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PREFACE

Almost a century ago, ascorbic acid was identified 
as the compound present in fruits and vegetables 
that was responsible for the alleviation of scurvy, 
a much-feared disease commonly experienced 
during extended periods of poor nutrition. Prior 
to its identification, it had already been known 
as vitamin C—the “water-soluble C” factor that 
was antiscorbutic. The hexuronic acid identified 
by Albert Szent-Györgyi and colleagues in the 
early 1930s was named ascorbic acid due to its 
antiscurvy properties. Since that time, much has 
been learned about the chemistry, biochemistry, 
and biology of this compound, with more than 
70,000 publications listed in the PubMed database. 
Research and discussion have frequently focused 
on determining and justifying the amount of 
dietary vitamin C needed on a daily basis. This 
topic is of relevance to the human condition, as we 
are one of the few species that cannot synthesize 
ascorbate and are therefore dependent on sufficient 
dietary intake. Most countries have determined 
the recommended daily intake based on the 
amount required to avoid deficiency. However, as 
outlined in many chapters, there is not a simple, 
unequivocal answer to the question of optimal 
daily intake of vitamin C. Rather, there are likely 
to be multiple answers that are a reflection of both 
intake and turnover under different clinical and 
health circumstances.

This discussion has been fueled by a better 
understanding of the pharmacokinetics of 
vitamin C around the body, its transport in the 

circulation and uptake into tissues, and the 
discovery of new enzymes that have a vitamin C 
requirement for optimal functioning. During the 
past 20 years, and since the publication of the last 
books on vitamin C (1999 and 2003), there has been 
a renaissance of interest in vitamin C. Much has 
been learned, with the identification of its role in 
the regulation of stress responses, gene expression, 
epigenetic programming, and metabolism. 
Vitamin C research is rapidly expanding—
the number of papers published annually has 
increased steadily and has doubled in the past 20 
years. The aim of this publication is to summarize 
our knowledge of vitamin C and to describe 
recent findings and new directions. Improved 
understanding of its new biological functions, 
pharmacokinetics, and biological chemistry has 
expanded the range of clinical settings in which 
it is appropriate to consider the body’s status and 
daily vitamin C requirement. These insights will 
help us determine the appropriate management of 
the body’s ascorbate status, on a day-to-day basis 
and in a clinical setting.

The depth and breadth of this topic are now 
substantial, and the scope is sufficiently broad such 
that two volumes have been generated to cover 
this extensive topic. This volume contains chapters 
summarizing the current knowledge of the 
chemistry and biochemistry of vitamin C, together 
with its biological functions in supporting many 
aspects of immunity and neurological function. 
A decision was made to create a separate volume 
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to cover the topic of vitamin C in cancer. There 
has been a renewed interest in this research area 
with many new developments, and much of this 
information is contained in the second volume. 
The content of the two books is interdependent, 
and we hope that readers will value the information 
contained in both volumes.

The opening chapter of this book creates a 
context for both volumes. Levine and colleagues 
have provided a perspective and an overview of 
the extensive studies on the uptake and turnover 
of dietary vitamin C and have given an insightful 
summary of the ongoing discussion on the 
recommended daily intake. This thoughtful 
reflection makes an excellent introduction to this 
seemingly simple, but actually complex, topic.

The biology of vitamin C in the body is 
determined by its chemistry and biochemistry. A 
good understanding of the redox chemistry behind 
the turnover and pharmacokinetics of ascorbate 
in vivo is essential for the correct interpretation of 
experimental data. The chapters included in Part II 
provide an up-to-date overview of the chemistry 
of vitamin C (Chapter  2 by Vissers et  al.), its 
uptake and transport throughout the body and 
into cells (Chapter 3 by Nydegger et al.), and its 
interaction with enzymes for which it is a cofactor 
(Chapter 5 by Vissers and Das). The distribution 
of the vitamin throughout the body has long 
been thought to contain clues to its function, 
and Chapter 4 by Lykkesfeldt and Chapter 6 by 
Bánhegyi et al. provide important and up-to-date 
information in this regard.

One of the most compelling areas of current 
clinical research is the potential contribution of 
vitamin C to the management of acute infectious 
diseases including sepsis. Recent studies have 
shown accelerated turnover of vitamin C in 
patients with acute sepsis, leading to severely 
depleted plasma levels. Significant clinical benefits 
including reduced mortality have been reported 
when healthy plasma levels are restored with gram 
quantities of vitamin C daily. This topic and the 
function of vitamin C in pneumonia and sepsis 
are covered in Chapter 7 by Carr. Immune cells 
are known to contain high concentrations of 
vitamin C, and in Chapter 8, Ang et al. provide an 

in-depth summary of the potential functional roles 
for ascorbate in white blood cells. Low vitamin 
C status has long been associated with impaired 
wound healing, but it is surprising how little 
robust information exists to support this claim, 
and Chapter 9 by Pullar and Vissers highlights the 
need for better, well-controlled clinical studies in 
this neglected clinical area.

The brain contains high levels of vitamin C 
and has specialized transport and retention such 
that levels are sustained even in times of body 
depletion. This is thought to reflect essential 
functions for vitamin C in the brain, but this 
area has been underexplored, most likely due 
to the difficulty of making measurements in the 
brain and the lack of good animal models of 
brain disorders. Therefore, we are very pleased 
to be able to include a section on the role of 
vitamin C in brain function. There is a close 
association between vitamin C deficiency and 
symptoms of malaise and depression. Chapter 10 
by Dixit et  al. and Chapter 11 by Hoffer detail 
the role for vitamin C in supporting many brain 
functions, and its possible impact on a number of 
brain pathologies, including neurodegenerative 
conditions, mood changes, and psychiatric 
diseases. In addition, the emerging role of vitamin 
C in supporting epigenetic reprogramming via 
the ten-eleven translocation (TET) enzymes 
and the potential impact of this on neurological 
function are introduced in Chapter 12 by Huff 
and Wang.

We thank the contributors for their generosity 
and enthusiasm in the preparation of chapters for 
this book. They have all taken time out of very 
busy schedules to provide an excellent overview 
of the current state of knowledge. The aim of this 
book is to reflect on and document the resurgence 
of interest in vitamin C. We trust that the content 
of this volume, and its companion book on cancer 
and vitamin C, will be of interest to research 
scientists, clinicians, students of medical science 
and nutrition, interested patient groups, and 
general readers.

QI CHEN

MARGREET C.M. VISSERS
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CHAPTER ONE

A “C Odyssey”

RECOMMENDED DIETARY ALLOWANCES 
AND OPTIMAL HEALTH: PARADIGM 

AND PROMISE OF VITAMIN C

Mark Levine, Pierre-Christian Violet, Ifechukwude C. Ebenuwa, 

Hongbin Tu, and Yaohui Wang

INTRODUCTION: RECOMMENDED DIETARY 
ALLOWANCES AND THEIR LIMITATIONS

The nutritional biochemist Alfred E. Harper 
was a member of the Food and Nutrition 
Board (FNB) of the National Research Council/
National Academy of Sciences for many years, 
and chair of the Food and Nutrition Board 
from 1978 to 1982. In a number of articles, he 
described the original intent of Recommended 
Dietary Allowances (RDAs) in the United States, 
briefly summarized as follows [1–3]. In 1940, to 
guide the U.S. government concerning national 
defense, a Committee on Food and Nutrition was 
established under the National Research Council, 
U.S. National Academy of Sciences, to advise 
the government on problems concerned with 

national defense. In 1941, the committee name 
was changed to the FNB. The allowances for 
specific nutrients from the FNB were intended to 
serve as a guide for planning adequate nutrition 
for U.S. civilians. Specifically, there was no intent 
to have RDAs as guides to perfect health, nor were 
they designed to attain ideal intakes. The RDA was 
stated to be not just “minimal sufficient to protect 
against actual deficiency disease” but sufficient 
“to ensure good nutrition and protection of all 
body tissues,” and in the 1953 edition they are 
stated to be “nutrient allowances suitable for the 
maintenance of good nutrition in essentially the 
total population.” The scientific bases for many 
RDAs were prevention of deficiency with a margin 
of safety, often determined from depletion-
repletion studies or balance experiments. As 
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Harper wrote, “The  RDA has been adopted 
and adapted by various organizations for many 
purposes, but they were devised for the planning 
and procurement of food supplies that would be 
nutritionally adequate for population groups. 
Therefore, any assessment of the adequacy, 
accuracy, and reliability of the RDA will be 
meaningful only if it is done in relation to their 
use for this primary purpose. To base such an 
assessment on their adequacy for other purposes 
would be like judging the adequacy of the design 
of the family car for use as a snowplow” [3].

As nutritional science has grown, and policy 
needs have changed, limitations of RDAs were 
recognized. Beginning in the 1990s, the FNB 
expanded nutritional intake concepts in the 
form of dietary reference intakes, commonly 
known as DRIs [4–6]. Unfortunately, because 
of data limitations, scientific bases for many 
dietary reference intakes remain as prevention of 
deficiency with a margin of safety, because these 
are the only data available.

To paraphrase Alfred E. Harper, when there is 
heavy snow, you need a snowplow. To achieve a 
nutrition goal, we have to be thoughtful in defining 
the nutrition problem that we are addressing, and 
if necessary, to think outside the box to solve 
the problem. Prevention of deficiency with a 
safety margin is not the only means to determine 
nutrient intake, nor, from a clinical vantage point, 
is it the preferred one. If there truly were a means 
to realize goals of ideal nutrient intake, there 
would be unprecedented possibilities to optimize 
health, prevent disease, and even treat disease. 
But specific methods and measures are essential to 
realize such lofty possibilities. Such specifics have 
taken decades to formulate, evolve, and solidify. 
What is so simple in concept has been so difficult 
to bring to fruition.

CONCENTRATION-FUNCTION 
HYPOTHESIS: PHYSIOLOGY/
PHARMACOKINETIC APPROACHES

Fundamental biochemical kinetics concepts can 
be the foundation for nutrient recommendations. 
Such concepts derive from work of Tatum and 
Beedle [7], David Perla and Jesse Marmorston [8], 
Roger Williams [9,10], and, perhaps surprisingly 
and independent of his later involvement 
with ascorbic acid in colds and cancer, Linus 
Pauling [11–13]. With these biochemical and 

experimental supports, a new hypothesis was 
proposed: bases of vitamin recommendations 
could be concentration-function relationships, or 
kinetics relationships, in cells, tissues, animals, 
and healthy humans [14–17]. Approaches were to 
conduct physiology and pharmacokinetic studies 
in healthy humans. Stated in another way, the 
overarching concept was that kinetics in situ would 
underlie vitamin recommendations in healthy 
people. Physiology and pharmacokinetic studies 
would provide essential data for the x-axis, those 
concentrations found in vivo, preferably in humans. 
With concentration data describing an x-axis, 
function, or the y-axis, could follow in relation to 
concentrations in vivo [18].

VITAMIN C AS A MODEL VITAMIN

For such work to proceed, a vitamin was selected 
arbitrarily: ascorbic acid. Initial efforts were 
focused on assay development and proof of 
concept. Accurate assay of ascorbic acid was an 
essential prerequisite, a foundation on which 
everything else was based. Since its discovery and 
isolation, ascorbic acid measurements had many 
uncertainties, due to limitations of sensitivity, 
specificity, stability, and confounding substance 
interferences [19]. The emergence of high-
performance liquid chromatography (HPLC) 
techniques coupled to electrochemical detection 
provided a path forward [20]. A new assay was 
developed that addressed and solved these issues, 
using HPLC specifically coupled to coulometric 
(flow-through) electrochemical detection [21,22]. 
With this assay, the concept was tested and verified 
that kinetics relationships could be determined in 
situ for ascorbic acid. The experimental system 
was ascorbic acid–dependent norepinephrine 
biosynthesis in chromaffin granules, the secretory 
vesicles of adrenal medulla, isolated from bovine 
(cow) adrenal glands [23–25]. Norepinephrine 
synthesis is mediated by the enzyme dopamine 
β-monooxygenase [26,27]. Using this system, in 
situ kinetics were described for norepinephrine 
biosynthesis from dopamine, mediated by ascorbic 
acid as a cosubstrate [28]. To our knowledge, this 
was the first demonstration of kinetics in situ for any 
vitamin with the physiologic enzymatic substrate. 
Notably, the findings showed that the mechanisms 
of ascorbic acid action on norepinephrine 
biosynthesis in situ were more complex than its 
direct in vitro action as a cofactor/cosubstrate for 
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isolated dopamine β-monooxygenase [22,27–29]. 
One strong implication of these findings was that 
an in vivo system, rather than an in vitro system, was 
the preferred basis for determining concentration-
function relationships, on which vitamin 
recommendations could ultimately be based. An 
equally strong implication of these findings was 
that data from humans, rather than animals (i.e., 
cows), constituted the holy grail for determining 
concentration-function relationships.

VITAMIN C PHYSIOLOGY AND 
PHARMACOKINETICS IN HEALTHY 
HUMANS: TIGHT CONTROL AND 
UNDERLYING MECHANISMS

But, before proceeding with such clinical 
experiments, a key precondition was to know the 
x-axis range for ascorbic acid concentrations in 
humans. From a clinical perspective, this is not 
much different from having normal limits on a 
basic metabolic panel, a common test in clinical 
care. However, data were limited or unavailable 
that described whether and how a wide range of 
different doses of ascorbic acid modulated plasma 
and tissue concentrations: pharmacokinetic data 
[30–33]. Comprehensive pharmacokinetic data 
of this kind were unavailable not just for ascorbic 
acid but for all vitamins. Without pharmacokinetic 
information as a foundation, it would be 
impossible to consider biosynthetic consequences 
and clinical outcomes in relation to any ascorbic 
acid concentration. For clinicians, an analogy 
would be to try to manage diabetes without prior 
knowledge of normal and abnormal blood glucose 
concentrations.

For ascorbic acid, specific pharmacokinetic 
goals were to learn how seven different ascorbic 
acid doses over an 80-fold range impacted steady-
state blood and tissue concentrations in men and 
women, while simultaneously characterizing 
concentration relationships and normal physiology 
as extensively as possible [34,35]. Approaches were 
to conduct pharmacokinetic experiments in healthy 
humans, using oral and intravenous ascorbic acid. 
Data were obtained using a depletion-repletion 
design, with correction for all possible unintended 
vitamin and mineral deficiencies [36]. Subjects 
were hospitalized as inpatients at the National 
Institutes of Health (NIH) Clinical Research 
Center for approximately 6 months, to facilitate 
dietary control, compliance, and pharmacokinetic 

samplings over each of the seven different ascorbic 
acid doses. Subjects were first safely depleted of 
ascorbic acid using a vitamin C–restricted diet, 
with correction of any possible deficiencies in other 
vitamins [34–36]. When plasma concentrations 
were less than 10 µM, subjects were dose repleted 
in a stepwise manner. Subjects had to achieve 
steady state at each dose before advancing to 
the next highest dose. Daily doses were from 
30 to 2500 mg. Half of the total daily dose was 
administered twice daily: before dinner, at least 
4 hours after the past meal, or before breakfast in 
the morning, after overnight fasting. Ascorbic acid 
for oral administration was in a water solution, 
pH adjusted, with individualized doses that were 
routinely monitored for stability. Administration 
in this manner eliminated confounding effects of 
interferences from capsules or food components 
[37–39]. Ascorbic acid for intravenous injection was 
in individualized sterilized vials, pH adjusted, and 
routinely monitored for sterility and stability. The 
coulometric HPLC electrochemical measurement 
technique described earlier was utilized so that 
ascorbic acid could be measured in clinical samples. 
Measurements provided necessary sensitivity and 
specificity, without interferences from compounds 
in biological samples, and sample stability was 
accounted for during sample processing, assay, and 
long-term storage [21,40].

Inpatient studies were completed by 7 healthy 
men and 11 healthy women between ages 18 
and 30 at the Clinical Research Center, NIH. 
Subjects were hospitalized for approximately 
6 months each (Figure 1.1a). Both sex-specific 
and combined pharmacokinetic data showed 
that ascorbic acid concentrations were tightly 
controlled as a function of dose in all subjects 
[34,35] (Figure 1.1b). At a dose of 200 mg, 
there was nearly complete saturation of steady-
state plasma and tissue concentrations, with 
higher oral doses having minimal additional 
effects. As doses increased above 100 mg, the 
fraction of the absorbed dose decreased, and the 
excess was excreted unchanged in urine. These 
pharmacokinetic data have subsequently been 
used by many countries to calculate intakes for 
ascorbic acid, including dietary reference intakes 
and recommended dietary allowances [6,41,42].

Some might conclude the following: mission 
accomplished, end of the story, time to investigate 
another vitamin. In contrast, our view is that 
these data unmasked possibilities that are the true 
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beginning of understanding ascorbic acid, based 
on the clinical physiology and pharmacokinetic 
findings. The aggregate data showed that ascorbic 
acid concentrations were tightly controlled in 
humans as a function of oral doses. An analogy 

is again apparent based on glucose concentrations 
in humans. Glucose concentrations are tightly 
controlled as a function of glucose ingested, 
pancreatic hormones insulin and glucagon, gut 
hormones, gluconeogenesis in the liver, and insulin 
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responsiveness of muscle and fat [43]. Plasma and 
tissue ascorbic acid concentrations appeared to 
have an analogous tight control. What were the 
mechanisms? In addition to dose ingested, the 
clinical data implicated that at least four potential 
physiologic processes were involved in tight 
control: intestinal absorption, tissue transport, 
renal reabsorption/excretion, and utilization. Each 
of these mechanisms can and has been probed, in 
varying degrees, for clinical relevance.

Bioavailability and Unexpected Consequences

In animals, intestinal absorption of ascorbic acid 
is mediated by sodium-dependent transporter 
SLC23a1, which is localized to the small intestine 
[44–46]. There may be additional mechanisms 
because knockout mice for SLC23a1 still absorb 
ascorbic acid, dehydroascorbic acid (oxidized 
ascorbic acid) is nearly as effective as ascorbic 
acid in preventing deficiency in guinea pigs, and 
dehydroascorbic acid appears to be absorbed in 
humans [47–49].

In humans, intestinal absorption of ascorbic 
acid was measured as part of the inpatient 
pharmacokinetic studies at the NIH. True 
bioavailability, or fractional absorption, was 
determined for each of seven different doses. 
Subjects were at steady state for each dose, 
which was administered one day by mouth and 
the following day by vein. Plasma samples were 
collected continuously over 36 hours. These 
data showed that fractional absorption declined 
as doses rose, especially above 100 mg daily 
[34,35,50] (Table 1.1).

Bioavailability experiments showed plasma and 
tissue concentrations were tightly controlled with 
oral administration of ascorbic acid. At doses at 
and above 100 mg, intravenous administration 
bypassed tight control of ascorbic acid 
concentrations in plasma that were seen with oral 
dosing, until the dose was excreted in urine. These 
data indicated that intravenous administration 
of ascorbic acid could produce pharmacologic 
concentrations that were not otherwise possible 
with oral dosing (Figure 1.2a–c). Using another 
clinical analogy, these findings are similar to 
plasma concentrations that are achieved with 
oral versus intravenous administration of many 
antibiotics.

Why might it matter that only intravenous 
administration produces pharmacologic ascorbic 
acid concentrations? Concentrations produced 
only with intravenous administration could have 
pharmacologic effects not found with oral dosing 
[51,52]. Many clinical trials open now have been 
designed to investigate precisely such effects in 
cancer treatment and in sepsis (see ClinicalTrials.
gov for full listings).

Ascorbic acid in cancer treatment has a long 
and convoluted history, described elsewhere 
[17,51,53,54]. Briefly, ascorbic acid was proposed 
as a cancer treatment agent because of its effects 
on maintaining tissue collagen. The hypothesis 
was simple: cancers metastasized via collagen 
breakdown, and collagen could be strengthened, 
or its breakdown prevented, with ascorbic acid. 
In comparison to 200 mg of ascorbic acid, which 
produces near saturation of plasma and tissues, 
10,000 mg of ascorbic acid was administered 
to patients with a variety of cancers by Ewan 
Cameron and his colleagues [13,55–57]. They 
reported treatment effects, improved well-being, 
and prolonged survival in some cases. Cameron’s 
studies were criticized because of their retrospective 
design, lack of pathology confirmation, lack of 
controls, and potential confounding effects of 
endemic deficiency in the treatment population 
[51]. Ascorbic acid at the same dose had no 
effect on cancer treatment in two double-blind 
placebo-controlled trials, both performed at the 
Mayo Clinic, and ascorbic acid was dismissed as 
a cancer treatment agent [58–60]. The physiology 
and pharmacokinetic studies in healthy people 
provided a straightforward potential explanation. 
Ascorbic acid was administered only by mouth in 
the studies at Mayo Clinic, but both by mouth and 

TABLE 1.1
Bioavailability of oral ascorbate: Nonlinear tissue 

distribution model

Dose (mg) Bioavailability (median%)

15a 89

30a 87

50a 85

100a 80

200 72

500 63

1250 46

a Amounts in foods.

http://ClinicalTrials.gov
http://ClinicalTrials.gov
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intravenously by Ewan Cameron and colleagues. 
Of note, no ascorbic acid concentrations in patients 
were measured in any of these cancer studies. The 
profound differences in ascorbic acid concentrations 
from oral versus intravenous dosing provided one 
rationale to reopen the investigation of ascorbic acid 
in cancer treatment [51,52]. A second rationale was 
provided from clinical case reports of three patients 
with aggressive, pathologically confirmed cancers 
who were cured with intravenous ascorbic acid [61]. 
Despite limitations of these cases, they provided firm 
incentive to investigate pharmacologic ascorbate. 
These studies revealed that pharmacologic ascorbate 
concentrations killed cancer cells in vitro and in vivo 

without affecting normal cells and normal tissues 
[62]. Pharmacologic ascorbate acted by generating 
hydrogen peroxide in extracellular fluid [63] 
(Figure 1.3). Hydrogen peroxide diffuses into cells 
and is a prodrug for reactive oxygen species that are 
toxic to cancers but not normal tissues. The central 
role of hydrogen peroxide was shown because 
cancer killing effects are negated with catalase, 
which dismutates hydrogen peroxide to water 
and oxygen [62,64]. Reactive oxygen species are 
likely to form in the setting of hydrogen peroxide, 
pharmacologic ascorbate, and trace iron found 
intracellularly and/or on domains of proteins 
facing the extracellular fluid or in extracellular 
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fluid [63,64]. Subsequently, additional mechanisms 
have emerged that could explain ascorbic acid 
action in cancer treatment, including effects on 
hypoxia-inducible factor (HIF), regulation of DNA 
methylation, and effects of dehydroascorbic acid 
on ATP production in cancer cells [65–74,133] 
(Figure 1.3). Pharmacologic ascorbic acid has 
an exceptional safety profile and produces few 
adverse events in patients who are appropriately 
screened [54,75–77,132]. Small clinical trials 
indicate promise for pharmacologic ascorbate in 
metastatic pancreatic cancer, ovarian cancer, non-
small cell lung cancer, glioblastoma, metastatic 
colon cancer, and metastatic gastric cancer [76–82]. 
Multiple clinical trials are open worldwide to test 
pharmacologic ascorbic acid in cancer treatment 
(see ClinicalTrials.gov for full list).

