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Abstract: The pharmacokinetics of vitamin C (vitC) is indeed complex. Regulated primarily by a
family of saturable sodium dependent vitC transporters (SVCTs), the absorption and elimination are
highly dose-dependent. Moreover, the tissue specific expression levels and subtypes of these SVCTs
result in a compartmentalized distribution pattern with a diverse range of organ concentrations of
vitC at homeostasis ranging from about 0.2 mM in the muscle and heart, and up to 10 mM in the
brain and adrenal gland. The homeostasis of vitC is influenced by several factors, including genetic
polymorphisms and environmental and lifestyle factors such as smoking and diet, as well as diseases.
Going from physiological to pharmacological doses, vitC pharmacokinetics change from zero to
first order, rendering the precise calculation of dosing regimens in, for example, cancer and sepsis
treatment possible. Unfortunately, the complex pharmacokinetics of vitC has often been overlooked
in the design of intervention studies, giving rise to misinterpretations and erroneous conclusions.
The present review outlines the diverse aspects of vitC pharmacokinetics and examines how they
affect vitC homeostasis under a variety of conditions.
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1. Introduction
Humans rely solely on dietary intake for the maintenance of the body pool of vitamin C (vitC).
In contrast to the vast majority of vertebrates, in which l-gulonolactone oxidase catalyzes the final step
in the biosynthesis of ascorbic acid, evolutionally conserved deletions have made the corresponding
gene inactive in primates, flying mammals, guinea pigs, and some bird and fish species, thereby
disabling its formation [1]. This evolutionary event may in fact have resulted in an adaptational process
where our ability to prevent vitC deficiency has been improved by various measures changing the
pharmacokinetics, including more efficient absorption, recycling, and renal reuptake of vitC compared
to vitC synthesizing species [2,3].
The absorption, distribution, metabolism, and excretion of vitC in humans is highly complex
and unlike that of most low molecular weight compounds. The majority of intestinal uptake, tissue
distribution, and renal reuptake is handled by the sodium-dependent vitC transporter (SVCT) family
of proteins [4] that cotransports sodium ions and ascorbate (ASC) across membranes with the ability
to generate considerable concentration gradients [5,6]. It is the differential expression, substrate
affinity, and concentration dependency of the SVCTs between organs that gives rise to the unique
compartmentalization and nonlinear pharmacokinetics of vitC at physiological levels [7].
The hydrophilic nature of ASC and the likely resulting absence of passive diffusion across
biological membranes has puzzled pharmacologists. However, two decades ago, active transport of
vitC was found to be essential for life, when Sotiriou et al. showed that SVCT2 knockout mice die
immediately after birth from respiratory failure with severe brain hemorrhage [8]. Acknowledging the
role of SVCTs in vitC homeostasis has naturally sparked an interest in possible differences in SVCT
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activity between individuals and potential impact on vitC status. Thus, a number of polymorphisms
have been identified, and these may affect the pharmacokinetics of vitC significantly. Although not
investigated in clinical studies yet, pharmacokinetic modelling has suggested that several of the
identified SVCT alleles result in a lower plasma steady state level and consequently completely altered
homeostasis [9] with the lowest saturation level leading to permanent vitC deficiency, i.e., a plasma
concentration < 23 µM [10,11].
In contrast to the physiological concentrations achievable by oral ingestion, pharmacological
concentrations, i.e., millimolar plasma concentrations, can be reached by parenteral administration, mostly
intravenous infusion [12]. Interestingly, the pharmacokinetics of vitC appears to change from zero to first
order following high-dose infusion displaying a constant and dose-independent half-life [13].
A final factor contributing to the complexity of vitC pharmacology is its metabolism. Low
molecular weight drugs and xenobiotics are normally metabolized by a combination of phase I and II
enzymes leading to oxidized and conjugated metabolites with increased water solubility and enhanced
clearance. VitC takes part in numerous physiological reactions as an electron donor [14]. Acting both
as a specific cofactor or antioxidant, ASC is oxidized to the ascorbyl radical, which subsequently may
undergo dismutation to form ASC and dehydroascorbic acid (DHA) [15]. Although DHA has a half-life
of only a few minutes [16], it is normally reduced back to ASC by enzymatic means, an intracellular
process that is both efficient and quantitative in healthy individuals. However, it has been shown that
the recycling process may be inadequate during disease and among smokers, for example, resulting
in an increased turnover of vitC [17,18]. Thus, increased intake of vitC may be necessary to achieve
homeostasis in high-risk individuals.
The present review outlines the pharmacokinetics of vitC under various conditions and discusses
how it affects the vitC status.
2. Pharmacokinetics of Vitamin C
Pharmacokinetics constitutes the description of absorption, distribution, metabolism, and excretion
of drugs. Pharmacokinetics is based on a number of theoretical models, all of which have a set of
assumptions that need to be fulfilled for their validity. Compared to a typical orally administered low
molecular weight drug, vitC differs in multiple ways with respect to pharmacokinetic properties [19].
Unfortunately, lack of proper attention to particularly the nonlinearity of vitC pharmacokinetics has
led to misinterpretation of a major part of the clinical literature as reviewed elsewhere [11,19,20]. In the
following, the kinetics of vitC is explored in more detail.
2.1. Oral Route of Administration
Oral ingestion of food or supplements is the primary route of administration for vitC. VitC is
ubiquitous in nature and particularly fruits and vegetables contain relatively large amounts of ASC [21].
For healthy individuals, it is possible to get sufficient amounts of vitC through the diet provided it
contains high amounts of vitC-rich sources [22,23]. However, in many diseases and in people with
very poor vitC status including smokers, for example, the dietary intake may be insufficient to provide
adequate amounts of vitC [19,24,25].
2.1.1. Absorption
VitC exists primarily in two forms in vivo, ASC (reduced form) and DHA (oxidized form), of which
the former is by far the predominant [26]. Due to the efficient intracellular recycling of DHA to ASC by
most cell types, the total available vitC capacity is considered the combined pool of ASC and DHA [27].
With regard to vitC, three potential modes of membrane transport exist: passive diffusion, facilitated
diffusion, and active transport [6].
For most low molecular weight drugs, simple diffusion is the primary means of membrane
transport. However, vitC is predominantly represented by its anionic form (>99.9%) at neutral pH
and is highly water-soluble. As such, it will only be able to diffuse across the plasma membrane at a
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relatively slow rate even in the presence of a considerable concentration gradient. However, in the
milieu of the stomach (pH 1) or small intestine (pH 5), the proportion of unionized ascorbic acid
increases to 99.9% and 15%, respectively, and under these local conditions, passive diffusion could
perhaps play a more significant role in vitC uptake. Studies in individuals with normal vitC status
have reported similar times to maximal plasma concentration following oral administration of ascorbic
and erythorbic acid, respectively [28,29], even though erythorbic acid, an isoform of ASC with low vitC
activity, is poorly transported by epithelial SVCT1 [30]. However, it remains undisclosed if passive
diffusion of ASC contributes significantly to its absorption from these compartments.
Facilitated diffusion across membranes occurs through carrier proteins but like passive diffusion,
it depends on an electrochemical gradient. DHA has been shown to compete with glucose for transport
through several glucose transporters [31,32]. While only present in negligible amounts in the blood of
healthy individuals [17,33], intestinal concentrations are presumably much higher, most likely due
to the absence of intracellular recycling and relatively higher concentration in foodstuffs. This may
explain the repeated finding of similar bioavailability of ASC and DHA as vitC sources [2,34–36].
Moreover, this could explain the observation of equal absorption rates of ascorbic and erythorbic acid
from the intestine as dehydroerythorbic acid would be expected to pass through glucose transporters.
DHA uptake is expectedly inhibited by excess glucose, while the maximal rates of uptake for ASC and
DHA are similar when glucose is absent [37].
Finally, concentration gradient-independent active transport plays a significant role in vitC
absorption. As early as the 1970s, it was observed that the bioavailability of ASC is highly
dose-dependent [38]. Increasing oral doses were shown to lead to decreasing absorption fractions
and it was concluded by several authors that intestinal ASC absorption is subject to saturable active
transport [38,39]. Malo and Wilson discovered that DHA and ASC are taken up by separate mechanisms
in the intestine and that uptake of ASC is sodium-dependent [37]. This coincided with the discovery
and characterization of the SVCT family of transporters by Tsukaguchi et al. [4]. They subsequently
showed that the intestine contains the low affinity/high capacity active transporter SVCT1 [30]. Thus,
ASC is efficiently transported across the apical membrane of the intestinal epithelial cells via active
transport but its release into the blood stream is less well understood. As intracellular vitC is effectively
kept reduced, facilitating further uptake of DHA, efflux to the blood through glucose transporters is
unlikely to provide a significant contribution. As mentioned above, the intracellular pH of 7.0 renders
the anionic ASC predominant (99.9%) and given its hydrophilic nature, passive efflux of ascorbic acid
via simple diffusion will be relatively slow. However, as the cellular release of vitC to the blood stream
is vital for the absorption process and must occur to a high extend considering the rapid uptake of
vitC (plasma Tmax of about 3 h [29]), it strongly implies the existence of yet undiscovered channels
or transporters facilitating vitC efflux. It has been proposed that ASC efflux may occur through
volume-sensitive anion channels in the basolateral membranes of epithelial cells [6]. In the brain,
however, studies in human microvascular pericytes have shown that volume-sensitive anion channels
are apparently not involved in the ASC efflux from these cells and may therefore not represent a
general mechanism of basal ASC efflux [40]. A schematic overview of intestinal vitC absorption is
shown in Figure 1.

