLUT proteins, such as GLUT2 and GLUT4, also
have been shown to transport DHA, albeit at a lower rate (77, 89). In many cell types, the
rate of transport of DHA through GLUTS can exceed the transport of ascorbic acid through
the SVCTs (93). Once brought into the intracellular environment, DHA is rapidly reduced
by a variety of nicotinamide adenine dinucleotide phosphate (NADPH)- or glutathione-
dependent mechanisms to ascorbic acid. Therefore, supplementing cells with DHA can lead
to increased intracellular ascorbate. However, DHA is chemically unstable, with a half-life
of only a few minutes in aqueous solutions, and usually is not detectable in tissues or plasma
except in times of oxidative stress. In addition, animal models unable to express SVCT1 or
SVCT?2 have severe phenotypes due to ascorbate deficiency (17, 83), demonstrating that
GLUT transporters cannot compensate for the lack of SVCT-mediated vitamin C transport.
Thus, it is unclear what, if any, contribution GLUT expression makes to cell and tissue
vitamin C levels under normal physiological conditions.

Human genetic variation in glucose transport follows a broad range of gene changes in the
S.C2 family. With respect to GLUT variation and vitamin C homeostasis, the evidence is
scant. Erythrocytes from individuals with GLUT1 deficiency syndrome demonstrate a
decreased ability to accumulate DHA ex vivo (48, 49), but whether this affects the
concentration of ascorbate in erythrocytes in vivo is doubtful. Arterial tortuosity syndrome is
a genetic disorder that results in the development of elongated and twisted arteries, including
the aorta, and is caused by several loss-of-function mutations in SLC2A10 (GLUT10). It has
been postulated that GLUT10 is a mitochrondrial DHA transport protein since mitochondria
isolated from murine models expressing one of these SLC2A10 genetic variants exhibit
decreased DHA uptake in vitro and increased oxidative damage (52). However, there is no
evidence to date that these genetic changes in GLUT10 result in altered circulating or tissue
vitamin C levels in humans. Overall, genetic variation in the various members of the SL.C2
family may affect vitamin C status, but more studies are needed to support this notion.

CONSEQUENCES OF GENETIC VARIATION

Pharmacokinetic studies have demonstrated that plasma ascorbate rises in a linear fashion
with increasing doses of vitamin C until plasma and tissues become saturated and a
maximum steady-state level is reached (53, 54) (Figure 3d). However, a key aspect to
understanding the impact of human genetic variation on vitamin C homeostasis is that the
relationship between dietary and plasma vitamin C levels may be altered. It is possible that
those individuals expressing particular variant gene products might require more vitamin C
in the diet to achieve the same plasma and tissue ascorbate levels as those seen in
individuals without these genetic variants. Another possibility is that these individuals
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simply may not achieve the same maximum steady-state level of plasma ascorbate even
when consuming large doses of vitamin C, as described for SVCT1 variants (Figure 3d).

It is likely that individuals with the lowest dietary intake of vitamin C are the most
susceptible to the effects of genetic variation. The differences in plasma vitamin C levels are
relatively small between those considered severely deficient (<11 uM) and marginally
deficient (11-28 uM). Severe vitamin C deficiency is associated with clinical symptoms of
scurvy, such as impaired wound healing and gingivitis, whereas marginally deficient plasma
ascorbate levels are associated with early signs of scurvy, including malaise and fatigue,
gingival inflammation, and bone abnormalities (30). In the presence of a genetic
polymorphism, the number of individuals in the marginally and severely deficient vitamin C
categories might be increased compared to other members of the population without this
polymorphism, as postulated for GST variations (11).

Numerous epidemiological studies have observed that individuals with the highest plasma
ascorbate levels display a reduced risk of cardiovascular diseases and cancer compared to
individuals with the lowest plasma ascorbate levels (30). For example, the EPIC-Norfolk
study concluded that each 20 pM increase in plasma ascorbate level was associated with a
20% decreased risk of all-cause mortality (47) and a 9% relative reduction in risk of heart
failure (68). To achieve these benefits, it is commonly recommended that dietary
consumption of vitamin C—rich fruits and vegetables should be increased. Individuals with
genetic variants might require even higher dietary vitamin C intakes or vitamin C
supplements to achieve maximal plasma and tissue ascorbate levels or may be unable to
reach the same levels as individuals without these genetic variants, even at very high vitamin
C intakes (see Figure 3d).