For more than 30 years, it has been described that 
ascorbic acid concentrations are low in critically ill 
patients [83–88]. Organ injury in sepsis is attenuated 
by ascorbic acid in animal models [88–90]. In 
one small single-center trial, requirement for 
vasopressors was decreased by pharmacologic 
ascorbic acid, and 28-day survival was improved 

[91]. In another small single-center trial, which 
utilized corticosteroids and thiamine as well as 
pharmacologic ascorbate, in-hospital survival was 
increased [92], with a trend to increased survival in 
a third study [93]. Unfortunately, in sepsis studies, 
there can be inadvertent bias in single-center 
unblinded observational studies with relatively 
few participants [94–97]. These trials were single-
center small-scale trials. Larger and prospective 
multiple-center clinical trials are warranted and 
are in progress to test whether ascorbic acid alone 
or ascorbic acid with corticosteroids and thiamine 
improve morbidity/mortality in septic patients 
(examples include NCT03389555, NCT03509350, 
NCT03258684, NCT03422159, and NCT03338569) 
and separately, whether ascorbic acid alone 
improves outcomes in patients with adult 
respiratory distress syndrome (NCT02106975). 
Although many possibilities exist, mechanism(s) of 
ascorbic acid efficacy are uncertain. Nevertheless, 
these trials were launched and are proceeding 
because of existent poor treatment options. Use of 
ascorbic acid pharmacologically is the foundation 
of these trials.
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Tissue Transport and Unexpected Consequences

Included in the NIH pharmacokinetic studies were 
isolation from subjects of circulating neutrophils, 
monocytes, lymphocytes, and platelets, utilizing 
apheresis or specific cell purification techniques. 
Evaluation of ascorbate concentrations served as a 
proxy for tissue transport and accumulation. These 
data showed that tissue transport was a function 
of ingested dose and that all isolates achieved 
near-maximal ascorbic acid concentrations at the 
dose of 100 mg daily (Figure 1.4). The plasma 
concentration at which tissues saturated was 
similar to or lower than that concentration at 
which plasma saturated. Isolated cells and platelets 
had ascorbic acid concentrations approximately 
20- to 50-fold greater than plasma across the 
range of plasma concentrations. The data show 
that tissue transport was a second fundamental 
mechanism contributing to tight control of 
ascorbate in healthy people.

Ascorbic acid is a charged molecule at physiologic 
pH. Ascorbic acid pKa is approximately 4.2, 
and physiologic pH is 7.4. Because of its charge, 
transport would be predicted as an essential 
requirement for ascorbic acid movement across 
the intestine, into cells, and, as discussed later, 
for renal reabsorption. Candidate transported 
substances are ascorbic acid as such, or its oxidized 
product dehydroascorbic acid [98,99]. However, 
only ascorbic acid is detectable intracellularly. For 
dehydroascorbic acid to be a candidate substrate, it 
would be predicted to undergo near-instantaneous 

intracellular reduction to ascorbate, the observed 
findings [99,100]. With these points as background 
foundation, we can address a fundamental issue in 
ascorbate physiology. Which substrate is essential 
for transport and activity: dehydroascorbic 
acid, ascorbic acid, or both? Endocrinology has 
several analogies. Both T4 (tetraiodothyronine, or 
levothyroxine) and T3 (triiodothyronine) are found 
in blood, the former approximately 100-fold higher 
than the latter, but only the latter is biologically 
active to regulate thyroid response elements in 
DNA. Similarly, in blood, 25-hydroxy vitamin D 
(calcidiol) is found at approximately 1000-fold  
higher concentrations than 1,25-dihydroxy 
vitamin D (calcitriol), but the latter is the active 
hormone. In comparison to ascorbic acid, 
dehydroascorbic acid concentrations in plasma 
are estimated as nearly two orders of magnitude 
less, and it is unclear whether they are reliably 
distinguished from zero [40,101]. To determine 
the biological importance of ascorbic acid and 
dehydroascorbic acid, transport characterization is 
an essential prerequisite (Figure 1.5).

Ascorbic acid is transported by two sodium-
dependent vitamin C transporters, SVCT1 and 
SVCT2 [44,102,103]. SVCT1 was originally 
labeled as SLC23A2, and SVCT2 as SLC23A1, but 
these labels were later reversed, and the current 
nomenclature is SVCT1 as SLC23A1, and SVCT2 as 
SLC23A2. Neither of these transporters function 
as efflux transporters that allow ascorbate to exit 
cells on a basolateral surface, including in the 
intestine, the liver, and the kidney [104]. It is 
likely that there is either at least one additional 
SLC23 that functions as an ascorbic acid efflux 
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transporter or a distinct solute carrier that is an 
efflux transporter, but efflux transporter activity 
coupled to a gene/protein has not yet been clearly 
demonstrated. SVCT2 knockout mice show that 
this transporter is essential for ascorbate uptake in 
many mouse tissues [105]. These mice have plasma 
ascorbate concentrations similar to those expected 
in wild-type mice, consistent with the existence 
of a distinct efflux transporter from the liver. 
SVCT1 knockout mice lose their renal threshold 
and ability to reabsorb ascorbic acid in the kidney 
[47]. However. SVCT1 knockout mice easily absorb 
ascorbic acid or an ascorbic acid halogen analog 
administered by gavage or in water. These data 
imply the existence of another distinct intestinal 
ascorbic acid transporter. It is likely that this 
intestinal absorption activity is distinct from 
dehydroascorbic acid and glucose transporters 
(GLUTs), because ascorbate halogen analogs and 
their halogenated dehydroascorbic acid products 
are not transported by glucose transporters 
[106], as discussed later. Consistent with findings 
for thousands of other genes and their protein 
products in humans, it is likely that there are 
mutations in SLC23A1, SLC23A2, putative efflux 
transporters, or an as yet unidentified intestinal 
transporter, any of which could produce aberrant 
protein function. Such cases have not yet been 
described but are likely to exist as yet undiagnosed. 
Humans with such mutations would be predicted 
to require massive (gram) doses of oral ascorbate 
or parenteral ascorbate to maintain either plasma 
or tissue concentrations. Predicted findings in 
people with such putative mutations include 
severely compromised bioavailability, an aberrant 
renal threshold, or specific cell populations 
with much lower ascorbate concentrations than 
predicted from pharmacokinetic data.

Dehydroascorbic acid in its hydrated form has 
a structure similar to that of glucose (Figure 1.6). 
Dehydroascorbic acid was predicted and found 
to be transported by GLUTs [98,107]. Of the 
14 identified GLUTs [108], many transport 
dehydroascorbic acid [109]. GLUT1, expressed in 
many cell types, has an affinity for dehydroascorbic 
acid that can be estimated to be approximately 
three orders of magnitude more than glucose 
[107]. Multiple mechanisms have been proposed 
to explain GLUT transport activity [110]. These 
mechanisms are based on using glucose or 
glucose analogs as substrates. A confirmation 
model is believed to be the best explanation of 

the mechanism of GLUT1 transport [110], but it 
is unclear whether dehydroascorbic acid transport 
fits any of the molecular mechanistic transport 
models for GLUTs.

Because ascorbic acid and dehydroascorbic 
acid have distinct transport mechanisms, the 
contribution of each mechanism to ascorbic acid 
physiology in vivo can and has been explored. 
Before knockout mice were created, there 
was evidence supporting either a sole role for 
dehydroascorbic acid or a contribution by both 
mechanisms for cell accumulation [99,100,111]. 
Evidence supporting dehydroascorbic acid as 
the sole mechanism was based on much higher 
rates of transport compared to ascorbic acid, in 
cell systems and an animal model [112–114]. 
There were several f laws in this approach 
including use of nonphysiologic concentrations of 
dehydroascorbic acid, short time courses, inability 
to account for ascorbic acid transport under 
conditions where dehydroascorbic acid would not 
be present, and absence of explanation for sodium 
dependence of cell accumulation of ascorbate. A 
central limitation was the absence of techniques 
to measure dehydroascorbic acid with sensitivity, 
with specificity, and without interference from 
ascorbic acid [19,115].

Identification of distinct genes and transporters 
for each substrate was the necessary advance 
that allowed for the creation of knockout mice 
for ascorbate transporters. If dehydroascorbic 
acid transport was the primary mechanism of 
ascorbate accumulation, then absence of an 
ascorbate transporter should not affect ascorbate 
accumulation in knockout mice. Alternatively, 
if an ascorbate transporter was required for 
accumulation of the vitamin, knockout mice 
would have severe tissue deficiency, perhaps 
coupled to lethality. Mice lacking SVCT2 had severe 
generalized ascorbate deficiency and died within 
hours postpartum [105]. In theory, it is possible to 
test the converse hypothesis, for consequences of 
GLUT knockouts on dehydroascorbic acid transport 
and ascorbic acid accumulation. However, data 
from such knockouts would be confounded by 
effects of absence of glucose transport due to 
unintended multiple downstream consequences.

At first interpretation, data from SVCT2 knockout 
mice indicate the absence of a biological role for 
dehydroascorbic acid in cellular accumulation of 
ascorbate. A more balanced view is necessary. Not 
every mouse tissue was isolated and measured for 
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ascorbate accumulation, and identification could 
have been missed of a tissue that specifically required 
only dehydroascorbic acid transport. Obviously, 
mice and humans are different, and what is relevant 
for the mouse may not be relevant for humans, and 
vice versa. We do not have to look any further than 
endogenous ascorbate synthesis, found in most 
rodents but not in humans and nonhuman primates 
[116]. Because of the structural similarity of glucose 
and dehydroascorbic acid, and the difficulties in 
prevention and treatment of diabetes complications, 
there is an obligation to be thorough about the role 
of dehydroascorbic acid in ascorbate biology.

For these reasons, we pursued characterization of 
a possible role of dehydroascorbic acid in ascorbate 
accumulation. As earlier, knockout mice for GLUTs 
had unacceptable confounders. Therefore, we 
pursued a chemical knockout strategy. This path 
is based on the structure of dehydroascorbic acid 
and its oxidation and formation from ascorbic acid 
(Figure 1.6). Dehydroascorbic acid has multiple 
forms, based on whether it is hydrated. The 
hydrated form is the one that is structurally similar 
to glucose. The hydrated form requires that the 
sixth carbon on ascorbic acid has a hydroxyl group. 
The hydroxyl group is essential for formation of 
the cyclized hydrated structure of dehydroascorbic 
acid, that is, in its bicyclic hemiketal form [106]. 
Based on transport studies of ascorbate analogs, 
we hypothesized that substitution of a halogen for 

the OH group on the sixth carbon of ascorbic acid 
(6-halo-ascorbic acid) would prevent cyclization 
of dehydroascorbic acid [99,106,111]. If correct, 
halo-ascorbic acid analogs when oxidized would 
be predicted to not be recognized by GLUTs 
and not transported. We synthesized 6-bromo-
6-deoxy ascorbic acid (bromo ascorbic acid, 
or BromoAA) and tested transport of reduced 
and oxidized (BromoAA and 6-bromo-6-deoxy 
dehydroascorbic acid [BromoDHA]) by SVCTs 
and GLUTs. The findings were that BromoDHA 
was a complete chemical knockout for GLUTs: no 
BromoDHA was transported by GLUTs. Conversely, 
BromoAA was as good as or better than ascorbic 
acid as a substrate for SVCT1 and SVCT2 [106].

These findings were based on studies using 
expressed transporters in Xenopus laevis oocytes and 
in cells. To advance to an in vivo system, we utilized 
gulo−/− mice, those whose ability to synthesize 
ascorbate has been knocked out by disruption of 
gulonolactone oxidase, the last enzyme in the in 
vivo biosynthesis pathway for ascorbic acid [117]. In 
this regard, gulo−/− mice are similar to humans, 
where the gulonolactone oxidase gene has multiple 
mutations so that no enzyme is produced [116]. Both 
gulo−/− mice and humans require ascorbic acid for 
survival. To test whether dehydroascorbic acid had 
a physiologic function, gulo−/− mice were raised 
on either ascorbic acid or BromoAA for periods as 
long as 1 year. The findings were that red blood cells 

Predicted structures of ascorbic acid and 6-halo ascorbates
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from mice raised on BromoAA visibly hemolyzed 
when plasma was prepared from whole blood by 
low speed centrifugation [118,119]. These findings 
were recapitulated when ascorbate repletion to mice 
was low. These findings pointed to an essential 
requirement for dehydroascorbic acid by red cells to 
them to maintain their ascorbic acid. Advancement 
of these experiments required development of a 
technique to measure ascorbic acid reliably in red 
blood cells, accomplished by HPLC with coulometric 
electrochemical detection [120]. Together, these 
experiments confirmed that only dehydroascorbic 
acid, and not ascorbic acid, is required for ascorbic 
acid in red blood cells in mice and humans.

The dependence of red cells on dehydroascorbic 
acid and intracellular ascorbate was characterized 
in some detail [118,119]. One mechanism was 
characterized by red cell fragility, mediated by 
β-spectrin. Under a threshold of approximately 
10 µM in plasma and red cells, red blood cells become 
more rigid and osmotically fragile, producing 
hemolysis with centrifugation. Red cell fragility was 
reversed in vivo when ascorbic acid concentrations 
were increased above 20 µM, indicating that ascorbic 
acid was responsible (Figure 1.7). Similar findings 
were obtained in red cells from healthy humans 
and those with diabetes. The transporters mediating 
dehydroascorbic acid were identified GLUT4 in 
mouse red cells and GLUT1 in human red cells. 
Dehydroascorbic acid was competed by glucose, at 
concentrations similar to those in diabetes.

These findings in red cells have revealed 
unexpected potential roles of dehydroascorbic acid 
and ascorbic acid in diabetes. It has been known 
for more than 40 years that red cells from diabetic 
patients are more rigid, leading to slower flow 

per unit time [121,122]. Rigid red cells in diabetes 
would be expected to deliver less oxygen per 
unit time in capillaries. Clinically, this problem 
is all too apparent in diabetic subjects, manifested 
as microvascular disease. These findings with 
dehydroascorbic acid in red cells open new and 
exciting paths, with potential consequences for 
patients. It is possible that a contributing factor to 
pathogenesis of microvascular disease in diabetes 
is relative deficiency of ascorbic acid in red cells 
and perhaps plasma, deficiencies that may be 
reversible. Testing these possibilities will require 
time, great effort, and clinical experiments. 
Nevertheless, potential positive outcomes may be 
new and unanticipated means to prevent or delay 
microvascular disease in diabetes. What at first 
glance may appear to be convoluted paths are in fact 
open and direct. They derive linearly from pursuing 
findings from physiology and pharmacokinetic 
experiments, with concurrent studies of ascorbic 
acid and dehydroascorbic acid transport.

Findings with BromoAA in gulo−/− mice 
revealed that the red cell was dependent solely 
on dehydroascorbic acid transport for its internal 
ascorbate [118,119]. Mice raised on BromoAA for 1 
year had minimal pathologic changes compared to 
controls. Nevertheless, it is possible that there are 
other tissues dependent on dehydroascorbic acid 
transport and that these were missed. The clue for 
red cells was visible hemolysis. Another tissue or 
tissues may be dependent on dehydroascorbic acid, 
without as clear a phenotype as found in red cells. 
As one example, dehydroascorbic acid has been 
proposed as the essential substrate to cross the 
blood-brain barrier [113,123]. Findings in BromoAA 
mice were not consistent with this possibility, as 
bromoAA was found in brain tissue of mice raised 
on BromoAA. However, dehydroascorbic acid 
transport remains as a possibility under some 
conditions, for example, with pharmacologic 
ascorbic acid concentrations in blood, when 
it is conceivable there would also be higher 
dehydroascorbic acid concentrations due to simple 
chemical equilibrium between pharmacologic 
ascorbic acid and its oxidation products.

Renal Reabsorption

Data from the NIH clinical physiology and 
pharmacokinetic studies showed that ascorbic acid 
was not excreted in urine at doses less than 100 mg 
daily in men and 60 mg in women [34,35]. When 
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ascorbic acid was administered intravenously, so that 
limitations of intestinal absorption were bypassed, 
all of the administered doses were excreted at the 
highest doses of 500 and 1250 mg. From these data, 
it can be inferred that there is a renal threshold for 
ascorbic acid, and that when plasma and renal tubule 
ascorbic acid concentrations exceed this threshold, 
then ascorbic acid will be found in urine. A renal 
threshold is analogous to that found for phosphate 
and for glucose. A precise renal threshold has not 
been published, but it is anticipated that such a 
threshold can be calculated.

Ascorbic acid, as a water-soluble vitamin, 
would be expected to be freely filtered at renal 
glomeruli. Reabsorption would be predicted in 
proximal renal tubules, concurrent with SVCT1 
localization. SVCT1 as a necessary reabsorptive 
ascorbic acid transporter was shown in studies 
from SVCT1 knockout mice [47]. These mice lose 
their ability to reabsorb ascorbic acid, and clear 
ascorbic acid similarly to inulin, which is filtered at 
the glomerulus but not reabsorbed. As previously 
mentioned, a basolateral ascorbic acid transporter 
should exist but has not been identified.

Once a renal threshold for ascorbic acid is 
described, it becomes possible to search for aberrant 
reabsorption. As earlier, aberrant reabsorption 
is predictable in people with mutations in some 
regions of SVCT1, or in the as yet unidentified 
efflux transporter. Renal tubule disease would also 
be predicted to result in a shift in reabsorption. 
One example is from a rare disease, Fabry disease, 
with known damage to renal tubules in humans. 
Another example is from a common disease, 
diabetes mellitus, where again renal tubular damage 
occurs. Similarly, drugs that have nephrotoxicity 
in the renal tubule may also induce inappropriate 
ascorbic acid appearance in urine.

Aberrant renal reabsorption of ascorbic 
acid might be a sign of tubular disease, as is 
microalbuminuria for glomerular disease in 
diabetes. Separately, aberrant reabsorption could 
produce quantitative losses in ascorbate, leading 
to lowered plasma and tissue concentrations. 
These possibilities are worth pursuing, having 
as a prerequisite the accurate characterization of 
ascorbic acid renal threshold in humans.

Utilization

The NIH clinical physiology and pharmacokinetic 
data show that ascorbic acid depletion occurs in 

approximately 30 days in healthy people. Utilization 
must be responsible and appears to occur at varying 
rates depending on plasma concentration.

Ascorbic acid concentrations have been reported 
to be near or at deficiency concentrations (<10 µM, 
or 0.2 mg/dL) in patients with critical illness of 
many types [83–87,124–126]. Low concentrations 
could have multiple causes, including absent dietary 
ingestion, aberrant absorption or renal excretion, 
and increased utilization secondary to disease-
associated oxidant production leading to accelerated 
ascorbate oxidation. Clinical studies in sepsis 
suggesting improved clinical outcomes are based 
on replacing ascorbic acid, using pharmacologic 
concentrations. It is unknown whether replacement 
is simply correcting existent deficiency [127] or 
whether pharmacologic ascorbic acid has another 
role, analogous to that of pharmacologic ascorbic 
acid in cancer treatment by distinct or even similar 
mechanisms [63,88,128,129].

Accelerated ascorbic acid utilization in disease 
states may be a new frontier that can lead to 
discoveries for roles of ascorbic acid in disease 
treatment. Technologies are now available to drive 
this field forward. The foundation for this work 
is characterization of expected plasma and tissue 
concentrations in healthy people. With knowledge 
of normal ranges obtained from physiology and 
pharmacokinetic studies in healthy people, we 
can then learn when the abnormal occurs, why it 
occurs, and whether restoration of concentrations 
improves outcomes.

PARADIGM AND PROMISE

Physiology and pharmacokinetic experiments 
in humans for ascorbic acid are foundational 
for dietary recommendations, for treatment 
possibilities in cancer and sepsis, and perhaps for 
delay or even prevention of microvascular disease 
in diabetes. Renal threshold characterization and 
utilization studies may reveal new therapeutics 
and prevention possibilities.

Physiology and pharmacokinetic experiments 
with ascorbic acid utilized a depletion-repletion 
design, which is time consuming, labor intensive, 
and limited to only some vitamins. With the advent 
of liquid chromatography/mass spectrometry (LC/
MS) and deuterated or 13C carbon molecules, 
advances for many vitamins are feasible with the 
same foundational principles. As one example, 
we created and utilized deuterated α-tocopherol 
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preparations to characterize the physiology and 
pharmacokinetics of vitamin E in healthy people 
and those with hepato-steatosis [130] (manuscript 
submitted). Studies in ascorbic acid have shown 
us new ways forward. We believe that physiology 
and pharmacokinetic experiments in healthy 
people for many vitamin are not only warranted 
but necessary to advance nutritional principles 
and to give full meaning to what is optimal. The 
visionaries who wrote about optimal nutrition 
were unable to move forward because key tools 
were missing. Now, they are becoming available 
or are already here. Again, to paraphrase Alfred 
Harper: We have a blizzard of diseases, and we 
have a snowplow: let’s go plow snow!

ABBREVIATIONS

BromoAA: 6-bromo-6-deoxy ascorbic acid
BromoDHA: 6-bromo-6-deoxy dehydroascor-

bic acid
DHA: dehydroascorbic acid
FNB: Food and Nutrition Board
GLUT: facilitated glucose transporter
RDA: recommended dietary allowance
SVCT: sodium-dependent vitamin C transporter
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CHAPTER TWO

Chemistry and Biochemistry of Vitamin C in Mammalian Systems

Margreet C.M. Vissers, Juliet M. Pullar, and Nicholas Smirnoff

INTRODUCTION

Interest in the biological functions of vitamin C 
(ascorbate) has been fueled by the fact that humans, 
together with other primates and some other 
animal species, have lost the capacity to synthesize 
this compound and are dependent on dietary 
intake, making them prone to deficiency [1–3]. 
Since its discovery early in the twentieth century, 
there has been an ongoing discussion regarding 
the daily intake requirement to support the many 
biological functions of ascorbate in the body that 
is informed by knowledge and understanding of 
its chemistry and metabolism [4–11]. Regardless of 
whether ascorbate is acquired via the diet, as occurs 
in humans, or as a result of biosynthesis in the liver, 
as in most other mammals, there is essentially no 
difference in its means of distribution throughout 
the body. Ascorbate is highly water soluble and 
is distributed to the tissues via the circulation, 
with active transport into cells occurring largely 
via the sodium-dependent vitamin C transporters 
(SVCTs) [12–14]. When plasma levels are below 
a maximum of around 80 µM, reuptake occurs 
in the kidney, and ascorbate does not appear in 

the urine until plasma and tissue saturation is 
reached [15–17]. Ascorbate uptake and turnover 
are considered in some detail in other chapters 
in this book; hence, the discussion in this chapter 
is limited to a consideration of the biochemistry 
and metabolism of ascorbate in mammalian cells.

ASCORBATE CHEMISTRY

The complex chemistry of ascorbate belies the 
apparently simple nature of this small molecule, 
and the reader is referred to excellent reviews of 
this topic [2,18–21]. Ascorbic acid (AscH2) is a 
highly water-soluble compound with a pKa of 4.17, 
which means that at neutral pH, greater than 99% is 
present as the anionic ascorbate form (AscH−), and 
this is the chemically active form of vitamin C in 
most biological settings [2,18,21]. Diffusion of the 
anion across cell membranes is limited, and active 
transport via the SVCTs is vital [12–14]. The pKa 
suggests that there may be biological circumstances 
where AscH2 exists at significant concentrations. 
This would occur in the acid environment of 
the stomach, at some inflammatory sites [22,23], 
and also in the localized environment of solid 
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tumors [24–26], and under these conditions some 
passive diffusion of AscH2 into cells is a possibility. 
However, the extent to which this means of uptake 
contributes to ascorbate bioavailability is unknown.

Ascorbate undergoes single-electron oxidation 
with biological free radicals or transition metals 
to generate the ascorbyl (monodehydroascorbate) 
radical (Figure 2.1). Two-electron oxidants such 
as hypochlorous acid also react with ascorbate to 
generate dehydroascorbate (DHA) [27–29], but it is 
believed that such reactions also occur in two single-
electron steps [30]. The reaction rate constants for 
ascorbate with biologically relevant radicals such as 
superoxide, tocopheroxyl, alkoxyl/peroxyl, tyrosyl, 
and tryptophan radicals are generally >105 M−1 s−1, 
and this indicates a significant capacity as an 
efficient free radical scavenger [18,30]. Therefore, 
at sufficiently high concentrations, ascorbate could 
play an important radical scavenging antioxidant 
role. However, as recently pointed out, for 
maximum efficiency and in competition with other 
targets, this would require concentrations above 
10 mM [21], which is a value somewhat higher than 
the low millimolar levels that are reported for most 
intracellular locations [18,31–38]. Some radical 
scavenging antioxidant activity is to be expected, 
particularly in cellular subcompartments, and there 
is substantial evidence that ascorbate regenerates 
tocopherol from the lipid-phase tocopheroxyl 
radicals and thereby limits lipid peroxidation 
damage to cells and tissues [39–48].

