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Absorption, transport, and disposition
of ascorbic acid in humans
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L-ascorbic acid (ascorbate or vitamin C) is a required nutrient for humans. Absorption, transport, and
disposition of ingested ascorbate involve the following: (1) bioavailability and absorption in the gastrointestinal
tract; (2) presence in the circulation; (3) tissue distribution; (4) excretion; and, (5) metabolism. Fundamental to
each of the above are ascorbate chemistry and mechanisms of transport of ascorbate across membranes.
Ascorbate can be reversibly oxidized to dehydroascorbic acid, which can be irreversibly degraded. Both reduced
and oxidized forms cross cell membranes. Differences in transport kinetics, tissue specificity, and Na1 and
energy dependence strongly support the existence of separate transport mechanisms. An important consideration
in the analysis of ascorbate transport is that of substrate availability. Reduced ascorbate is by far the most
predominant form found in plasma and tissues. Dehydroascorbic acid is rapidly reduced intracellularly to
ascorbate by both enzymatic and chemical mechanisms. Despite constitutively low levels of dehydroascorbic
acid, conditions that promote oxidation of ascorbate can profoundly alter both the nature and availability of
substrate. Elucidation of mechanisms that modulate the delivery of ascorbate to tissues and its utilization under
different metabolic conditions will be invaluable for making recommendations for ascorbate ingestion.(J. Nutr.
Biochem. 9:116–130, 1998)Published by Elsevier Science Inc. 1998
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Introduction

L-ascorbic acid, also referred to as ascorbate or vitamin C,
is a required nutrient for humans. Ascorbate is synthesized
by plants and most mammals but not by human and
nonhuman primates, guinea pigs, the Indian fruit bat,
several birds, and some fish.1,2 Primates lack the enzyme
gulonolactone oxidase, which catalyzes the last enzymatic
step in ascorbate synthesis.3,4 Lack of dietary ascorbate
results in the clinical syndrome scurvy, which is fatal if
untreated. Human scurvy is characterized by symptoms of
weakness and fatigue and signs of hyperkeratosis at hair
follicles, perifollicular hemorrhages, ecchymoses, and bleeding
gums.5–9 The current recommended dietary allowance (RDA)
for ascorbate (vitamin C) is 60 mg/d and is based on prevention

of scurvy with an additional margin for protection. This
rationale has been questioned,10–14however, and other criteria
have been proposed as the basis for new recommendations for
ascorbate intake.15

The biological basis of recommendations for humans
should account for ascorbate absorption and disposition,
which is governed by the following: (1) bioavailability and
absorption in the gastrointestinal tract; (2) concentrations in
circulation; (3) tissue distribution; (4) excretion; and (5)
metabolism. Fundamental to all of these issues are princi-
ples of ascorbate chemistry and mechanisms of membrane
transport and cellular accumulation.

Ascorbate chemistry
Ascorbate is reversibly oxidized with the loss of one
electron to form the free radical, semidehydroascorbic acid,
which is further oxidized to dehydroascorbic acid16 (Figure
1). Dehydroascorbic acid can be reduced to ascorbate via
the same intermediate radical, or the ring structure of
dehydroascorbic acid can irreversibly hydrolyze to yield
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diketogulonic acid. The latter can be metabolized further to
form oxalate, threonate, xylose, xylonic acid, and lynxonic
acid.17 Dehydroascorbic acid is unstable in aqueous solu-
tion, with a half-life at 37°C of approximately 6–20 min as
a function of concentration.18–20

Ascorbate is often called an outstanding antioxidant. In
chemical terms this is simply a reflection of its redox
properties as a reducing agent. In physiologic terms this
means that ascorbate provides electrons for enzymes, for
chemical compounds that are oxidants, or for other electron
acceptors. In addition to its redox potential, other properties
of ascorbate make it an excellent electron donor in biolog-
ical systems. First, its intermediate free radical is relatively
nonreactive, especially with oxygen.21 Second, the ascor-
bate oxidation product dehydroascorbic acid is reduced by
cells to ascorbate, which then becomes available for re-
use.22,23Mechanisms of dehydroascorbic acid reduction are
discussed below.

Transport mechanisms

Ascorbate and dehydroascorbic acid transport

Both ascorbate and dehydroascorbic acid are transported
across cell membranes. Ascorbate transport exhibits satura-
ble kinetics, as shown in normal human cells, immortalized
human cells, a variety of animal cells, and in tissues from

many species. In most cases, the transport of ascorbate is
Na1-dependent in tissues from animals24–31 and hu-
mans.22,32–37 Ascorbate transport has been specifically
shown to require metabolic energy,24,26,36–38with a stoichi-
ometry for Na1 from 1:139–41 to 2:1.42–44 Some tissues
display sodium-independent ascorbate transport,45,46 but
these results are questionable because of lack of adequate
control data, low transport rates, or nonspecific assays. The
apparent transport affinity (Km) of ascorbate has been
determined in human fibroblasts, neutrophils, lymphocytes,
and osteoblasts and ranges from 5–20mM.22,32–34,36,37,47

The protein responsible for ascorbate transport has not yet
been isolated, as discussed below.

Transport of dehydroascorbic acid is primarily Na1-
independent in tissues from animals27,42,48,49 and hu-
mans,20,22,50 and does not require metabolic energy. The
proposed mechanism is one of cellular trapping. Upon cell
entry, dehydroascorbic acid is immediately reduced to
ascorbate, which produces an effective gradient of dehy-
droascorbic acid across the membrane.20,51 Although some
reports describe Na1-dependent uptake of dehydroascorbic
acid, the data may not be relevant because of the extremely
high concentrations of dehydroascorbic acid used,35,52

which are toxic to cells and tissues.22,53 The apparent Km
reported for dehydroascorbic acid transport is generally
much higher than that of ascorbate and ranges from 0.75 to

Figure 1 Ascorbate and its oxidation products. Dehydroascorbic acid might exist in multiple forms, although only two are shown here for simplicity.
The hydrated hemiketal is proposed to be the favored form in aqueous solutions,16 but it is unknown which form is found in biological systems.
Semidehydroascorbic acid might also have other configurations that are omitted here.17,209 Formation of 2,3,-diketogulonic acid by hydrolytic ring
rupture is probably irreversible. (Figure from Washko, et al.192)
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3.7 mM in human neutrophils, fibroblasts, and HL60
cells.54–56 A more recent study of human neutrophils
demonstrated both low and high affinity dehydroascorbic
acid transport. Only the high affinity component could be
quantified, yielding an apparent Km of 35 mM.22

Interactions between dehydroascorbic acid and glucose
transport have been studied for many years.49,50,54,57Ki-
netic evidence suggests that in some tissues dehydroascor-
bic acid may be transported by the same transporter as
glucose.50,54,58,59 Seven glucose transporter isoforms
(GLUT 1–5, SGLT1, and SGLT2) have been character-
ized,60–62which vary in substrate affinity and tissue distri-
bution.