Human genetic variation is a confounding factor in epidemiological studies looking at
vitamin C because it increases the variability in response to dietary intake or
supplementation of vitamin C and consequently reduces the statistical power to detect
significant changes with an intervention. In order to overcome these differences, a further
subgrouping of the study population(s) by the polymorphisms described in this review may
be necessary to detect specific effects on vitamin C homeostasis or disease risk (30, 56).
This has already been observed with haptoglobin, where a beneficial effect of vitamin E
supplementation is observed only in diabetics with the Hp2-2 phenotype, who are under
increased oxidative stress, but not the Hp1-1 or Hp2-1 phenotypes (88). Future studies
conducted without any regard to genetic variation in the population are likely to result in a
poor association of vitamin C supplementation with disease prevention.

SUMMARY

Understanding the complex network of interactions involved in the regulation of vitamin C
homeostasis in humans has proven difficult because data from animal and cell culture
studies cannot be easily extrapolated to humans. However, studies into the normal genetic
variation in the human population have proven to be a useful guide and, as evidenced by this
review, are starting to provide meaningful information about the importance of several
factors controlling vitamin C levels in the human body.
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Due to the specific and direct interaction with ascorbic acid, genetic variation in the SLC23
family provides the best information about how alterations in SVCT-mediated vitamin C
transport affect vitamin C homeostasis. The SNPs present in the protein-coding region of
S.C23A1, in particular, reveal the critical relationship of SVCT1 function with plasma
ascorbate levels. The profound nature of this genetic effect cannot be overemphasized.
Despite contributions from diet, environmental exposure, health status, and lifestyle, a
statistically significant decline in steady-state plasma ascorbate levels has been
demonstrated for one of these SLC23A1 polymorphisms (rs33972313), and two others
(rs4257763 and rs6596473) showed nonsignificant but still notable reductions in plasma
vitamin C levels. It also should be noted that rs4257763 is not a rare allele found only in
very specific populations but rather has been found in many study populations. Therefore,
there is potential for S_.C23A1 genetic changes to have a widespread impact on human
vitamin C homeostasis. In addition, studies on variation in the gene coding SVCT2 strongly
suggest an important role of vitamin C in disease prevention, especially in certain cancers
and glaucoma. It is likely that the effect of SNPs in SLC23A2 will be evident in more tissues
once more exacting studies are performed.

Although many of these genetic factors have been examined for their influence on vitamin C
homeostasis because of their known role in lowering oxidative stress in the body, the
observed interactions with vitamin C reinforce the role of ascorbic acid as a critical
biological antioxidant in tissues and extracellular fluids. Genetic variation in the haptoglobin
gene demonstrates this relationship directly, as variants in the HP gene show direct
correlation with iron dysregulation and oxidative stress. The loss of ascorbate from the
plasma reflects the increased demands for antioxidant protection the variant proteins have
placed on the system. Genetic variation in SOD2, leading to changes in MnSOD activity,
likely will show similar, nonspecific interactions with vitamin C due its nature as an
antioxidant enzyme.

Similar antioxidant-related interactions between vitamin C and glutathione S-transferases
may occur, but, due to the pluripotent nature of glutathione, the relationship is more
complex and currently incompletely understood. This uncertainty reflects the complex
interactions that govern vitamin C homeostasis, as a wide range of dietary, environmental,
and lifestyle factors affect the interaction between ascorbate, glutathione, and GST activity.

One topic only briefly touched on in this review is the impact that epigenetic regulation of
these genes may have on vitamin C status. MicroRNA regulation and methylation-
dependent transcription of SLC23A2 were mentioned above, but other types of epigenetic
regulation may also apply to this gene and other genes examined in this review. This type of
genetic regulation of vitamin C status goes beyond base-pair changes in DNA sequence and
may play an important role in vitamin C homeostasis in development and aging.

FUTURE DIRECTIONS

Early studies of the human SLC23 family investigated variations in these genes and chronic
disease risk or health outcomes. However, genetic variation is only a single variable among
many factors affecting vitamin C homeostasis. We now know that these studies were limited
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by the nature of these interactions that affect the interplay between dietary, circulating, and
tissue levels of vitamin C. Without assessment of vitamin C status, either by measuring
plasma, serum, or cellular ascorbic acid concentrations, such genetic studies are likely to
result in a null outcome. Measuring dietary intake of vitamin C is an inaccurate measure of
vitamin C body status, due to human recall error, questionnaire validity, and variations in
food sources, storage, and preparation that affect vitamin C content (4, 19, 40). Future
studies must rely only on direct measurement of circulating or cellular vitamin C levels to
accurately reflect vitamin C status. Only when held to this rigorous standard can we expect
to find robust interactions between vitamin C—related genetic variation and disease risk.