Recycling of the Ascorbyl Radical

As the primary product of these radical scavenging 
reactions, the ascorbyl radical can dismutate, 
regenerating AscH− and producing DHA [49,50] 
(Figure 2.1). In addition, a number of means of 
reduction of the radical have been identified in 
mammalian cells. A cytochrome b5 ascorbyl 
radical reductase activity that utilizes nicotinamide 
adenine dinucleotide (NADH) has been found 
associated with cell membranes, including the 
mitochondrial outer membrane, microsomes, 
and plasma membrane [51–55]. In addition, 
some cytosolic enzymes such as thioredoxin 
reductase have ascorbyl reductase activity [56]. Of 
interest is that the localization of these enzyme 
systems coincides with sites of high oxidant 
flux (mitochondrial membranes), the site of 
ascorbate synthesis in animals with functional 
gulonolactone oxidase activity (liver microsomes) 
or sites of ascorbate-dependent enzyme activity 
(the adrenal medulla) [57–59]. These observations 
suggest that there may be a functional requirement 
for the regeneration of reduced ascorbate at these 
locations.

Autoxidation

Strictly speaking, the autoxidation of ascorbate 
describes the uncatalyzed reaction with oxygen. 
This reaction occurs relatively slowly, with 
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a second-order rate constant estimated at 
approximately 10−4 M−1 s−1 [60], and the extent to 
which this oxidation contributes to the turnover 
of ascorbate in biological systems is unknown. 
The availability of oxygen in many tissues is far 
below levels present in ambient air solutions in vitro 
[61–63], and the combination of a slow reaction and 
a limited supply of oxygen is likely to result in low 
turnover of ascorbate by autoxidation in vivo. The 
poor availability of oxygen is particularly pertinent 
to the consideration of ascorbate autoxidation at 
sites of inflammation or in tumors, sites that are 
known to be hypoxic, but where the functions and 
availability of ascorbate are of great interest [63–71].

The reaction of ascorbate with oxygen is greatly 
accelerated in the presence of metal catalysts, and it 
has been proposed that most oxidation observed in 
vitro is due to the presence of contaminant metals in 
cell culture media or buffer solutions [3]. Ascorbate 
was shown to be stable over a 6-hour period in 
phosphate-buffered saline but was rapidly lost 
from tissue culture media in a metal-catalyzed 
reaction that was inhibited by the presence of a 
metal chelator [3]. The ascorbyl radical has also 
been detected in a number of biological fluids, 
which indicates oxidative turnover, but notably, 
detection has generally been in tissues under 
conditions of stress, or in the presence of a metal 
catalyst [72–77].

CHEMISTRY OF DEHYDROASCORBATE

In the course of carrying out its antioxidant and 
radical scavenging functions, ascorbate oxidation 
can result in the generation of DHA, either by 
further oxidation or by dismutation of the ascorbyl 
radical (Figure 2.1). Ascorbate is also oxidized 
when acting as a reducing agent for copper (Cu)- 
or iron (Fe)-containing enzymes, being required to 
maintain the active site transition metal in a reduced 
state [78–82], and this activity could contribute 
significantly to the daily turnover [12,13,83–86]. 
Increased ascorbate consumption and turnover in 
locations with high ascorbate-dependent enzymatic 
activity may explain the active accumulation of 
millimolar intracellular concentrations of the 
vitamin at these sites [35,87]; these concentrations 
are well above the reported Km (Michaelis constant) 
[81–83,88] and may provide a buffer to ensure the 
continuation of optimal enzyme activity in these 
tissues. The cofactor activity of ascorbate is the 
topic of Chapter 5.

Just how much of the total body pool in vivo 
is present as DHA remains a point of debate. 
Although significant quantities may be generated 
under conditions of severe oxidative stress, such as 
at inflammatory sites, the concentration of DHA in 
most biological fluids is very low and represents 
only a very small percentage of the measured 
ascorbate in any biological sample [3,89–94]. It 
is highly likely that DHA concentrations are often 
overestimated when analyzing tissue or plasma 
samples unless scrupulous care is taken with 
sample handling to prevent in vitro oxidation [3].

GLUT-Mediated Uptake of DHA

DHA can compete with glucose for the glucose 
transporters (GLUTs), particularly GLUT1, GLUT3, 
and to some extent GLUT4, and can thereby be 
taken up into cells [95–99]. The uptake is efficient 
in the absence of glucose but has been shown to be 
inhibited by physiological glucose concentrations 
in a number of cell types [94,100] and, given 
the low concentrations of DHA predicted in vivo, 
it is likely that DHA uptake into cells contributes 
little to the overall pharmacokinetics of ascorbate 
distribution in the tissues. Animal models that 
lack SVCT1 and SVCT2 exhibit severe deficiency 
phenotypes implying that DHA transport is unlikely 
to be a major pathway for ascorbate distribution 
[14,101]. However, there are likely exceptions to 
this, and the red blood cell is a particular case in 
point. Mature circulating red cells lack the SVCTs, 
these having been lost during maturation from the 
bone marrow precursors, but express significant 
amounts of GLUT1 [102]. Interestingly, red cell 
ascorbate concentrations are generally equivalent 
to plasma levels [103], and given the large bulk 
of these cells in the circulation, they could form 
a significant reserve ascorbate pool. In support 
of this idea, it has been reported that GLUT1 
expression in the red cell appears to be higher in 
those species that have lost ascorbate biosynthetic 
capacity [104]. Ascorbate is transported efficiently 
by GLUT1 [105,106], and red cells from mice that 
synthesize ascorbate express low levels of GLUT1 
but do express GLUT4, which results in much less 
efficient uptake of DHA, and red cell levels are low 
in these animals [104,107–109].

Neutrophils are dependent on glycolysis for 
energy and express high levels of GLUT1, which 
enhances their capacity for DHA uptake [98,110–
112]. DHA can be scavenged by these cells at 
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inflammatory sites, which has been proposed to 
be a significant ascorbate recycling mechanism in 
these oxidative environments [98,110–114].

GLUT1 expression is often increased in 
cancer cells in response to upregulation of the 
hypoxia-inducible factors (HIFs) [115–117]. 
This expression is associated with the increased 
dependency of the cancer cells on glycolysis, 
particularly in the oxygen-deprived tumor 
environments, but whether GLUT1 contributes to 
ascorbate accumulation in cancer is unknown. A 
connection between the uptake of DHA and the 
upregulation of GLUT1 in KRAS and BRAF mutant 
cells was proposed as an anticancer mechanism in 
colorectal cancer [118]. KRAS and BRAF mutations 
induce a glycolytic phenotype and are common 
in colorectal cancer. In an in vitro setting, KRAS and 
BRAF mutant cancer cells accumulated ascorbate by 
a GLUT1-dependent mechanism. The rapid uptake 
of DHA by this means was associated with loss of 
cell viability that was attributed to the oxidative 
stress on the cell. Loss of GSH from the cells was 
noted, but the dependency of this on DHA uptake 
versus an oxidative stress from H2O2 generated 
by ascorbate in the medium was not determined. 
When KRAS and BRAF cancer cells were implanted 
in a nude mouse model, tumor growth was slowed 
with high doses of vitamin C administered daily 
by intraperitoneal injection. When considering the 
potential for DHA uptake via the GLUTs to effect 
an antitumor activity, it would be of interest to 

determine whether DHA is present following high-
dose ascorbate administration at concentrations 
sufficient to be able to compete with glucose for 
GLUT-mediated uptake. Two other studies have 
indicated that ascorbate can reverse the glycolytic 
Warburg phenotype in cetuximab-treated KRAS 
mutant colon cancer cell lines [119], and this 
activity occurred following SVCT2-dependent 
ascorbate uptake [120].

Regeneration of DHA

DHA exists in equilibrium with a more stable 
hydrated bicyclic form, and turnover of ascorbate 
ref lects the degradation of DHA [18,21], as 
shown in Figure 2.2. DHA has a half-life of 
around 6 minutes in solution at neutral pH and 
37°C, undergoing hydrolysis in an irreversible 
reaction to form 2,3-diketogulonic acid (2,3-
DKG) (Figure 2.2) [121]. This reaction represents 
effective loss of ascorbate from the system. The 
daily intake of ascorbate to maintain tissue 
saturation in healthy humans is around 100 mg 
per day [6,16,122,123], which indicates a daily loss 
of approximately 10% of the total body pool of 
900–2000 mg [124–126]. This is likely to represent 
only a fraction of the ascorbate that is oxidized 
in redox cycling and suggests that much of the 
ascorbate pool is recycled [126].

In the previous section, we discussed the 
regeneration of ascorbate from the ascorbyl radical. 
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Similarly, a number of cellular mechanisms are 
able to reduce DHA, and this occurs by two-
electron reduction [10], with GSH, NADH, and 
NADPH serving as electron donors (Figure 2.1) 
[10,19,127]. GSH can react directly with DHA, 
but this reaction may not be highly favorable at 
physiologic GSH concentrations [128]. Rather, 
enzyme-dependent reduction of DHA mediated 
by glutaredoxin [129], protein disulfide isomerase 
[130,131], and thioredoxin reductase [33,132–134] 
is considered to be responsible for most of this 
activity in vivo. The dependency of the body on GSH 
to support this activity has been well demonstrated 
in studies with GSH-deficient animals in which 
tissue ascorbate levels were lowered, together 
with an increased DHA:AscH− ratio [135,136]. 
In addition, GSH was shown to be required for 
ascorbate recycling in cultured endothelial cells 
[133], and a NADPH-dependent thioredoxin 
reductase activity was identified in rat liver cells 
[132]. These enzymatic systems are considered to 
be the major pathways for ascorbate regeneration 
from DHA, but other options may also be available. 
For example, 3α-hydroxysteroid dehydrogenase, 
an NADPH-dependent oxidoreductase, could 
reduce DHA under pathologic conditions when 
its concentrations are high [137]. Therefore, there 
are numerous possibilities for the recycling of 
ascorbate that together will allow for many cycles 
of ascorbate oxidation and will minimize loss 
from the body pool.

Fate of DHA Breakdown Products

The breakdown of DHA to 2,3-DKG via hydrolysis 
not only results in the irreversible loss of ascorbate, 
it also introduces a plethora of metabolic 
possibilities due to the complex chemistry of 
2,3-DKG breakdown (Figure 2.2). This topic was 
previously well reviewed [10,18,19,21,138] and 
is only summarized here. The 2,3-DKG readily 
breaks down, with decarboxylation generating 
L-xylonate and L-lyxonate [139]. This may be a 
less common reaction in mammalian systems, 
but if formed, these compounds can contribute to 
pentose phosphate pathways [10,19]. Alternatively, 
2,3-DKG degradation can result in the production 
of L-erythrulose and oxalic acid [2,19,21], with 
potential metabolic consequences. The reactive 
compound L-erythulose can glycate proteins and 
cause protein cross-linking, and these reactions 
have been proposed to contribute to cataract 

formation in the lens of individuals with diabetes 
[140].

The production of oxalate through the oxidation 
and breakdown of ascorbate has for many years 
attracted clinical interest because of the potential 
to contribute to calcium oxalate crystals and the 
formation of kidney stones [141–144]. In 1999, 
an analysis of a random cohort of U.S. citizens 
from the Second National Health and Nutrition 
Examination Survey, 1976–1980, concluded that 
there is no association between serum ascorbate 
levels and the incidence of kidney stones [145]. 
Several prospective cohort analyses have suggested 
that regular supplement use could double the rate 
of kidney stone formation in men [146,147] but not 
in women [148,149]. However, it should be noted 
that in these analyses, vitamin C intake is often 
estimated from dietary recall or supplement use 
at a single time point, but regardless of potential 
confounders, the evidence appears sufficient to 
warrant more controlled intervention studies. 
Other studies have been more direct and have 
indicated low levels of urinary oxalate excretion as 
a proportion of intake following high daily intake 
of ascorbic acid [150] including by high-dose 
intravenous infusions [144]. At this point in time, 
a significant degree of uncertainty remains around 
the question of long-term risk of kidney stones, 
but it appears that there is little evidence for an 
increased risk with elevated intake of ascorbate 
over the short term.

PRO-OXIDANT ACTIVITY OF ASCORBATE

Despite the many aspects of ascorbate function 
that depend on its acting as a reducing agent, 
there is great interest in its ability to act as a 
pro-oxidant. As described in Figure 2.3, the 
autoxidation of ascorbate, that is, the reaction 
with oxygen, generates the superoxide radical 
O2

•–, which dismutates to produce H2O2 [151–
153]. As mentioned previously, this reaction 
occurs spontaneously but is relatively slow in the 
absence of a metal chelator [3,152,153]. Metal-
catalyzed oxidation is directly proportional to 
the concentration of ascorbate, and at millimolar 
concentrations, this can result in H2O2 generation 
in quantities high enough to be cytotoxic to cells 
in vitro [154–159]. The rate of ascorbate oxidation 
is slowed in the presence of iron chelators, and 
ascorbate-mediated cytotoxicity is inhibited 
by catalase, confirming dependency on H2O2 
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[154,156,160,161]. These data have stimulated 
interest in the potential for intravenous infusions 
of ascorbate that deliver millimolar plasma 
concentrations for periods up to 4–6 hours [162] 
to generate sufficient H2O2 in vivo to exert an 
anticancer effect [163,164]. The ascorbyl radical 
has been detected in biological fluids that contain 
traces of catalytic iron [77,156] but is not readily 
detected in plasma and at neutral pH [158].

A major pro-oxidant activity of ascorbate is in the 
recycling of Fe2+ (Equation 2.1), which is required 
for the Fenton reaction, that results in the generation 
of the highly reactive hydroxyl radical (OH•) 
(Equation 2.2) [2,3,5,152,165,166] (Figure 2.3).

AscH− + Fe3+ → Asc•− + Fe2+ + H+ (2.1)

Fe2+ + H2O2 + H+ → Fe3+ + H2O + HO• (2.2)

These pro-oxidant activities require specific 
conditions, such as free iron, and it is still unclear 
as to whether this species is present in biological 
fluids in sufficient quantities. In most tissues and in 
plasma, iron is normally sequestered into proteins 
such as transferrin or ferritin and is unavailable for 
redox cycling [152,165,167]. Hence, the pro-oxidant 
activities of ascorbate are likely to be significant only 
in certain pathological settings, such as in conditions 
of iron overload, when there is hemolysis, or at sites 
of acute inflammation. In addition, the presence of 
supraphysiological concentrations that are achieved 
by intravenous infusions could result in the 
generation of H2O2 in significant quantities, albeit 
for short periods of time.

SUMMARY

The chemistry of ascorbate is complex, and 
turnover in vivo will ref lect the availability 
of oxygen, free transition metals, and the 
concentration of ascorbate. Many of the reactions 
of ascorbate recycling in mammalian cells are 
dependent on enzymes localized at different 
cell sites, and this indicates a need for a more 
sophisticated understanding of ascorbate transport 
and turnover. The capacity for ascorbate to affect 
cell metabolism, particularly glucose metabolism, 
remains to be explored.
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CHAPTER THREE

Vitamin C Alimentation via SLC Solute Carriers

Damian Nydegger, Gergely Gyimesi, and Matthias A. Hediger

INTRODUCTION

L-Ascorbic acid, also known as vitamin C, is an 
important cofactor for a great variety of metal 
ion–dependent enzymes, as well as an efficient 
antioxidant. All plants and most animals can 
synthetize vitamin C from glucose, except 
humans, guinea pigs, and certain birds, fishes, 
and nonhuman primates [1,2]. In humans, severe 
ascorbic acid deficiency (e.g., due to long voyages 
during the “Age of Sail”) results in scurvy, leading 
to impaired wound healing, anemia, fatigue, and 
ultimately death. To avoid ascorbic acid deficiency, 
humans rely on taking up ascorbic acid from the diet. 

There are two ascorbic acid transporters belonging 
to the SLC23 family, SLC23A1/SVCT1 and SLC23A2/
SVCT2. Both are Na+-coupled cotransporters [2]. 
SVCT1 is expressed in the intestines, the kidneys, 
the liver, the lungs, and skin [2,3]. It is the major 
uptake pathway for ascorbic acid in the intestine 
and, thus, is responsible for maintaining whole-
body vitamin C levels [4]. SVCT2 is expressed in 
a variety of tissues such as the brain, lungs, liver, 
skin, spleen, muscles, and adrenal glands [3,5–7]. 
The uptake of ascorbic acid is regulated tightly, 
thereby limiting intestinal uptake, renal absorption, 
and delivery into target tissues. Ascorbic acid is an 
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essential cofactor of many enzymes, for example, 
as part of the synthesis of collagens [8]. Given the 
importance of vitamin C, it is not surprising that 
altered functions of the transporters of this essential 
vitamin are linked to different diseases. Thus, it is 
of fundamental importance to understand in detail 
the vitamin C uptake and dissemination pathways 
in our body.

INITIAL CLONING AND CHARACTERIZATION

The SLC23 family consists of four members. Of 
these, SVCT1 (SLC23A1) and SVCT2 (SLC23A2) 
are Na+-dependent vitamin C (ascorbic acid) 
transporters. The third member of the family, 
SVCT3 (SLC23A3), is an orphan transporter. A 
fourth member, SLC23A4 (SVCT4 or SNBT1), found 
in several organisms, exists in humans only as a 
pseudogene [2]. SVCT1, SVCT2, and SVCT3 sequences 
were previously identified as yolk sac permease-like 
proteins, YSPL3, YSPL2, and YSPL1, respectively 
[9,10], but were not functionally characterized. The 
Na+-coupled vitamin C transporter SVCT1 was first 
identified by functional expression of rat cDNA in 
Xenopus oocytes in our laboratory. The gene encoding 
SVCT2, SLC23A2, was identified by homologue 
screening of a rat brain cDNA library [6]. Several 
groups further cloned and characterized SVCT1 and 
SVCT2 from different species [2,6,11,12]. SVCT3 is 
an orphan transporter, since its transport substrates 
and physiological roles are still unknown [2].

FUNCTIONAL PROPERTIES OF 
THE SLC23 FAMILY

SVCT1 and SVCT2 facilitate the transport of ascorbic 
acid in a Na+-dependent manner across the cell 
membranes. Both transporters have a high affinity 
for L-ascorbic acid [4,13–15]. SVCT1 exhibits a 
K0.5 of 20–100 µM for L-ascorbic acid, depending 
on the species and the expression system. It 
displays a unique preference for L-ascorbic acid 
over the stereoisomer D-isoascorbic acid, as well 
as dehydroascorbic acid (DHA), various analogs, 
and intermediates of vitamin C metabolism [6]. 
The optimal pH for the electrogenic transport is 
around 7.5, while at pH 5.5, the transport rate 
is reduced by 50%–60% [2,6,14,15]. Both SVCT1 
and SVCT2 cotransport ascorbic acid and Na+, 
most likely in a 1:2 stoichiometry, using the Na+ 
gradient as the driving force for the accumulation 
of ascorbic acid [3,15,16]. The binding order of the 

substrates has been determined, with the first Na+ 
binding, then ascorbic acid, and finally the second 
Na+ [15,16]. SVCT2 function is not only Na+-
dependent but is also affected by Ca2+ and Mg2+. 
Even in the presence of Na+, there is no transport 
in the absence of Mg2+/Ca2+. Without these ions, 
SVCT2 seems to be in an inactive state [2,16].

DHA is the oxidized form of vitamin C, which is 
not a substrate for SVCT1 or SVCT2. It is a substrate of 
SLC2A1/GLUT1, SLC2A3/GLUT3, and SLC2A4/GLUT4 
[17]. DHA is toxic at high concentrations. When it 
enters into cells via GLUT transporters, it is reduced 
to ascorbic acid as part of the recycling process [18].

PHYLOGENETIC ASPECTS

The human SLC23 proteins belong to the 
nucleobase:cation symporter 2 (NCS2) family of 
membrane transporters, also called the nucleobase-
ascorbate transporter (NAT) family. This family of 
proteins was originally described as a nucleobase:H+ 
symporter 2 family [19,20], containing transporters 
from Gram-negative and Gram-positive bacteria, 
fungi, plants, and animals, transporting various 
purines and pyrimidines, such as uracil, xanthine, 
or uric acid (Figure 3.1) [20,21]. Representative 
members of the family include the uracil transporter 
UraA [22] and the xanthine transporter YgfO/XanQ 
[23] from Escherichia coli, and UapA from Aspergillus 
nidulans/Emericella nidulans [24]. At around this time, 
rat SVCT1 and SVCT2 were identified by our group 
[6] and were subsequently included in the family 
as ascorbic acid transporters [21]. Interestingly, the 
only nucleobase transporter from the NCS2 family 
existing in mammals is SLC23A4 (SVCT4/SNBT1), 
which is active only in nonprimate mammals 
[25] and has been characterized to be a uric acid 
transporter [26].

STRUCTURE-FUNCTION RELATIONSHIP 
OF THE SLC23 FAMILY

Overall Fold and Transmembrane Architecture

Early transmembrane topology predictions based 
on hydropathy plots predicted 12 transmembrane 
helices for SLC23 proteins [6,9,14,32,33].

SLC23 transporters show an inverted repeat 
architecture with 7+7 transmembrane helices 
(TMHs) [34–36], due to which this fold family has 
been termed “7-TM Inverted Repeat” (7TMIR) fold 
[37]. One symmetric pair of the transmembrane 
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helices, TMH3 and TMH10, are shorter than usual 
and do not span the entire membrane. Instead, they 
are precluded by short β-strands that interact with 
each other to form a two-strand antiparallel β-sheet 
at the center of the protein, which is a hallmark 
element of the UraA/7TMIR fold. This structural 
feature is likely the reason why two TMHs were 
missed in the original topology predictions [38]. 

The UraA/7TMIR fold is represented in mammals 
by the SLC4/SLC23/SLC26 families, which share 
overall similar structural architectures [34,37,38].

Currently, there are three structures of NCS2-
family transporters available at near-atomic 
resolution (Table 3.1), constituting a useful 
resource to predict the structural features of 
SLC23 transporters. In addition, structurally 
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similar homologues of SLC4 and SLC26 proteins 
can also be useful to understand the mechanism 
of transport (Table 3.1). Here we have used the 
substrate-bound occluded state of the UraA 
transporter (Protein Data Bank [PDB] ID: 5XLS) 
to generate a homology-based model of human 
SVCT1, SVCT2, and SVCT3 (see Figure 3.2a for 
hSVCT1; hSVCT2 and hSVCT3 models are not 
shown). Based on the structure of UraA and UapA, 
we also present a putative, refined transmembrane 
topology of SLC23 proteins (Figure 3.2c).

Interestingly, while members of the NCS1 family 
have been suggested to be structurally similar to 
APC transporters, such as LeuT (PDB ID: 2Q6H), 
this was initially not apparent for NAT/NCS2 
family members [43]. As the structure of UraA was 
solved, it became clear that the overall structural 
fold of NCS2 and thus SLC23 transporters is distinct 
from APC transporters [34]. Despite the apparent 
structural dissimilarity, it was proposed that NCS2 
transporters in fact belong to the APC superfamily, 
as they share a common evolutionary origin [44]. 
Later it was shown that the structural folds of LeuT 
and UraA indeed share common supersecondary 
structural elements [38].

Domain Architecture and Mechanism 
of Transport

The overall structure of the protein is often 
divided into the core domain comprising TMHs 

1–4 and 8–11, and the gate domain that is formed 
by TMHs 5–7 and 12–14 [34]. While the core 
domain harbors most of the hydrophilic substrate-
binding residues and a large number of buried 
hydrogen bonds, the gate domain as well as the 
interface between the two domains remain mostly 
hydrophobic [34].

Currently available structures of the 7TMIR 
fold show a variety of conformations (Table 3.1). 
Based on the superposition of these homologous 
structures, it has been suggested that SLC4/SLC23/
SLC26 proteins function according to an elevator 
mechanism, as was also proposed for SLC1 
transporters [35–37]. However, compared to a 
typical elevator model, the gate domain of 7TMIR 
transporters, unlike a typical scaffold domain, 
could undergo substantial local conformational 
changes. The overall mechanism is likely to be 
conserved among SLC23 family members [36].