Experiments utilizingXenopus laevisoocytes to express
individual glucose transporter isoforms have demonstrated
that GLUT163,64and GLUT364 act as dehydroascorbic acid
transport proteins with an affinity similar to or lower than
that for glucose (1–2 mM).64 Human GLUT4 also mediates
the transport of dehydroascorbic acid, but with a 2–3-fold
lower rate than for glucose.64 Human GLUT2, GLUT5, and
SGLT1 were unable to transport dehydroascorbic acid.
None of the glucose transporters (GLUT1–5 and SGLT1)
transported ascorbate.64

Studies in neutrophils showed two components of dehy-
droascorbic acid transport, only one of which could be
calculated (transport KM of 35.5 mM).22 Rates of intracel-
lular reduction in neutrophils were a limiting factor for
dehydroascorbic acid uptake at high concentrations (.800
mM).22 The reasons for kinetic differences between oocytes
and cells could be due to multiple GLUT transporter
activities and/or intracellular reduction pathways. Intracel-
lular dehydroascorbic acid reduction mechanisms will be
discussed below. It is not known whether other membrane
proteins also mediate dehydroascorbic acid transport.

Interactions between glucose and ascorbate transport
activity have also been demonstrated. In neutrophils, ascor-
bate transport had two apparent components.34 It is not clear
if one of these components was actually dehydroascorbic
acid transport, because small amounts of dehydroascorbic
acid could have been present but were not detectable.
Nevertheless, both transport components were inhibited by
glucose, although by different mechanisms. Glucose inhib-
ited the high affinity component noncompetitively and the
low affinity component competitively.34 In fibroblasts,
ascorbate transport was not inhibited by glucose.36 The
reasons that glucose inhibited ascorbate transport in some
cells is not known but may be due to cell-specific differ-
ences in the putative ascorbate transporter.

Besides glucose, other compounds have been proposed
to regulate ascorbate transport. Endotoxin inhibited ascor-
bate transport in 3T3 fibroblasts. The suggested mechanism
involved activation of the complement system and produc-
tion of a 9 kD inhibitory protein that has identity with or is
very similar to fragment C3a of complement component
C3.65 The inhibitory protein had no effect on glucose
transport; however, it remains possible that these findings
were due to oxidation of ascorbate to dehydroascorbic acid
and hydrolysis to diketogulonic acid. The latter is poorly
transported by cells (S.C. Rumsey and M. Levine, unpub-
lished results). In addition, no information is available on

the effect of the inhibitory protein on dehydroascorbic acid
transport.

TGF-b increased ascorbate transport in the osteosarcoma
cell line UMR-106 by 20–30%.33 Changes were attributed
to increased transport Vmax; however, the experiments did
not adequately address whether increased ascorbate uptake
was in the reduced or oxidized form. The increases were
small and may have been due to increased cell volume or
cell surface area induced by TGF-b. Other transport pro-
cesses were not adequately examined to test the specificity
of TGF-b for ascorbate transport.

The mechanisms of transport of ascorbate across cell
membranes have been controversial for many years. Some
investigators contended that all ascorbate transport was due
to conversion of ascorbate to dehydroascorbic acid with
subsequent transport of only dehydroascorbic acid.63,66,67In
these studies, ascorbate uptake was not detected. This was
likely due to assay conditions utilizing very short time
periods or insensitive or nonspecific assay conditions.
Indeed, because of the ease of interconversion between
ascorbate and dehydroascorbic acid under some redox
conditions, the nature of the substrate present in vitro is not
always straightforward, and care must be taken to ensure
substrate purity. The rate of dehydroascorbic acid uptake
appears to be much greater than that of ascorbate for most
tissues studied. When both ascorbic and dehydroascorbic
acid transport were measured in myeloid cell lines, 15–30-
fold more dehydroascorbic acid was transported compared
to ascorbate.22 Ascorbate and dehydroascorbic acid trans-
port are, nonetheless, different with respect to Na1 depen-
dence, energy dependence, rate constants, effect of reducing
agents, and tissue specificity. Explanation of ascorbate
transport by oxidation to dehydroascorbic acid alone does
not account for these differences.

Several distinct experimental approaches indicate that
ascorbate and dehydroascorbic acid transport are different.
First, experiments performed in human neutrophils using
ascorbate analogs and cross-competition with dehydroascorbic
acid in the presence and absence of Na1 conclusively demon-
strated separate ascorbate and dehydroascorbic acid transport
activities.22 Second, expression of size-fractionated mRNA
from rabbit kidney (1.8–3.1 kb) inXenopus laevisoocytes
resulted in ascorbate transport.68 Induced transport activity was
Na1-dependent, saturable, and not inhibited by glucose. De-
spite these promising experiments, the ascorbate transport
protein has not yet been isolated. Third, although dehy-
droascorbic acid transport was efficiently mediated by glucose
transporter proteins GLUT1, GLUT3, and to some extent
GLUT4 when expressed in oocytes, no glucose transporters
transported ascorbate.64 Taken together, recent experimental
data in conjunction with the extensive literature on ascorbate
transport strongly support the existence of two separate and
distinct transport mechanisms for ascorbate and dehydroascor-
bic acid.22,69

The contribution of ascorbate and/or dehydroascorbic
acid to cellular transport in vivo remains an open issue.
Transport depends on both substrate affinity and substrate
availability. Plasma concentrations of ascorbate (5–100
mM) are in the range reported for ascorbate transport
affinity. By contrast, dehydroascorbic acid is either not
detectable or found only at very low levels in the circulation
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of healthy humans.15,70 Because there is currently no
adequate direct assay for dehydroascorbic acid, the lower
limit of detection of dehydroascorbic acid using HPLC with
electrochemical detection is 1–2% of the concentration of
ascorbate present. Smaller amounts of dehydroascorbic acid
cannot be distinguished from 0.70,71If dehydroascorbic acid
is present at all in normal humans, the concentrations are
likely to be less than 2mM. Absence of dehydroascorbic
acid in plasma is consistent with the proposed mechanisms
of dehydroascorbic acid reduction and ascorbate recycling,
which are discussed below. In addition, transport of both
ascorbic and dehydroascorbic acids may be affected in vivo
by glucose, whose concentration is 3–6 mM in normal
people and as much as 30 mM in diabetics. The effect of
alterations in glucose level on cellular accumulation of
either ascorbate or dehydroascorbic acid in vivo is un-
known.