Nutrients 2019, 11, 2412

Nutrients 2019, 11, x FOR PEER REVIEW

4 of 20

4 of 20

Figure
1. Ingested
Ingestedvitamin
vitamin
C (vitC)
is absorbed
the intestinal
epithelium
by
Figure 1.
C (vitC)
is absorbed
across across
the intestinal
epithelium
primarily primarily
by membrane
membrane
transporters
in
the
apical
brush
border
membrane,
either
as
ascorbate
(ASC)
by
sodiumtransporters in the apical brush border membrane, either as ascorbate (ASC) by sodium-coupled active
coupled
via the SVCT1
transporter or asacid
dehydroascorbic
acid
(DHA) diffusion
through
transportactive
via thetransport
SVCT1 transporter
or as dehydroascorbic
(DHA) through
facilitated
facilitated
viatransporters.
GLUT1 or GLUT3
transporters.
the cell,converted
DHA is to
efficiently
via GLUT1diffusion
or GLUT3
Once inside
the cell,Once
DHAinside
is efficiently
ASC or
converted
or transported
to theand
blood
stream
bybasolateral
GLUT1 and
GLUT2 hereby
in the maintaining
basolateral
transportedtotoASC
the blood
stream by GLUT1
GLUT2
in the
membrane,
membrane,
hereby maintaining
a low
concentration
and facilitating
DHA
a low intracellular
concentration
andintracellular
facilitating further
DHA uptake.
ASC is further
conveyed
to uptake.
plasma
ASC
is
conveyed
to
plasma
by
diffusion,
possibly
also
by
facilitated
diffusion
through
volumeby diffusion, possibly also by facilitated diffusion through volume-sensitive anion channels or
by yet
sensitive
anion
channels
or by yet
transporters;
precise efflux
mechanisms
unidentified
active
transporters;
theunidentified
precise effluxactive
mechanisms
remainthe
unknown.
Modified
from [5].
remain unknown. Modified from [5].

2.1.2. Distribution

2.1.2.The
Distribution
distribution of vitC is highly compartmentalized (Figure 2). Simple diffusion is unlikely to
play The
a major
role in vitC
across
membranes, at least(Figure
in the further
distribution
the blood
distribution
of transport
vitC is highly
compartmentalized
2). Simple
diffusionfrom
is unlikely
to
stream.
Fromrole
a theoretical
point of view,
plasma steady
state
concentrations
would befrom
2.5-fold
play
a major
in vitC transport
acrossASC
membranes,
at least
in the
further distribution
the
higherstream.
than in From
tissueaastheoretical
calculatedpoint
by a dissociation-determined
equilibrium.
In reality, intracellular
blood
of view, ASC plasma steady
state concentrations
would be
concentrations
ASCin
range
from
0.5 to 10
compared to the mere 50–80
µM in theIn
plasma
of
2.5-fold
higherofthan
tissue
as about
calculated
by mM
a dissociation-determined
equilibrium.
reality,
healthy
individuals
[7],
confirming
a
many-fold
preference
for
tissue.
Although
the
glucose
transporters
intracellular concentrations of ASC range from about 0.5 to 10 mM compared to the mere 50–80 µM
(GLUTs
1–4 and
8) capable
of facilitating
diffusion of
DHA are widely
represented
throughout
the
in
the plasma
of healthy
individuals
[7], confirming
a many-fold
preference
for tissue.
Although the
body [31,32,41–43],
negligible
oxidizedofvitC
present indiffusion
plasma of
glucose
transportersthe(GLUTs
1–4amount
and 8)ofcapable
facilitating
ofhealthy
DHA individuals
are widely
precludes
that
GLUT
mediated
transport
per
se
is
of
major
importance
in
the
diverse
distribution
of
represented throughout the body [31,32,41–43], the negligible amount of oxidized vitC present in
vitC.
One
apparent
exception
is
erythrocytes
that
do
not
contain
SVCTs
but
are
only
able
to
take
up
plasma of healthy individuals precludes that GLUT mediated transport per se is of major importance
vitC
diffusion
Human
erythrocytes
are able tothat
recycle
DHA
to ASC
and
in
thethrough
diverse facilitated
distribution
of vitC. [44–46].
One apparent
exception
is erythrocytes
do not
contain
SVCTs
maintain
an
intracellular
vitC
concentration
similar
to
that
of
plasma
[18].
It
has
been
estimated
that
but are only able to take up vitC through facilitated diffusion [44–46]. Human erythrocytes are able
therecycle
erythrocytes
alone
of reducing
the total
amount
of vitC present
approximately
to
DHA to
ASCare
andcapable
maintain
an intracellular
vitC
concentration
similarintoblood
that of
plasma [18].
once
every
3
min
[47,48].
Consequently,
the
recycling
capacity
of
the
erythrocytes
may
constitute
It has been estimated that the erythrocytes alone are capable of reducing the total amount
of vitCa
substantial
antioxidant
reserve
in
vivo.
Recent
investigations
actually
suggest
that
ASC
is
necessary
present in blood approximately once every 3 min [47,48]. Consequently, the recycling capacity of the
for the structural
erythrocytes
and that
intracellular
ASC is essential
to
erythrocytes
may integrity
constituteofa the
substantial
antioxidant
reserve
in vivo.erythrocyte
Recent investigations
actually
maintain
ASC
plasma
concentrations
in
vivo
[49,50].
However,
collectively
speaking
and
considering
suggest that ASC is necessary for the structural integrity of the erythrocytes and that intracellular
the quantitative
mechanisms,
ASC plasma
is primarily
distributed in
viavivo
active[49,50].
transport.
erythrocyte
ASCimportance
is essentialof to
maintain ASC
concentrations
However,
collectively speaking and considering the quantitative importance of mechanisms, ASC is primarily
distributed via active transport.

Nutrients 2019, 11, 2412
Nutrients 2019, 11, x FOR PEER REVIEW

5 of 20
5 of 20

Figure
Figure 2.
2. The figure illustrates
illustrates the highly
highly differential
differential distribution
distribution of
of vitC
vitC in
in the
the body.
body. Several
Several organs
organs
have
have concentration-dependent
concentration-dependent mechanisms
mechanisms for
for the
the retention
retention of
of vitC,
vitC, maintaining
maintaining high
high levels
levels during
during
times
supply
at the
of other
organs.
Particularly
protected
is the brain.
In addition,
timesofofinadequate
inadequate
supply
at expense
the expense
of other
organs.
Particularly
protected
is the
brain. In
the
concentration-dependent
absorption
and
re-absorption
mechanisms
contribute
to
the
homeostatic
addition, the concentration-dependent absorption and re-absorption mechanisms contribute to the
control
of thecontrol
vitC inof
thethe
body.
from
[5].
homeostatic
vitCModified
in the body.
Modified
from [5].

In contrast to epithelial ASC uptake and reuptake mediated by the high capacity/low affinity
SVCT1 (Vmax of about 15 pmol/min/cell and Km of about 65–252 µM [5,30,51]), distribution from
the blood stream to the various tissues is mainly governed by the slightly larger SVCT2 [52]. SVCT2
is a low capacity/high affinity transporter of vitC (Vmax of about 1 pmol/min/cell and Km of about
8–69 µM [5,30,51]) and is widely expressed in all organs [4]. The respective transport capacities and
affinities for vitC fit well with the accepted notion that SVCT1 mediates the systemic vitC homeostasis,
while SVCT2 secures local demands [53]. This is particularly evident for the brain, which upholds one
of the highest concentrations of vitC in the body [7,54]. Transport of vitC into the brain is believed
to take place through SVCT2s located in the choroid plexus [55], although it has been suggested that
other yet undiscovered mechanisms may also be involved [56,57]. However, the pivotal role of SVCT2
in the brain remains undisputed as supported by convincing studies in Slc23a2 knockout mice that
display severe brain hemorrhage and high perinatal mortality [8].
Apart from its remarkably high steady state concentration, the brain also distinguishes itself
by being exceptional in the retention of vitC during states of deficiency [54,58–64]. This retention
occurs at the expense of the other organs and has been proposed to be essential for the maintenance of
proper brain function [63,65,66] (Figure 3). Also, during repletion, the brain, as well as the adrenal
glands, has a remarkable affinity for ASC, and detailed in vivo studies in guinea pigs, which, like
humans, are unable to synthesize vitC, have revealed that these tissues in particular are the fastest to
re-establish homeostasis [7].
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Figure 3. Tissue accumulation of vitC depends on both local and systemic conditions. The ratios are
Figure 3. Tissue accumulation of vitC depends on both local and systemic conditions. The ratios are
based on data obtained from guinea pigs that like human cannot synthesize vitC [7]. (a): During
based on data obtained from guinea pigs that like human cannot synthesize vitC [7]. (a): During
sufficiency,
tissues
accumulate
vitC
primarily
through
the sodium-dependent
vitC transporters
(SVCTs)
sufficiency,
tissues
accumulate
vitC
primarily
through
the sodium-dependent
vitC transporters
perhaps
with
a small
contribution
from influx
of DHA,
is rapidly
to ASC. (b):
During
(SVCTs)
perhaps
with
a small contribution
from
influx which
of DHA,
which isconverted
rapidly converted
to ASC.
deficiency,
prioritized
retainment
of
vitC
occurs
in,
for
example
the
brain,
at
the
expense
of
other
tissues
(b): During deficiency, prioritized retainment of vitC occurs in, for example the brain, at the expense
(c):
where
increased
oxidative
stress
may
result
in
elevated
DHA
concentrations,
limited
recycling
of other tissues (c): where increased oxidative stress may result in elevated DHA concentrations,
capacity
poor capacity
tissue accumulation
through
DHA influx.
limited and
recycling
and poor tissue
accumulation
through DHA influx.