Substrate-Binding Site

The structures of UraA and UapA have been 
crystallized in complex with uracil and xanthine, 
respectively (see Table 3.1) [34–36]. In all cases, 
the substrates have been unambiguously identified 
in the binding site, and residues likely to take 
part in substrate binding have been identified. 
In UraA, which is a H+-coupled symporter, 
residues E241, H245, and E290 cluster at the 
interface between the core and the gate domains 

TABLE 3.1
Currently available resolved three-dimensional structures for transporters of the 7-TM Inverted Repeat (7TMIR/UraA) fold

Protein
Protein Data 

Bank ID Resolution [Å]
Cocrystallized 

Substrate Conformation References

SLC23 Homologues

UraA (Escherichia coli) 3QE7 2.781 Uracil Inward-open [34]

UraA (E. coli) 5XLS 2.5 Uracil Occluded [36]

UapA (Emericella nidulans) 5I6C 3.7 Xanthine Inward-open [35]

SLC4 Homologues

AE1 (Homo sapiens) 4YZF 3.5 – Outward-open [39]

Bor1 (Arabidopsis thaliana) 5L25 4.11 – Occluded [40]

Bor1p (Saccharomyces cerevisiae) 5SV9 5.9 – Inward-facing [41]

SLC26 Homologues

SLC26Dg (Deinococcus geothermalis) 5IOF 4.2 – Inward-facing [42]

SLC26Dg (D. geothermalis) 5DA0 3.2 – Inward-facing [42] (truncated 
construct)
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and have been implicated in proton binding [34]. 
Molecular dynamics simulations of the occluded 
UraA structure have shown that E241 needs to be 
deprotonated and H245 protonated to stabilize the 
uracil substrate in the binding site [36]. Based on 
these findings, the residue corresponding to H245 
(D338 in hSVCT1 according to our alignment, see 
Figure 3.2b) in human SVCT1, SVCT2, and SNBT1 
was suggested to bind the cotransported Na+ ion 
[34]. Interestingly, both hSVCT1 and hSVCT2 have 
been reported to be exclusively dependent on 
Na+ for transport and do not function with other 
relevant cations tested [33], suggesting that the 
functionally relevant cation binding sites in these 
proteins are specific for Na+.

The pH dependence of transport by hSVCT1 and 
hSVCT2 was early on linked with the presence of 
four conserved histidine residues [33]. A later study 
found that of these, only H51 in hSVCT1 (H109 
in hSVCT2) is essential for transport activity but is 

not responsible for the pH dependence of transport 
[45]. In line with this, the H109Q variant of hSVCT2 
proved to be inactive, leading to the suggestion 
that H51 (hSVCT1) and H109 (hSVCT2) might be 
part of the substrate-binding site. In our model of 
hSVCT1, H51 is the only one of the four histidine 
residues that is buried in the protein; the other three 
are exposed to the solvent. Due to its orientation 
(Figure 3.2b), H51 is likely not in contact with the 
extracellular medium, which would explain why 
it does not affect the pH dependence of transport. 
Additionally, Varma et al. found that mutations of 
H51 affect the affinity of hSVCT1 toward ascorbic 
acid [45]. Based on our structural model, this is 
likely to be an indirect effect, as H51 is not predicted 
to be directly lining the substrate-binding site 
(Figure 3.2b). Interestingly, the analogous residue 
in the E. coli xanthine transporter YgfO/XanQ has 
also been reported to alter substrate selectivity 
[46]. Several histidine residues outside the putative 
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substrate-binding site in hSVCT2 have been shown 
to affect the Michaelis-constant of transport (Km) 
of transport, while not affecting the cooperativity 
of cotransported Na+ ions [47]. In the same report, 
H413 in hSVCT2 has been suggested to be responsible 
for the pH dependence of transport [47].

Dimerization

Both UraA and UapA, two homologues of SLC23 
proteins with known structure, have been suggested 
to function as a dimer, with dimer formation 
essential for function [35,36]. Dimerization is 
mediated through the gate domains [36], and 
UapA was shown to be in a dynamic equilibrium 
between monomeric and dimeric states [36].

Interestingly, the positions identified by genetic 
screens for mutant variants of UapA that change 
substrate specificity have been mostly localized 
to either the interface between the core and gate 
domains or the linker between the two domains 
[35]. One of these residues, R481 [48], seems to lie 
closer to the substrate-binding site of the opposite 
UapA protomer in a homodimeric transporter 
complex. Molecular dynamics simulations also 
suggested that R481 could approach the central 
binding cavity and form cation-π interactions 
with the xanthine substrate, thereby modulating 
substrate specificity. This result also corroborates 
the idea that the functional unit of the transporter 
is likely a dimeric unit [35].

PHYSIOLOGICAL ROLES

Tissue Distribution

SVCT1 is expressed primarily in epithelial cells 
of the small intestine and the proximal tubule of 
the kidney [54]. It is also expressed in the liver, 
the lungs, and skin [3,5,6]. SVCT1 is responsible 
for maintaining whole-body ascorbic acid levels 
(Figure 3.3), facilitating intestinal uptake from 
the diet and renal reabsorption of L-ascorbic acid 
[4]. In contrast, SVCT2 is expressed in different 
tissues and organs that require vitamin C, such 
as the brain, the lungs, the liver, skin, the spleen, 
muscles, the adrenal glands, the eyes, the prostate, 
and the testis [2,6,12,14]. SVCT2 is the predominant 
transporter that delivers ascorbate into tissues that 
are in high demand of the vitamin, to support 
specific metal ion–dependent enzymatic activities 
and to protect cells against oxidative stress [1].

SVCT2 is not expressed in endothelial cells 
of the blood-brain barrier (BBB) but rather in 
choroid plexus (Figure 3.3). Thus, ascorbic acid is 
not transported across the BBB. DHA, the oxidized 
form of vitamin C, is delivered across the BBB. 
The latter is facilitated by the GLUT1/SLC2A1 
transporter that is expressed at the luminal and 
abluminal membranes of the BBB [55]. Under 
physiological conditions, however, primarily 
ascorbic acid, the reduced form of vitamin C, is 
present in human plasma, and only 5%–10% of 
vitamin C exists in the oxidized form of DHA. 
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Therefore, it is likely that DHA transport via 
GLUT1 across the BBB is not a major route for 
uptake of vitamin C into the brain. In contrast, in 
the epithelial cells of the choroid plexus, forming 
the blood–cerebrospinal fluid barrier, SVCT2 is 
highly expressed [6], indicating that ascorbic acid 
is mainly absorbed via this pathway [18]. In red 
blood cells, the main entry pathway of vitamin C is 
the uptake of DHA, which is immediately reduced 
to ascorbic acid after entering the cell. Red blood 
cells do not express SVCT2. GLUT1 and GLUT3 are 
responsible for the transport of DHA [56].

Knockout Mice

As already noted, all plants and most animals are 
capable of synthesizing ascorbic acid from glucose. 
Humans and other species, however, lost the ability 
to synthesize ascorbic acid. While mice are able 
to synthesize ascorbic acid [1,2], humans cannot 
synthesize it because the gene for the enzyme 
gulonolactone oxidase is mutated, resulting in 
a nonfunctional protein [1,2,57]. Gulo−/− mice 
lacking this gene were used as model organisms 
for research on vitamin C metabolism [2].

Studies with SVCT1 or SVCT2 knockout mice 
revealed that Slc23a1−/− mice have high ascorbic 
acid levels in the urine, implying that SVCT1 is 
involved in reabsorption of ascorbic acid from 
urine. However, these knockout mice were able to 
absorb ascorbic acid from the intestinal lumen. This 
indicates that another transporter makes up for the 
lack of SVCT1 in the intestine [1]. Interestingly, 
Slc23a2−/− mice lacking SVCT2, the predominant 
ascorbic acid transporter, die within minutes after 
birth. All fetal cells except the liver, which is the site 
of ascorbic acid synthesis, show very low ascorbic 
acid levels [58]. The immediate cause of death is 
respiratory failure and hemorrhage in the brain [2].

Role of SVCT in Human Health 
and Ascorbic Acid Recycling

Ascorbic acid is an essential nutrient involved in 
important processes in the whole body. It acts as a 
cofactor for many enzymes and is an antioxidant, 
which can scavenge reactive oxygen species (ROS). 
The two transporters of ascorbic acid, SVCT1 and 
SVCT2, are responsible for the uptake from food 
and distribution in the body [1,2,59].

The mechanisms of vitamin C delivery into the 
brain have already been discussed. Neurons require 

relatively high amounts of vitamin C, since they have 
a high rate of oxidative metabolism compared to 
other cells, leading to the oxidation of ascorbic acid 
to DHA. The mechanisms of ascorbic acid recycling 
are presented in Figure 3.3. DHA leaves the neurons, 
avoiding toxic effects of DHA accumulation. DHA 
efflux is facilitated via the GLUT3 transporter. Via 
the GLUT1 transporter, DHA is then imported into 
astrocytes. Astrocytes do not express SVCT2, but they 
take up DHA via GLUT1, which is then converted 
back into ascorbic acid [2,18]. Mechanisms for 
conversion into vitamin C involve glutathione and 
reducing enzymes. Indeed, the glutathione level of 
astrocytes is four times higher than that in neurons 
[18]. How ascorbic acid leaves astrocytes is still 
under investigation. The released ascorbic acid is 
then delivered back into neurons via SVCT2 [2,18]. 
In the extracellular space between the neutrons 
and astrocytes, the ascorbic acid concentration is 
between 200 and 400 µM, while in neurons it is 
10 mM and in astrocytes 1 mM [2].

REGULATION OF THE EXPRESSION 
OF SVCT1 AND SVCT2

The substrate ascorbic acid of SVCT1 and SVCT2 
is an important regulator for these transporters. 
In Gulo−/− mice, which depend on ascorbic acid 
uptake from the diet, ascorbic acid starvation led to 
increased mRNA and protein expression of SVCT1 
and SVCT2 in the liver, increased expression of 
SVCT2 in the cerebellum, and increased expression 
of SVCT1 in the small intestine. Also during 
development in mice, expression levels and ascorbic 
acid levels change. In late embryonic and early natal 
stages, the cortex and cerebellum of these mice have 
high ascorbic acid levels and low SVCT2 mRNA and 
protein levels. During adolescence, the expression 
of SVCT2 mRNA and protein is increased, and the 
ascorbic acid levels decrease. A development in a 
similar direction occurs in the liver of the mice: 
at birth, the expression levels of SVCT1 and SVCT2 
are low, increasing over time [2]. It was shown 
that the hepatocyte nuclear transcription factor 
HNF1α (hepatocyte nuclear factor 1 homeobox 
alpha) increases the SVCT1 promotor activity 
(Figure  3.4) [4,59,60]. HNF1α transcription is 
inhibited when the NF-κB (nuclear factor–kappa 
light chain enhancer of activated B cells) signaling 
pathway is activated. The activated NF-κB pathway 
leads to increased levels of inflammatory cytokines 
and cell death [4]. SVCT2 is also regulated in the 
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same manner by HNF1α. SVCT1 and SVCT2 are 
both regulated on the transcriptional level by 
transcription factor Sp1. A decrease in Sp1 leads 
to decreased mRNA and protein levels of SVCT1 
and SVCT2 [60]. Other transcription factors such 
as SP3 and YY1 are also reported to regulate 
the expression of these transporters [61]. The 
euchromatin markers H3K4me3 [62,63] and 
H3K9ac also increase the expression of SVCT1 and 
SVCT2 [62]. The expression of SVCT1 and SVCT2 

depends on many factors, and it is currently an 
active research topic because of their important 
role in vitamin C homeostasis.

Regulation of the cell surface distribution: SVCT1 and 
SVCT2 are responsible for the uptake of ascorbic acid 
from the extracellular space, fulfilling their task as 
plasma membrane transporters. For successful cell 
surface targeting and cell membrane incorporation 
of SVCT1 and SVCT2, intact C- and N-termini are 
required. The cell surface expression of SVCT2 
also depends on microtubules and microfilaments. 
Nocodazole, a microtubule depolarizing agent, 
disturbs the transport of SVCT2 to the plasma 
membrane. The localization of SVCT2 is also 
increased by inhibitors of the myosin-II ATPase. 
It was furthermore shown that prostaglandin E2 
increases the localization of SVCT2 in the plasma 
membrane [2].

PATHOLOGICAL ROLE

Inflammation, Infection

Prolonged, severe infections are associated with 
disturbance in the ascorbic acid homeostasis, 
resulting in low ascorbic acid levels (Figure 3.5a). It 
is not only infections that can disturb ascorbic acid 
homeostasis, but also inflammatory diseases such 
as inflammatory bowel disease are linked to low 
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Figure 3.4. The promoter region of SVCT1 and SVCT2 
is regulated by different transcription factors, Sp1, Sp3, 
HNF1α, and YY1. Binding of these transcription factors to the 
promoter of SVCT1 or SVCT2 leads to transcription of mRNA.
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Figure 3.5. (a) Chronic inflammation or lipopolysaccharides lead to the activation of the NF-κB pathway. This pathway 
inhibits the transcription factor Sp1, leading to a decreased expression of SVCT1/2. (b) Chronic alcohol use leads to 
increased levels of H3K27me3, which leads to heterochromatin in the promoter region of the SLC23A2 gene. At the same 
time, the levels of H3K4me are decreased, which leads to euchromatin in the promoter region of the SLC23A2 gene. The 
activity of the promoter region is decreased, resulting in a decreased expression of SVCT2.
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levels of ascorbic acid. It is known that ascorbic acid 
deficiency is linked to delayed immune responses 
by natural killer cells and suppression of cytotoxic 
T-cell activity [4]. This has led to the assumption 
that the uptake of ascorbic acid is decreased during 
inflammation. Lipopolysaccharides are released by 
various bacteria such as the pathologic Salmonella. 
These molecules bind to toll-like receptors, which 
leads to activation of inflammatory signaling 
pathways, for example, NF-κB and p38 mitogen-
activated protein kinase (MAPK) (Figure 3.5a). 
Activation of these pathways leads to decreased 
ascorbic acid uptake in Caco-2 cells and mouse 
jejunum [60]. Increased levels of the cytokine 
TNF-α also lead to decreased ascorbic acid uptake in 
Caco-2 cells. TNF-α seems to regulate the ascorbic 
acid uptake the same way as lipopolysaccharides, 
because it also activates the NF-κB pathway. It was 
shown that treating cells with TNF-α leads to a 
decreased expression of HNF1-α, which interacts 
with the SVCT promotor region. In Caco-2 cells and 
mouse enteroids, treatment with TNF-α leads to 
decreased mRNA and protein levels of SVCT1 [4]. 
Experiments with Caco-2 cells and mouse jejunum 
treated with lipopolysaccharides revealed decreased 
levels of TNA-α and SP1, both interacting with the 
promoters of SLC23A1 and SLC23A2, resulting in a 
decreased expression of SVCT1 and SVCT2 at the 
mRNA and protein levels [60].

Chronic Alcohol Abuse

In developed countries, severe vitamin C deficiency 
leading to scurvy is relatively rare. Moderate 
vitamin C deficiency, however, is common 
and occurs especially in the elderly, smokers, 
and alcoholics [59,60]. As already highlighted, 
ascorbic acid is an important scavenger of ROS, 
and it is able to reduce alcohol-induced oxidative 
damage. Chronic alcohol abuse is linked to 
lower plasma ascorbic acid levels. In humans and 
mouse pancreatic acinar cells (PACs), SVCT2 is 
highly expressed (Figure 3.5b). PACs chronically 
exposed to alcohol exhibited reduced ascorbic 
acid uptake. Both SVCT2 mRNA and protein 
levels were decreased, indicating inhibition at 
the transcriptional level. Changes in chromatin 
modeling could be shown, with an increase 
of H3K27me3, leading to heterochromatin 
in the SLC23A2 promoter region. At the same 
time, H3K4me, which leads to euchromatin in 
the promoter region of the SLC23A2 gene, was 

decreased. Due to these changes, the expression 
level of SVCT2 was reported to be decreased [63].

Cancer

Cancer patients are frequently ascorbic acid 
deficient [3]. The effect of ascorbic acid on cancer 
is discussed controversially. In the 1970s, it was 
shown by Ewan Cameron and Linus Pauling that 
high oral doses of ascorbic acid lead to survival 
benefits in patients with advanced cancer [64–
66]. A follow-up double-blind placebo-controlled 
study could not confirm the results, and ascorbic 
acid was dismissed as an anticancer agent [66–
68]. New findings revealed that oral doses of 
ascorbic acid can be increased to 80-fold without 
great changes in the plasma levels because of 
limited intestinal uptake, tissue saturation, renal 
reabsorption, and excretion. This may explain the 
different outcomes of the studies: Cameron used 
10 g intravenous ascorbic acid, while in the studies 
in which ascorbic acid failed as an anticancer 
agent, ascorbate was administrated orally [66].

SVCT2, as the predominant tissue transporter of 
ascorbic acid, has a large influence on the efficacy 
of ascorbic acid as an anticancer drug. A study with 
different human colon cancer cell lines revealed 
different outcomes of ascorbic acid treatment on 
cancer cells, depending on the expression level of 
SVCT2. Specifically, there is an antiproliferative 
effect of ascorbic acid in cancer cells, which is 
dependent on the expression level of SVCT2. High 
expression resulted in high intracellular levels of 
ascorbic acid, slowing down proliferation. The 
cells with low expression of SVCT2 exhibited a 
“hormetic” proliferation response to ascorbic 
acid, meaning that low concentrations of ascorbic 
acid increased proliferation of colon cancer cells, 
whereas high concentrations still had an anticancer 
effect due to the accumulation of vitamin C–
altering proliferation pathways. Specifically, in low 
SVCT2-expressing cells, ascorbic acid at a moderate 
dose of 10 µM increased the expression of c-myc 
and cyclin D and, due to this, cell proliferation. 
In contrast, high doses of ascorbic acid >1 mM 
decreased the expression of c-myc and cyclin D 
[69]. This likely explains the different outcomes of 
the studies described earlier. The plasma level of 
ascorbic acid by oral administration was probably 
not high enough to trigger the anticancer effect 
of ascorbic acid in cancer cells with low SVCT2 
expression. The expression level of SVCT2, 
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however, was not measured in this study, 
highlighting the need for additional experiments 
to verify this hypothesis.

There are other studies underlining the 
importance of SVCT2 in anticancer treatment. 
Colon cancer cell lines with KRAS mutations 
were shown to be resistant to the anticancer drug 
cetuximab. Cotreatment with ascorbic acid was 
able to overcome cetuximab resistance but only in 
colon cancer cells expressing SVCT2. In contrast, 
cotreatment in colon cancer cells not expressing 
SVCT2 had no effect. Expression of SVCT2 in these 
cells restored the anticancer effect. Furthermore, 
in SVCT2-expressing colon cancer cells, knock 
down of SVCT2 with siRNA led to resistance 
against the cotreatment. The cotreatment caused 
cetuximab-triggered apoptotic and necrotic cell 
death only in colon cancer cells expressing SVCT2 
[70]. Whether vitamin C alters signaling pathways 
or affects enzymes needed for the action of 
cetuximab remains to be determined.

Generating vitamin C in cancer cells by a 
“bystander effect” has been proposed to be a 
mechanism of how tumor cells in an oxidative 
state accumulate ascorbic acid without the 
expression of SVCT1 or SVCT2. According to this 
mechanism, superoxide generated in these cells is 
released to the extracellular space in an oxidative 
burst. Extracellular superoxide then converts 
ascorbic acid to DHA, which is imported into the 
cells via GLUTs, followed by the reduction of DHA 
to ascorbic acid [18].

Huntington Disease

Huntington disease is a genetic disorder caused 
by a mutation of the gene coding for Huntingtin. 
Mutation of Huntingtin leads to involuntary 
movements, cognitive deterioration, dementia, 
and weight loss. This protein is responsible for 
the intracellular trafficking of vesicles, organelles, 
and proteins to the cell surface. In immortalized 
striatal neurons expressing mutated Huntingtin, 
it was shown that SVCT2 is no longer able to 
translocate to the plasma membrane in response 
to increased extracellular ascorbic acid levels. 
Huntingtin is known to be associated to vesicles 
and microtubules, suggesting a role of this protein 
in the transport of SVCT2-containing vesicles, in 
order to deliver SVCT2 to the plasma membrane 
of neurons. Huntington disease is connected to 
increased oxidative damage in lipids, proteins, and 

DNA, highlighting the protecting role of vitamin C 
as an antioxidant in neurons. These results also 
highlight the possible role of SVCT2 in other 
neurodegenerative diseases such as Alzheimer and 
Parkinson diseases [71].

Single Nucleotide Polymorphisms

In human SVCT1 and SVCT2, there are several 
single nucleotide polymorphisms (SNPs) linked to 
diseases.

SVCT1 SNPs: Several studies revealed SNPs 
in SLC23A1 that are associated with a specific 
phenotype. The intronic SNP rs6596473-C is 
linked to increased risk of follicular lymphoma 
but showed no link to gastric cancer and advanced 
colorectal adenoma [3]. Another intronic SNP, 
rs10063949-G, is associated with increased risk 
of Crohn disease [72]. The SNP rs33972313 is 
the only known polymorphism that affects the 
coding region (see Figure 3.2a). It causes missense 
variations at position V264, with substitution by 
the bulkier side chains Leu or Met. These may 
cause steric clashes that compromise transporter 
structure and function. These SNPs were associated 
with low circulating concentrations of ascorbic 
acid [73].

SVCT2 SNPs: SNP rs6139591 in the SLC23A2 gene 
is connected to a higher risk for spontaneous 
preterm delivery [74]. Two SNPs localized in the 
intron of the gene SLC23A2 were associated with 
increased risk for chronic lymphocytic leukemia. 
Different studies in different cohorts of patients 
showed SNPs linked with increased risk for gastric 
cancer and chemoradiotherapy-induced toxicity 
[3]. The proposed impact of SNPs on diseases and 
ascorbic acid homeostasis has been discussed in 
detail in recent reviews [75,76].

Pharmacological Relevance

SVCT1 and SVCT2 are promising drug transporters. 
SVCT2 may be exploited to facilitate the delivery of 
certain drugs to the brain via the choroid plexus. 
For example, nipecotic acid, a γ-aminobutyric 
acid (GABA) uptake inhibitor, was reported to 
be transported by SVCT2 when conjugated to 
6-Br-ascorbic acid [2]. Saquinavir is a protease 
inhibitor used in the treatment of HIV. It has a 
high anti-HIV potency but a low bioavailability. 
A new prodrug, ascorbyl-succinic-saquinavir, was 
shown to increase absorptive permeability and 
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metabolic stability. This prodrug was transported 
by SVCT2 in Caco-2 cells, which could be a potent 
drug delivery mechanism for anti-HIV protease 
inhibitors [77]. Ascorbic acid in combination 
with SVCT2 can also be used as a targeting agent 
for nanocarriers to transport drugs [2]. Overall, 
especially SVCT2 with its broad tissue distribution 
is a promising drug transporter for drugs linked 
to ascorbic acid or 6-Br-ascorbic acid.

SVCT2 is not well established as a direct drug 
target. In one clinical trial, sepsis was treated 
with a combination of hydrocortisone, vitamin C, 
and thiamine. There was no change in mortality, 
but there were significant reductions in the 
requirement for vasopressin [78]. Hydrocortisone 
belongs to the glucocorticoids, a class of steroid 
hormones, which upregulate the expression 
of SVCT2 [79,80]. As already discussed, SVCT2 
expression is reduced in sepsis, leading to reduced 
ascorbic acid levels.

SVCT2 is more interesting as a drug transporter 
than SVCT1, because it is expressed in many 
different tissues and organs. SVCT1 is only 
expressed in epithelial cells. The expression 
of SVCT2 in the choroid plexus is especially 
interesting for drug delivery to the brain.
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INTRODUCTION

The enzyme L-gulonolactone oxidase catalyzes 
the final step in the biosynthesis of ascorbic 
acid in almost all vertebrates [1]. However, 
evolutionally conserved deletions have rendered 
the corresponding gene inactive or lost in primates 
and a few other species, making us dependent 
on ingestion of vitamin C [1]. Although not 
investigated in full detail, some evidence suggests 
that the same evolutionary process has also adapted 
humans and other vitamin C–dependent species to 
this dependency by altering their pharmacokinetic 
handling of vitamin C, that is, improving the 
ability to take up and recycle vitamin C while 
limiting its excretion for optimal health [2,3].