Intracellular dehydroascorbic acid reduction

It has been known for many years that a variety of tissues
can reduce dehydroascorbic acid to ascorbate.72,73 Intracel-
lular dehydroascorbic acid is immediately reduced to ascor-
bate.20,22,23,51,66,74,75Intracellular reduction is mediated by
two major pathways: chemical reduction by glutathione76

and enzymatic reduction.23,77

The role of these two processes in vivo is probably tissue
specific and remains to be resolved.76–78 In erythrocytes,
pig heart tissue, and ocular tissues from rat and rabbit,
reduction of dehydroascorbic acid has been completely
accounted for by glutathione;76,79–81however, these find-
ings can be questioned.82 Tissue homogenization can result
in a many-fold dilution of intracellular proteins and could
have inactivated or decreased intrinsic protein activity.
Protein activity could also be masked by assay conditions,
pH changes, and concurrent nonenzymatic chemical reduc-
tion. Another consideration is that the tissues selected for
study may not have been enriched in reducing protein. The
contribution of glutathione-mediated chemical reduction
and protein-mediated reduction may vary in different tissues
and in the same tissues with different stimuli.

Dehydroascorbic acid reductase activity was recently
isolated from human neutrophils by activity-based purifica-
tion. The responsible activity was glutaredoxin, an 11,000 D
glutathione-dependent protein. Glutaredoxin accounted for
as much as 80% of total cellular dehydroascorbic acid
reducing activity.23

Other isolated proteins that have been shown to have
dehydroascorbic acid reductase activity include glutare-
doxin from pig liver, bovine thymus and human placenta;83

bovine protein disulfide isomerase;77,833-a-hydroxysteroid
dehydrogenase;84 and an as yet unidentified protein of MW
31,000 isolated from rat liver85 and human red blood cells.82

Although glutaredoxin is responsible for most of dehy-
droascorbic acid reduction in human neutrophils, the rela-
tive role of these other proteins in tissues is not known.
Protein disulfide isomerase and 3-a-hydroxysteroid dehy-
drogenase84 have a 5- to 10-fold lower affinity for dehy-
droascorbic acid (Km of 2.8 and 4.6 mM, respectively) than
do the 31,000 D protein82,85 or glutaredoxin isolated from
other mammalian tissues (Km of 0.2–1.0 mM).23,77 3-a-

hydroxysteroid dehydrogenase84 and the 31,000 D protein
have the lowest measured Vmax (1.5 and 1.9 nmol/min/mg
protein, respectively), with the remaining proteins ranging
from 6 to 27 nmol/min/mg protein.23,77,83–85The tissue
distribution of glutaredoxin and other dehydroascorbic acid–
reducing protein activities and their regulation under normal
and oxidative stress conditions in humans remain to be
examined.23,77,86

As mentioned above, it is likely that dehydroascorbic
acid reduction is the driving force for dehydroascorbic acid
transport across cell membranes.20,22,74Intracellular reduc-
tion to ascorbate produces an outside to inside dehy-
droascorbic acid gradient, favoring entry. Because ascorbate
exits cells at comparatively slow rates,22,36,51,87high intra-
cellular concentrations of ascorbate can be maintained. Data
in leukocytes,67,74neutrophils,22 and oocytes64 indicate that
dehydroascorbic acid transport may be limited at high
concentrations by the capacity of intracellular reduction to
ascorbate; thus, in experiments of dehydroascorbic acid
transport, apparent transport affinities can only be deter-
mined if intracellular reduction is confirmed to be complete.

Ascorbate recycling

The most comprehensive model of ascorbate accumula-
tion consistent with available data is ascorbate recycling
(Figure 2). In this model, transport of both dehydroascorbic
acid and ascorbate occurs, but is dependent on substrate
availability.20,22,64,88Under nonoxidizing conditions, ascor-
bate is predicted to account for the majority of ascorbate
accumulation in the circulation and in the extracellular
space because it is expected to be the only substrate
available. In the presence of oxidants, ascorbate will oxi-
dize, and dehydroascorbic acid may transiently form. In
blood, dehydroascorbic acid would be expected to be
rapidly transported and reduced within red blood cells,
which have abundant GLUT1, glutathione, and glutare-
doxin.60,79,86This is consistent with observations that de-
hydroascorbic acid is not detected in normal human plas-
ma.15,70,71In the extracellular space under oxidizing conditions
(i.e., infection), dehydroascorbic acid would form and be
available to surrounding cells. Compared to ascorbate, dehy-
droascorbic acid would then be preferentially transported and
immediately reduced within cells.

Experiments using human neutrophils provide strong
evidence for ascorbate recycling.20,22,23,88In resting cells,
ascorbate is transported as ascorbate.32 It is likely that
ascorbate transport activity is responsible for at least some
part of the high internal concentration of ascorbate (mM
levels) in resting cells. Upon neutrophil activation, reactive
oxygen species are produced. Extracellular ascorbate is
oxidized to dehydroascorbic acid, which is rapidly trans-
ported into cells and immediately reduced intracellularly to
ascorbate (Figure 2). In this manner, as much as 10-fold
increases in intracellular ascorbate concentration can be
achieved.20,22 In activated cells, ascorbate transport also
continues independently but at a much slower rate as
compared to dehydroascorbic acid transport. The results
imply that dehydroascorbic acid formation and transport
could occur during inflammation. Indeed, exposure of
human neutrophils to bacteria in the presence of ascorbate is
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an extremely potent inducer of ascorbate recycling, with as
much as 30-fold increases in intracellular ascorbate com-
pared to controls without bacteria.88

Transport of both ascorbate and dehydroascorbic acid
could occur in vivo. Substrate availability probably plays a
key role in which species is transported at a particular time.
Under nonoxidizing conditions, ascorbate is the form likely
to be transported by cells because of its ubiquitous presence
in the intravascular and extracellular spaces and probable
absence of dehydroascorbic acid. Ascorbate transport can be
considered as constitutive-substrate transport. By contrast,
dehydroascorbic acid transport can be considered as in-

duced-substrate transport, because dehydroascorbic acid
transport is dependent on substrate formation and is limited
by substrate availability.