Furthermore, the need for more mechanistic studies is apparent. For example, changes in
GST isoforms appear to have an effect on vitamin C levels in some studies, but whether this
is due to increased oxidative stress and, hence, depletion of ascorbate by free-radical
scavenging is not clear. More mechanistic studies are needed to better understand the
interaction between GST activity and ascorbate function. Although genetic changes in
S_C23A1 present in the coding region of the SVCT1 protein have been linked to a decline in
transport activity, we know little about the effects of changes in the noncoding regions of
these genes. This is particularly true for SNPs in SLC23A2, which show only synonymous
codon mutations, intronic polymorphisms, and changes in the untranslated regions of the
gene.

The human genetic variations covered in this review is by no means an exhaustive list of
factors that can influence vitamin C homeostasis. Partially, this is due to the manner in
which these genes were discovered. In the various studies reviewed, genetic variants in HP,
GSTs, and SOD2 were not associated a priori with ascorbic acid but rather were examined
because of their known role in oxidative stress. Because SNPs in each of these genes were
found to be related to ascorbate status, these findings not only confirm the role of vitamin C
as a powerful antioxidant in the human body but also suggest that genetic variations of other
antioxidant or oxidative stress—related genes may affect vitamin C status. For example,
genes other than GSTs involved in glutathione homeostasis, such as glutathione peroxidase
(GPX), glutathione reductase (GR), glutamate-cysteine ligase (GCLC or GCLM), or the
transcription factor Nrf2 (NFE2L2), should be examined. Interactions of polymorphisms in
some of these genes with vitamin C (12, 81) have already been proposed to affect lung
function. Other obvious candidates to explore for a possible role in vitamin C homeostasis
include SOD1 and SOD3 and genes involved in iron and heme metabolism, such as
transferrin (TF), ferritin (FT), and heme oxygenase (HO). Perhaps with a focus on changes
in vitamin C homeostasis, an exploration of human genetic variation will reveal more genes
and enzymes that may influence ascorbate levels in the body.

Along these lines, we have only scratched the surface of the protein-gene or RNA
interactions for many of the genes discussed. We do not know if polymorphisms in the
untranslated regions of the SLC23 genes lead to a change in gene transcription due to
changes in transcription factor binding, for instance. On the other hand, polymorphisms in
the transcription factors themselves might lead to a change in expression. A genetic
alteration in HNF1a, found in patients with MODY 3, would be expected to lead to a
substantial decline in SVCT1 synthesis and the renal threshold for vitamin C reabsorption
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(63). As HNF4a is an upstream regulating factor of HNF1a, the former is also a potential
target for SVCT1 regulation. If indeed genetic variants of HNF1A and HNF4A are found to
play a role in vitamin C homeostasis, this would suggest that vitamin C is regulated in the
body as a carbohydrate in addition to an antioxidant. This intriguing approach to vitamin C
genetic regulation has never been examined.

What is the overall impact of human genetic variation in light of the myriad of factors that
affect vitamin C homeostasis? The answer to this question is not immediately forthcoming.
However, it is becoming increasingly clear that the optimum intake of vitamin C to support
normal physiological function and promote good health differs widely between individuals
and hence needs to be addressed on an individual basis. Not only are vitamin C levels
influenced by age, diet, lifestyle, and various environmental exposures, but also—as evident
from this review—Dby multiple genetic variations. These genetic variations may modify the

relationships between ascorbic acid and each of the other variables, raising intriguing new
questions. For example, do GST deletions affect cellular ascorbate levels differently in
smokers and nonsmokers? Are haptoglobin polymorphisms an important determinant of
vitamin C levels in the presence of iron deficiency? Do changes in S.C23A2 result in an
altered relationship between dietary intake and plasma and tissue levels of vitamin C? Only
as our knowledge of vitamin C homeostasis grows can we make these more complex
associations to determine their effects on human health and disease.