The absorption, distribution, and retention 
of vitamin C are primarily governed by a group 
of transporter proteins—the sodium-dependent 
vitamin C transporters (SVCTs) 1 and 2 [4]—
that actively transport ascorbate between the 
various bodily compartments including intestinal 
absorption and renal reuptake [5,6]. Collectively, the 
diverse expression and concentration dependency 
of these transporters throughout the body has 
resulted in the highly complex, compartmentalized, 
and nonlinear pharmacokinetics of vitamin C at 
physiologic levels [7].

The essential role of vitamin C in scurvy 
prevention has been known for nearly a century. 
However, much more recently the importance of 
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“active transport” of vitamin C for sustainability 
of life was illustrated by Sotiriou et al., showing 
that SVCT2 knockout mice die immediately 
after birth from respiratory failure and display 
severe brain hemorrhage [8]. Studies of human 
SVCTs have more recently identified a number 
of polymorphisms and suggested that these may 
have significant impact on the pharmacokinetics of 
vitamin C. Thus, modeling studies have proposed 
that the functionally poorest SVCT allele identified 
so far results in a plasma saturation level of only 
one-fourth of that of the background population 
[9] corresponding to a condition of permanent 
vitamin C deficiency based on the plasma 
concentration definition of hypovitaminosis C of 
<23 µM [10,11].

In addition to its many biological functions, the 
putative effect of vitamin C in cancer treatment 
has been the subject of much debate for decades. 
In particular, interest was spiked by Pauling’s and 
Cameron’s findings [12–15] that were quickly 
dismissed by randomized controlled trials [16,17]. 
However, following the identification of serious 
discrepancies between the studies including 
the critical realization that oral administration 
of vitamin C profoundly limits the maximum 
achievable plasma concentration [18], vitamin C is 
currently being reinvestigated for its specific toxicity 
to cancer cells at high concentrations—typically 
referred to as pharmacologic concentrations—
that are only achievable by intravenous infusion 
[19]. Here, at supraphysiologic concentrations, the 
pharmacokinetics of vitamin C appears to change 
from zero to first order displaying a constant and 
dose-independent half-life [20].

Given its primary pKa value of about 4.2, the 
reduced form of vitamin C predominantly exists 
as its anion ascorbate at physiologic pH. It is a 
powerful antioxidant and acts as an electron 
donor in all physiologic reactions to which it is 
known to contribute [21]. Participating both as 
a cofactor of various enzymes and as a chain-
breaking antioxidant, ascorbate is oxidized to 
ascorbyl radical, which subsequently may undergo 
dismutation to form ascorbate and dehydroascorbic 
acid [22]. In healthy individuals, dehydroascorbic 
acid is efficiently and quantitatively recycled 
to ascorbate intracellularly, but studies have 
shown that increased turnover resulting from, 
for example, smoking or disease may exceed the 
cellular recycling capacity, rendering part of the 
ascorbate pool inactive [23,24]. As the oxidized 

form of vitamin C has a short half-life physiologic 
pH [25], inadequate recycling of vitamin C per se 
will  presumably increase the turnover of the 
vitamin C pool and thus increase the intake 
necessary to achieve homeostasis.

This chapter discusses the present knowledge 
on pharmacokinetics of vitamin C under various 
conditions in vivo and its implications for vitamin C 
homeostasis.

PHARMACOKINETICS OF VITAMIN C

Pharmacokinetics comprises the descriptions of 
absorption, distribution, metabolism, and excretion 
of drugs. The use of pharmacokinetics to describe 
these processes is based on various mathematical 
models, all of which have a set of assumptions 
that needs to be fulfilled for their validity. In 
Table 4.1, vitamin C is compared to a typical orally 
administered low molecular weight drug with 
respect to general pharmacokinetic properties 
[26]. As can be deduced from the table, there 
are more  differences than similarities between 
vitamin  C and the typical pharmaceutical drug 
when it comes to pharmacokinetics. Unfortunately, 
lack of appropriate attention to the unusual behavior 
of vitamin C has hampered the proper evaluation 
of its therapeutic potential in the majority of the 
clinical literature as reviewed elsewhere [11,26,27]. 
In the following, these similarities and differences 
are explored in more detail.

ORAL ROUTE OF ADMINISTRATION

Except for pharmacologic doses of vitamin C and 
the treatment of severe deficiency at hospitals 
where vitamin C is administered by intravenous 
infusion, we all get our vitamin C from ingestion 
of food and supplements, that is, through oral 
ingestion.

Absorption

As mentioned in the introduction, vitamin C exists 
primarily in two forms in vivo, ascorbate (reduced 
form) and dehydroascorbic acid (oxidized form). 
Due to the efficient intracellular conversion of 
dehydroascorbic acid to ascorbate by many cell 
types, the vitamin C activities of both species are 
considered identical. However, their abilities to 
cross biological membranes are highly different 
[6]. From a vitamin C point of view, there are 
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three possible modes of membrane transport: 
passive diffusion, facilitated diffusion, and active 
transport.

Simple diffusion takes place when uncharged 
molecules with a certain degree of lipophilicity 
cross the lipid bilayer. This process is strictly 
driven by a concentration gradient, and transport 
ceases when the concentration equilibrium 
between the undissociated forms on either 
side of the membrane is reached. For most low 
molecular weight drugs, simple diffusion is the 
primary means of membrane transport. However, 
as previously indicated, reduced vitamin C 
predominantly exists (>99.9%) in its anionic 
form at neutral pH and is highly water soluble. 
As such, it will only be able to diffuse across the 
plasma membrane at a 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 is increased to 99.9% 
and 15%, respectively, and under these special 
conditions, passive diffusion could perhaps play a 
more significant role in vitamin C uptake. Studies 
in individuals with normal vitamin C status 
have reported similar times to maximal plasma 
concentration following oral administration of 
ascorbic and erythorbic acid, a stereoisomer of 
ascorbic acid, respectively [28,29], even though 
erythorbic acid—an isoform of ascorbate with 
low vitamin C activity—is poorly transported by 
epithelial SVCT1 [30].

Facilitated diffusion across membranes occurs 
through carrier proteins but is, like passive 
diffusion, dependent on an electrochemical 
gradient. Dehydroascorbic acid 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 [23,33], 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 ascorbate and 
dehydroascorbic acid as vitamin C sources [2,34–
36]. Dehydroascorbic acid uptake is expectedly 
inhibited by excess glucose, while the maximal 
rates of uptake for ascorbate and dehydroascorbic 
acid are similar when glucose is absent [37].

Finally, concentration gradient–independent 
active transport plays a significant role in vitamin C 

absorption. As early as the 1970s, it was observed 
that the bioavailability of ascorbate 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 
ascorbate absorption is subject to saturable active 
transport [38,39]. Malo and Wilson discovered 
that dehydroascorbic acid and ascorbate are taken 
up by separate mechanisms in the intestine and 
that uptake of ascorbate 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, ascorbate is efficiently transported 
across the apical membrane of the intestinal 
epithelial cells via active transport, but its release 
into the bloodstream is less well understood. As 
intracellular vitamin C is effectively kept reduced, 
facilitating further uptake of dehydroascorbic acid, 
efflux to the blood through glucose transporters 
is unlikely to provide a significant contribution. 
Moreover, the intracellular pH of 7.0 renders the 
anionic ascorbate 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 vitamin C to 
the bloodstream is vital for the absorption process 
and must occur to a high extent considering the 
rapid uptake of vitamin C (plasma Tmax of about 
3 hours [29]), it strongly implies the existence 
of yet undiscovered channels or transporters 
facilitating vitamin C efflux. It has been proposed 
that ascorbate 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 ascorbate efflux 
from these cells and may therefore not represent 
a general mechanism of basal ascorbate efflux 
[40]. A schematic overview of intestinal vitamin 
C absorption is shown in Figure 4.1.

Distribution

The distribution of vitamin C throughout the 
body is highly compartmentalized (Figure 4.2). 
As previously discussed, simple passive diffusion 
is unlikely to play a major role in vitamin C 
transport across membranes, at least in the further 
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transporter or as dehydroascorbic acid (DHA) through facilitated diffusion via GLUT1 or GLUT3 transporters. Once inside the 
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remain unknown. (Modified from Lindblad, M. M., Tveden-Nyborg, P. and Lykkesfeldt, J. 2013. Nutrients. 5, 2860–2879.)
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distribution from the bloodstream. Moreover, 
ascorbate would favor plasma over tissue by a factor 
of 2.5 as calculated by a dissociation-determined 
equilibrium, which grossly contrasts reality, 
where intracellular concentrations of ascorbate 
range from about 0.5 to 10 mM compared to 
50–80 µM in the blood of healthy individuals 
[7], that is, confirming a many-fold preference 
for  tissue. Although the glucose transporters 
(GLUTs 1–4 and 8) capable of facilitating diffusion 
of dehydroascorbic acid are widely represented 
throughout the body [31,32,41–43], the negligible 
amount of oxidized vitamin C present in the 
plasma of healthy individuals precludes that GLUT-
mediated transport per se is of major importance 
in the diverse distribution of vitamin  C. 
One apparent exception is erythrocytes that do not 
contain SVCTs but are able to take up vitamin C 
through facilitated diffusion [44–46]. Human 
erythrocytes are able to recycle dehydroascorbic 
acid to ascorbate and maintain an intracellular 
vitamin C concentration similar to that of plasma 
[24]. It has been estimated that the erythrocytes 
alone are capable of reducing the total amount 
of vitamin C present in blood approximately 
once every 3 minutes [47,48]. Consequently, the 
recycling capacity of the red blood cells may 
constitute a substantial antioxidant reserve in vivo. 
Recent investigations suggest that ascorbate is 
necessary for erythrocyte structural integrity and 
that intracellular erythrocyte ascorbate is essential 
to maintain ascorbate plasma concentrations in vivo 
[49,50]. However, considering the quantitative 
importance of mechanisms, ascorbate is primarily 
distributed via active transport.

In contrast to epithelial ascorbate 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 bloodstream to body compartments is 
mainly governed by the slightly larger SVCT2 [52]. 
SVCT2 is a low-capacity/high-affinity transporter 
of vitamin C (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 vitamin C 
fit well with the accepted notion that SVCT1 
mediates the systemic vitamin C homeostasis, 
while SVCT2 secures local demands [53]. This is 
particularly evident for the brain, which upholds 
one of the higher concentrations of vitamin C in 
the body [7,54]. Transport of vitamin C 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 vitamin C 
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]. 
Also, during repletion, the brain as well as 
the adrenal glands have a remarkable affinity 
for ascorbate, and detailed in vivo studies in guinea 
pigs—like humans unable to synthesize vitamin C—
have revealed that these tissues in particular are 
the fastest to reestablish homeostasis [7].

The mechanism(s) underlying the highly 
differential steady-state concentrations of vitamin C 
in various tissues remain 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 vitamin C 
subject to plasma availability. This implies that 
tissue- and cell-type composition are mainly 
responsible. However, for example, in the brain 
of guinea pigs, substantial differences in vitamin C 
steady-state levels have been observed between the 
individual regions, with the highest concentrations 
being found in the cerebellum, which also 
saturates first [7]. This does not directly coincide 
with the cerebellum being the most neuron-rich 
brain region, although neurons contain the highest 
concentrations of vitamin C of the brain’s cells. 
Moreover, regional SVCT2 abundance has mostly 
been investigated through RNA expression levels 
leaving little information on the possible influence 
of, for example, posttranslational modifications, 
activation, and relocation of the functional protein 
to the cell membrane.

Metabolism

In contrast to plants where a number of ascorbate 
derivatives and analogs, including several 
glucosides, have been identified, only ascorbate 
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exists in mammals [67]. The metabolism of 
ascorbate is intimately linked to its antioxidant 
function. Through its enediol structure 
(Figure 4.3) that is highly resonance stabilized and 
influenced by the acidity of the molecule, ascorbate 
serves as an efficient electron donor in biological 
reactions. In supplying reducing equivalents 
as either cofactor or free radical quencher, 
ascorbate is oxidized to the comparatively stable 
radical intermediate, ascorbyl free radical, two 
molecules of which may disproportionate at 
physiologic pH to one molecule of ascorbate and 
one of dehydroascorbic acid [68,69]. As mentioned 
earlier, dehydroascorbic acid is efficiently reduced 
intracellularly by a number of cell types, thereby 
preserving the ascorbate pool. Turnover of 
vitamin C is therefore particularly linked to the 
catabolism of dehydroascorbic acid, which occurs 
through hydrolysis to 2,3-diketogulonic acid and 
decarboxylation to L-xylonate and L-lyxonate, 

both of which can enter the pentose phosphate 
pathway for further degradation (Figure 4.3) [70].

Excretion and Reuptake

As a highly hydrophilic low molecular weight 
compound, ascorbate would be expected to be 
efficiently excreted through the kidneys. It is 
filtered through the glomerulus by means of the 
hydrostatic pressure gradient and concentrated 
in the pre-urine subsequent to the resorption of 
water (Figure 4.4). Here the pH drops to about 5, 
resulting in an increased proportion of unionized 
ascorbic acid to that of ascorbate. The ascorbic acid 
increase from <0.01% in plasma to about 15% in 
the pre-urine would for most molecules result 
in substantial passive reabsorption, but this does 
not seem to occur for ascorbic acid presumably 
due to its low lipid solubility. However, for 
individuals with saturated plasma vitamin C 
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status—corresponding to about 70–80 µM—
excretion of surplus vitamin C is quantitative 
[18,72]. Instead, reuptake of ascorbate in the 
proximal renal tubules is controlled by saturable 
active transport through SVCT1.

The importance of SVCT1 for intestinal 
vitamin C uptake and, in particular, for renal 
reuptake has been illustrated by Corpe et al., who 
showed that Slc23a1−/− mice display an 18-fold 
increased excretion of ascorbate, lower body 
pool and vitamin C homeostasis, and increased 
mortality [32]. They also modeled 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], that is, a lifelong state of vitamin C 
deficiency regardless of intake. The renal reuptake 
of ascorbate is highly concentration dependent. 
Levine and coworkers have shown in detail that the 
renal excretion coefficient of ascorbate ranges from 
0 to 1 depending on the individual’s vitamin C 
status, that is, corresponding to quantitative 
reuptake in individuals with poor vitamin C status 
and quantitative excretion in individuals with 
saturated status [18,72]. 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 vitamin C does not play a 
significant role in the kidneys.

Steady-State Homeostasis of Vitamin C 
Following Oral Administration/Intake

The role of the saturable active transport 
mechanisms that dominate the absorption, 
distribution, and excretion of ascorbate results in 
nonlinear pharmacokinetics. In case of first-order 
kinetics, a doubling of the dose would result in the 
corresponding doubling of the steady-state plasma 
concentration. For vitamin C, this is clearly not the 
case. With increasing vitamin C intake, the plasma 
steady-state concentration reaches a maximal level 
of about 70–80 µM [18,72]. From the available 
literature, it appears that a daily intake of about 
200–400 mg of vitamin C ensures saturation of the 
blood in healthy individuals [27]. During periods 
of altered compartmentalization due to temporary 
physiologic needs such as pregnancy or increased 
turnover during disease, higher intakes are needed to 
maintain saturation. It may be possible to exceed the 
homeostatic saturation level of 70–80 µM by several-
fold through multiple daily gram doses of vitamin C. 
However, the possible health benefits from such 
supraphysiologic levels have yet to be documented.

Effect of Dosing Forms and Formulations

Several attempts have been made to partially 
bypass the maximum plasma concentration and 
total exposure normally achievable through oral 
administration. A slow-release formulation would 
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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 vitamin C 
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. This closed bilayer phospholipid 
was the first nano-sized drug delivery system to be 
successfully applied clinically [73]. Liposomes are 
capable of protecting the encapsulated compound 
from degradation and modification, protecting 
the host from potential unintentional localized 
toxicity, and improving passive diffusion of polar 
and hydrophilic molecules. The pharmacokinetic 
properties of a bolus of 4 grams of liposome-
encapsulated vitamin C were compared to those 
of plain vitamin C and placebo in 11 volunteers 
in a crossover trial [74]. The authors found a 35% 
increase in exposure (AUC0–4hrs) with a plasma 
Cmax of about 200 µM after 3 hours. Unfortunately, 
plasma concentrations were not measured beyond 
the 4-hour time point. In an attempt to show a 
potential biological significance of increased plasma 
vitamin C status, the participants were subjected 
to a 20-minute 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 nonencapsulated dose of vitamin C 
[74]. Regardless, this technology has shown some 
promise and continues to be explored in anticancer 
therapy, where chemotherapeutics can be delivered 
together with vitamin C for a potentially synergistic 
effect [75]. In another sophisticated approach, the 
particular ability of the brain to take up vitamin C 
has been used by linking ascorbate to the surface of 
liposomes containing chemotherapeutics, thereby 
making a brain-specific drug delivery system 
by using the endogenous vitamin C transport 
mechanisms [76].

INTRAVENOUS ROUTE OF ADMINISTRATION

Intravenous administration of drugs produces 
a predictable plasma concentration by avoiding 
absorption limitation and resulting in 100% 
bioavailability. For vitamin C specifically, 
intravenous administration bypasses the saturable 

absorption mechanisms. This basically removes 
the upper limit of the maximum achievable plasma 
concentration. Vitamin C is typically administered 
intravenously by infusion. Depending on the 
dose rate, this approach results in a predictable 
plasma steady-state concentration that will remain 
constant until infusion is discontinued.

Distribution

As for all compounds in circulation, the 
distribution of vitamin C following infusion 
depends at least initially on the vascularization 
of the various tissues. Whereas the millimolar 
plasma concentrations do not seem to affect 
normal tissue distribution beyond saturation, 
particular interest has been devoted to the poorly 
vascularized tumors, as ascorbate has been shown 
to be cytotoxic to cancer cells but not normal cells 
at high concentrations in in vitro and in vivo studies, 
possibly through a pro-oxidant function [77–79]. 
Campell et al. measured ascorbate concentrations 
in tumor tissue following high-dose vitamin C 
administration in a mouse model and found that 
daily injections were necessary to delay tumor 
growth and suppress the transcription factor 
hypoxia-inducible factor 1 [80]. Interestingly, it 
was also found that elimination was significantly 
delayed in tumor compared to normal tissue [80], 
which may help in preserving the effect of ascorbate 
in tumors between infusions. In an attempt to 
mimic tissue diffusion rates and availability in both 
normal and tumor tissue, Kuiper and coworkers 
used a multi-cell-layered, three-dimensional 
pharmacokinetic model to measure ascorbate 
diffusion and transport parameters through dense 
tissue in vitro [81]. Using the obtained data, they 
were able to simulate diffusion under a number 
of conditions, including tumors. The authors 
concluded that supraphysiologic concentrations 
of ascorbate—achievable only by intravenous 
infusion—are necessary for effective delivery 
of ascorbate into poorly vascularized tumors 
[81]. Using the same data, it has recently been 
rationalized that normal body saturation obtained 
by adequate oral dosing will be able to cover the 
distance between vessels in normal well-perfused 
tissue and thus provide sufficient vitamin C for the 
entire body. In contrast, oral intake is insufficient 
to increase the vitamin C content of tumors with 
poor vascularization, which requires millimolar 
plasma concentrations for effective diffusion [82].
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Metabolism and Excretion

In normal tissue, metabolism of ascorbate has not 
been shown to deviate from the general pattern 
illustrated in Figure 4.3. However, in poorly 
vascularized tumor tissues, high-dose vitamin C 
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 ascorbate in cancer treatment [83–85].

Following high-dose intravenous administration 
of vitamin C, the dose dependency of the 
elimination phase—as evident at levels below 
saturation as previously described—is surpassed 
[86]. Vitamin C is primarily eliminated through 
glomerular filtration, and reuptake mechanisms 
through SVCT1 are shut off. This renders the 
half-life constant and the elimination kinetics 
first order [20]. Several pharmacokinetic studies 
of high-dose vitamin C have estimated a constant 
elimination half-life of about 2 hours following 
the discontinuation of infusion [20,87,88]. This 
suggests that the millimolar plasma concentrations 
achieved by intravenous infusion are normalized 
to physiologic levels in about 16 hours. In this 
perspective, the observation that tumor tissue 
may maintain an elevated level for as much as 
48 hours is interesting [80] and may be mediated 
by increased stability in the hypoxic tumor 
environment but also likely the delayed clearance 
due to poor vascularization.

VITAMIN C HOMEOSTASIS

As described in detail earlier, vitamin C 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 vitamin C in the diet and the specific 
“configurations” of SVCTs of the tissues. However, 
a number of other factors may interfere with the 
body’s attempt to control vitamin C homeostasis, 
and some major contributors are suggested in the 
following sections.

Influence of Polymorphisms

With the acknowledgement of the importance of 
SVCTs for regulation of vitamin C 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 vitamin C. 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 vitamin C status to test if 
improved vitamin C status is associated with a 
low risk of ischemic heart disease and all-cause 
mortality [89]. The authors found that a high 
intake of fruits and vegetables was associated 
with a low risk of ischemic heart disease and 
all-cause mortality. Effect sizes were comparable 
for vitamin C, albeit not significant. In view of 
the extensive clinical literature that persistently 
has shown an increased risk of heart disease in 
individuals with poor vitamin C status but no 
effect of vitamin C supplementation to individuals 
who already get sufficient amounts of vitamin C 
[11,26,27], it would probably be more relevant to 
test changes in disease risk resulting from genetic 
variants of Slc23a1 that show lower than average 
vitamin C status. As mentioned earlier, modeling 
studies have proposed that the functionally 
poorest SVCT allele identified so far (A772G, 
rs35817838) results in a plasma saturation level of 
only one-fourth that of the background population 
corresponding to a condition of lifelong vitamin C 
deficiency [9].

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 [90]. 
Not surprisingly, this draws a major toll on the 
antioxidant defense of the body as demonstrated 
by a strong association between tobacco smoke 
and poor antioxidant status in general and poor 
vitamin  C status in particular [23,91]. Active 
smoking typically depletes the vitamin C pool 
by 25%–50% compared to never-smokers [92], 
while passive smoking/environmental tobacco 
smoke exposure results in a drop of about half 
that size [93,94]. The direct cause of the smoking-
induced vitamin C depletion has been investigated, 
and smoking cessation has been shown to 
immediately restore about half of the vitamin C 
depletion observed as a result of smoking [95]. 
This immediate albeit partial recovery has pointed 
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toward an oxidative stress–mediated depletion of 
vitamin C caused by smoking. Moreover, both 
oxidative stress and ascorbate recycling are induced 
by smoking regardless of antioxidant intake [24,96]. 
However, the lack of full recovery suggests that 
other factors also contribute to the lower vitamin C 
status among smokers. Studies have suggested 
that the difference in vitamin C status between 
smokers and nonsmokers is not related to altered 
pharmacokinetics of vitamin C [28,29]. However, 
as smokers in general have a lower intake of fruits 
and vegetables and a larger intake of fat compared 
to nonsmokers [97], this may account for the 
difference in vitamin C levels observed between 
ex-smokers and never-smokers [26].

Disease

A plethora of disease conditions, including, for 
example, infectious diseases, cancer, cardiovascular 
disease, stroke, diabetes, and sepsis have been 
associated with poor vitamin C status, some of 
which are included in this book. Considerable 
epidemiological evidence has shown poor vitamin C 
status to be an independent risk factor for disease 
development. However, causal linkage between 
disease etiology and vitamin C status remains scarce. 
The decreased vitamin C status in disease is often 
explained by a combination of an—sometimes 
massively—increased turnover due to oxidative 
stress and inflammation and a decreased dietary 
intake of vitamin C associated with the disease.

An obvious display of increased vitamin C 
turnover in critical illness is the large doses 
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 [98]. One current example is sepsis patients 
where systemic inflammation and oxidative stress 
presumably increase the expenditure of vitamin C 
[99,100]. Whether reestablishing normal vitamin C 
status in critically ill patients has a significant 
clinical impact on disease prognosis remains to 
be established, but promising results are emerging 
[71,101], and controlled trials are under way.