The roles of ascorbate and dehydroascorbic acid in
accumulation somewhat resemble the interplay between
thyroxin (T4) and triiodothyronine (T3) in thyroid hormone
metabolism. Approximately 97% of total circulating thyroid
hormone is T4, and,3% is T3. The majority of both forms
are protein bound, however, and it is free hormone that
provides metabolic feedback. There is approximately 4-fold
more free T4 than T3.89 At the molecular level, it is likely
that only T3 is active in the nucleus and that all of the

Figure 2 A model of dehydroascorbic acid and ascorbate transport and recycling in human neutrophils. Ascorbate and dehydroascorbic acid are
transported differently.20,22,64,68 The putative ascorbate transporter (open circle) transports ascorbate and probably maintains mM concentrations of
ascorbate inside neutrophils.20,22,32 The ascorbate transport protein has not been isolated. With activation, neutrophils secrete reactive oxygen
species, which oxidize extracellular ascorbate to dehydroascorbic acid.20 Dehydroascorbic acid is rapidly transported by glucose transporter isoforms
GLUT1 and GLUT3 (open diamond).64 Intracellular dehydroascorbic acid is immediately reduced to ascorbate.20 In neutrophils, glutaredoxin is
responsible for the majority of intracellular reduction.23 As a result of dehydroascorbic acid transport and reduction, as much as 10-fold higher
ascorbate internal concentrations are achieved compared to activity of the ascorbate transporter alone.20,22 The proposed mechanism of reduction
could require glutathione, NADPH, and the enzymes shown.23 Although dehydroascorbic acid is transported by glucose transporter isoforms GLUT1
and GLUT3,64 it is unknown whether one or both isoforms are responsible for dehydroascorbic acid entry in neutrophils. Abbreviations: AA, ascorbate;
DHA, dehydroascorbic acid; GRX, glutaredoxin; GSH, reduced glutathione; GSSG, oxidized glutathione; 6-PGD, 6-phosphogluconate dehydroge-
nase; GRD, glutathione reductase.
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eventual metabolic activity of T4 is due to its conversion to
T3. Both hormones are, nevertheless, important for thyroid
hormone action because of their circulating concentrations,
plasma protein binding, tissue distribution, intracellular
transport, and conversion of T4 to T3.89

There are several possible reasons that ascorbate recy-
cling occurs. In neutrophils, ascorbate recycling provides
rapid increases in intracellular ascorbate at the same time
that oxidants are produced. Oxidants in neutrophils are
produced in the phagosome and on the external surface of
the cell membrane, and also leak into the cytosol and
extracellular space.20,90 Higher concentrations of ascorbate
in neutrophils could provide better protection against intra-
cellular reactive oxygen intermediates. In neutrophils, these
intermediates are an integral component of microbicidal
pathways and mediate apoptosis.91–93 Increased intracellu-
lar ascorbate concentrations could be effective in quenching
cytosolic and extracellular oxidants and possibly delay neutro-
phil apoptosis.94,95 Prolongation of neutrophil survival could
also translate into enhanced microbicidal activity.

It is also possible that increased intracellular ascorbate
has an extracellular protective function. This could occur by
active extrusion of ascorbate under certain conditions or by
leakage of intracellular ascorbate as neutrophils die. Be-
cause ascorbate recycling causes such large increases in
intracellular neutrophil ascorbate, these concentrations
could affect extracellular concentrations as a function of
neutrophil cell density and/or limitations of extracellular
diffusion of ascorbate into an area of inflammation. In-
creased extracellular ascorbate would be protective against
oxidant damage to collagen and surrounding cells. Experi-
mental systems that will need to be developed to test these
possibilities include new models of inflammation with
bacteria and multiple cell types, new ascorbate and dehy-
droascorbic acid analogs to distinguish between the effects
of extracellular and intracellular ascorbate, cell lines trans-
fected with glutaredoxin or with glutaredoxin knocked out,
and new methods to measure oxidant production and colla-
gen degradation. These experiments could determine the
functional consequences of ascorbate recycling and its
regulation in vivo, with potential clinical application.

Ascorbate recycling could occur in other cell types as a
function of oxidants produced. It is possible that extracel-
lular ascorbate oxidation could be induced by low concen-
trations of superoxide or other oxidants arising from mito-
chondria or cellular metabolism; however, it remains to be
determined for other cell types which oxidants are produced
and whether their quantitites are sufficient for ascorbate
oxidation.

Intestinal absorption and bioavailability

To provide ascorbate to tissues, humans must ingest the
vitamin and absorb it in the gastrointestinal tract. Because
both ascorbic and dehydroascorbic acids are transported in
vivo, we discuss intestinal absorption of both forms. Ascor-
bate in the reduced form constitutes the majority (80–90%)
of this vitamin in food.96,97 Studies utilizing sections of
human ileum24,98 determined that ascorbate is absorbed in
the human intestine by a Na1-dependent active transport
system. Absorption is most effective in the proximal intes-

tine.99 Absorption of ascorbate in proximal intestine was
studied directly in human subjects using intestinal perfusion
to measure uptake rates, and the calculated maximal trans-
port rate was 50 mg/cm-hr.100 The Km was expressed as 5
mmols, indicating that the calculation may be incorrect
because of an unclear effect of volume. Results of other
uptake studies vary considerably,99,101–103 perhaps as a
consequence of assay imprecision or variations in subject
repletion status and dose. These studies are also problematic
because they used the indirect measure of urinary output as
the criteria for ascorbate uptake.

It is not known whether there are individual differences
in ascorbate absorption. In addition, the possibility exists
that vitamin C intestinal transport is regulated. In guinea
pigs, prior feeding of large doses of ascorbate decreased
transport across isolated intestinal mucosa;104 however, this
issue has not been examined in humans.