ACRONYMS/TERMS

Vitamin C

Solute carrier family
23 (SLC23)

Apical

Hepatic nuclear factor
la (HNF1a)

Matur e onset diabetes
of theyoung (MODY)

Single-nucleotide
polymor phism (SNP)

Nonsynonymous

Haplotype

includes ascorbic acid and its one- and two-electron oxidation
products, ascorbyl radical and dehydroascorbic acid,
respectively

includes both SLC23A1 (SVCT1) and SLC23A2 (SVCT2). A
gene identified as S.C23A3 has an undefined function

in renal physiology, refers to the side of the cell facing the
lumen (interior) of the proximal tubule

encoded by the gene HNF1A, it is a transcription factor highly
expressed in the liver

a hereditary form of diabetes mellitus. MODY3 is associated
with mutations in HNF1A

changes in genetic structure between individuals differing by a
single nucleotide

DNA change in the coding region of the protein that results in
an amino acid change

a combination of SNPs; haplotype analysis is used to
determine additive effects of separate polymorphisms on an
individual’s phenotype
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(SLC2)
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Figure 1.
Vitamin C homeostasis. Vitamin C levels in the circulation and

tissues are influenced by

several regulatory mechanisms in the body. Proteins involved in vitamin C homeostasis fall
under the general-categories transporters (blue) that transport vitamin C across cell
membranes and those that modulate oxidative stress (red) and would interact with ascorbate
due to its antioxidant properties. GLUT, glucose transporter protein; GST, glutathione S-

transferase; MnSOD, manganese superoxide dismutase; SVCT,
C transporter.
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Tissue distribution of vitamin C and its transport proteins in the human body. Ascorbate
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that the tissue concentrations of ascorbate in the small intestine are heavily dependent on
recent dietary intake. Sodium-dependent vitamin C transporter (SVCT) distribution is based
on mRNA expression data in animals and human tissues. Republished with permission from
Saunders/Elsevier, from Michels, A and Frei B, Vitamin C, in Biochemical, Physiological,
and Molecular Aspects of Human Nutrition, third edition, ed. MH Stipanuk, MA Caudill, pp.
626-54, copyright 2012 (62).
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S C23A1 activity and human genetic variation. (a) Distribution of S.C23A1 in kidney
nephron segments by Serial Analysis of Gene Expression (SAGE) libraries containing
expression data from microdissected glomeruli and six different nephron segments; values
are expressed as tags per million. (b) Effect of SLC23A1 SNPs on ascorbate transport.
Xenopus laevis oocytes were microinjected with the following SLC23A1 cRNAs: common
type; sham injected; human deletion construct; and SNPs A652G (rs34521685), G790A
(rs33972313), A772G (rs35817838), and C180T (rs6886922). (c) Population prevalences of
S .C23A1 polymorphisms. Shown are averaged minor allelic frequencies of SLC23A1
genotypes in African (n = 48), American African (n = 438), and white (n=1,874)
individuals, using pooled genotype data. (d) Modeled effects of SLC23A1 polymorphisms on
plasma ascorbate concentrations in humans. Values in healthy young women for common
type SLC23A1 are measured and calculated fasting steady-state plasma ascorbate
concentrations. For women with SNPs, values are calculated from wild-type data
comparisons to transport data in panel b. Reprinted with permission of the American Society
for Clinical Investigations, from Corpe C.P., Tu H., Eck P., Wang J., Faulhaber-Walter R.,
Schnermann J., Margolis S., Padayatty S., Sun H., Wang Y., Nussbaum R.L., Espey, M.G.,
and Levine, M. Vitamin C transporter Slc23al links renal reabsorption, vitamin C tissue
accumulation, and perinatal survival in mice. April 1:120(4). Copyright 2010 (17).
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Figure4.
Haptoglobin phenotypes. Haptoglobin is translated as a single polypeptide chain that

undergoes posttranslational processing and cleavage to form a light chain (a subunit) and a
heavy chain (B subunit). The a subunit of haptoglobin also binds to other a chains through
disulfide bridges (55). The haptoglobin protein encoded by HP® has a cysteine residue in the
a chain that binds a cysteine residue in an adjacent a chain. The a chain encoded by the
HP2 variant allele has an additional cysteine residue and hence binds two other o chain
cysteine residues. The resulting phenotypes are a combination of those two a chains forming
a tetrameric protein (Hp1-1), or different sizes of linear (Hp2-1) or cyclic (Hp2-2)
haptoglobin polymers.
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Table 1

