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Ascorbic acid (AA; vitamin C) is a natural water-soluble
vitamin that is also a cofactor in numerous metabolic reac-
tions catalyzed by Cu** dependent monooxygenases and
Fe** dependent dioxygenases. Though many mammals are
capable of de novo hepatic synthesis of ascorbate from glu-
cose, humans and other primates cannot synthesize ascor-
bate due to an evolutionary mutation in the gene GULO,
which normally encodes the enzyme L-gulono-y-lactone
oxidase, a catalyst of the last step of the biosynthetic path-
way of AA [1].

AA is a potent antioxidant agent implicated in many
biological functions, contributing to the inhibition of reac-
tive oxygen species (ROS) production and the modulation
of cytokines in the systemic inflammatory response syn-
drome. AA also enhances epithelial barrier function against
pathogens by increasing the rate of collagen formation,
accelerating tissue repair, and inducing the synthesis of key
lipids and proteins. AA enhances resistance to infection by
supporting both the innate and adaptive immune defense
system, stimulates neutrophil migration to the site of infec-
tion, and promotes phagocytosis as well as the differentiation
and maturation of B- and T-lymphocytes, particularly NK
(natural killer) cells [2].

Although clinically observed deficiencies are rare,
requirements may be increased and supplementation may
be necessary for several conditions including alcoholism,
cancer cachexia, chronic hemodialysis, prolonged diar-
rhea, gastrectomy, ileal resection, continuing infection, and
intestinal diseases. Early manifestations of hypovitamino-
sis C include malaise, irritability, emotional disturbances,
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arthralgia, hyperkeratosis of hair follicles, nosebleeds, and
petechial hemorrhages. Severe vitamin C deficiency is a rare
condition that leads to the development of scurvy [3].

Recent studies have demonstrated some effect of vitamin
C administration on reducing mortality in patients with sep-
sis hospitalized in intensive care wards [4]. Given these data,
and in light of the current COVID-19 pandemic, clinical
trials have been initiated in order to investigate the thera-
peutic effects of vitamin C administration as an adjunct to
conventional therapy in patients with COVID-19 pneumonia
(NCTO04323514).

Ascorbic acid is absorbed by the gut mucosa by active
transport and by simple diffusion. Specific transport pro-
teins mediate the transport of the oxidized form of vitamin
C, dehydroascorbic acid (DHA), and the reduced form,
L-ascorbic acid, across biological membranes. Dehy-
droascorbic acid uptake is via the facilitated-diffusion glu-
cose transporters, GLUT 1, 3, and 4, whereas L-ascorbic
acid active transport is mediated via Na*-dependent systems
via the membrane sodium vitamin C transporters (SVCTs).
SVCT]1, found in epithelial tissue, and SVCT2, found in
most tissues except the lungs and skeletal muscles, import
the reduced form of ascorbate across the basolateral plasma
membrane of the intestinal cells [5]. The absorption of vita-
min C and transport into the systematic circulation requires
the transporters SVCT1 and SVCT?2 in order to mediate elec-
trogenic uptake of vitamin C, using the sodium concentra-
tion gradient across the plasma membrane with a stoichiom-
etry of 2 Na™ for each ascorbate. Human SVCT1 consists of
598 amino acids with a molecular mass of 64,831 Da. The
SVCT?2 peptide chain has a length of 650 amino acids with
a molecular mass of 70,337 Da [6].

The solute carrier family 23 members SLC23A1 and
SLC23A2 comprise the protein coding genes. Single nucle-
otide polymorphisms (SNPs) of SLC23A1 and SLC23A2
have been described [7]. Furthermore, transcriptional and
post-translational modifications (e.g., glycosylation and
phosphorylation) of the SVCT proteins are likely involved
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in their regulation. Potential sites for phosphorylation
by protein kinase C exist on the cytoplasmic surface of
both proteins, with an additional protein kinase A site in
SVCT1 [8]. Post-translational modifications for SVCT2
consist of phosphorylation at Ser70, Ser78, Ser81, Thr75,
Thr79, Thr649, and glycosylation at Asn188 and Asn196
and, respectively, for SVCT1 phosphorylation at Ser593,
Thr591, Thr596 and glycosylation at Asn138 and Asn144
(UniProtKB/Swiss-Prot).