Little information is available on the intestinal absorp-
tion of dehydroascorbic acid in humans. In isolated guinea
pig intestinal mucosa, dehydroascorbic acid absorption is a
Na1-independent, saturating process.105,106The majority of
dehydroascorbic acid is immediately reduced upon crossing
the serosal membrane and is present as ascorbate.75 Al-
though dehydroascorbic acid is anti-scorbutic in hu-
mans,107–109some data show that absorption is less than that
of ascorbate.110 It is also not known whether the local
environment in the gastrointestinal tract affects dehy-
droascorbic acid reduction to ascorbate or hydrolysis to
diketogulonic acid.

It is unclear which forms physically cross intestinal
membranes: ascorbate or dehydroascorbic acid or both.
Consistent with ascorbate recycling, the data imply that
both species are transported but by separate mechanisms, as
in human neutrophils. Direct experiments to validate this
concept remain to be performed.

Absorption is determined clinically using the pharmaco-
kinetic principles of bioavailability. True bioavailability is
defined as the increase in the amount of a substance in
plasma after an oral dose compared with the increase in
plasma after the same dose is given intravenously.111,112To
achieve accurate baseline calculations, measurements must
be performed at steady-state for the dose tested.

Bioavailability for ascorbate is most relevant since it is
the dominant substrate in foods and supplements and the
dominant (if not only) substrate in plasma. A comprehen-
sive study of true bioavailability at different ascorbate doses
was reported recently.15,113Patients were brought to steady-
state plasma concentrations at each dose before measure-
ments were made. Based on a five compartment phamaco-
kinetic model, ascorbate bioavailability of a liquid solution
given in the fasted state was 90% for#200 mg, 73% for 500
mg, and 49% for 1250 mg.15,113Bioavailability calculations
assume that clearance is constant at different doses. This
assumption was not met at ascorbate doses,200 mg but
could be determined using the new model, which accounts
for changing clearance.113

Other studies examined the relative bioavailability of
ascorbate provided to subjects in different forms or at
varying doses.103,114–119Relative bioavailability is calcu-
lated by comparing measurements that are assumed to
represent bioavailability. Relative bioavailability is often
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determined by comparing changes in urinary or plasma
ascorbate after two different oral doses of ascorbate. This
method can be potentially valuable as a tool to evaluate
different acute dosage forms, but it cannot give information
about true absorption of ascorbate. Inherent problems with
this methodology include lack of control over subject
repletion status and inability accurately to judge baseline
concentrations.

The effect of different foods on ascorbate bioavailability
is still largely unknown. True bioavailability of ascorbate
has not been determined with different food preparations.
Studies examining relative bioavailability have found little
difference in absorption between pure ascorbate and ascor-
bate in foods,120–125with the exception of one study that
showed that ascorbate relative bioavailability was increased
by 35% when the vitamin was accompanied with a citrus
extract.126 One must keep in mind, however, that the
majority of these studies were performed using imprecise
assays, and further study into this area is warranted.

As mentioned above, dehydroascorbic acid given orally
has been shown to be absorbed in humans.108–110 These
studies only examined relative bioavailability, however, and
have similar problems to those described above for ascor-
bate. No information is available on the true bioavailability
of dehydroascorbic acid.

Ascorbate in the circulation

Ascorbate is present in the blood at concentrations of 5–90
mM in normal individuals,15 whereas dehydroascorbic acid
is only present at very low concentrations (,2% of ascor-
bate) or not at all.70,71,127 Some investigators measured
concentrations of dehydroascorbic acid at as much as 20%
of total ascorbate in plasma,110,128–131but such values may
be a consequence of lack of specificity of the assays used or
of inadvertent oxidation of ascorbate to dehydroascorbic
acid during sample procurement, preparation, or analysis.34

Ascorbate in plasma and serum is available to tissues and
cell transporters directly without a protein-bound interme-
diate.70,132

Different cell types in blood transport both ascorbate and
dehydroascorbic acid in vitro.20,51,52,87,133,134Although the
rate of transport of dehydroascorbic acid is greater than that
of ascorbate in all of these cells, as discussed above, the
concentration of dehydroascorbic acid present in blood as
substrate is negligible in most cases. Reported content of
ascorbate in erythrocytes134 is difficult to interpret because
ascorbate is easily oxidized by iron and/or hemoglobin. The
concentration of ascorbate in erythrocytes is probably less
than that of plasma. Ascorbate is accumulated in mM
concentration in neutrophils, lymphocytes, monocytes, and
platelets.15,20,51,52,87,133,134

Until recently, data concerning the relationship between
ascorbate intake and its concentration in plasma have been
extremely limited. Earlier inpatient studies did not address
this issue. Prisoner volunteer subjects were given#64 mg
of ascorbate daily, and the diet was deficient in other
vitamins and minerals.6,135 In follow-up studies, prisoner
volunteer subjects received either 6.5 or 66.5 mg of ascor-
bate daily, although one subject received 130.5 mg dai-
ly.136,137 In two later volunteer studies, only three daily

doses of ascorbate were used,138 or only one dose above 60
mg was used.139 Outpatient studies examining dose-re-
sponse information have also been limited because, by
design, they cannot strictly control the amount of ascorbate
in a subject’s diet.140–143Use of dietary surveys to obtain
vitamin ingestion information is often misleading, espe-
cially over narrow dose ranges.144

A recent inpatient study examined the relationship be-
tween ascorbate intake over a wide range (30–2500 mg
daily) and concentrations of ascorbate in plasma and tis-
sue.15 Seven men 20–26 years old were hospitalized for
4–6 months and consumed a strictly controlled diet.145

Figure 3 Relationships between ascorbate dose and plasma and
intracellular ascorbate concentrations. Seven healthy volunteers were
hospitalized for 4–6 months and consumed a diet containing ,5 mg
vitamin C daily.15,145 Steady-state plasma and tissue concentrations
were determined at seven vitamin C daily doses from 30 to 2500 mg.15

A. Steady-state plateau ascorbate concentrations in plasma as a
function of ingested dose. B. Intracellular ascorbate concentrations
(mM) in circulating immune cells as a function of dose. Dose is ex-
pressed as mg of ascorbate administered daily. Neutrophils (■), mono-
cytes (Œ), and lymphocytes (F) were isolated as described32,87 when
plateau was achieved for each dose. Numbers in parentheses at each
dose indicate the number of volunteers from whom neutrophils were
obtained; numbers in brackets at each dose indicate the number of
volunteers from whom lymphocytes and monocytes were obtained.
(Figure from Levine, et al.15)
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Plasma concentrations as a function of dose displayed
sigmoid saturating kinetics (Figure 3A). The first ascorbate
dose beyond the steep portion of the curve was 200 mg
daily. The most marked alterations in plasma ascorbate
concentrations occurred between 30 and 100 mg/d; there-
fore, variations of intake within this range may markedly
affect ascorbate availability to tissue. Doses above 400 mg/d
resulted in little further increase in plasma ascorbate con-
centrations, and absorbed doses were almost entirely ex-
creted in the urine,15 as discussed later.