CONCLUDING REMARKS

The pharmacokinetics of vitamin C are complex, 
strongly dose dependent, and compartmentalized 
at physiologic levels, while they are dose 
independent and first order at pharmacologic 

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 vitamin C in 
human health and its potential relevance in disease 
prevention and treatment. There is an important 
balance between the overtly exaggerated 
optimistic view that enough vitamin C can cure 
everything and the dismissive negligence that 
refuses to reexamine the literature based on new 
evidence. This balance needs to be identified for 
us to optimize the potential benefit of vitamin C 
in both health and disease in the future.
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CHAPTER FIVE

Ascorbate as an Enzyme Cofactor

Margreet C.M. Vissers and Andrew B. Das

INTRODUCTION

The discovery that the compound responsible for 
the antiscurvy properties of fruit and vegetables, 
already named vitamin C [1,2], was in fact a 
simple hexuronic acid with reducing capability, 
initiated a conversation that has lasted for almost 
a century. The antiscorbutic properties of the 
compound inspired its being named ascorbic acid 
[3,4]. At neutral pH, ascorbic acid exists in the 
anionic form and is therefore correctly referred to 
as ascorbate in discussions relevant to biological 

settings [5–7]. Humans and other primates, guinea 
pigs, fruit bats, and some bird and fish species, 
cannot synthesize ascorbate, and consequently, 
the majority of the discussion over the past 80 
or so years has concerned the determination of 
the daily intake requirement of this vitamin 
[8–14]. Whereas previously it was considered that 
ascorbate intake needed to be sufficient only to 
avoid the development of scurvy, this has been 
countered by epidemiological studies that have 
reported associations between vitamin C status 
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and numerous health outcomes. Low vitamin C 
status has been found to be associated with an 
increased risk of myocardial infarction [15,16], 
stroke [17,18], diabetes [19–21], cancer [22–31], 
and all-cause mortality [32–35]. That lack of 
a single micronutrient could have such wide-
ranging health benefits was not explained by its 
known biological functions, and many questions 
remained unanswered.

In the past two decades, however, our under-
standing of the many biological roles of ascor-
bate has expanded with improved knowledge of 
the uptake, transport, and pharmacokinetics of 
ascorbate in humans, and the discovery of new 
enzymes with an ascorbate cofactor requirement. 
Other chapters in this volume are dedicated to the 
uptake of vitamin C, to the facilitated transport 
via the dedicated sodium-dependent vitamin C 
transporters (SVCTs), and to the pharmacokinetics 
of supraphysiologic concentrations that have the 
potential to contribute to the pro-oxidant activ-
ity. In this chapter, we provide an overview of the 
cofactor activity of ascorbate and the potential bio-
logical impact when the associated enzyme activ-
ity may be compromised.

TISSUE DISTRIBUTION OF 
ASCORBATE IN HUMANS

Once ingested, ascorbate is absorbed through the 
gut in humans and distributed throughout the 
body via the circulation to supply the various 
organs and tissues. This pattern of distribution is 
similar in all animal species, regardless of whether 
ascorbate is synthesized in the liver or kidney or 
is sourced from the diet. Whereas plasma levels 
are restricted to concentrations below 100 µM by 
filtration and selective reuptake in the kidneys, 
intracellular concentrations are much higher 
due to SVCT-mediated active transport and are 
generally greater than 1 millimolar [36–48].

There is considerable variation in tissue ascor-
bate content. This has been investigated in humans, 
guinea pigs, and some other animals, with similar 
distribution noted in all species tested. Very high 
ascorbate levels are found in the adrenal and pitu-
itary glands, and in the lens, with 30–50 mg/100 g 
wet weight of tissue being reported in these tissues, 
corresponding to around 10 mM [36,37,49]. Even 
higher levels of 126 mg/100 g tissue were mea-
sured in bovine corpus luteum [50]. Intracellular 
concentrations in neurons have also been estimated 

at 10 mM [51], with other brain cell types, liver, 
spleen, and kidney containing approximately 
1 mM [36]. Circulating neutrophils, monocytes, 
lymphocytes, and platelets contain approximately 
1.5, 3, 3.5, and 4 mM intracellular levels, respec-
tively [38,52]. Recently, bone marrow hematopoi-
etic stem cells were found to have up to 20-fold 
more ascorbate than mature white blood cells [53]. 
This distribution profile of ascorbate is widely con-
sidered to reflect the functional requirements for 
ascorbate in the respective tissues.

ASCORBATE AS A COFACTOR FOR 
IRON-CONTAINING ENZYMES

Ascorbate is capable of one-electron reduction and 
readily restores Fe2+ from Fe3+ and Cu+ from Cu2+ 
[54–56]. This property aligns with its capacity to 
act as an essential cofactor for numerous copper 
(Cu)- or iron (Fe)-containing enzymes that are 
involved in many biological processes and that are 
collectively found in most cells throughout the 
body. Most enzymes utilizing the reducing capacity 
of ascorbate belong to the family of Fe-containing 
2-oxoglutarate dioxygenases (2-OGDDs), a large 
and diverse group found throughout biology. It is 
estimated that there are as many as 80 members 
of this family in animals, including humans, 
where they catalyze the oxidative hydroxylation 
of proteins, nucleic acids, and small molecules 
[57–59].

The posttranslational modification of collagen 
by hydroxylation was first described in the 1940s 
and 1950s [60–64], and the prolyl hydroxylase 
enzymes responsible were the first identified 
2-OGDDs [65–68]. Since this time, the prevalence 
of protein hydroxylation has become apparent, 
and this modification is now recognized as 
being critical to the regulation of the hypoxic 
response [69–71] and to protein synthesis by 
modification of ribosomal proteins [57,72]. In 
addition, demethylation of histones, DNA, and 
RNA is initiated by oxidative hydroxylation of 
methyllysine [73–79], methylarginine [80–83], 
methylcytosine [84,85], and methyladenosine 
[86–88]. The number of enzymes identified as 
2-OGDDs active in mammalian cells has increased 
rapidly in this century, and their widespread 
influence on many fundamental aspects of biology 
is becoming well recognized. Table 5.1 contains a 
summary of the more than 50 2-OGDD enzymes 
identified to date in mammalian cells.
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Reaction Mechanism of the 2-Oxoglutarate–
Dependent Dioxygenases

The active site of the 2-OGDDs is highly conserved 
and contains a nonheme Fe bound through three-
point coordination with two histidine residues and 
an aspartic acid or glutamic acid, with the remaining 
three coordination sites occupied by water ligands 
[89,90]. The enzymes use O2 and 2-oxoglutarate 
(2-OG) as substrates to catalyze the hydroxylation 
of the target substrate [57,58,90]. During the reac-
tive cycle, the water ligands are displaced by 2-OG at 
two positions and by O2 at the final available site (see 
Figure 5.2). The hydroxylation of the target substrate 
occurs by radical reactions that involve the formation 
of a superoxide radical that decarboxylates 2-OG to 
produce succinate, CO2, and a ferryl (FeIV)-oxo inter-
mediate. This intermediate is able to hydroxylate the 
substrate by radical transfer, finally regenerating the 
Fe2+ active center and releasing the hydroxylated 
product, succinate, and CO2 [57,58,89] (Figure 5.1).

Role of Ascorbate in the Reaction 
Cycle of 2-OGDDs

There is a substantial literature indicating that 
ascorbate is a required cofactor necessary to maintain 

full 2-OGDD enzyme activity (for examples see 
[7,66,91–98]). This is presumed to be due to its capacity 
to reduce Fe3+ and maintain iron in the ferrous state 
[59,99,100]. Of the mammalian enzymes, prolyl-4-
hydroxylase has been the most intensively studied 
with respect to ascorbate dependency. The purified 
enzyme catalyzed the hydroxylation of proline 
peptide substrate in the absence of ascorbate at close 
to maximal rate for approximately 30 reaction cycles 
over the first 8 seconds [93]. Thereafter, the reaction 
rate rapidly declined, and further hydroxylation 
was not measurable after 1 minute [93]. These data 
suggest that repeated cycling of the enzyme leads to 
oxidation of the active site Fe and supports a role for 
ascorbate in restoring and maintaining full enzyme 
activity.

The specific requirement for ascorbate has been 
compared with other reducing agents. None were 
found to effectively substitute for ascorbate, with 
the reaction rates in the presence of millimolar 
concentrations of glutathione, cysteine, 
homocysteine, NADH2, and NADPH2 being less 
than 10% of that measured with ascorbate [93]. 
Similarly, the activity of the prolyl hydroxylase 
targeting the hypoxia-inducible factor (HIF) α 
subunit was found to be optimal in the presence 
of ascorbate, with glutathione only partially able 

FeII
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Asp

His

OH2

OH2

OH2

2-OG

2
-O
G

O
2

FeIII

His

Asp

His O-O·
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O
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Figure 5.1. Reaction mechanism common to the family of 2-oxoglutarate–dependent dioxygenases (2-OGDDs). During 
the reaction cycle, the active site iron (Fe) is sequentially oxidized to enable the radical-mediated transfer of one oxygen 
atom from O2 to the target molecule, while the second O is transferred to 2-OG, generating succinate with the release of 
CO2. Ascorbate functions to maintain the active site Fe in the reduced state, allowing the enzyme to continue cycling.
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to compensate [95]. This information supports 
the many biological observations where these 
enzymes have decreased activity under conditions 
of ascorbate deficiency when the concentrations of 
other reducing agents such as glutathione would 
be unaffected.

Furthermore, the 2-OGDDs have been reported 
to undergo “uncoupled” reaction cycles, which 
results in oxidation of 2-OG to succinate and 
CO2 but without the formation of a hydroxylated 
substrate [59,101–107]. This reaction results in 
rapid inactivation of the enzyme that is fully 
reversible by ascorbate, with the generation 
of dehydroascorbate providing evidence for 
ascorbate-mediated regeneration of Fe2+ and 
maintenance of enzyme activity [93,100].

Estimation of Ascorbate Concentrations 
Required to Support 2-OGDDs

The ability of ascorbate to support the activity of 
the 2-OGDDs is widely acknowledged, and it is 
uniformly included in buffers for in vitro analyses 
of these enzymes, usually at concentrations greater 
than 1 mM (for examples see [66,93,95,100]). The 
intracellular concentration required for ascorbate 
to support 2-OGDD activity is unknown. The 
reported Km is 300 µM for prolyl-4-hydroxylase 
[108], 270 µM for the asparagine hydroxylase 
factor-inhibiting HIF (FIH) [109], and 140–180 µM 
for the three HIF prolyl hydroxylase enzymes [110]. 
Based on these values, the millimolar intracellular 
levels should suffice to ensure optimal activity of 
the 2-OGDDs. As noted in the previous sections 
and in Figure 5.1, intracellular concentrations 
in excess of 1 mM are found in cells and organs 
with dedicated 2-OGDD activity, such as the bone 
marrow stem cells [53] and skin fibroblasts [111].

EFFECT OF ASCORBATE AVAILABILITY 
ON 2-OGDD–MEDIATED PROCESSES

The dependency of the 2-OGDDs on ascorbate 
availability suggests that deficiency, or dietary 
insufficiency, could have an impact on the 
associated biological functions. Interestingly, 
animals that synthesize ascorbate in the liver or 
kidney appear to increase synthesis in response 
to turnover to ensure that plasma levels are 
maintained at saturation [112,113]. Humans and 
other mammals with dysfunctional gulonolactone 
oxidase, however, are prone to low plasma status 

when dietary intake is insufficient to compensate 
for ascorbate turnover, and this correlates 
closely with decreased ascorbate levels in organs 
throughout the body [38,40,114–116]. The effect 
of ascorbate on the 2-OGDDs and evidence for 
ascorbate-dependent modulation of these activities 
in vivo is considered in the next section.

Ascorbate and Collagen Synthesis

Three enzymes have been shown to be involved 
in the posttranslational modification of 
collagens (Table 5.1). The best known is prolyl-
4-hydroxylase, which was the first identified 
member of the 2-OGDD family [65–67]. This 
enzyme is responsible for the hydroxylation of 
up to 10% of the abundant proline residues in 
collagen and stabilizes the molecule’s tertiary 
structure via the formation of hydrogen bonds 
[117]. In addition, there is a less well-characterized 
prolyl-3-hydroxylase that specifically targets 
type IV collagen [68,117]. Hydroxylation of lysyl 
residues by lysine hydroxylase is proposed to 
signal the addition of galactosyl side chains, and 
mutations in the gene for this enzyme have been 
found in individuals with Ehlers-Danlos syndrome 
with defective connective tissue formation [118]. 
Patients with this condition have some symptoms 
in common with vitamin C deficiency, notably, 
the formation of skin petechiae and poor wound 
healing [118–123].

There is direct evidence linking vitamin C 
deficiency with decreased hydroxyproline content 
in collagen in animals [124,125], and this has been 
associated with impaired wound healing in some 
clinical studies [126] and in animal studies [127–
133]. However, wound healing is complex, and 
ascorbate can have an impact on many aspects of 
this process in addition to collagen deposition. 
Surprisingly little clinical research has been 
carried out on this topic as detailed in Chapter 9.

Ascorbate and Carnitine Synthesis

The biosynthesis of carnitine involves two steps 
catalyzed by 2-OGDDs (Figure 5.2 and Table 5.1) 
[134–136]. In humans, carnitine can be acquired 
through the diet or synthesized in the kidney, 
liver, or brain, the primary organs expressing the 
terminal enzyme in the biosynthetic pathway, 
γ-butyrobetaine hydroxylase [137]. Carnitine 
functions to shuttle fatty acids into the mitochondria 
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for energy metabolism; this is a rate-limiting step 
in the catabolism of fatty acids, and carnitine 
availability is therefore closely linked to metabolism 
and energy production [137].

Evidence that ascorbate availability affects 
carnitine metabolism comes mostly from studies 
with guinea pigs. A complex relationship is 
suggested by the available data. Dietary vitamin C 
depletion was shown to decrease carnitine 
concentrations in muscle, liver, and kidney tissue 
in the guinea pig [135,138], corresponding to 
decreased activity of γ-butyrobetaine hydroxylase 
[135]. Plasma carnitine levels, however, do 
not appear to show a positive correlation with 
ascorbate levels, and in fact, a reverse relationship 
was indicated in guinea pigs [138] and also in two 
human studies [139,140].

There is also evidence that ascorbate status in 
animals and humans affects carnitine-associated 
energy metabolism. In one study, slow weight 
gain was observed in scorbutic guinea pigs, and 
this was reversed when the animals were supple-
mented with carnitine, supporting a functional 
impact of low ascorbate status on carnitine-medi-
ated fatty acid metabolism [141]. Lowered carni-
tine levels in muscle were associated with altered 
mitochondrial metabolism in obese rats, together 
with lowered complete fatty acid oxidation [142]. 
In humans, low ascorbate status was shown to 
correlate with markers of metabolic syndrome 
[21,143] and obesity [144]. In a placebo-controlled 
intervention study with a group of young adults, 

energy metabolism was monitored under condi-
tions of mild exercise (1 hour on a treadmill at 50% 
of VO

2
max) [140]. Physiologic measurements of 

respired gases and urinary nitrogen were used to 
estimate protein and nonprotein metabolism dur-
ing the exercise period. At baseline, the group of 
individuals with low plasma ascorbate status (aver-
age 18 µM) were found to rely mostly on protein 
metabolism for energy expenditure, whereas the 
control group with higher plasma ascorbate (aver-
age 42 µM) expended fat energy during this time. 
Supplementation of the vitamin C–depleted group 
with 500 mg vitamin C daily or a placebo tablet for 
4 weeks restored the capacity to utilize fat energy 
during exercise in the vitamin C–supplemented 
group but not in the placebo group [140]. Plasma 
carnitine levels were also found to be higher in 
the low vitamin C group than in the group with 
healthy levels (12 ± 0.8 versus 6.5 ± 0.9 ng/mL, 
p = .000), and marginal vitamin C status was 
associated with increased fatigue scores [140]. 
An association between low vitamin C status and 
fatigue has also been noted in other studies [145]. 
Taken together, these studies suggest that low body 
 vitamin C status can affect carnitine-dependent 
fatty acid transport and energy metabolism.

Ascorbate and Regulation of 
the Hypoxic Response

The existence of an oxygen-sensing pathway was 
first suggested by observations that cells in the 
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kidney increase production of erythropoietin, 
the hematopoietic growth factor capable of 
stimulating red blood cell production, in response 
to reduced oxygen supply (reviewed in [146]). 
The identification of the hypoxia-inducible factors 
(HIFs) followed, together with the realization that 
these transcription factors are highly conserved, 
ubiquitously expressed, and regulate the expression 
of hundreds of genes [147–151]. HIF activation 
results in a rapid adaptive response when oxygen 
supply becomes limited and enables cells to cope 
with the associated stress by upregulation of genes 
controlling glycolysis, angiogenesis, cell survival 
and autophagy, vascular control, iron transport, 
erythropoiesis, and stem cell phenotype (for recent 
reviews, see [71,151–157]). In addition, there is 
cross talk between HIF and other pathways such as 
NF-κB in inflammation [158,159] and microRNA 
networks [160,161].

The hypoxic response is particularly relevant to 
cancer as oxygen delivery to tumors is regularly 
limited due to the rapid expansion in cell numbers 
and their outgrowing the available blood supply 
[146,147,162]. Activation of the HIFs supports tumor 
growth through the upregulation of glycolysis, 
angiogenesis, and cell life and death pathways as 
indicated earlier [146,147,162]. Accordingly, HIF-1 
activation is associated with increased tumor 
growth, resistance to chemotherapy and radiation, 
initiation of metastasis and poor prognosis in 
many cancers. Reduced expression of HIF-1α is 
associated with improved patient survival [162–
172]. Taken together, the previous information 
illustrates the many clinical situations that involve 
HIF activation and highlights the importance of 
regulatory control of this pathway.

The active HIFs are αβ heterodimers. Their acti-
vation is controlled by posttranslational hydrox-
ylation of the regulatory HIF-α chains that are 
constitutively expressed. Generation of hydroxy-
proline at P402 and P564 signals recruitment to the 
von Hippel-Lindau tumor suppressor protein and 
an E3 ubiquitin ligase complex, initiating ubiq-
uitination and proteasomal degradation (Figure 
5.3). Hydroxylation of asparagine N803 prevents 
binding to CREB binding protein and p300 and 
the formation of an active transcription complex 
(Figure 5.3) [70,173,174]. These reactions are cata-
lyzed by four 2-OGDDs; three prolyl hydroxylases 
(PHD 1,2,3); and one asparagine hydroxylase, 
factor-inhibiting HIF (FIH) (Table 5.1 and Figure 
5.3) [175–177]. When the HIF hydroxylases are 

inhibited, HIF-α escapes hydroxylation, cannot 
bind to the von Hippel-Lindau protein, and accu-
mulates in the cytosol, from where it is recruited 
to the nucleus to form active transcription com-
plexes [156,178]. The HIF hydroxylases were 
reported to have Km for O2 around 100–250 uM, 
making them ideal oxygen sensors, with some 
variability for PHD2 depending on chain length of 
the target peptide [109,110,146,179,180]. In addi-
tion, the absence of 2-oxoglutarate, Fe, or ascor-
bate all compromise hydroxylase activity and limit 
degradation of HIF-α, resulting in HIF activation 
[95,177,181–183].

In standard tissue culture conditions, there is 
generally a complete absence of ascorbate that results 
in HIF upregulation in the presence of a normal 
oxygen supply, indicating that the HIF hydroxylases 
are unable to function effectively. This basal HIF 
activation can be completely blocked by the addition 
of ascorbate to the medium [181,182,184]. Uptake of 
ascorbate from culture medium can suppress HIF-α 
protein stabilization and HIF transcriptional activity 
due to hydroxylase inhibition with Ni2+, CoCl2, the 
iron chelator Desferal, and insulin-like growth 
factor or insulin [182,184–188]. Ascorbate can also 
mitigate HIF activation in response to hypoxia 
under some conditions; prevention is possible 
at moderate hypoxia (1%–5% O2) but generally 
not when oxygen is severely limited (≤1% O2), 
reflecting the absolute hydroxylase requirement for 
O2 [182,184,187–190].

In addition to the in vitro experiments reported 
previously, there is a substantial body of data 
that supports the requirement for intracellular 
ascorbate to regulate the HIF hydroxylases in vivo. 
Much of this information has come from cancer 
studies. HIF is often activated in tumors, and 
analysis of human tumor tissue has shown an 
inverse correlation between tumor ascorbate and 
levels of HIF-1 in colorectal, endometrial, breast, 
and thyroid cancers, and papillary renal carcinoma 
[191–195]. Higher tumor ascorbate was associated 
with increased disease-free survival for patients 
with colorectal cancer [192] and breast cancer 
[194]. In contrast with these findings, there was no 
correlation between ascorbate and HIF activation 
in clear cell renal carcinoma, a cancer that lacks a 
functional von Hippel-Lindau protein [193]. HIF 
is constitutively active in clear cell carcinoma due 
to loss of targeting of the hydroxylated HIF-α 
to the proteasome, and the protein accumulates 
independently of the availability of oxygen 
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and other hydroxylase substrates or cofactors, 
including ascorbate. The clear cell renal carcinoma 
data therefore provides a causative link for the 
relationship between intracellular ascorbate and 
the HIF hydroxylase-mediated regulation of HIF 
transcriptional activity [193].

In vivo investigations with tumor implants in 
the vitamin C–dependent Gulo−/− mouse have 
similarly shown that high tumor ascorbate content 
was inversely correlated with HIF activation 
and was associated with slowed tumor growth 
[190,196,197]. Oral ascorbate supplementation 
of severe combined immunodeficient (SCID) 
mice implanted with wild-type P493 cells or 
P493 cells expressing a mutant, stabilized form 
of HIF-1α resulted in significant inhibition of 
wild-type tumor growth but no effect on mutant 
HIF-1α tumors [198]. These studies indicate 
that higher ascorbate concentrations can inhibit 
HIF-1 activation and consequent tumor growth 
in mice, with the likely mechanism being due to 
increased hydroxylation of the HIF-α chains by 
the ascorbate-dependent HIF hydroxylases. The 
data are consistent with there being a relationship 
between intracellular ascorbate and HIF activation 
in vivo, but this remains to be tested in a human 
clinical intervention study.

Ascorbate and Epigenetics

Recent definitions of epigenetics describe “the 
study of changes in gene function that are 
mitotically and/or meiotically heritable and that 
do not entail a change in DNA sequence” [199]. 
Processes underpinning these changes in gene 
function include posttranslational modifications 
to histones and methylation of DNA bases. In 
mammals, epigenetic programming directs 
cellular differentiation during early development 
and is responsible for phenotypic differences 
[200–202]. Epigenetics is also closely linked 
with the development of cancer, with global 
hypomethylation of DNA resulting in genomic 
instability and increased chromosomal fragility 
[203–206]. An understanding of the role of 
ascorbate in epigenetics had expanded rapidly in 
the past decade due to the direct involvement of 
the 2-OGDDs in epigenetic regulation.

Ten-Eleven Translocase Enzymes and 

Ascorbate in Epigenetics and Development

The methylation of DNA cytosine (5mC) at gene 
promoters is usually associated with transcriptional 
silencing, and the dynamic regulation of gene 
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expression requires the controlled removal of 
5mC [201,206]. This process is mediated by the 
ten-eleven translocase (TET) enzymes, members 
of the 2-OGDD family which successively oxidize 
5mC to 5-hydroxymethylcytosine (5hmC), 
5-formylcytosine (5fC), and 5-carboxylcytosine 
(5caC), leading to excision repair and effective 
demethylation (Table 5.1) [84,207,208]. In addition 
to its role as an intermediate in the demethylation 
process, 5hmC can be a stable epigenetic marker 
and is relatively abundant at ∼0.032% of the 
genome in embryonic tissues and up to 0.6% 
in Purkinje cells in the cerebellum [209]. Its 
presence is associated with altered levels of gene 
transcription [85]. It can engage its own binding 
proteins and is most abundant at enhancers, gene 
bodies, promoters and CpG islands with lower 
GC content, and accumulates on euchromatin 
marked by H3K4me2/3 [210–213]. These data are 
indicative of the TET enzymes having complex 
regulatory and functional epigenetic roles via 
generation of 5hmC.