Nutrients 2019, 11, 2412

7 of 20

The mechanism(s) underlying the highly differential steady state concentrations of vitC in various
tissues remains largely unknown. The potential existence of multiple tissue-specific isoforms of the
SVCT2 has not been confirmed, leading to the assumption that the individual SVCT2 expression level
of the cells of the tissues may define organ steady state levels of vitC subject to plasma availability.
This implies that tissue and cell type composition are mainly responsible. However, in the brain
of guinea pigs, for example, substantial differences in vitC steady state levels have been observed
between the individual regions, with the highest concentrations being found in the cerebellum, which
also appears to saturate first [7]. This does not directly coincide with cerebellum being the most
neuron-rich brain region, although neurons contain the highest concentrations of vitC of the brains
cells. Moreover, regional SVCT2-abundance has mostly been investigated through RNA expression
levels leaving little information on the possible influence of, e.g., post-translational modifications,
activation, and/or relocation of the functional protein to the cell membrane.
2.1.3. Metabolism
In contrast to plants, where a number of ASC derivatives and analogues, including several
glucosides, have been identified, only ASC exists in mammals [67]. The metabolism of ASC is
intimately linked to its antioxidant function. Through its enediol structure (Figure 4) that is highly
resonance stabilized and influenced by the acidity of the molecule, ASC serves as an efficient electron
donor in biological reactions. In supplying reducing equivalents as either a cofactor or free radical
Nutrients 2019, 11, x FOR PEER REVIEW
of 20
quencher,
ASC itself is oxidized to the comparatively stable radical intermediate, ascorbyl free8 radical,
two molecules of which may be disproportionate at a physiological pH to one molecule of ASC and
of unionized ascorbic acid to that of ASC. The ascorbic acid increase from <0.01% in plasma to about
one15%
of DHA
[21,68]. As mentioned earlier, DHA is efficiently reduced intracellularly by a number of
in the pre-urine, representing a concentration gradient of 1500:1, would for most molecules result
cellintypes,
thereby
preserving
the ASC
Turnover ofnot
vitC
is therefore
particularly
linked due
to the
substantial
passive
reabsorption
butpool.
does apparently
occur
for ascorbic
acid presumably
catabolism
of
DHA
which
occurs
through
hydrolysis
to
2,3-diketogulonic
acid
and
decarboxylation
to its low lipid solubility. Instead, reuptake of ASC in the proximal renal tubules is controlled by
to saturable
l-xylonate
and transport
l-lyxonate,
both of
whichHowever,
can enterfor
the
pentose phosphate
pathway
forlevels,
further
active
through
SVCT1.
individuals
with saturated
plasma
degradation
[69].is quantitative [70,71].
excretion of(Figure
surplus4)vitC

Figure 4. Schematic outline of vitC metabolism. Modified from [21].
Figure 4. Schematic outline of vitC metabolism. Modified from [21].

Nutrients 2019, 11, 2412

8 of 20

2.1.4. Excretion and Reuptake
As a highly hydrophilic low molecular weight compound, ASC would be expected to be efficiently
excreted through the kidneys. Indeed, ASC is quantitatively filtered through glomerulus by means of
the hydrostatic pressure gradient and concentrated in the pre-urine subsequently to the resorption of
water (Figure 5). Here, the pH drops to about five, resulting in an increased proportion of unionized
ascorbic acid to that of ASC. The ascorbic acid increase from <0.01% in plasma to about 15% in
the pre-urine, representing a concentration gradient of 1500:1, would for most molecules result in
substantial passive reabsorption but does apparently not occur for ascorbic acid presumably due to its
low lipid solubility. Instead, reuptake of ASC in the proximal renal tubules is controlled by saturable
active transport through SVCT1. However, for individuals with saturated plasma levels, excretion of
surplus vitC is quantitative
Figure 4.[70,71].
Schematic outline of vitC metabolism. Modified from [21].

Figure 5. In the kidney, vitC is efficiently filtered by glomerulus to the renal tubule lumen. Reabsorption
Figure 5. In the kidney, vitC is efficiently filtered by glomerulus to the renal tubule lumen.
under vitC deficient conditions is primarily achieved by SVCT1 transporters in the apical membrane
Reabsorption under vitC deficient conditions is primarily achieved by SVCT1 transporters in the
although diffusion from the luminal surface may also contribute to the overall uptake. As in the
apical membrane although diffusion from the luminal surface may also contribute to the overall
intestinal epithelium, ASC is presumably released to the blood stream through diffusion but the extent
uptake. As in the intestinal epithelium, ASC is presumably released to the blood stream through
and mechanisms of this are not known in detail. GLUT2 transporters are located in the basolateral
diffusion but the extent and mechanisms of this are not known in detail. GLUT2 transporters are
membrane enabling transport of DHA to plasma. Under saturated conditions, vitC is quantitatively
located in
the basolateral
excreted.
Modified
from [5]. membrane enabling transport of DHA to plasma. Under saturated
conditions, vitC is quantitatively excreted. Modified from [5].

The importance of SVCT1 for intestinal vitC uptake and, in particular, for renal reuptake has been
The importance
SVCT1
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vitC uptake
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has
illustrated
by Corpe etofal.
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that Slc23a1-/mice
display
an 18-fold
excretion
been
illustrated
by
Corpe
et
al.
who
showed
that
Slc23a1-/mice
display
an
18-fold
increased
of ASC, lower body pool and vitC homeostasis, and increased mortality [32]. They also modelled
the effect of known human polymorphisms in the SVCT1 on the plasma saturation level and came
to the astonishing conclusion that the most severely affected SNP (A772G rs35817838) would result
in a maximal plasma concentration of less than 20 µM [32], i.e., a potential life-long state of vitC
deficiency regardless of intake. The renal reuptake of ASC is highly concentration-dependent. Levine
and coworkers have shown in detail that the renal excretion coefficient of ASC ranges from 0 to 1
depending on the individual’s vitC status, i.e., corresponding to quantitative reuptake in individuals
with poor vitC status and quantitative excretion in individuals with saturated status [70,71]. The fact
that the excretion ratio is about 1 for intakes higher than about 500 mg/day in healthy individuals
supports that passive reabsorption of vitC does not play a significant role in the kidneys.
2.1.5. Steady State Homeostasis of Vitamin C Following Oral Administration/Intake
Most low molecular weight drug pharmacokinetics can be modelled by first order kinetics within
their therapeutic range, i.e., a doubling of the dose results in a doubling of the steady state plasma
concentration. However, the dominant role of the saturable active transport mechanisms in the
absorption, distribution, and excretion of ASC results in nonlinear dose-dependent pharmacokinetics.
With increasing vitC intake, the plasma steady state concentration reaches a maximal level of about
70–80 µM [70,71]. From the available literature, it appears that a daily intake of about 200–400 mg of
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vitC ensures saturation of the blood in healthy individuals [20]. During periods of altered distribution
due to temporary physiological needs such as pregnancy or increased turnover during disease or
smoking, higher intakes are needed to maintain sufficient levels.
It may be possible to exceed the homeostatic saturation level of 70–80 µM by several fold through
multiple daily gram doses of vitC. At supraphysiological levels, vitC gradually adheres to first
order kinetics as discussed under intravenous administration. Hence, it is possible to estimate that,
for example, a dose of 2 g of vitC given three times a day is likely to result in a steady state plasma
concentration of about 250 µM (calculations based to data from ref [13]). However, the possible health
benefits from such supraphysiological levels have yet to be documented.
2.1.6. Effect of Dosing Forms and Formulations
Several attempts have been made to bypass the maximum steady state plasma concentration of
about 70–80 µM achievable through oral administration. A slow release formulation would theoretically
extend the uptake period resulting in a prolonged and thus increased accumulated uptake thereby
increasing the overall exposure. However, Viscovich et al. did not find any significant differences in
exposure or other pharmacokinetic variables between plain and slow release vitC supplements given to
smokers, neither at study start nor after 4 weeks of supplementation [29]. Another approach to increase
the maximum achievable plasma concentration through oral administration has been liposomes.
The pharmacokinetic properties of a bolus of four grams of liposome-encapsulated vitC were compared
to those of plain vitC and placebo in eleven volunteers in a crossover trial [72]. The authors found a
35% increase in exposure (AUC0–4hours) with a plasma Cmax of about 200 µM after 3 h. Unfortunately,
plasma concentrations were not measured beyond the 4 h time point. In an attempt to show a potential
biological significance of increased plasma vitC status, the participants were subjected to a 20-min
partial ischemia induced by a blood pressure cuff at 200 mm Hg. However, no beneficial effect
on ischemia-reperfusion-induced oxidative stress was observed on lipid peroxidation over that of
the non-encapsulated dose of vitC [72]. Regardless, this technology has shown some promise and
continues to be explored in anticancer therapy, where chemotherapeutics can be delivered together
with vitC for a potentially synergistic effect [73]. In another sophisticated approach, the particular
ability of the brain to take up vitC has been used by linking ASC to the surface of liposomes containing
chemotherapeutics thereby making a brain-specific drug delivery system by using the endogenous
vitC transport mechanisms [74].
2.2. Intravenous Route of Administration
Intravenous administration of drugs generally produces a predictable plasma concentration by
avoiding absorption limitations, resulting in 100% bioavailability. For vitC specifically, intravenous
administration bypasses the saturable absorption mechanisms. This virtually removes the upper limit of
the maximum achievable plasma concentration. Parenteral administration of vitC is typically handled
by intravenous infusion. This approach results in a predictable plasma steady state concentration
that will remain constant until infusion is discontinued. For vitC, a linear relationship between
dose and Cmax can be observed for doses up to about 70 g/m2 in humans as complied from clinical
pharmacokinetic studies, resulting in a plasma concentration of about 50 mM (Figure 6, calculations
based on [13,75]). For higher doses, the linearity seems to disappear and resembles a level of
saturation. However, more data are needed to establish if 50 mM constitutes an upper steady state
vitC concentration in plasma.