The approximate half-time of ascorbate in plasma can be
inferred from several studies in which subjects ingested
,10 mg daily.15,125,138,139Half-time in plasma was approx-
imately 7–14 days. However, half-time is probably affected
by initial starting plasma concentration, and individual
subjects varied in half-time parameters. The reasons for
individual variation are unknown but might be due to any of
the processes involved in ascorbate recycling.

Tissue accumulation and distribution

Ascorbate content of human tissues varies over a wide
range. Tissues with the greatest quantity of ascorbate/100 g
tissue include adrenal and pituitary glands with 30–50
mg/100 g, followed by liver, spleen, eye lens, pancreas,
kidney, and brain with between 10 and 30 mg/100 g.69 By
total weight and because of its size, liver has the greatest
store. In humans it is difficult to study relationships between
intake and tissue concentrations. Tissue samples are not
easily obtained, and degradation occurs unless samples are
processed quickly. Since guinea pigs do not synthesize
ascorbate, they have been used as one model of tissue
distribution. Tissue distribution of ascorbate appears to be
similar in guinea pigs and humans. In one guinea pig study
with graded intake (from 0.2–10 mg/100 g body weight), an
intake-dependent increase to saturation was reported for
various tissues including heart, brain, spleen, leukocytes,
and adrenal gland.146 Examination of the results of many
studies in animals using different ascorbate intake amounts
showed a similar trend, with higher doses resulting in higher
tissue concentrations.69

The half-time of ascorbic acid in specific human cells or
tissues under conditions of minimal ascorbate intake has not
been well studied. Based on mathematical modeling of
urinary excretion of radiolabelled ascorbate, estimations
have been made of ascorbate loss from a theoretical total
body pool amounting to 2.6 to 4.1% per day.136,140These
estimates, however, do not give information about ascorbate
content of specific tissues. One study reported that concen-
trations of ascorbic acid in circulating mononuclear leuko-
cytes had a half-time of approximately 30 days.139 Factors
that likely influence intracellular ascorbate half-time in-
clude initial intracellular starting concentration and extra-
cellular plasma concentration.

Dehydroascorbic acid is not found in appreciable
amounts in tissue.20,22,36,147When radiolabelled ascorbate
and dehydroascorbic acid were injected in guinea pigs, clear
differences were seen in tissue distribution and rates of
uptake.148 Ascorbate was rapidly accumulated by adrenal
and pituitary glands, lungs, liver, kidneys, bone, and skin.
Dehydroascorbic acid remained primarily associated with

blood and blood cells. Even with injection of dehydroascor-
bic acid, all radiolabel isolated from tissue was found in the
reduced form. Because dehydroascorbic acid is rapidly
transported into and reduced by blood cells, it is probably
not available to most tissues via the circulation. This
concept is supported by isolation of glutaredoxin from red
blood cells86 and neutrophils,23 and by the high dehy-
droascorbic acid reductive capacity of red cells mediated by
glutathione chemically.79

Unlike other cells, circulating blood cells can be obtained
relatively easily. It has therefore been possible to examine
the concentrations of ascorbate in these cells and the
relationship between ascorbate intake and cellular concen-
tration in humans. Similar to plasma data, until very
recently there have been no well-controlled studies exam-
ining the relationship between circulating cell ascorbate
content and dietary intake over a wide range. Some inves-
tigators suggested that erythrocytes and platelets contain the
highest fraction of ascorbate among blood cells because of
their abundance;134 however, as noted above, determination
of erythrocyte ascorbate is problematic because of the
presence of very large quantities of highly reactive heme-
iron, which can easily oxidize ascorbate during sample
preparation or storage. To date, rigorous analysis of eryth-
rocyte ascorbate content has not been performed. The recent
NIH study examined the relationship between ascorbate
dose and ascorbate content of lymphocytes, neutrophils, and
monocytes.15 Intracellular ascorbate in these cells saturated
at lower doses than did plasma, by 100 mg daily (Figure
3B), and achieved intracellular ascorbate concentrations
(1–4 mM) at least 14-fold higher than plasma. These
findings are one explanation of the sigmoid relationship
between dose and plasma concentration.

Renal excretion

In all species studied, ascorbate is filtered at the
glomerulus and is reabsorbed at the proximal tubule by
an active transport process.149 –152In humans, the upper
range of ascorbate concentration in blood is limited by
renal reabsorption.15,153 Maximal tubule reabsorption
rates were determined in men and women of different
ages and found to be relatively constant between groups
at approximately 1.5 mg/100 ml glomerular filtrate.149,154

As in intestine, ascorbate transport in the kidney tubule is
Na1-dependent.150 –152,155Ascorbate transport in brush
border vesicles from kidney cortex was saturable, poten-
tial-sensitive, and partially inhibited by glucose.155 Tu-
bule reabsorption presumably is related to the tubule
concentration of ascorbate. It is unknown whether ascor-
bate reabsorption can be regulated by other mechanisms,
and it is also unknown whether ascorbate is actively
secreted into renal tubules.