There are three TET proteins that are differen-
tially expressed with distinct functions. Tet1 and 
Tet3 are highly expressed in development with 
different temporal dynamics [214,215]. Tet2 is 
more broadly expressed, and TET2 loss of function 
mutations are associated with the development 
of human myeloid malignancies [216,217]. The 
differentiation of murine embryonic stem cells 
(mESCs) is accompanied by decreased levels of 
5hmC and downregulation of Tet1 and Tet2 [207]. 
Knockout of individual TET proteins results in 
viable mice, indicating some redundancy in func-
tion [218] but with evidence for developmental 
dysregulation. TET1-dependent effects on neuro-
genesis were noted [219], as was TET2-dependent 
susceptibility to atherosclerosis [220], combined 
effects of TET1/TET2 on differentiation [221,222], 
and TET3-dependent effects on neuroectodermal 
and mesodermal fate [215].

Like other 2-OGDDs, the TET hydroxylases 
utilize O2 and 2-OG as substrates and depend on Fe 
and ascorbate as cofactors. The dependency of the 
TETs on ascorbate has been demonstrated in vitro, 
with ascorbate insufficiency dramatically affecting 
TET targets, patterns of DNA methylation, and the 
phenotype of cultured embryonic stem cells [223–
226]. In humans, low maternal plasma ascorbate in 
pregnancy has been shown to correspond to low 
ascorbate status in the neonate [227] and to affect 
offspring development [228]. A close positive 

association between 2-OG levels and ascorbate 
(P < .0001) was reported in the placentae of a 
human obesity cohort, with widespread alterations 
in the fetal methylome, including associations 
with 5hmC levels [229]. Evidence that low 
ascorbate status during pregnancy can affect the 
development of offspring comes from studies with 
guinea pigs where phenotypic changes including 
growth retardation and effects on hippocampal 
and cerebellar neurogenesis have been reported 
in pups born to sows with low ascorbate status 
[230–232]. The irreversibility of the phenotype 
changes is suggestive of an effect of vitamin C 
on epigenetics in development [233]. It is likely 
that these effects are mediated via decreased TET 
activity, given the phenotypic overlap of ascorbate 
deficiency with the various TET knockout models.

Ascorbate and TET Enzymes in Cancer

Further evidence for the role of ascorbate in 
maintaining TET enzyme activity has come from 
the investigation of acute myeloid leukemia 
(AML, reviewed in [234]). Mutations in TET2 
are relatively common in human AML, where 
∼10% of patients have lost function in one allele 
[235,236]. This results in decreased global TET 
activity in leukemic cells, as evidenced by loss 
of cytosine hydroxymethylation in DNA along 
with increased promoter methylation [237]. 
Mouse models of AML, using TET2 knockout or 
knockdown in the hematopoietic compartment, 
have demonstrated similar changes in methylation 
and hydroxymethylation [53,216]. Importantly, 
ascorbate was able to reverse these changes by 
upregulating residual TET. Furthermore, ascorbate 
deficiency was interchangeable with heterozygous 
loss of TET2, with either change cooperating with 
mutations in FLT3 to promote leukemogenesis.

A number of other mechanisms can contribute 
to decreased TET activity (Figure 5.4), for example, 
mutations in IDH1, IDH2, and WT1 seen in AML 
[237,238], as well as decreased expression of l-2-
hydroxyglutarate dehydrogenase in clear cell 
renal cancer [239]. Interestingly, treatment with 
ascorbate is able to activate TET2 in a number of 
these scenarios, providing further confirmation 
for the cofactor role of ascorbate. A number of 
these observations have come from situations that 
involve low ascorbate status but not deficiency 
[53,229], suggesting that effects on TET activity 
are possible within the parameters of the range of 



81ASCORBATE AS AN ENZYME COFACTOR

plasma ascorbate levels in the general population 
(10–100 µM). Cumulatively, these data suggest that 
ascorbate is able to mitigate the effect of decreased 
TET2 activity in models of cancer at least in part by 
upregulating TET2 activity.

Ascorbate and Other 2-OGDDs in Cancer

The JHDM and AlkB subfamilies of 2-OGDDs are 
also potentially regulated by changes in the avail-
ability of substrates and cofactors. These enzymes 
regulate DNA repair and gene expression and the 
greater than 20 JMJC enzymes demethylate mono-, 
di-, and trimethylated histone lysine or arginine 
residues via oxidation of the methyl group and the 
spontaneous removal of formaldehyde (Table 5.1) 
[73,240]. Together these groups of 2-OGDDs affect 
genetic processes in all cells, and their potential 
regulation by ascorbate could provide a broad 
range of potential targets in cancer cells, many of 
which are currently uncharacterized.

ASCORBATE AS A COFACTOR FOR COPPER-
CONTAINING MONOOXYGENASES

Ascorbate is required for the reactions catalyzed 
by Cu-containing monooxygenases that facilitate 
the production of dopamine and norepinephrine, 
and the synthesis of amidated neuropeptide 
hormones [241–248]. These compounds have 
critical functions in our biology, and it is notable 
that there are very high ascorbate concentrations 
in the adrenal medulla and pituitary glands where 
the monooxygenases are active [5,36,114]. Unlike 
the situation with the 2-OGDD reaction cycle that 
can proceed to some extent without consuming 
ascorbate [93], the Cu-monooxygenases utilize 
the reducing capacity of ascorbate, and this results 
in the generation of semidehydroascorbate or 
dehydroascorbate [5]. This results in high turnover 
of ascorbate in the adrenals and pituitary and may 
help explain the exacerbated loss of ascorbate 
under conditions of high stress [249].
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Figure 5.4. The role of ascorbate in ten-eleven translocation (TET) activity. The TET enzymes oxidize methylcytosine 
(5mC) to hydroxymethylcytosine (5hmC) and require ascorbate for this activity [223–225]. Suboptimal ascorbate 
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(2HGDH) also lead to increased levels of 2-HG [239]. In both instances, in vitro models demonstrated decreased TET2 
activity, which was restored by treatment with ascorbate.



82 VITAMIN C

There are two Cu-containing monooxygenases 
in mammals that together are responsible for 
the synthesis of norepinephrine and amidated 
neuropeptide hormones with wide-ranging 
biological impact. The requirement for ascorbate as 
a cofactor for these enzymes has been extensively 
documented [241–248].

Dopamine β-Hydroxylase

Dopamine β-hydroxylase is found in the chromaffin 
granules of the adrenal medulla and sympathetic 
neurons, where it catalyzes the hydroxylation of 
the catecholamine neurotransmitter dopamine to 
generate norepinephrine (Table 5.1 and Figure 
5.5) [250]. The reaction proceeds in two distinct 
steps; ascorbate-mediated reduction of Cu2+ in 
the enzyme active site followed by Cu+-mediated 
activation of oxygen to hydroxylate dopamine 
to the norepinephrine product (Figure 5.5). 
Ascorbate is consumed stoichiometrically in this 
reaction cycle with equimolar production of 
semidehydroascorbate and dopamine [251–254]. 
The Km for ascorbate is ∼0.6 mM [243,251], 
and the adrenals and neurons supporting this 

activity contain 10–20 mM ascorbate, the highest 
concentrations in the body [5,36,37,49,51]. These 
tissues accumulate ascorbate very efficiently and 
retain their content when plasma supply is limited 
[114], suggesting adaptation to ensure ongoing 
optimal dopamine β-hydroxylase activity.

Peptidylglycine α-Amidating Monooxygenase

Many neuropeptide hormones and neurotransmit-
ters contain a C-terminal amide that is necessary 
for biological activity [241,255]. The final step in 
the amidation of glycine-extended precursors of 
these neuropeptides is catalyzed by peptidylglycine 
α-amidating monooxygenase (PAM), in a reaction 
that requires copper, ascorbate, and molecular oxy-
gen (Figure 5.5 and Table 5.1) [241,248]. PAM is a 
multifunctional enzyme with two distinct cata-
lytic domains that generate the amidated products 
in two sequential steps (Figure 5.5). In the first 
step, a hydroxylated intermediate is generated by 
peptidylglycine α-hydroxylating monooxygenase 
(PHM). This reaction is Cu-dependent, consumes 
ascorbate and O2 (Figure 5.5), and is followed by 
conversion of the intermediate to the α-amidated 
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peptide product and glyoxylate by peptidyl-α-
hydroxyglycine α-amidating lyase (PAL) (Figure 
5.5) [241,248,256].

PAM is the only enzyme known to produce 
amidated peptide hormones, is highly conserved, 
and is found in many tissues including the 
pituitary, neurons, ovaries, testes, eyes, adrenals, 
placenta, thymus, and pancreas [248,255,257]. 
As observed with dopamine β-hydroxylase, 
the tissue distribution of this enzyme coincides 
with high local ascorbate concentrations, and 
intracellular levels of 10–20 mM have been 
measured [36,37,49,51]. PAM is responsible for the 
production of oxytocin, vasopressin, thyrotropin-
releasing hormone, and substance P, among 
many others [248,255,257,258], and its activity is 
therefore essential for many life processes.

EFFECT OF ASCORBATE AVAILABILITY ON 
COPPER-CONTAINING MONOOXYGENASE-
MEDIATED PROCESSES

The early realization that ascorbate was an 
essential cofactor for dopamine β-hydroxylase 
and PAM led to numerous studies that together 
provide a compelling case for the maintenance of 
optimal ascorbate status in the regulation of these 
enzyme activities. Much of this information has 
come from animal studies that have determined 
the effects of the peptides and catecholamines 
produced by these enzymes. Recent human data 
are also particularly worth consideration for their 
clinical relevance. Some examples are given in the 
following sections.

Oxytocin

Oxytocin is synthesized in the hypothalamus and 
stored in the pituitary from where it is released 
as a fast-acting hormone that stimulates positive 
emotions [241,255]. It is also synthesized in the 
corpus luteum and in Leydig cells in the testis 
[259–261], in line with its known functions 
in fertility and reproduction, lactation, and 
childbirth [259–261]. These tissues contain very 
high concentrations of ascorbate; interestingly, 
ascorbate concentrations in the ovaries of 
cattle and sheep varied substantially during the 
fertility cycle, with ascorbate levels peaking at 
the time of maximum expression of PAM and 
oxytocin production [257,260–262]. Ascorbate 

administration was also shown to increase plasma 
oxytocin in rats [263].

Vasopressor Functions—Vasopressin 
and Norepinephrine

Norepinephrine and vasopressin are able to regulate 
blood flow, heart rate, and energy metabolism. 
Vasopressin is released from the pituitary in 
response to increased osmolality or decreased 
blood pressure and acts on the kidney and smooth 
muscle cells to regulate the reabsorption of water 
and constrict arterioles [264]. Effects of ascorbate 
availability on vasopressin were first demonstrated 
in animals in which ascorbate increased plasma 
vasopressin in association with changes in urinary 
volume and sodium excretion [263,265,266].

Vasopressor requirements are a major 
consideration in the clinical care of the critically 
ill, with management of hypotension presenting 
a major challenge for the doctors of patients 
with acute sepsis [267,268]. In response to strong 
evidence for severely depleted plasma vitamin C 
levels in these patients [269–274], a number 
of studies have been undertaken to determine 
the effect of ascorbate supplementation on 
vasopressor use and patient outcome in patients 
in intensive care. Early indications suggest that 
the recommended ascorbate levels in parenteral 
nutrition are inadequate and do not compensate 
for the accelerated turnover in these patients 
[272]. Substantial clinical benefit of additional 
vitamin C supplementation, manifest as decreased 
dependency on vasopressors [275], less multiple 
organ failure and a dramatic reduction in 
mortality [276] are suggested. These data have 
initiated significant interest and discussion, 
and more targeted clinical trials are anticipated 
[267,275,277–281].

Tetrahydrobiopterin Recycling

Ascorbate provides reducing equivalents for 
the recycling of that tetrahydrobiopterin, the 
cofactor for tyrosine hydroxylase that synthesizes 
dihydroxyphenylalanine (L-dopa), the precursor 
of dopamine, and tryptophan hydroxylase, which 
is involved in the synthesis of serotonin [282,283]. 
In addition, tetrahydrobiopterin is a cofactor for 
the nitric oxide synthases, and ascorbate-mediated 
recycling has been suggested to be a mechanism 



84 VITAMIN C

for observed cardiovascular health benefits of 
supplementation [284].

Substance P

Substance P is an amidated peptide hormone 
synthesized by PAM [258] that is virtually 
ubiquitous in its distribution and action. Its 
receptors are found in many cell types, and it 
is known to be involved in stress responses, 
inf lammation, pain, mood disorders, and 
vasodilation [285–287]. Antagonists of substance 
P are proposed as possible therapies for many 
inflammatory diseases, but the effects of vitamin 
insufficiency have not been investigated.

SUMMARY

The past two decades have seen the discovery of 
numerous additional enzymes for which ascorbate 
is a cofactor. The enzymes identified to date belong 
to two groups, the Fe-containing 2-OGDDs and 
the Cu-containing monooxygenases. Ascorbate 
is essential for the regeneration of the active site 
Fe in the 2-OGDDs and is a required cofactor for 
the Cu-containing enzymes. Alternative biological 
reducing compounds such as glutathione do not 
appear to be able to substitute. The Km values 
reported for ascorbate for these enzymes are 
between 0.2 and 0.6 mM, and the co-localization 
of these activities with high tissue ascorbate levels 
is a strong indication that enzyme cofactor activity 
is the primary biological role of this essential 
vitamin. The ascorbate-dependent enzymes 
represent an impressively diverse number of 
biological functions. These include the generation 
of catecholamine neurotransmitters and many 
neuropeptide hormones; the synthesis of carnitine; 
the posttranslational modification of collagens and 
the HIF transcription factors; the demethylation 
of DNA, RNAs, and histones; and DNA repair. 
Together with improved understanding of 
ascorbate uptake and turnover kinetics, the 
recognition that the vitamin has a role in the 
maintenance of so many biological functions will 
undoubtedly improve our future management of 
intake according to clinical need.
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CHAPTER SIX

Role of Ascorbate and Dehydroascorbic Acid 
in Metabolic Integration of the Cell

Gábor Bánhegyi, András Szarka, and József Mandl

INTRODUCTION

Cellular metabolism is determined by 
contributions of different intracellular organelles, 
which are also separated metabolic compartments. 
This metabolism has different functions, trends, 
and directions in its adaptation to various 
bioenergetic and signaling stimuli demands. 
All cellular processes including cell death and 
autophagy are controlled by intimate cross talk 
among the various organelles. Intracellular redox 
homeostasis is an essential part of the cellular 
metabolic integration. Major determinants and 
actors of intracellular redox homeostasis are also 
formed in different intracellular compartments. 

There are major differences in redox conditions 
among the various organelles, which also depend 
on their cellular functions. Metabolic integration 
also involves integration of redox conditions 
in the cytosol, in mitochondria, in the luminal 
compartment of the endoplasmic reticulum (ER), 
or in lysosomes. Transports of various metabolites 
and redox active components are fundamental 
in the regulation of intermediary metabolism 
and in the maintenance of the organelle redox 
homeostasis, and they are essential elements of 
the interorganelle cross talk.

Ascorbate has several functions in basic cellular 
functions and regulations [7,9,10,13,52]. It is also 
noteworthy that different organelles participate 
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in de novo ascorbate synthesis [7]. Nevertheless, it 
is also well-known that several species, including 
humans, are unable to form ascorbate in spite 
of its essential role in redox homeostasis, as 
the last enzyme of the hexuronic acid pathway 
for ascorbate synthesis has been lost in humans 
and in some other species. However, it is very 
instructive to keep these facts in mind. We want 
to emphasize the role and function of glycogen 
particles and endoplasmic reticulum in ascorbate 
formation [7,10,52]. These facts suggest a special 
integratory role of ascorbate, and the significance 
of the intracellular transport processes.

VITAMIN C IN METABOLISM: REDOX CONTEXT

Ascorbate is a characteristic component in redox 
homeostasis. This special role is connected to its 
participation in redox reactions transferring one 
or two electrons, as well and its ability to regulate 
oxidoreductions around different iron (Fe) (and 
copper [Cu]) ions. These redox reactions are 
connected directly or indirectly to oxygen supply, 
underlying its essential biological role.

Almost all vitamin C–dependent reactions 
are based on the easy electron transfer 
properties of ascorbate and its oxidized 
products, monodehydroascorbate (MDHA) 
and dehydroascorbic acid (DHA). These three 
compounds are interconnected by a variety of 
redox reactions, which serve also the recycling of 

ascorbate (see Figure 6.1). The metabolic network 
ensures that although ascorbate is an excellent 
electron donor, its oxidation seldom results in 
the loss of the vitamin [7], which is especially 
important in species unable to synthesize ascorbate. 
Besides the well-known antioxidant role, ascorbate 
is a cofactor for several enzymes; that role is also 
based on its redox properties.

ASCORBATE-REQUIRING ENZYMES 
AND THEIR SUBCELLULAR 
COMPARTMENTALIZATION

Ascorbate-dependent enzymes have been reported 
from various locations within the eukaryotic cells, 
suggesting that ascorbate should be present in all 
organelles.

Fe[II]/2-Oxoglutarate–Dependent Dioxygenases

In the lumen of the ER, three enzymes are present that 
are required for the posttranslational modification 
of proline and lysine during the synthesis of collagen 
(prolyl-3-hydroxylase, prolyl-4-hydroxylase, lysyl 
hydroxylase). Hydroxylation is required for the 
triple helical structure of the collagen molecule; 
thus, ascorbate is essential to the development and 
maintenance of the extracellular matrix in blood 
vessel wall, scar, and connective tissues [50,58].

Other prolyl hydroxylases: hypoxia-inducible 
factor (HIF) prolyl hydroxylases (three isoforms) 

 [a]  A + R• → MDHA• + R

 [b]  A + Fe3+ (or Cu2+) → MDHA• + Fe2+ (or Cu+)

 [c]   2 MDHA• → A + DHA

 [d]  MDHA• + e− → A

 [e]   DHA + 2 RSH → A + RSSR

 [f]   A + RH + O2 → DHA + ROH + H2O

 [g]  RH + O2 + 2-oxoglutarate → ROH + CO2 + succinate

 [h]  R-Me + O2 + 2-oxoglutarate → RH + CH2O + CO2 + succinate

Figure 6.1. Electron transfer with the involvement of ascorbate and its metabolites. Ascorbate (A) can react with free 
radicals and other reactive species in spontaneous nonenzymatic reactions [a]. A can reduce transition metal ions either in 
free or protein-bound form [b]. The above reactions produce the resonance-stabilized monodehydroascorbate (MDHA) 
radical that can be disproportionate to A and dehydroascorbic acid (DHA) [c], or enzymatically reduced back to A with 
an electron supplied by NADH [d]. DHA can be reduced back to A at the expense of protein and nonprotein thiols both 
in enzymatic and nonenzymatic reactions [e]. A is an electron donor for copper-containing monooxygenases, such as 
dopamine β-hydroxylase and peptidylglycine α-hydroxylating monooxygenase. Ascorbate reduces the copper sites to the 
catalytically active Cu+ form [f]. A is also required for the regeneration of Fe2+ in hydroxylation [g] or demethylation [h] 
reactions of different substrates, catalyzed by Fe(II)/2OG-dependent dioxygenases.
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are localized in the cytosol. They hydroxylate 
HIF1α, a key transcriptional factor in the regulation 
of hypoxic response together with FIH (factor 
inhibiting HIF1), an aspartate hydroxylase. The 
outcome of the hydroxylation is the proteasomal 
degradation of HIF1α and thus the cutoff of the 
transcription of HIF1α-regulated genes [39].
ε-N-trimethyl-L-lysine hydroxylase and 
β-butyrobetaine hydroxylase, enzymes necessary 
for synthesis of carnitine, seem to be localized to 
the mitochondria and cytosol. Carnitine is essential 
for the transport of fatty acids into mitochondria 
for β-oxidation and consequent ATP generation 
[66]. However, the subcellular localization of 
4-hydroxyphenylpyruvate dioxygenase, the 
enzyme that participates in the catabolism of 
tyrosine, is less known. In the nucleoplasm Fe(II)/2-
oxoglutarate–dependent dioxygenases are involved 
in the epigenetic regulation of gene expression by 
demethylating histones and DNA [55]. Enzymes that 
demethylate histones mainly belong to the Jumonji 
protein family conserved from yeast to humans 
with a common jmjC functional domain [82]. 
DNA demethylation occurs at the methyl group of 
5-methylcytosine via subsequent oxidative steps 
catalyzed by the dioxygenases of the ten-eleven 
translocation (TET) family [35,45].

Copper Type II Ascorbate-
Dependent Monooxygenases

Dopamine β-monooxygenase and peptidylglycine 
α-hydroxylating monooxygenase are localized in 
the chromaffin granules, synaptic and secretory 
vesicles. They are involved in catecholamine 
and peptide hormone biosynthesis, respectively 
[21,51,63].

SUBCELLULAR TRANSPORT OF VITAMIN C

Since ascorbate-dependent reactions are present 
in many subcellular compartments and ascorbate 
and its oxidized products are charged and water-
soluble molecules, transporters must be present 
in intracellular membranes to keep the optimal 
organellar concentrations. AA/DHA transporters 
have been described and characterized initially in 
the plasma membrane [19]. Ascorbate can be taken 
up and intracellularly accumulates by secondary 
active transport mediated by sodium-dependent 
vitamin C transporters SVCT1 (SLC23A1) and SVCT2 
(SLC23A2). While the expression of SVCT2 is relatively 

widespread, protecting metabolically active tissues 
from oxidative stress or satisfying special metabolic 
demands, SVCT1 is expressed in epithelial tissues 
in intestine and kidney and is involved in dietary 
absorption and renal reabsorption of ascorbate, 
contributing to the maintenance of whole-body 
vitamin C levels [15,86].

DHA is taken up by facilitated diffusion 
mediated by the members of the mammalian 
facilitative hexose transporter GLUT family [84]. 
Although under physiologic conditions DHA 
transport can be less significant since DHA is 
present at low concentrations in the extracellular 
space, GLUT-dependent uptake becomes more 
intense in oxidative stress and can be stimulated 
by extracellular oxidants or oxidase activities. The 
DHA-transporting capabilities of GLUT transporters 
have not been systematically investigated, but it is 
clear that many—if not all—members of the GLUT 
family (e.g., GLUT1-4) are able to mediate DHA 
transport in the plasma membrane [11].

While the presence of these transporters in the 
plasma membrane is well documented and their 
participation in vitamin C transport is more or less 
characterized, their distribution and functioning in 
the endomembranes remained an enigma for long 
time. Recent observations shed some light on their 
role in the intracellular transport of vitamin C.

SVCTs in the Intracellular Membranes

SVCTs require a sodium gradient for their transport 
activity; this condition has been seldom reported in 
case of the intracellular membrane. The sole notable 
exception is the mitochondrial inner membrane, 
where a proton/sodium exchanger (NHE) promotes 
sodium efflux and generates an inward gradient [38]. 
In line with this observation, sodium-dependent 
ascorbate transport mediated by SVCT2 has been 
reported in mitochondria [6,57]. These experimental 
observations are also supported by computational 
prediction tools [75]. Mitochondrial SVCT2 is active 
at low millimolar sodium concentration, which 
allows transport under intracellular conditions 
[28] and ensures ascorbate accumulation in the 
mitochondrial matrix—a compartment that requires 
antioxidant protection [16].

Recently, a new mitochondrial ascorbate 
transport activity has been described and 
partially characterized [70]. The protein with a 
molecular mass of 28–35 kDa catalyzes saturable, 
temperature- and proton-gradient-dependent, 
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unidirectional ascorbate transport. This proton/
ascorbate symporter shows biochemical features 
different from those of GLUTs or SVCTs.

GLUT Family Members in the 
Intracellular Membranes

GLUT transporters are primarily glucose 
transporters in the plasma membrane [56]. They 
reach their final destination via the secretory 
pathway; thus, their presence at different 
compartments can be simply explained by 
traveling along the pathway [80]. The appearance 
of GLUTs in the mitochondrial membranes 
observed by some studies is more surprising.