Plasma Cm ax at
steady state (µmol/L)

between dose and Cmax can be observed for doses up to about 70 g/m2 in humans as complied from
clinical pharmacokinetic studies, resulting in a plasma concentration of about 50 mM (Figure 6,
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Figure 6. Relationship between infusion dose of vitC and plasma Cmax in cancer patients as compiled
Figure 6. Relationship between infusion dose of vitC and plasma Cmax in cancer patients as compiled
from [13,75]. The data suggests that a linear relationship between dose and Cmax exists for doses
from [13,75]. The data suggests that a linear relationship between dose and Cmax exists for doses
between 1 and 70 g/m2 (p < 0.001, r2 > 0.99), while higher doses results do not translate into higher
between 1 and 70 g/m2 (p < 0.001, r2 > 0.99), while higher doses results do not translate into higher
plasma Cmax .
plasma Cmax.
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concentrations for effective vitC diffusion [81]. Other than that, very little is known about the organ
and tissue homeostasis following intravenous infusion of high-dose vitC.
2.2.2. Metabolism and Excretion
In normal tissue, metabolism of ASC has not been shown to deviate from the general pattern
illustrated in Figure 4. However, in poorly vascularized tumor tissues, high-dose vitC combined
with the hypoxic tumor environment has been proposed to promote the formation of cytotoxic levels
of hydrogen peroxide, thus providing a putative mode of action and a potential role of ASC in
cancer treatment [26,82,83].
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Following high-dose intravenous administration of vitC, the dose-dependency of the elimination
phase, as evident at levels below saturation as described above, is surpassed [84]. VitC is quickly
eliminated through glomerular filtration with no significant reuptake. This renders the half-life constant
and the elimination kinetics first order [13]. Several pharmacokinetic studies of high-dose vitC have
calculated a constant elimination half-life of about 2 h following the discontinuation of intravenous
infusion [13,75,85]. This suggests that the millimolar plasma concentrations achieved by intravenous
infusion are normalized to physiological levels in about 16 h. In this perspective, the observation
that tumor tissue may maintain an elevated level for as much as 48 h is interesting [79], and may be
mediated by increased stability in the hypoxic tumor environment, but most likely also by the delayed
clearance due to poor vascularization.
3. Factors Affecting Vitamin C Homeostasis and Requirements
As described in detail in the above, vitC homeostasis is tightly controlled in healthy individuals
giving rise to a complex relationship between the steady state levels of the various bodily organs and
tissues. This interrelationship depends primarily on the availability of vitC in the diet and the specific
“configurations” and expression levels of SVCTs of the tissues. However, a number of other factors
may interfere with the body’s attempt control the vitC homeostasis, and some major contributors are
discussed below.
3.1. Influence of Polymorphisms
With the acknowledgement of the importance of SVCTs for regulation of vitC homeostasis and the
evolution of genomic sequencing techniques, it has become clear that a large number of polymorphisms
exist that influence the steady state level of vitC. This has been reviewed in detail elsewhere [3],
but little is known about the potential clinical impact of these. A Mendelian randomization study in
83,256 individuals from the Copenhagen General Population Study used a genetic variant rs33972313
in Slc23a1 resulting in higher than average vitC status to test if improved vitC status is associated with
low risk of ischemic heart disease and all-cause mortality [86]. The authors found that high intake of
fruits and vegetables was associated with low risk of ischemic heart disease and all-cause mortality.
Effect sizes were comparable for vitC, albeit not significantly. As mentioned earlier, modelling studies
have proposed that the functionally poorest SVCT allele identified so far (A772G, rs35817838) results
in a plasma saturation level of only one fourth of that of the background population corresponding
to a condition of life-long vitC deficiency [9]. It would indeed be interesting to test how this allele
compares for morbidity and mortality.
3.2. Smoking
Smoking is a major source of oxidants and estimates have suggested that every puff of a
cigarette equals the inhalation of about 1014 tar phase radicals and 1015 gas phase radicals [87].
Not surprisingly, this draws a major toll on the antioxidant defense of the body as demonstrated by a
persistent association between tobacco smoke and poor antioxidant status in general, and poor vitC
status in particular [17,25]. Active smoking typically depletes the vitC pool by 25–50% compared to
never-smokers [88], while environmental tobacco smoke exposure results in a drop of about half that
size [89,90]. The direct cause of the smoking-induced vitC depletion has been investigated, and smoking
cessation has been shown to immediately restore about half of the vitC depletion observed as a result of
smoking [91]. This immediate albeit partial recovery has pointed towards an oxidative stress mediated
depletion of vitC caused by smoking. Moreover, both oxidative stress and ASC recycling are induced
by smoking regardless of antioxidant intake [18,92]. However, the lack of full recovery suggests that
other factors also contribute to the lower vitC status among smokers. Studies have suggested that the
difference in vitC status between smokers and nonsmokers is not related to altered pharmacokinetics
of vitC [28,29]. However, as smokers in general have a lower intake of fruits and vegetables and a
larger intake of fat compared to nonsmokers [93], this may account for the difference in vitC levels
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observed between ex-smokers and never-smokers [19]. Indeed, an analysis of the Second National
Health and Nutrition Examination Survey (NHANES II) confirmed that the vitC intake of smokers is
significantly lower than that of nonsmokers, but also that the increased risk of poor vitC status was
independent of this lower intake [94].
Various attempts have been made to estimate the amount of vitC needed to compensate for
tobacco smoking. Schectman et al. analyzed the NHANES II data, comparing daily intake vs. serum
concentrations of vitC among 4182 smokers and 7020 non-smokers. They estimated by regression
analysis that smokers would need an additional 130 mg/day to overcome the adverse effect of smoking
on vitC status [95]. In a separate analysis, it was concluded that smokers need an intake > 200 mg/day
to lower the risk of vitC deficiency to that of nonsmokers [96]. These results were later indirectly
supported by Lykkesfeldt et al. using a different approach. Measuring the steady state oxidation ratio
of vitC in smokers and nonsmokers, it was shown that in particular smokers with poor vitC status
had an increased steady state oxidation of their vitC pool compared to nonsmokers [17]. The authors
concluded that smokers need at least 200 mg vitC per day to compensate for the effect of smoking on
the oxidation of vitC [17]. These data stand in contrast to previous data by Kallner et al., who used
14 C-labelled ASC to estimate the turnover of vitC in smokers [97]. Seventeen male smoking volunteers
between 21 and 69 years of age and weighing between 55 and 110 kg received doses from 30 to
180 mg/day and were instructed to ingest a diet completely devoid of vitC. Urinary excretion of
radioactivity was used to estimate the vitC pharmacokinetics using a three-compartment model. Based
on these data, Kallner et al. concluded that smokers needed only about 35 mg more than nonsmokers
per day to compensate for their habit [97]. This recommendation was later adopted by the Institute
of Medicine in their dietary reference intakes [22]. However, several problems are associated with
the latter study. Namely, radioactivity rather than ASC per se was quantified as a surrogate for vitC
excretion. Moreover, only 17 individuals with considerable variation in age and body composition were
included in the study. Finally, these studies were carried out prior to the identification of the SVCTs
and their importance for the nonlinear pharmacokinetics of vitC at physiological levels. In fact, such a
dose-concentration relationship formally rules out the use of compartment as well as noncompartment
kinetic modelling, as the fundamental assumption of a terminal first order elimination phase is not
fulfilled. Thus, it appears likely that the turnover in smokers may be underestimated by Kallner et al.
3.3. Pregnancy
Several preclinical studies have illustrated the importance of vitC in early development,
in particular that of the brain and cognition [60,63,98–100]. In humans, studies have shown that poor
maternal vitC status results in increased fetal oxidative stress, impaired implantation and increased risk
of complications including preeclampsia [101,102]. It is not clear to what extent vitC supplementation
may ameliorate this risk. The few controlled studies that have been carried out have produced mixed
results [103–106], but unfortunately, none of them have considered vitC status in the recruitment or
group allocation process and they are therefore of limited value.
During pregnancy, the human fetus relies completely on an adequate maternal vitC intake and
transplacental transport of vitC. Experimental evidence suggests that this transport is primarily
governed by SVCT2 and thus constitutes the primary means of fetal vitC supply [60]. Expectedly,
maternal vitC status has been shown to gradually decline from the 1st to 3rd trimester, a change not
only explainable by the increased volume of distribution but rather by the selective accumulation
across the placenta [107]. Fetal and postnatal steady state concentrations exceed those of the mother,
and both during pregnancy and lactation, most authorities recommend an increased intake ranging
from 10 to 35 additional mg vitC/day to compensate for this increased draw on maternal resources [22].
3.4. Disease
A plethora of disease conditions, including infectious diseases, cancer, cardiovascular disease,
stroke, diabetes, and sepsis, have been associated with poor vitC status (reviewed in [19,20]).
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Considerable epidemiological evidence has shown vitC deficiency to negatively affect independent risk
factors of, for example, cardiovascular disease development [14]. However, causal linkage between
disease etiology and vitC status remains scarce, except for that of scurvy [108]. The decreased vitC
status in disease is often explained by a combination of a sometimes massively increased turnover
due to oxidative stress and inflammation and a decreased dietary intake of vitC associated with
the disease [81,109].
An obvious display of increased vitC turnover in critical illness is that large doses are often
needed to replete the individual to the level of a healthy control. These doses exceed those necessary
to saturate a healthy individual by many-fold [110]. One current example is sepsis patients where
systemic inflammation and oxidative stress presumably increases the expenditure of vitC [111,112].
Recently published data on critically ill patients (n = 44, both septic and nonseptic patients) show
that actual plasma vitC concentrations are on average 60% lower than the values predicted from
patient vitC intake during hospitalization (either enteral or parenterally administered nutrition) [110].
Although several causes of the apparent vitC depletion are likely, e.g., interactions with administered
care and therapeutics potentially affecting vitC bioavailabilty, the data suggest significant alterations
in the pharmacokinetics of vitC in this group of patients, reflected by the discrepancy in the almost
linear course of the plasma concentration curve opposed to the predicted increase over time. Whether
reestablishing normal vitC status in critically ill patients has a significant clinical impact on disease
prognosis remains to be established, but promising results are emerging [113,114] and controlled trials
are under way. A very recent meta-analysis suggests that vitC therapy significantly shortens the stay
of patients in the intensive care unit [115].
In diabetes, reduced levels of plasma vitC is reported in both insulin demanding and noninsulin
demanding diabetic patients [116–119]. A prospective evaluation of older adults in the National
Institutes of Health-American Association of Retired Persons (NIH-AARP) Diet and Health Study
cohort, indicate that the use of vitC supplementation may reduce the risk of diabetes, supporting
further investigations and controlled trials to identify a putative relationship between vitC levels
and diabetes [120]. Supplementation with vitC (500 mg/day) increased insulin sensitivity and the
expression of the SVCT2 transporter in skeletal muscle in type 2 diabetic patients [121], supporting
findings that an intake of high-dose ascorbic acid (above 1 mg/day) exerted a beneficial effect on
maintaining blood sugar homeostasis and decreasing insulin resistance in type 2 diabetic patients [119].
In a randomized controlled cross-over study of type 2 diabetes patients, an intake of 500 mg vitC twice
daily for four months significantly improved glucose homeostasis as well as decreased blood pressure
compared to placebo treated controls, linking vitC supplement to improved blood-sugar balance and
cardiovascular function [122]. Positive effects of vitC on vascular hallmarks linked to diabetes have
previously been indicated; in young diabetes type 1 patients, poor vitC status was linked to increases
in the arterial vascular wall, indicating a putatively increased risk of atherosclerotic disease in these
patients [123]. In type 2 diabetic patients with coronary artery disease, a high-dose supplementation
(2 mg/day) for 4 weeks reduced circulating markers of thrombosis, supporting a beneficial role of
vitC on the vascular system [124]. Collectively, the above evidence suggests that a higher metabolic
turnover of vitC in diabetes can be counter-balanced by supplementation. However, if it also improves
the long-term prognosis remains to be evaluated.
4. Concluding Remarks
The pharmacokinetics of vitC is complex, dose-dependent, and compartmentalized at physiological
levels, while independent of dose and first order at pharmacological levels. The lack of this fundamental
knowledge has left deep traces of design flaws, misconceptions, misinterpretations, and erroneous
conclusions in the scientific literature. Unfortunately, these inherited problems continue to hamper
our ability to properly evaluate the role of vitC in human health and its potential relevance in disease
prevention and treatment. So far, the overtly exaggerated optimistic view that enough vitC can cure
everything has been battling the dismissive negligence of refusal to re-examine the literature based on
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new evidence. The balance between these two extremes needs to be identified in order to realize the
potential of vitC in both health and disease for the future.
Author Contributions: J.L. drafted the manuscript, which was subsequently critically revised by P.T.-N.
Funding: This paper received no external funding.
Conflicts of Interest: The authors declare no conflict of interest.