The threshold ascorbate dose for urinary excretion was
believed to represent a near saturating dose, and the current
recommended dietary allowance for ascorbate is based in
part on this concept.156,157One deficiency-repletion clinical
study implied that ascorbate was excreted in the urine of
volunteers who were at steady-state for a 60-mg daily
dose.135 These data were used to set the current recom-
mended dietary allowance of ascorbate at 60 mg dai-

Ascorbic acid absorption, transport, and disposition: Rumsey and Levine

J. Nutr. Biochem., 1998, vol. 9, March 123



ly.156,157 The original findings are questionable, however,
because the assay for ascorbate was subject to false-positive
interference, especially at low ascorbate concentrations,34

and the data from these volunteers was referred to but not
published in the scientific literature. More importantly, it
remained unknown whether threshold urine excretion was a
valid index of saturation. The threshold for ascorbate
urinary excretion was examined in the recent NIH study.15

Ascorbate excretion was measured at steady-state for 30–
1250-mg doses using a sensitive electrochemical HPLC
assay. The results showed that ascorbate appeared in urine
only at doses$100 mg/d,15,113corresponding to an average
plasma concentration of 55–60mM (Figure 3A). At this
dose, lymphocytes, neutrophils, and monocytes were fully
saturated and plasma was approximately 70% saturated.
The complete saturating ascorbate dose was 1000 mg daily.

In contrast to ascorbate, dehydroascorbic acid transport
in isolated kidney tubules is Na1-independent, insensitive
to transmembrane electrical potential difference, and is not
concentrated against a gradient.45,158 Transported dehy-
droascorbic acid is rapidly reduced to ascorbate in isolated
tubules from rat and guinea pig,106 and transport of ascor-
bate and dehydroascorbic acid at the renal basolateral
membrane appeared to be an Na1-independent process of
comparable rate.106 No evidence is available on the renal
excretion or reuptake of dehydroascorbic acid in vivo
because no measurable amounts can be found in plasma.
Measurement of dehydroascorbic acid in urine is fraught
with similar methodological difficulties as with plasma.
Most likely, dehydroascorbic acid is present in very low
quantities or not at all in urine, and greater quantities are
probably a result of experimental artifact.159

Ascorbate metabolism in health and disease

In humans, urine is the primary and perhaps the exclusive
route of ascorbate and ascorbate metabolite excretion.
Metabolites of known structure found in urine utilizing
14C-labeled ascorbate include dehydroascorbic acid, dike-
togulonic acid, oxalate, ascorbate-2-sulfate, and methyl
ascorbate.69,160–166 Nonhuman primates and guinea pigs
excrete up to 90% of ingested ascorbate in the form of CO2.
Humans, however, do not appear to utilize this metabolic
route.163,167 One study in humans found that as much as
30% of ascorbate given in doses.180 mg was excreted as
CO2, but the findings were attributed to presystemic bacte-
rial or chemical degradation of ascorbate in the intestine.166

Little quantitative information exists on the relationship
between repletion status or intake and the formation and
excretion of ascorbate metabolites in humans. Qualitative
data suggest that there may be a constitutive amount of
metabolite formation at all doses.140 The relative proportion
of metabolic products is not clear but is probably dependent
on dose, repletion status, and other unknown factors. In one
study, patients were given [14C]ascorbate intravenously,
and urinary metabolites were measured: 40% was oxalate,
20% was diketogulonic acid, 2% was dehydroascorbic acid,
and the rest was of unknown form.168 Assay imprecision
and artifact due to ascorbate degradation during handling,
however, cloud interpretation of these results. It remains
unclear what factors may regulate production of ascorbate

metabolites. Production of two major metabolites, oxalate
and diketogulonic acid, has dehydroascorbic acid as a
precursor,165 even though dehydroascorbic acid itself is not
detectable in urine.159 Factors that increase oxidation of
ascorbate to dehydroascorbic acid could theoretically in-
crease irreversible production of metabolites and thereby
lead to increased ascorbate utilization. When given orally or
intravenously to volunteers at steady-state, ascorbate doses
of 500 mg and 1250 mg were almost completely accounted
for by urinary excretion of ascorbate;15 nevertheless, ox-
alate excretion was highest at an intake of 1 g ascorbate
daily. At this dose, the amount of oxalate excreted was
,10% of ascorbate excreted, and oxalate measurements
reflect its metabolism from all sources. We conclude that,
for the steady-state condition at doses$500 mg, most
ascorbate in healthy humans is probably excreted as such in
urine. At doses#60 mg daily, ascorbate itself is not
excreted, and only metabolites such as oxalate are expected
in urine.

Abnormal kidney function may profoundly affect ascor-
bate metabolism. The entire plasma content of ascorbate is
filtered and reabsorbed approximately once per hour in
healthy people. It is unknown whether there are mechanisms
that regulate these processes. In patients with renal disease
an inverse correlation was seen between creatinine clear-
ance and ascorbate excretion;169however, it is impossible to
draw firm conclusions from these observations for a number
of reasons. No distinctions were made between different
types of renal diseases, and no data were obtained concern-
ing ascorbate intake and ascorbate steady-state plasma
values. It would be valuable to examine excretion of
ascorbate in patients with different types of renal insuffi-
ciency under steady-state conditions, with intake rigorously
controlled.

Ascorbate is oxidized by a variety of enzymatic and
nonenzymatic reactions, as reviewed elsewhere.170 In par-
ticular, ascorbate might be consumed in chemical reactions
in which oxidants are reduced. Suggestive evidence sup-
ports the hypothesis that oxidative processes regulate ascor-
bate catabolism in humans, although direct proof is cur-
rently lacking. Other antioxidants are present in plasma,
including uric acid, tocopherols, and ubiquinone. Ascorbate,
however, might be oxidized preferentially and may have an
important role as a first defense against oxidative stress.171

Smokers present one example of the relationship be-
tween oxidants and ascorbate since they expose themselves
to oxidants via inhaled smoke. These gas phase oxidants
have been demonstrated to induce lipid peroxidation in
vitro, which is prevented by the presence of ascorbate.172

The body turnover of14C-labeled ascorbate has been shown
to be 40% greater in smokers compared with nonsmok-
ers,173 and estimation of ascorbate requirements of smokers
based on intake and serum concentrations show that smok-
ers may require as much as three times the dose of ascorbate
than nonsmokers to avoid risk of deficiency.174 Unfortu-
nately, clinical studies in smokers have even more problems
than those described for nonsmokers, including narrow dose
ranges, imprecise assays, lack of strict intake control, and
lack of information regarding steady-state endpoints.