Although intestinal absorption and transport of AA are
multifactorial and affected by an interplay of external fac-
tors, mechanistic evidence is rudimentary. Several human
diseases have been associated with polymorphisms and vari-
ations in the expression of SVCTs. However, the contribu-
tion of sodium:ascorbate cotransport to disease has not been
fully elucidated. Furthermore, no studies to date have evalu-
ated the consequence of enteropathogenic E. coli (EPEC)
infection on the intestinal absorption of AA. In the study of
Heskett and colleagues published in this issue of Digestive
Diseases and Sciences, the authors utilized both in vivo and
in vitro models in order to address this issue. The authors
show for the first time the effect of EPEC infection on the
expression of SVCTs [9].

The observed inhibitory effect of EPEC on AA uptake
was accompanied by a dysregulated expression of SVCT1
and SVCT?2 protein and mRNA both in vitro and in vivo.
The reduction in SVCT1 and SVCT2 mRNA expression lev-
els could be transcriptional, due to reduced expression, but
also post-transcriptional via reduced mRNA stability. The
authors showed that the expression levels of all three mature
microRNA regulators of SVCT1 and SVCT2 (miR103a,
miR141, and miR200a) were markedly up-regulated upon
EPEC infection in Caco-2 cells and mouse intestinal seg-
ments. These findings demonstrate that post-transcriptional
mechanisms may act, at least in part, in the observed AA
inhibitory effect in both model systems.

Moreover, Heskett and colleagues investigated the
involvement of the accessory protein and positive regulator
of SVCT]1 function, glyoxylate reductase/hydroxypyruvate
reductase (GRHPR) in facilitating the observed effect on
intestinal uptake of vitamin C. The authors demonstrate that
EPEC infection may inhibit intestinal vitamin C absorp-
tion via post-transcriptional dysregulation of SVCT1 and
SVCT?2 expression by decreasing the expression of GRHPR
in vitro and in vivo. Thus, GRHPR is part of the mecha-
nism of hSVCT linhibition upon EPEC infection and may
also be partly responsible for mediating the observed AA
malabsorption.

EPEC pathogenicity is mediated by attaching to intes-
tinal epithelial cells and injecting virulence factors using
a Type 3 secretion system (T3SS). As a result, host cells
are subject to significant alterations in cytoskeletal net-
works, ion transport, inflammatory signaling, and tight

junction function. Infection with AespA, AespB, and
AespD mutants that totally lack T3SS function failed to
inhibit AA uptake. On the other hand, infection with the
EPEC-secreted effector mutants AespF and AespG/G2,
potentially retaining some T3SS activity, inhibited AA
uptake. Thus, the respective proteins appear dispensable
for the inhibitory effect. These observations indicate that
the effect of EPEC on AA uptake in intestinal epithelia
requires a functional T3SS and more than one of the fac-
tors it secretes [9].

This study is significant to the field of AA transport due
to the insights it provides toward the nutritional manage-
ment of patients with severe EPEC infection. Interven-
tions to increase plasma ascorbate concentrations might
be beneficial in patients with other severe bacterial or viral
infections as well. An exogenous supply of the vitamin is
one possible strategy that may reduce the deficit in intra-
cellular ascorbate concentration following intestinal infec-
tion. Another potential therapeutic approach could be to
enhance the activity of sodium-ascorbate cotransporters.
One consideration though is the susceptibility of SVCT
to downregulation by high supplementation of ascorbate
since some interventional human clinical trials with vita-
min C supplements failed to confer antioxidant protec-
tion or a clinical benefit [10]. Optimization of the regimen
dosing may be essential to the success of future clinical
studies using vitamin C.
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