References
1.
2.
3.
4.
5.
6.
7.

8.

9.

10.
11.
12.

13.

14.
15.
16.
17.
18.
19.

Yang, H. Conserved or lost: Molecular evolution of the key gene GULO in vertebrate vitamin C biosynthesis.
Biochem. Genet. 2013, 51, 413–425. [CrossRef] [PubMed]
Frikke-Schmidt, H.; Tveden-Nyborg, P.; Lykkesfeldt, J. L-dehydroascorbic acid can substitute l-ascorbic acid
as dietary vitamin C source in guinea pigs. Redox Biol. 2016, 7, 8–13. [CrossRef] [PubMed]
Michels, A.J.; Hagen, T.M.; Frei, B. Human genetic variation influences vitamin C homeostasis by altering
vitamin C transport and antioxidant enzyme function. Annu. Rev. Nutr. 2013, 33, 45–70. [CrossRef]
Tsukaguchi, H.; Tokui, T.; Mackenzie, B.; Berger, U.V.; Chen, X.Z.; Wang, Y.; Brubaker, R.F.; Hediger, M.A.
A family of mammalian Na+ -dependent L-ascorbic acid transporters. Nature 1999, 399, 70–75. [CrossRef]
Lindblad, M.; Tveden-Nyborg, P.; Lykkesfeldt, J. Regulation of vitamin C homeostasis during deficiency.
Nutrients 2013, 5, 2860–2879. [CrossRef] [PubMed]
Wilson, J.X. Regulation of vitamin C transport. Annu. Rev. Nutr. 2005, 25, 105–125. [CrossRef]
Hasselholt, S.; Tveden-Nyborg, P.; Lykkesfeldt, J. Distribution of vitamin C is tissue specific with early
saturation of the brain and adrenal glands following differential oral dose regimens in guinea pigs. Br. J. Nutr.
2015, 113, 1539–1549. [CrossRef]
Sotiriou, S.; Gispert, S.; Cheng, J.; Wang, Y.; Chen, A.; Hoogstraten-Miller, S.; Miller, G.F.; Kwon, O.; Levine, M.;
Guttentag, S.H.; et al. Ascorbic-acid transporter Slc23a1 is essential for vitamin C transport into the brain
and for perinatal survival. Nat. Med. 2002, 8, 514–517. [CrossRef]
Corpe, C.P.; Tu, H.; Eck, P.; Wang, J.; Faulhaber-Walter, R.; Schnermann, J.; Margolis, S.; Padayatty, S.; Sun, H.;
Wang, Y.; et al. Vitamin C transporter Slc23a1 links renal reabsorption, vitamin C tissue accumulation,
and perinatal survival in mice. J. Clin. Investig. 2010, 120, 1069–1083. [CrossRef]
Smith, J.L.; Hodges, R.E. Serum levels of vitamin C in relation to dietary and supplemental intake of vitamin
C in smokers and nonsmokers. Ann. N. Y. Acad. Sci. 1987, 498, 144–152. [CrossRef]
Lykkesfeldt, J.; Poulsen, H.E. Is vitamin C supplementation beneficial? Lessons learned from randomised
controlled trials. Br. J. Nutr. 2010, 103, 1251–1259. [CrossRef] [PubMed]
Chen, Q.; Espey, M.G.; Krishna, M.C.; Mitchell, J.B.; Corpe, C.P.; Buettner, G.R.; Shacter, E.; Levine, M.
Pharmacologic ascorbic acid concentrations selectively kill cancer cells: Action as a pro-drug to deliver
hydrogen peroxide to tissues. Proc. Natl. Acad. Sci. USA 2005, 102, 13604–13609. [CrossRef] [PubMed]
Nielsen, T.K.; Hojgaard, M.; Andersen, J.T.; Poulsen, H.E.; Lykkesfeldt, J.; Mikines, K.J. Elimination of
ascorbic acid after high-dose infusion in prostate cancer patients: A pharmacokinetic evaluation. Basic Clin.
Pharmacol. Toxicol. 2015, 116, 343–348. [CrossRef] [PubMed]
Carr, A.; Frei, B. Does vitamin C act as a pro-oxidant under physiological conditions? FASEB J. 1999,
13, 1007–1024. [CrossRef] [PubMed]
Buettner, G.R. The pecking order of free radicals and antioxidants: Lipid peroxidation, alpha-tocopherol,
and ascorbate. Arch. Biochem. Biophys. 1993, 300, 535–543. [CrossRef] [PubMed]
Bode, A.M.; Cunningham, L.; Rose, R.C. Spontaneous decay of oxidized ascorbic acid (dehydro-L-ascorbic
acid) evaluated by high-pressure liquid chromatography. Clin. Chem. 1990, 36, 1807–1809. [PubMed]
Lykkesfeldt, J.; Loft, S.; Nielsen, J.B.; Poulsen, H.E. Ascorbic acid and dehydroascorbic acid as biomarkers of
oxidative stress caused by smoking. Am. J. Clin. Nutr. 1997, 65, 959–963. [CrossRef] [PubMed]
Lykkesfeldt, J.; Viscovich, M.; Poulsen, H.E. Ascorbic acid recycling in human erythrocytes is induced by
smoking in vivo. Free Radic. Biol. Med. 2003, 35, 1439–1447. [CrossRef] [PubMed]
Tveden-Nyborg, P.; Lykkesfeldt, J. Does vitamin C deficiency increase lifestyle-associated vascular disease
progression? Evidence based on experimental and clinical studies. Antiox. Redox Signal. 2013, 19, 2084–2104.
[CrossRef] [PubMed]

Nutrients 2019, 11, 2412

20.
21.
22.

23.

24.

25.

26.
27.
28.
29.
30.

31.
32.

33.

34.
35.
36.
37.
38.
39.
40.