There are several other examples of the relationship
between ascorbate and oxidant quenching. Ascorbate is
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very effective at preventing lipid peroxidation from aqueous
peroxyl radicals and from oxidants released by polymor-
phonuclear cells.171 Ascorbate prevents both initiation and
propagation of metal ion–induced oxidation of human
low-density lipoprotein (LDL).175,176 LDL oxidation is
thought to be a key process in the initiation of atheroscle-
rosis.177 In addition, ascorbate may decrease LDL-induced
leukocyte adhesion,178 and endothelial dysfunction may
also be improved by ascorbate in both smokers and patients
with coronary artery disease.179,180It is not known whether
oxidation conditions in in vitro experiments are relevant to
oxidation conditions in vivo, especially for LDL oxidation.

As an electron donor, ascorbate could be involved in
several disease processes. Ascorbate might be consumed by
preventing free radical–induced damage of DNA,181 which
is thought to be an initiating step in cancer formation.182,183

Increased dietary ascorbate has been shown to decrease
sperm DNA oxidative adduct formation184 and DNA strand
breaks as a result of ionizing radiation.185 Ascorbate has
also been suggested to quench oxidants leading to cataract
formation186 or endothelial cell reactivity in hypertensive
patients,187 but data are inconclusive.

Despite these and other examples, it still remains unclear
whether increased oxidative stress leads to greater ascorbate
catabolism in humans, whether higher ascorbate intake can
prevent these losses, and whether there are direct clinical
consequences related to these events.

Other metabolic alterations may affect ascorbate by
modulating its cellular transport and tissue distribution. It
has been long suggested, although never proven, that
diabetics may have alterations in ascorbate metabo-
lism.188,189This issue could be significant when considered
with the evidence that dehydroascorbic acid is transported
by glucose transporters.54,56,64There have been reports of
higher concentrations of dehydroascorbic acid in plasma of
diabetics compared to nondiabetics.190,191 It is unclear
whether these data are authentic in vivo values because of
possible oxidation during sample collection and possible
assay artifacts concerning dehydroascorbic acid determina-
tion.127,192A major limitation to future experiments is the
lack of a dehydroascorbic acid assay that is direct, sensitive,
and specific.192

It has often been suggested that the adrenal-pituitary
axis is involved in the regulation of ascorbate concentra-
tions.193–196 Adrenocorticotropic hormone (ACTH) was
shown to deplete rat adrenal gland ascorbate in vivo.197

Hypophysectomized rats show marked decreases in
ascorbate uptake in various tissues, including adrenal
glands, ovaries, pancreas, cerebrum, and eyes.196 One
report described two patients who developed scurvy
while receiving high doses of ACTH.198 In vitro, glu-
cocorticoids inhibit ascorbate uptake in rat adrenal cor-
tex,194 pancreas,199 and bovine adrenal chromaffin
cells,200 but it is unclear whether glucocorticoid concen-
trations used in these studies represent those that cells
encounter in vivo. No changes were seen in plasma
ascorbate concentrations in experimental subjects during
daily circadian cycles in which glucocorticoids vary,15

nor in a subject who was injected with a supraphysiologic
dose of 1–24 corticotrophin, the synthetic ACTH peptide
for clinical use (M. Levine, unpublished data).

Immune modulators might also influence ascorbate
and/or dehydroascorbic acid transport. As discussed above,
neutrophil activation alters ascorbate uptake rates via con-
version of ascorbate to dehydroascorbic acid, and activation
of the complement system can inhibit ascorbate cellular
uptake.65 Whether these effects occur in vivo remain to be
demonstrated. The relationship between immune cell func-
tion and ascorbate transport and cell content of ascorbate
remains largely undefined and deserves to be pursued.

Conclusions

New information is available regarding ascorbate and de-
hydroascorbic acid transport, dehydroascorbic acid reduc-
tion, ascorbate dose-concentration pharmacokinetics for
plasma and cells, ascorbate excretion, and ascorbate bio-
availability. With these data, it is now possible to form a
new basis of recommendations for vitamin C intake in
humans. Ideally, intake recommendations should be based
in part on how concentration regulates function in situ.14

We first proposed this concept more than a decade ago,10

even though others have inappropriately ignored this con-
tribution.201 Unfortunately, definitive functional data in
relation to dose/concentration for ascorbate in humans are
not yet available. An intake recommendation is nevertheless
necessary and can still be made with available data. Ascor-
bate absorption and disposition data play a key role in such
a recommendation by providing information about physio-
logically relevant concentrations and how they are
achieved.14,15,78,202,203

Concentration data could have a key role in future
recommendations regarding vitamin C and other water
soluble vitamins. Current vitamin recommendations focus
on vitamin intake. With knowledge about absorption and
distribution, we learn about resulting vitamin concentration.
Vitamin concentration, not intake, is most relevant for
function. It is possible that identical vitamin intakes in
different people result in different vitamin concentrations.
Different concentrations from identical intakes could occur
due to genetic or functional differences in transport proteins
or recycling mechanisms, or in relation to sex, age, or
clinical condition. For example, disease could result in
decreased vitamin absorption, increased metabolism, altered
distribution in body compartments, or accelerated renal
excretion;113,204–208thus, future ideal vitamin recommen-
dations might focus on achieving specified vitamin concen-
trations rather than on ingesting specified nutrient amounts.
For such a paradigm shift to occur, a function or outcome
would have to be associated with a vitamin concentration.
These principles are similar to those used for cholesterol
and triglyceride intake recommendations, which are based
on measured concentrations rather than on intake alone.

We still have much to learn regarding ascorbate absorp-
tion and distribution. Our understanding would be substan-
tially enhanced at the molecular level by characterization of
the ascorbate transporter and its regulation in different
tissues; continued determination of dehydroascorbic acid
reduction mechanisms by specific proteins in vitro and in
cells; and by characterization of molecular and genomic
regulation of ascorbate transport, dehydroascorbic acid
transport, and dehydroascorbic acid reduction. At the ana-
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lytical level, a specific and sensitive assay for dehydroascor-
bic acid remains an elusive problem that we must continue
to attempt to solve. At the clinical level, we have only a
small data window on pharmacokinetics, that is, healthy
male subjects. Given the sigmoid relationship between dose
and plasma concentration, curve shifting may occur under
different physiologic conditions, analogous to the shift that
occurs with oxygen-hemoglobin dissociation as a function
of pH. It is thus essential to characterize ascorbate dose-
concentration relationships in women, in male and female
smokers, in diabetics, and in those patients who may have
increased ascorbate utilization. These data will allow us to
predict and then measure functional outcomes in people in
order to provide clear answers for ideal vitamin C recom-
mendations.
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