Phenotypic effects of single-nucleotide polymorphisms (SNPs) found in the human S_LC23A1 gene

Reference SNPID | Location | Geneticvariant? | References Alterationsin phenotype?
rs10063949 5 UTR €.-97-487 A>G (27, 28, 85, 94, Increased plasma and serum ascorbate levels in the BWHHS
97) cohort but not in the EPIC cohort

rs6886922 Exon 3 c.180 C>T a7 Modeled in Xenopus oocytes: 40%-50% reduction in ascorbate
transport

rs34521685 Exon 7 c.652 A>G a7 Isoleucine-to-valine substitution at position 218 of SVCT1.
Modeled in Xenopus oocytes: 40%-50% reduction in ascorbate
transport

rs35817838 Exon 8 c.772 A>G (17, 27) Methionine-to-valine substitution at position 258 of SVCT1.
Modeled in Xenopus oocytes: 75% reduction in ascorbate
transport

rs33972313 Exon 8 €.790 G>A (17, 27, 85) Valine-to-methionine substitution at position 264 of SVCT1.
Modeled in Xenopus oocytes: 40%-50% reduction in ascorbate
transport. Strongly associated with decreased plasma and serum
ascorbate levels in multiple cohorts

rs11950646 Intron 9 €.1074-101 A>G (82, 94) Increased risk of follicular lymphoma observed in a U.S. cohort

rs4257763 Intron 10 | ¢.1179+109 T>C (9, 85) Decreased serum ascorbate levels in the BWHHS cohort

rs34063983 Intron 11 | ¢.1310-41 A>G (27) None

rs6876106 Intron 13 | ¢.1550-2088 C>T | (94) None

rs6596473 Intron 13 | ¢.1549+2515 G>C | (9, 27, 82, 85, Trend toward decreased plasma ascorbate levels in two studies.

94) Increased risk of follicular lymphoma in a U.S. cohort
rs6596471 Intron 14 | ¢.*19+2088 T>C (85) None

aVariations listed relative to the coding region in the reference sequence NM_005847.4.

bEffects of genetic polymorphism as described in the references provided.

Abbreviations: BWHHS, British Women’s Heart and Health Study; EPIC, European Prospective Investigation into Cancer and Nutrition; SVCT,
sodium-dependent vitamin C transport protein
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Table 2

Phenotypic effects of single-nucleotide polymorphisms (SNPs) found in the human S_.C23A2 gene

Reference SNPID | Location | Genetic variant® References Alterationsin phenotype?

rs1279683 Intron 1 €.-375-947 C>T 97) Associated with decreased plasma ascorbate levels and increased
risk of developing glaucoma

rs12479919 Intron 2 €.-282+1312 G>A (2,27, 28,94) | Trend toward decreased risk of gastric cancer; considered part of a
high-risk bladder cancer phenotype

s2681118 Intron 2 .-282+14050 C>A | (27, 28, 94) None

rs6139591 Intron 3 ¢.-155+80 C>T (9, 27,28,94) | Trend toward increased risk of preterm delivery; no association
with serum ascorbate levels

1s2681116 Intron 3 ¢.-155+108 A>G (9, 27, 28,94) | None, including no association with serum ascorbate levels

rs13037458 Intron 3 €.-155+224 T>G (28, 94) None

rs4813725 Intron 3 €.-154-4623 G>A (27, 28, 94) None

rs1776948 Intron 3 €.-154-17751 C>T | (82) None

rs1715365 Intron 4 €.109-5464 G>A (27, 28) None

rs6133175 Intron 5 €.207+1767 T>C (82) None

rs1776964 Exon 7 c.375 C>T (27, 28, 94) None

rs4987219 Intron 9 €.642+453 G>C (15, 27, 28) Decreased risk of head and neck cancer with concurrent HPV
infection

rs1110277 Exon 12 ¢.1002 C>T (27, 28, 94) None

rs16990301 Exon 17 €.*2203 G>A (33) Limited interactions with regulating miRNA; associated with a
decreased expression of SVCT2 in cells

rs35560557 Exon 17 C.*2724 C>T (27, 28) None

aVariations listed relative to the coding region in the reference sequence NM_005116.6.

bEffects of genetic polymorphism as described in the references provided.

Abbreviations: HPV, human papillomavirus; miRNA, microRNA; SVCT, sodium-dependent vitamin C transport protein.
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