15 of 20

Frei, B.; Birlouez-Aragon, I.; Lykkesfeldt, J. Authors’ perspective: What is the optimum intake of vitamin C
in humans? Crit. Rev. Food Sci. Nutr. 2012, 52, 815–829. [CrossRef]
Frikke-Schmidt, H.; Tveden-Nyborg, P.; Lykkesfeldt, J. Vitamin C in human nutrition. In Vitamins in the
Prevention of Human Disease; Herrmann, W., Obeid, R., Eds.; De Gruyter: Berlin, Germany, 2011; pp. 323–347.
Food and Nutrition Board Staff; Panel on Dietary Antioxidants; Institute of Medicine Staff. Dietary Reference
Intakes for Vitamin C, Vitamin E, Selenium and Carotenoids: A Report of the Panel on Dietary Antioxidants and
Related Compounds, Subcommitties on Upper Reference Levels of Nutrients and of the Interpretation and Use of
Dietary Reference Intakes, and the Standing Committee on the Scientific Evaluation of Dietary Reference Intakes, Food
and Nutrition Board, Institute of Medicine; National Academy Press: Washington, DC, USA, 2000.
Carr, A.C.; Bozonet, S.M.; Pullar, J.M.; Simcock, J.W.; Vissers, M.C. A randomized steady-state bioavailability
study of synthetic versus natural (kiwifruit-derived) vitamin C. Nutrients 2013, 5, 3684–3695. [CrossRef]
[PubMed]
Dachs, G.U.; Munn, D.G.; Carr, A.C.; Vissers, M.C.; Robinson, B.A. Consumption of vitamin C is below
recommended daily intake in many cancer patients and healthy volunteers in Christchurch. N. Z. Med. J.
2014, 127, 73–76. [PubMed]
Lykkesfeldt, J.; Christen, S.; Wallock, L.M.; Chang, H.H.; Jacob, R.A.; Ames, B.N. Ascorbate is depleted
by smoking and repleted by moderate supplementation: A study in male smokers and nonsmokers with
matched dietary antioxidant intakes. Am. J. Clin. Nutr. 2000, 71, 530–536. [CrossRef] [PubMed]
Du, J.; Cullen, J.J.; Buettner, G.R. Ascorbic acid: Chemistry, biology and the treatment of cancer.
Biochim. Biophys. Acta 2012, 1826, 443–457. [CrossRef] [PubMed]
May, J.; Asard, H. Ascorbate recycling. In Vitamin C; Asard, H., May, J.M., Smirnoff, N., Eds.; BIOS Scientific
Publishers Ltd.: Oxford, UK, 2004; pp. 189–202.
Lykkesfeldt, J.; Bolbjerg, M.L.; Poulsen, H.E. Effect of smoking on erythorbic acid pharmacokinetics.
Br. J. Nutr. 2003, 89, 667–671. [CrossRef] [PubMed]
Viscovich, M.; Lykkesfeldt, J.; Poulsen, H.E. Vitamin C pharmacokinetics of plain and slow release
formulations in smokers. Clin. Nutr. 2004, 23, 1043–1050. [CrossRef] [PubMed]
Wang, Y.; Mackenzie, B.; Tsukaguchi, H.; Weremowicz, S.; Morton, C.C.; Hediger, M.A. Human vitamin
C (L-ascorbic acid) transporter SVCT1. Biochem. Biophys. Res. Commun. 2000, 267, 488–494. [CrossRef]
[PubMed]
Vera, J.C.; Rivas, C.I.; Fischbarg, J.; Golde, D.W. Mammalian facilitative hexose transporters mediate the
transport of dehydroascorbic acid. Nature 1993, 364, 79–82. [CrossRef]
Corpe, C.P.; Eck, P.; Wang, J.; Al-Hasani, H.; Levine, M. Intestinal dehydroascorbic acid (DHA) transport
mediated by the facilitative sugar transporters, GLUT2 and GLUT8. J. Biol. Chem. 2013, 288, 9092–9101.
[CrossRef] [PubMed]
Lykkesfeldt, J. Ascorbate and dehydroascorbic acid as reliable biomarkers of oxidative stress: Analytical
reproducibility and long-term stability of plasma samples subjected to acidic deproteinization.
Cancer Epidemiol. Prev. Biomark. 2007, 16, 2513–2516. [CrossRef]
Todhunter, E.N.; Mc, M.T.; Ehmke, D.A. Utilization of dehydroascorbic acid by human subjects. J. Nutr. 1950,
42, 297–308. [CrossRef] [PubMed]
Linkswiler, H. The effect of the Ingestion of ascorbic acid and dehydroascorbic acid upon the blood levels of
these two components in human subjects. J. Nutr. 1958, 64, 43–54. [CrossRef]
Sabry, J.H.; Fisher, K.H.; Dodds, M.L. Human utilization of dehydroascorbic acid. J. Nutr. 1958, 64, 457–466.
[CrossRef] [PubMed]
Malo, C.; Wilson, J.X. Glucose modulates vitamin C transport in adult human small intestinal brush border
membrane vesicles. J. Nutr. 2000, 130, 63–69. [CrossRef] [PubMed]
Kubler, W.; Gehler, J. Kinetics of intestinal absorption of ascorbic acid. Calculation of non-dosage-dependent
absorption processes. Int. Z. Vitaminforsch. 1970, 40, 442–453. [PubMed]
Mayersohn, M. Ascorbic acid absorption in man—Pharmacokinetic implications. Eur. J. Pharmacol. 1972,
19, 140–142. [CrossRef]
May, J.M.; Qu, Z.C. Ascorbic acid efflux from human brain microvascular pericytes: Role of re-uptake.
Biofactors 2015, 41, 330–338. [CrossRef]

Nutrients 2019, 11, 2412

41.

42.
43.

44.
45.
46.
47.

48.
49.

50.
51.

52.
53.

54.

55.
56.

57.

58.
59.

60.

16 of 20

Rumsey, S.C.; Daruwala, R.; Al-Hasani, H.; Zarnowski, M.J.; Simpson, I.A.; Levine, M. Dehydroascorbic acid
transport by GLUT4 in Xenopus oocytes and isolated rat adipocytes. J. Biol. Chem. 2000, 275, 28246–28253.
[CrossRef]
Rumsey, S.C.; Kwon, O.; Xu, G.W.; Burant, C.F.; Simpson, I.; Levine, M. Glucose transporter isoforms GLUT1
and GLUT3 transport dehydroascorbic acid. J. Biol. Chem. 1997, 272, 18982–18989. [CrossRef]
Mardones, L.; Ormazabal, V.; Romo, X.; Jana, C.; Binder, P.; Pena, E.; Vergara, M.; Zuniga, F.A. The glucose
transporter-2 (GLUT2) is a low affinity dehydroascorbic acid transporter. Biochem. Biophys. Res. Commun.
2011, 410, 7–12. [CrossRef]
May, J.M.; Qu, Z.; Morrow, J.D. Mechanisms of ascorbic acid recycling in human erythrocytes.
Biochim. Biophys. Acta 2001, 1528, 159–166. [CrossRef]
Mendiratta, S.; Qu, Z.C.; May, J.M. Enzyme-dependent ascorbate recycling in human erythrocytes: Role of
thioredoxin reductase. Free Radic. Biol. Med. 1998, 25, 221–228. [CrossRef]
Mendiratta, S.; Qu, Z.C.; May, J.M. Erythrocyte ascorbate recycling: Antioxidant effects in blood. Free Radic.
Biol. Med. 1998, 24, 789–797. [CrossRef]
Lykkesfeldt, J. Increased oxidative damage in vitamin C deficiency is accompanied by induction of ascorbic
acid recycling capacity in young but not mature guinea pigs. Free Radic. Res. 2002, 36, 567–574. [CrossRef]
[PubMed]
May, J.M.; Qu, Z.C.; Whitesell, R.R. Ascorbic acid recycling enhances the antioxidant reserve of human
erythrocytes. Biochemistry 1995, 34, 12721–12728. [CrossRef] [PubMed]
Tu, H.; Li, H.; Wang, Y.; Niyyati, M.; Wang, Y.; Leshin, J.; Levine, M. Low Red Blood Cell Vitamin C
Concentrations Induce Red Blood Cell Fragility: A Link to Diabetes Via Glucose, Glucose Transporters,
and Dehydroascorbic Acid. EBioMedicine 2015, 2, 1735–1750. [CrossRef] [PubMed]
Tu, H.; Wang, Y.; Li, H.; Brinster, L.R.; Levine, M. Chemical Transport Knockout for Oxidized Vitamin C,
Dehydroascorbic Acid, Reveals Its Functions in vivo. EBioMedicine 2017, 23, 125–135. [CrossRef] [PubMed]
Daruwala, R.; Song, J.; Koh, W.S.; Rumsey, S.C.; Levine, M. Cloning and functional characterization of the
human sodium-dependent vitamin C transporters hSVCT1 and hSVCT2. FEBS Lett. 1999, 460, 480–484.
[CrossRef]
Savini, I.; Rossi, A.; Pierro, C.; Avigliano, L.; Catani, M.V. SVCT1 and SVCT2: Key proteins for vitamin C
uptake. Amino Acids 2008, 34, 347–355. [CrossRef]
Eck, P.; Kwon, O.; Chen, S.; Mian, O.; Levine, M. The human sodium-dependent ascorbic acid transporters
SLC23A1 and SLC23A2 do not mediate ascorbic acid release in the proximal renal epithelial cell. Physiol. Rep.
2013, 1, e00136. [CrossRef]
Lykkesfeldt, J.; Trueba, G.P.; Poulsen, H.E.; Christen, S. Vitamin C deficiency in weanling guinea pigs:
Differential expression of oxidative stress and DNA repair in liver and brain. Br. J. Nutr. 2007, 98, 1116–1119.
[CrossRef] [PubMed]
Harrison, F.E.; May, J.M. Vitamin C function in the brain: Vital role of the ascorbate transporter SVCT2.
Free Radic. Biol. Med. 2009, 46, 719–730. [CrossRef] [PubMed]
Meredith, M.E.; Harrison, F.E.; May, J.M. Differential regulation of the ascorbic acid transporter SVCT2
during development and in response to ascorbic acid depletion. Biochem. Biophys. Res. Commun. 2011, 414,
737–742. [CrossRef] [PubMed]
Sogaard, D.; Lindblad, M.M.; Paidi, M.D.; Hasselholt, S.; Lykkesfeldt, J.; Tveden-Nyborg, P. In vivo vitamin
C deficiency in guinea pigs increases ascorbate transporters in liver but not kidney and brain. Nutr. Res.
2014, 34, 639–645. [CrossRef] [PubMed]
Frikke-Schmidt, H.; Tveden-Nyborg, P.; Birck, M.M.; Lykkesfeldt, J. High dietary fat and cholesterol
exacerbates chronic vitamin C deficiency in guinea pigs. Br. J. Nutr. 2011, 105, 54–61. [CrossRef] [PubMed]
Paidi, M.D.; Schjoldager, J.G.; Lykkesfeldt, J.; Tveden-Nyborg, P. Prenatal vitamin C deficiency results in
differential levels of oxidative stress during late gestation in foetal guinea pig brains. Redox Biol. 2014,
2, 361–367. [CrossRef] [PubMed]
Schjoldager, J.G.; Paidi, M.D.; Lindblad, M.M.; Birck, M.M.; Kjaergaard, A.B.; Dantzer, V.; Lykkesfeldt, J.;
Tveden-Nyborg, P. Maternal vitamin C deficiency during pregnancy results in transient fetal and placental
growth retardation in guinea pigs. Eur. J. Nutr. 2015, 54, 667–676. [CrossRef] [PubMed]

Nutrients 2019, 11, 2412

61.

62.

63.

64.
65.

66.
67.
68.

69.
70.

71.
72.

73.

74.

75.

76.

77.

78.

79.

17 of 20

Schjoldager, J.G.; Tveden-Nyborg, P.; Lykkesfeldt, J. Prolonged maternal vitamin C deficiency overrides
preferential fetal ascorbate transport but does not influence perinatal survival in guinea pigs. Br. J. Nutr.
2013, 110, 1573–1579. [CrossRef] [PubMed]
Tveden-Nyborg, P.; Hasselholt, S.; Miyashita, N.; Moos, T.; Poulsen, H.E.; Lykkesfeldt, J. Chronic vitamin C
deficiency does not accelerate oxidative stress in ageing brains of guinea pigs. Basic Clin. Pharmacol. Toxicol.
2012, 110, 524–529. [CrossRef]
Tveden-Nyborg, P.; Johansen, L.K.; Raida, Z.; Villumsen, C.K.; Larsen, J.O.; Lykkesfeldt, J. Vitamin C
deficiency in early postnatal life impairs spatial memory and reduces the number of hippocampal neurons in
guinea pigs. Am. J. Clin. Nutr. 2009, 90, 540–546. [CrossRef]
Tveden-Nyborg, P.; Lykkesfeldt, J. Does vitamin C deficiency result in impaired brain development in
infants? Redox Rep. 2009, 14, 2–6. [CrossRef] [PubMed]
Tveden-Nyborg, P.; Vogt, L.; Schjoldager, J.G.; Jeannet, N.; Hasselholt, S.; Paidi, M.D.; Christen, S.;
Lykkesfeldt, J. Maternal vitamin C deficiency during pregnancy persistently impairs hippocampal
neurogenesis in offspring of guinea pigs. PLoS ONE 2012, 7, e48488. [CrossRef] [PubMed]
May, J.M. Vitamin C transport and its role in the central nervous system. In Water Soluble Vitamins; Springer:
Dordrecht, The Netherlands, 2012; pp. 85–103.
Smirnoff, N. Ascorbic acid metabolism and functions: A comparison of plants and mammals. Free Radic.
Biol. Med. 2018, 122, 116–129. [CrossRef] [PubMed]
Buettner, G.R.; Schafer, F.Q. Ascorbate as an antioxidant. In Vitamin C: Its Functions and Biochemistry in
Animals and Plants; Asard, H., May, J.M., Smirnoff, N., Eds.; BIOS Scientific Publishers Limited: Oxford, UK,
2004; pp. 173–188.
Banhegyi, G.; Braun, L.; Csala, M.; Puskas, F.; Mandl, J. Ascorbate metabolism and its regulation in animals.
Free Radic. Biol. Med. 1997, 23, 793–803. [CrossRef]
Levine, M.; Conry-Cantilena, C.; Wang, Y.; Welch, R.W.; Washko, P.W.; Dhariwal, K.R.; Park, J.B.; Lazarev, A.;
Graumlich, J.F.; King, J.; et al. Vitamin C pharmacokinetics in healthy volunteers: Evidence for a recommended
dietary allowance. Proc. Natl. Acad. Sci. USA 1996, 93, 3704–3709. [CrossRef] [PubMed]
Levine, M.; Wang, Y.; Padayatty, S.J.; Morrow, J. A new recommended dietary allowance of vitamin C for
healthy young women. Proc. Natl. Acad. Sci. USA 2001, 98, 9842–9846. [CrossRef] [PubMed]
Davis, J.L.; Paris, H.L.; Beals, J.W.; Binns, S.E.; Giordano, G.R.; Scalzo, R.L.; Schweder, M.M.; Blair, E.; Bell, C.
Liposomal-encapsulated Ascorbic Acid: Influence on Vitamin C Bioavailability and Capacity to Protect
Against Ischemia-Reperfusion Injury. Nutr. Metab. Insights 2016, 9, 25–30. [CrossRef] [PubMed]
Miura, Y.; Fuchigami, Y.; Hagimori, M.; Sato, H.; Ogawa, K.; Munakata, C.; Wada, M.; Maruyama, K.;
Kawakami, S. Evaluation of the targeted delivery of 5-fluorouracil and ascorbic acid into the brain with
ultrasound-responsive nanobubbles. J. Drug Target. 2018, 26, 684–691. [CrossRef]
Peng, Y.; Zhao, Y.; Chen, Y.; Yang, Z.; Zhang, L.; Xiao, W.; Yang, J.; Guo, L.; Wu, Y. Dual-targeting for
brain-specific liposomes drug delivery system: Synthesis and preliminary evaluation. Bioorg. Med. Chem.
2018, 26, 4677–4686. [CrossRef]
Stephenson, C.M.; Levin, R.D.; Spector, T.; Lis, C.G. Phase I clinical trial to evaluate the safety,
tolerability, and pharmacokinetics of high-dose intravenous ascorbic acid in patients with advanced
cancer. Cancer Chemother. Pharmacol. 2013, 72, 139–146. [CrossRef]
Chen, P.; Yu, J.; Chalmers, B.; Drisko, J.; Yang, J.; Li, B.; Chen, Q. Pharmacological ascorbate induces
cytotoxicity in prostate cancer cells through ATP depletion and induction of autophagy. Anticancer Drugs
2012, 23, 437–444. [CrossRef]
Chen, Q.; Espey, M.G.; Sun, A.Y.; Pooput, C.; Kirk, K.L.; Krishna, M.C.; Khosh, D.B.; Drisko, J.; Levine, M.
Pharmacologic doses of ascorbate act as a prooxidant and decrease growth of aggressive tumor xenografts in
mice. Proc. Natl. Acad. Sci. USA 2008, 105, 11105–11109. [CrossRef]
Chen, Q.; Espey, M.G.; Sun, A.Y.; Lee, J.H.; Krishna, M.C.; Shacter, E.; Choyke, P.L.; Pooput, C.; Kirk, K.L.;
Buettner, G.R.; et al. Ascorbate in pharmacologic concentrations selectively generates ascorbate radical and
hydrogen peroxide in extracellular fluid in vivo. Proc. Natl. Acad. Sci. USA 2007, 104, 8749–8754. [CrossRef]
Campbell, E.J.; Vissers, M.C.M.; Wohlrab, C.; Hicks, K.O.; Strother, R.M.; Bozonet, S.M.; Robinson, B.A.;
Dachs, G.U. Pharmacokinetic and anti-cancer properties of high dose ascorbate in solid tumours of
ascorbate-dependent mice. Free Radic. Biol. Med. 2016, 99, 451–462. [CrossRef]

Nutrients 2019, 11, 2412

80.

18 of 20

Kuiper, C.; Vissers, M.C.; Hicks, K.O. Pharmacokinetic modeling of ascorbate diffusion through normal and
tumor tissue. Free Radic. Biol. Med. 2014, 77, 340–352. [CrossRef]
81. Vissers, M.C.M.; Das, A.B. Potential Mechanisms of Action for Vitamin C in Cancer: Reviewing the Evidence.
Front. Physiol. 2018, 9, 809. [CrossRef]
82. Schoenfeld, J.D.; Alexander, M.S.; Waldron, T.J.; Sibenaller, Z.A.; Spitz, D.R.; Buettner, G.R.; Allen, B.G.;
Cullen, J.J. Pharmacological Ascorbate as a Means of Sensitizing Cancer Cells to Radio-Chemotherapy While
Protecting Normal Tissue. Semin. Radiat. Oncol. 2019, 29, 25–32. [CrossRef]
83. Doskey, C.M.; Buranasudja, V.; Wagner, B.A.; Wilkes, J.G.; Du, J.; Cullen, J.J.; Buettner, G.R. Tumor cells
have decreased ability to metabolize H2O2: Implications for pharmacological ascorbate in cancer therapy.
Redox Biol. 2016, 10, 274–284. [CrossRef]
84. Padayatty, S.J.; Sun, H.; Wang, Y.; Riordan, H.D.; Hewitt, S.M.; Katz, A.; Wesley, R.A.; Levine, M. Vitamin
C pharmacokinetics: Implications for oral and intravenous use. Ann. Intern. Med. 2004, 140, 533–537.
[CrossRef]
85. Ou, J.; Zhu, X.; Lu, Y.; Zhao, C.; Zhang, H.; Wang, X.; Gui, X.; Wang, J.; Zhang, X.; Zhang, T.; et al. The safety
and pharmacokinetics of high dose intravenous ascorbic acid synergy with modulated electrohyperthermia
in Chinese patients with stage III-IV non-small cell lung cancer. Eur. J. Pharm. Sci. 2017, 109, 412–418.
[CrossRef]
86. Kobylecki, C.J.; Afzal, S.; Davey Smith, G.; Nordestgaard, B.G. Genetically high plasma vitamin C, intake of
fruit and vegetables, and risk of ischemic heart disease and all-cause mortality: A Mendelian randomization
study. Am. J. Clin. Nutr. 2015, 101, 1135–1143. [CrossRef]
87. Pryor, W.A.; Stone, K. Oxidants in cigarette smoke. Radicals, hydrogen peroxide, peroxynitrate, and
peroxynitrite. Ann. N. Y. Acad. Sci. 1993, 686, 12–27. [CrossRef]
88. Lykkesfeldt, J. Smoking depletes vitamin C: Should smokers be recommended to take supplements?
In Cigarette Smoke and Oxidative Stress; Halliwell, B., Poulsen, H.E., Eds.; Springer: Heidelberg, Berlin, 2006;
pp. 237–260.
89. Preston, A.M.; Rodriguez, C.; Rivera, C.E. Plasma ascorbate in a population of children: Influence of age,
gender, vitamin C intake, BMI and smoke exposure. P. R. Health Sci. J. 2006, 25, 137–142.
90. Preston, A.M.; Rodriguez, C.; Rivera, C.E.; Sahai, H. Influence of environmental tobacco smoke on vitamin C
status in children. Am. J. Clin. Nutr. 2003, 77, 167–172. [CrossRef]
91. Lykkesfeldt, J.; Prieme, H.; Loft, S.; Poulsen, H.E. Effect of smoking cessation on plasma ascorbic acid
concentration. BMJ 1996, 313, 91. [CrossRef]
92. Lykkesfeldt, J.; Viscovich, M.; Poulsen, H.E. Plasma malondialdehyde is induced by smoking: A study with
balanced antioxidant profiles. Br. J. Nutr. 2004, 92, 203–206. [CrossRef]
93. Canoy, D.; Wareham, N.; Welch, A.; Bingham, S.; Luben, R.; Day, N.; Khaw, K.T. Plasma ascorbic acid
concentrations and fat distribution in 19,068 British men and women in the European Prospective Investigation
into Cancer and Nutrition Norfolk cohort study. Am. J. Clin. Nutr. 2005, 82, 1203–1209. [CrossRef]
94. Schectman, G. Estimating ascorbic acid requirements for cigarette smokers. Ann. N. Y. Acad. Sci. 1993,
686, 335–345. [CrossRef]
95. Schectman, G.; Byrd, J.C.; Gruchow, H.W. The influence of smoking on vitamin C status in adults. Am. J.
Public Health 1989, 79, 158–162. [CrossRef]
96. Schectman, G.; Byrd, J.C.; Hoffmann, R. Ascorbic acid requirements for smokers: Analysis of a population
survey. Am. J. Clin. Nutr. 1991, 53, 1466–1470. [CrossRef]
97. Kallner, A.B.; Hartmann, D.; Hornig, D.H. On the requirements of ascorbic acid in man: Steady-state turnover
and body pool in smokers. Am. J. Clin. Nutr. 1981, 34, 1347–1355. [CrossRef]
98. Hansen, S.N.; Schou-Pedersen, A.M.V.; Lykkesfeldt, J.; Tveden-Nyborg, P. Spatial Memory Dysfunction
Induced by Vitamin C Deficiency Is Associated with Changes in Monoaminergic Neurotransmitters and
Aberrant Synapse Formation. Antioxidants 2018, 7, 82. [CrossRef]
99. Hansen, S.N.; Tveden-Nyborg, P.; Lykkesfeldt, J. Does vitamin C deficiency affect cognitive development
and function? Nutrients 2014, 6, 3818–3846. [CrossRef]
100. Harrison, F.E.; Meredith, M.E.; Dawes, S.M.; Saskowski, J.L.; May, J.M. Low ascorbic acid and increased
oxidative stress in gulo (-/-) mice during development. Brain Res. 2010, 1349, 143–152. [CrossRef]
101. Jauniaux, E.; Poston, L.; Burton, G.J. Placental-related diseases of pregnancy: Involvement of oxidative stress
and implications in human evolution. Hum. Reprod. Update 2006, 12, 747–755. [CrossRef]

Nutrients 2019, 11, 2412

19 of 20

102. Juhl, B.; Lauszus, F.F.; Lykkesfeldt, J. Poor Vitamin C Status Late in Pregnancy Is Associated with Increased
Risk of Complications in Type 1 Diabetic Women: A Cross-Sectional Study. Nutrients 2017, 9, 186. [CrossRef]
103. Chappell, L.C.; Seed, P.T.; Kelly, F.J.; Briley, A.; Hunt, B.J.; Charnock-Jones, D.S.; Mallet, A.; Poston, L. Vitamin
C and E supplementation in women at risk of preeclampsia is associated with changes in indices of oxidative
stress and placental function. Am. J. Obstet. Gynecol. 2002, 187, 777–784. [CrossRef]
104. Beazley, D.; Ahokas, R.; Livingston, J.; Griggs, M.; Sibai, B.M. Vitamin C and E supplementation in women
at high risk for preeclampsia: A double-blind, placebo-controlled trial. Am. J. Obstet. Gynecol. 2005,
192, 520–521. [CrossRef]
105. Villar, J.; Purwar, M.; Merialdi, M.; Zavaleta, N.; Thi Nhu Ngoc, N.; Anthony, J.; De Greeff, A.; Poston, L.;
Shennan, A.; WHO Vitamin C and Vitamin E trial group. World Health Organisation multicentre randomised
trial of supplementation with vitamins C and E among pregnant women at high risk for pre-eclampsia in
populations of low nutritional status from developing countries. BJOG 2009, 116, 780–788. [CrossRef]
106. Chappell, L.C.; Seed, P.T.; Briley, A.L.; Kelly, F.J.; Lee, R.; Hunt, B.J.; Parmar, K.; Bewley, S.J.; Shennan, A.H.;
Steer, P.J.; et al. Effect of antioxidants on the occurrence of pre-eclampsia in women at increased risk:
A randomised trial. Lancet 1999, 354, 810–816. [CrossRef]
107. Juhl, B.; Lauszus, F.F.; Lykkesfeldt, J. Is Diabetes Associated with Lower Vitamin C Status in Pregnant
Women? A Prospective Study. Int. J. Vitam. Nutr. Res. 2016, 86, 184–189. [CrossRef]
108. Frikke-Schmidt, H.; Lykkesfeldt, J. Role of marginal vitamin C deficiency in atherogenesis: In vivo models
and clinical studies. Basic Clin. Pharmacol. Toxicol. 2009, 104, 419–433. [CrossRef]
109. Traber, M.G.; Buettner, G.R.; Bruno, R.S. The relationship between vitamin C status, the gut-liver axis, and
metabolic syndrome. Redox Biol. 2019, 21, 101091. [CrossRef]
110. Carr, A.C.; Rosengrave, P.C.; Bayer, S.; Chambers, S.; Mehrtens, J.; Shaw, G.M. Hypovitaminosis C and
vitamin C deficiency in critically ill patients despite recommended enteral and parenteral intakes. Crit. Care
2017, 21, 300. [CrossRef]
111. Marik, P.E. Vitamin C for the treatment of sepsis: The scientific rationale. Pharmacol. Ther. 2018, 189, 63–70.
[CrossRef]
112. Carr, A.C.; Shaw, G.M.; Fowler, A.A.; Natarajan, R. Ascorbate-dependent vasopressor synthesis: A rationale
for vitamin C administration in severe sepsis and septic shock? Crit. Care 2015, 19, 418. [CrossRef]
113. Fowler, A.A., 3rd; Syed, A.A.; Knowlson, S.; Sculthorpe, R.; Farthing, D.; DeWilde, C.; Farthing, C.A.;
Larus, T.L.; Martin, E.; Brophy, D.F.; et al. Phase I safety trial of intravenous ascorbic acid in patients with
severe sepsis. J. Transl. Med. 2014, 12, 32. [CrossRef]
114. Marik, P.E.; Khangoora, V.; Rivera, R.; Hooper, M.H.; Catravas, J. Hydrocortisone, Vitamin C, and Thiamine
for the Treatment of Severe Sepsis and Septic Shock: A Retrospective Before-After Study. Chest 2017,
151, 1229–1238. [CrossRef]
115. Hill, A.; Clasen, K.C.; Wendt, S.; Majoros, A.G.; Stoppe, C.; Adhikari, N.K.J.; Heyland, D.K.; Benstoem, C.
Effects of Vitamin C on Organ Function in Cardiac Surgery Patients: A Systematic Review and Meta-Analysis.
Nutrients 2019, 11, 2103. [CrossRef]
116. Maxwell, S.R.; Thomason, H.; Sandler, D.; Leguen, C.; Baxter, M.A.; Thorpe, G.H.; Jones, A.F.; Barnett, A.
HAntioxidant status in patients with uncomplicated insulin-dependent and non-insulin-dependent diabetes
mellitus. Eur. J. Clin. Investig. 1997, 27, 484–490. [CrossRef]
117. Stankova, L.; Riddle, M.; Larned, J.; Burry, K.; Menashe, D.; Hart, J.; Bigley, R. Plasma ascorbate concentrations
and blood cell dehydroascorbate transport in patients with diabetes mellitus. Metabolism 1984, 33, 347–353.
[CrossRef]
118. Feskens, E.J.; Virtanen, S.M.; Rasanen, L.; Tuomilehto, J.; Stengard, J.; Pekkanen, J.; Nissinen, A.; Kromhout, D.
Dietary factors determining diabetes and impaired glucose tolerance. A 20-year follow-up of the Finnish
and Dutch cohorts of the Seven Countries Study. Diabetes Care 1995, 18, 1104–1112.
119. Paolisso, G.; Balbi, V.; Volpe, C.; Varricchio, G.; Gambardella, A.; Saccomanno, F.; Ammendola, S.;
Varricchio, M.; D’Onofrio, F. Metabolic benefits deriving from chronic vitamin C supplementation in
aged non-insulin dependent diabetics. J. Am. Coll. Nutr. 1995, 14, 387–392. [CrossRef]
120. Song, Y.; Xu, Q.; Park, Y.; Hollenbeck, A.; Schatzkin, A.; Chen, H. Multivitamins, individual vitamin and
mineral supplements, and risk of diabetes among older U.S. adults. Diabetes Care 2011, 34, 108–114. [CrossRef]

Nutrients 2019, 11, 2412

20 of 20

121. Mason, S.A.; Baptista, R.; Della Gatta, P.A.; Yousif, A.; Russell, A.P.; Wadley, G.D. High-dose vitamin C
supplementation increases skeletal muscle vitamin C concentration and SVCT2 transporter expression but
does not alter redox status in healthy males. Free Radic. Biol. Med. 2014, 77, 130–138. [CrossRef]
122. Mason, S.A.; Rasmussen, B.; van Loon, L.J.C.; Salmon, J.; Wadley, G.D. Ascorbic acid supplementation
improves postprandial glycaemic control and blood pressure in individuals with type 2 diabetes: Findings
of a randomized cross-over trial. Diabetes Obes. Metab. 2019, 21, 674–682. [CrossRef]
123. Odermarsky, M.; Lykkesfeldt, J.; Liuba, P. Poor vitamin C status is associated with increased carotid
intima-media thickness, decreased microvascular function, and delayed myocardial repolarization in young
patients with type 1 diabetes. Am. J. Clin. Nutr. 2009, 90, 447–452. [CrossRef]
124. Tousoulis, D.; Antoniades, C.; Tountas, C.; Bosinakou, E.; Kotsopoulou, M.; Toutouzas, P.; Stefanadis, C.
Vitamin C affects thrombosis/ fibrinolysis system and reactive hyperemia in patients with type 2 diabetes
and coronary artery disease. Diabetes Care 2003, 26, 2749–2753. [CrossRef]
© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