The protein family of facilitative glucose 
transporters (SLC2A, GLUT) comprises 14 isoforms 
in the human proteome. Based on their sequence 
homology, three classes can be distinguished. The 
characterization of the more recently described 
class II and III isoforms revealed that despite their 
structural similarities, they show a distinct tissue-
specific expression pattern, specific subcellular 
localization, and affinities for a variety of ligands 
other than glucose.

At least six members of the GLUT family 
(GLUT1-4, -8, -10) have been recognized as DHA 
transporters [18,46,53,61,68,69]. Half of them have 
been reported in the internal membranes: GLUT1 
in the Golgi apparatus [60] and the mitochondrial 
inner membrane [42], GLUT8 in the lysosomes 
[3,26], and GLUT10 in the nuclear envelope [20], 
in the mitochondrial inner membrane [46], in 
the Golgi apparatus [46], and in the ER [30,71]. 
Thus, vitamin C can be transported into many 
intracellular compartments in the form of DHA, 
with the mediation of GLUT transporters [8].

Mitochondrial Vitamin C Transport

The early observation of Ingebretsen and Normann 
[34] that ascorbate concentration in mammalian 
mitochondria could be increased by dietary 
vitamin C supplementation suggested the existence of 
vitamin C transport through the mitochondrial inner 
membrane. Later this observation was reinforced by 
other in vivo studies [48,65]. Mitochondria and the 
mitochondrial electron transfer chain (ETC) play a 
more than important role in both the biosynthesis 
and the recycling of vitamin C in plant cells [12,78]; 
thus, it is not surprising that mitochondrial vitamin C 
transport was first characterized in plant cells [77]. 

This previous finding that vitamin C can enter plant 
mitochondria as DHA [77] was confirmed later 
by Golde and coworkers [42] in animal cells. The 
detailed characterization of the transport shed light 
to many features. The stereoselective mitochondrial 
D-glucose uptake that competed with the uptake 
of DHA suggested the involvement of glucose 
transporters, especially the members of the GLUT 
family. Indeed, the in silico analysis of the N-terminal 
sequences of human GLUT isoforms gave high 
probability for the mitochondrial localization of 
GLUT1.

The localization predicted by computational 
analysis was verified by the expression of GLUT1 
green fluorescent protein, immunoblot analysis, 
and cellular immunolocalization [42]. At this point, 
all the observations suggest that vitamin C enters 
mitochondria in its oxidized form by the mediation 
of GLUT1 in a similar fashion to its cellular uptake 
and to the plant mitochondrial analog. Five years 
later the mitochondrial localization of another 
member of the GLUT family, GLUT10, was also 
reported in mouse aortic smooth muscle cells and 
insulin-stimulated adipocytes [46]. GLUT10 could 
elevate the mitochondrial uptake of labeled DHA 
in H2O2-treated smooth muscle cells that resulted 
in lower reactive oxygen species (ROS) levels. This 
protecting effect of vitamin C could be suspended 
by glucose pretreatment or by RNA interference 
of GLUT10 mRNA expression in smooth muscle 
cells [46].

The reduced form, ascorbate, was ruled out 
as the transported form of vitamin C through 
the inner mitochondrial membrane since the 
mitochondrial uptake and accumulation of this 
form could not be observed in mitochondria 
from both human kidney cells or from rat liver 
tissue [42,48]. Until 2013 DHA was considered to 
be the transported form of vitamin C, and GLUT 
transporters were considered solely to be the 
transporters responsible for vitamin C transport 
through the inner mitochondrial membrane. 
However, 6 years ago, Cantoni and coworkers 
showed the mitochondrial expression of the 
sodium-dependent ascorbic acid transporter, 
SVCT2, in U937 human myeloid leukemia cells 
[6,32]. This observation raised the possibility 
of the transport of the reduced form, ascorbate, 
through the inner mitochondrial membrane. A 
year later this possibility was strongly supported by 
further experimental results. The relevance of the 
transport of ascorbate and the existence of SVCT2 
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in the mitochondria was confirmed by confocal 
colocalization experiments and immunoblotting 
of proteins originated from highly purified 
mitochondrial fractions of HEK-293 cells [57]. 
All the investigated 16 different human cell lines 
(including normal, neoplastic, and primary cells) 
showed similar localization patterns proving the 
generality of the mitochondrial localization of 
SVCT2. The mitochondrial protein abundance 
of SVCT2 decreased by at least 75% due to the 
silencing of SVCT2. According to the observed 
lower mitochondrial abundance of SVCT2, the 
capacity of the mitochondrial ascorbate transport 
was only one-fourth of the control cells [57]. 
Hence, the functionality of mitochondrial SVCT2 
transporters was also demonstrated. Interestingly, 
no GLUT10 expression could be found in HEK-293 
cells, and the mitochondrial expression of GLUT1 
could not be reinforced in the same experiments 
[57]. Thus, the role of GLUTs in the mitochondrial 
vitamin C transport was queried.

According to these controversial results and 
observations, our picture of mitochondrial 
vitamin C transport had become quite obscure by 
the spring of 2014. The quasi-solid role of GLUTs 
and the transport of DHA seemed to be queried, 
and the role of the initially excluded SVCTs and the 
transport of ascorbate in mitochondrial vitamin C 
transport seemed to be strengthened. At this point, 
our group enlisted the aid of in silico prediction 
tools to clarify the in vitro and in vivo results. The 
possibility of mitochondrial localization for all the 
members of the GLUT and SVCT families has been 
investigated by seven different in silico prediction 
tools. These computational predictions rely only on 
the protein sequence. They can score the likelihood 
that a protein belongs to a given compartment. The 
chosen prediction tools used different algorithms 
such as neural networks, a linear combination of a 
number of sequence characteristics such as amino-
acid abundance, maximum hydrophobicity, and 
maximum hydrophobic moment, the k-nearest-
neighbor method, a support vector machine-based 
approach, an n-gram-based Bayesian classifier, or 
gene ontology to give a prediction score that a 
protein belongs to a given compartment.

Six out of the seven prediction tools gave a 
good chance for the mitochondrial localization 
of GLUT1. The high probability of its 
mitochondrial localization became more evident 
if its mitochondrial probability scores were 
compared to the scores of the other GLUTs and 

to those of dicarboxylate carrier, a protein with 
well-known mitochondrial localization [75]. 
In this way, our in silico results reinforced the 
GLUT1-EGFP and immunoblot-based findings 
of KC et al. on the mitochondrial localization of 
GLUT1 [42]. However, the scores we got for the 
mitochondrial localization of GLUT10 were by 
far the lowest out of all the investigated transport 
proteins that really query the role of GLUT10 as 
a mitochondrial vitamin C transporter [75]. On 
the contrary, the mitochondrial localization of 
SVCT2 reached high scores, in concordance with 
the confocal colocalization, immunoblotting, 
and SVCT2 silencing experiments of the earlier 
mentioned study of Muñoz-Montesino et al. [57]. 
It is noteworthy that GLUT9 and GLUT11 also 
scored highly for mitochondrial localization. 
Unfortunately, the DHA transport ability of 
these transporters has not yet been investigated. 
Thus, their role in mitochondrial vitamin C 
transport—based on these in silico results—cannot 
be confirmed or ruled out.

To clarify these questions around mitochondrial 
vitamin C transport, an enriched hydroxyapatite 
fraction from highly purified rat liver and 
potato mitochondria was reconstituted in 
proteoliposomes, and a functional ascorbic acid 
transporter was found in them [70]. Two main 
protein bands in the range of 28–35 kDa were 
found both in rat and potato hydroxyapatite 
eluates. The presence of SVCT2 or GLUTs was 
excluded, since they can be characterized by higher 
molecular masses ranges between 55 and 60 kDa. 
The protein showed unidirectional transport 
and could be stimulated by the generation of an 
inwardly directed proton gradient. In contrast to 
GLUT1 and SVCT2, which has a pH optimum at pH 
7.5–8 [28,83], it has a pH optimum between 6.5 and 
7 [70]. The rat and potato proteins showed similar 
inhibitor sensitivity, and both were highly sensitive 
to only the lysine blocking reagent pyridoxal 
phosphate, while neither of them was affected 
by typical SVCT2 or GLUT inhibitors. Contrary to 
the ascorbate uptake mediated by SVCTs, ascorbate 
uptake into proteoliposomes, reconstituted with 
both potato and rat liver mitochondrial extract, 
was not influenced by the presence of sodium and 
can be characterized by much higher KM (8.4–
60 µM versus 1.5 mM) [11,28].

All of these results, the sodium independency, 
the different molecular weight, pH dependence, 
inhibitor profile, and KM, suggest that the observed 
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ascorbate transport in proteoliposomes is not 
mediated by GLUT1 or SVCT2 [70]. The resulting 
proposal is that beyond GLUT1 and SVCT2, there 
is a third potential mitochondrial transport 
protein. The typical ascorbate concentration in 
mammalian cells is 0.1–0.8 mM [73,74]. The 
ascorbate concentration of the human plasma 
does not reach the concentration of 0.1 mM [47]. 
The recently described mitochondrial ascorbate 
transporter can be characterized by 1.5 millimolar 
KM values, the SVCT2 by 8.4–60 µM, and the GLUT 
transporters, which transport DHA, by millimolar 
KM values. None of the transporters can be ruled 
out from having a role in mitochondrial vitamin C 
transport on the basis of the proposed intracellular 
concentrations and the KM values of the transports, 
per se. Therefore, the picture on mitochondrial 
vitamin C transport (and transporters) becomes 
even more obscure.

VITAMIN C IN MITOCHONDRIA

Mitochondrial Reactive Oxygen Species 
Generation and Elimination

There is a strong relationship between ROS 
generation, mitochondrial membrane potential 
(∆ψm), and the activity of the complexes of the 
electron transfer chain [85]. Any block in the 
electron transfer chain can lead to an increase in 
mitochondrial ROS (mROS) generation, while 
the drop in ∆ψm stimulated by uncoupling can 
lead to a reduced rate of free radical production. 
Reasonably, the hyperpolarization of mitochondria 
leads to enhanced generation of ROS [1]. On one 
hand, the generation of mROS could play an 
essential role in signaling pathways, since ROS can 
behave as secondary messengers [67]. On the other 
hand, the level of ROS must be kept below a certain 
level, otherwise they can cause severe cytotoxicity 
[67,81]. This nontoxic level of ROS for their 
signaling role can be achieved by the fine-tuning 
of ROS production and scavenging pathways [67].

There are two different ways to regulate the 
amount of mROS in the cells: first by the regulation 
of their production, and second by scavenging 
them via different antioxidant mechanisms 
[22,23,67]. The first way to influence mROS 
production is to cause or prevent over-reduction 
of the electron transfer chain. The over-reduction 
of the electron transfer chain can be avoided, 
for instance, by the activation of uncoupling 

proteins (UCPs) [59]. In case of the malfunction 
of the first way, electrons can escape from the 
electron transfer chain and generate free radicals, 
predominantly superoxide radical [1,67]. At this 
point, the antioxidant system has an important 
role as the second means of ROS regulation. 
This defense mechanism has both enzymatic 
and nonenzymatic components. Thanks to the 
rapid spontaneous or enzymatic dismutation of 
superoxide anion to hydrogen peroxide (H2O2) 
by manganese superoxide dismutase (SOD) in 
the mitochondrial matrix or by copper-zinc-SOD 
in the intermembrane space, its lifetime is very 
short, being not longer than 1 ns [1]. The result 
of the dismutation of superoxide anion is that 
the membrane-permeable H2O2 can participate 
in signaling cascades or be degraded by the 
enzymes catalase, glutathione peroxidase, and 
peroxiredoxin 3 [29]. As mentioned, above a limit 
H2O2 is dangerous for cells, since it can readily 
react with transition metals in the Fenton reaction, 
to form the highly reactive, cytotoxic hydroxyl 
radical [81]. Beyond the mentioned enzymatic 
elements of the antioxidant system, the small 
molecular weight nonenzymatic elements also 
play an important role in antioxidant defense. The 
two major water-soluble antioxidants of the cells 
are the glutathione and the ascorbate.

Vitamin C in Mitochondrial Antioxidant Defense

It is well documented that elevated levels of 
ROS can induce the collapse of ∆ψm that leads 
to cell death [14]. The decrease of ∆ψm due to 
H2O2 treatment could be partially mitigated, 
and the mitochondrial release of cytochrome 
c could also be avoided by DHA pretreatment 
in HL-60 cells [31], in monocytes after FAS-
induced apoptosis [64], or in cells undergoing 
hypoxia-reperfusion [25]. The exposure of U937 
leukemia cells to arsenite caused the formation 
of superoxide with mitochondrial origin and 
the consequent inhibition of the superoxide 
sensitive enzyme, aconitase. The cells died by a 
mixed autophagic and apoptotic mechanism. All 
the toxic effects mediated by superoxide were 
entirely dependent on its conversion to H2O2 and 
could be suspended by low micromolar ascorbate 
treatment [32,33]. The known persistent organic 
pollutant and liver damage toxicant dichloro-
diphenoxy-trichloroethane (DDT) induced the 
death of HL-7702 cells. DDT treatment caused 
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mitochondrial hyperpolarization, the consequent 
enhancement of ROS generation, and resulted 
in the release of cytochrome c into the cytosol. 
Other apoptotic markers such as the subsequent 
elevations of Bax and p53, along with suppression 
of Bcl-2, the activations of caspase-3 and -8 were 
triggered due to the DDT treatment. The treatment 
of the cells with vitamin C and vitamin E 
remarkably suppressed the mitochondrial damage 
and ROS generation.

Vitamin C treatment could also mitigate the 
caspase activation and the mitochondrial release of 
cytochrome c, demonstrating the antiapoptotic and 
mitochondrial protective role of vitamin C in DDT 
poison [37]. Similarly, vitamin C treatment of H4 
human neuroglioma cells overexpressing human 
amyloid precursor protein and rat neuroblastoma 
cells could attenuate the anesthetic isoflurane-
induced caspase-3 activation. Furthermore, 
vitamin C treatment could mitigate the isoflurane-
induced elevation of ROS levels, opening of the 
mitochondrial permeability transition pore, 
reduction of ∆ψm, and reduced ATP levels in the 
cells. The in vitro results could be supported also 
at an in vivo level since vitamin C ameliorated the 
isoflurane-induced cognitive impairment in mice 
via the inhibition of oxidative stress, mitochondrial 
dysfunction, and reduction in ATP levels [17]. All 
these observations suggest that mitochondrial 
ascorbate plays an important role in the preservation 
of ∆ψm in different stresses. Vitamin C exerts its 
mitochondrial protective, antiapoptotic effect 
through ROS scavenging [17,25,31,37,48,64].

The mitochondrial DNA in the lack of classic 
protective histones and repair mechanism is more 
susceptible to different stresses such as ROS. It was 
undoubtedly shown that ascorbic acid protected 
mtDNA against the ROS-induced elevation of 
8-oxo-dGuanidine and apurinic/apyrimidinic 
sites. The ascorbic acid preload of the cells 
significantly mitigated the H2O2-induced shearing 
of mtDNA [48]. These observations were further 
strengthened by the findings of Jarrett et al. that 
vitamin C could significantly diminish the H2O2-
induced lesions in mtDNA in retinal pigment 
epithelium cells [36].

In a further study that focused on the suppressive 
effect of ascorbic acid on changes in mitochondrial 
function and mutagenesis by the radiation-induced 
bystander effect, the authors found that increases 
in ROS generation led to the induction of gene 
mutations. It was observed that the mitochondrial 

modulations and the mutation inductions by the 
radiation-induced bystander effect were completely 
suppressed by treatment with vitamin C in cells 
treated with conditioned medium, suggesting that 
mutagenesis induced by mROS can be relieved by 
ascorbic acid [40,41]. All these findings suggest 
that vitamin C is predominantly utilized as an 
antioxidant in the mitochondria.

Vitamin C and Mitochondrial Electron Transfer

Vitamin C is linked to the mitochondrial electron 
transfer by the means of its synthesis and recycling 
in plant cells and by the means of its recycling in 
animal and human cells. The ultimate enzyme of 
the main ascorbate biosynthetic pathway in plant 
cells is the L-galactono-1,4-lactone dehydrogenase 
(GLDH). GLDH delivers electrons to oxidized 
cytochrome c by oxidizing L-galactono-1,4-lactone 
to ascorbate. The enzyme shows an absolute 
requirement for oxidized cytochrome c; therefore, 
L-galactono-1,4-lactone can be defined as an 
alternative respiratory substrate in plants cells. 
Furthermore, GLDH binds to the 420, 470, and 
850 kDa complex I assembly intermediates and has 
an important role in the assembly of complex I [76]. 
The oxidized form of vitamin C, DHA can reach 
the mitochondrial matrix both in plant and animal 
cells by the mediation of one of the transport 
mechanisms described in section Subcellular 
transport of vitamin C. Since DHA is very unstable 
and only ascorbate possesses antioxidant and free 
radical scavenger properties, DHA taken up or 
generated in the matrix must be recycled (reduced 
to ascorbate), otherwise it is lost within minutes 
under physiologic circumstances [87].

The α-lipoic acid- and thioredoxin reductase-
dependent means of mitochondrial DHA 
reduction are definitely not the major components 
of the mitochondrial DHA reduction machinery 
in animal cells [48,88]. However, the loading 
of mitochondria causes significant decrease 
in the  mitochondrial GSH content, and the 
depletion of mitochondrial GSH causes significant 
impairment in DHA reduction; thus, it is likely that 
GSH-dependent reduction of DHA is one of the 
major ascorbate recycling pathways in mammalian 
mitochondria [48].

However, there is another vitamin C recycling 
pathway that couples the recycling directly to the 
electron transfer chain. Experiments taken on liver 
mitochondrial fraction showed that in the absence 
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of respiratory substrates, the organelle loses its 
ability to maintain or recycle the level of ascorbate 
[48,49,54], suggesting that the electron transfer 
chain might contribute to the reduction of DHA. 
At the same time, respiratory substrates such as 
succinate, malate, and glycerol-3-phosphate could 
enhance ascorbate recycling from DHA. Using 
specific inhibitors of the mitochondrial electron 
transport chain, the site of ascorbate sparing was 
localized to complex III [48]. DHA reduction could 
be significantly enhanced by succinate addition 
both in mammalian [54] and plant mitochondria 
[78] that underline the universal role of the 
electron transfer chain in DHA reduction.

The close relationship of the electron transfer 
chain and DHA reduction can contribute to the 
stabilization of mitochondrial redox balance in at 
least two ways: First, the possible over-reduction 
of the elements of the electron transfer chain can 
be alleviated by the donation of electrons to DHA 
reduction. This way, DHA reduction functions as 
an electron safety valve, and the electron leakage 
of the electron transfer chain and subsequent 
ROS formation can also be mitigated. Second, the 
recycling of oxidized vitamin C provides ascorbate, 
the reduced form that may scavenge ROS directly 
at the site of their generation.

A special case of the over-reduction of the 
electron transfer chain occurs when one or more 
complex(es) does/do not work properly due 
to mutation(s) in its/their gene(s). Because of 
the earlier arguments, the consequences of the 
impairment of electron transfer chain elements 
might be mitigated by ascorbate therapy. The 
enhanced generation of superoxide—observed in 
fibroblasts from patients with electron transport 
chain deficiencies—could be decreased by 
ascorbate treatment [72]. The activities of I–III 
and II–III complexes could simultaneously be 
stimulated by vitamin C supplementation of the 
cell culture media [72]. There were attempts to use 
the ascorbate-DHA redox couple and vitamin K as 
a therapeutic agent in the therapy of mitochondrial 
diseases. A young woman with mitochondrial 
myopathy and severe exercise intolerance was 
treated by vitamin C and menadione to bypass 
the block in complex III [43,44], because the 
redox potentials of these electron carriers fit the 
gap created by the cytochrome c dysfunction 
[27]. Unfortunately, after an initial improvement 
documented by 31P nuclear magnetic resonance 
spectroscopy of muscle [2], this state was not 

sustained. (Menadione had to be discontinued 
because of its withdrawal by the U.S. Food and 
Drug Administration [43].) Except for this case, 
effective vitamin C therapy in other patients 
suffering from mitochondrial diseases has not 
been reported.

ASCORBATE COMPARTMENTALIZATION 
AND HUMAN DISEASES

Scurvy and Subcellular Scurvy

Scurvy, the generalized shortage of ascorbate, 
has been known for centuries, although the 
pathologic mechanism remained enigmatic until 
the discovery of ascorbate [79]. However, recent 
observations show that not only global but also 
local ascorbate concentrations are important with 
respect to human health. The dramatic differences 
in “vitamin C proteome,” that is, enzymes and 
transporters utilizing the different redox forms 
of vitamin C, between organelles suggest that 
subcellular ascorbate compartmentalization might 
also be a basis of human diseases. Subcellular 
scurvy could be generated in a murine model. The 
authors investigated the effect of the combined 
loss-of-function mutations of genes encoding 
the main electron transfer proteins participating 
in oxidative protein folding in the ER (ERO1α, 
ERO1β, and peroxiredoxin 4). Surprisingly, 
the maneuver resulted in a minor impairment 
of disulfide bond formation. The observation 
suggested that an alternative electron transfer 
pathway exists; the involvement of ascorbate was 
hypothesized since low tissue concentrations were 
detected. It was found that in the absence of the 
normal constituents of the electron transfer chain, 
cysteinyl groups were oxidized to sulfenic acids. 
In the ER, lumen sulfenic acid and prolyl/lysyl 
hydroxylases competed for ascorbate, and thus, 
normal collagen hydroxylation was inhibited. 
Although mice are able to synthesize vitamin C, 
the increased local consumption overcame the 
capacity of synthesis and transport [89,90].

Werner Syndrome

The shortage of ascorbate generated by ER 
luminal processes seems to also be present in 
the background of a human disease. Werner 
syndrome is a premature aging disorder caused 
by mutations in a RecQ-like DNA helicase (Wrn). 
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Ascorbate supplementation proved to be beneficial 
in different models of the disease: in WS fibroblast 
[41], in Wrn mutant mice [4], and in wrn-1 
Caenorhabditis elegans [24]. Mutant mice lacking part 
of the helicase domain of the Wrn ortholog exhibit 
several phenotypic features of Werner syndrome. 
Moreover, mislocalization of the Wrn mutant 
protein to the ER fraction was observed with 
increased oxidative stress and activation of the ER 
stress response [4]. When ascorbate synthesis of 
the mutant mice was abolished by knocking out 
the gulonolactone oxidase gene, double-mutant 
mice exhibited small size, sterility, osteopenia, 
and a severe reduction in life span. High doses of 
ascorbate improved the phenotype [5]. The results 
suggest that the ER-mislocalized Wrn protein 
increases the consumption or inhibits the uptake 
of ascorbate and DHA, activating the organellar 
stress. Further studies are needed to explore these 
possibilities.

Arterial Tortuosity Syndrome

A further possible human example of ascorbate 
compartmentalization disease is arterial tortuosity 
syndrome (ATS). This rare congenital connective 
tissue disorder manifested in the tortuosity of 
main arteries and thoracic aneurysm formation. 
The genetic background is the mutation of the 
GLUT10 gene [20]. The GLUT10 protein has been 
reported to be present in the endomembranes 
(ER and Golgi) and mitochondrial membranes 
[20,30,46,71]. GLUT10 is able to transport DHA, 
as it was demonstrated in mitochondria [46], 
in plasma membrane permeabilized fibroblasts, 
and in reconstituted GLUT10-containing 
proteoliposomes [61]. The absence of GLUT10 
in the ER might explain the alterations of the 
extracellular matrix due to impaired hydroxylation 
of proteins in ATS [71]. Its missing function in the 
nuclear envelope can hamper the nuclear import 
of vitamin  C. A recent report showed that the 
ascorbate concentration was lower in the nucleus 
of ATS fibroblasts. Consequently, the global 
methylation/hydroxymethylation pattern of DNA 
was also changed, and gene-specific alterations 
were also found [62]. The findings raise the 
possibility that epigenetic effects contribute to the 
pathogenesis as well. In summary, the different 
hypotheses on ATS pathogenesis are uniform, 
postulating altered DHA transport into subcellular 
compartments.

Five years ago, we introduced the term ascorbate 
compartmentalization disease [11], referring to conditions 
where subcellular distribution of ascorbate is 
perturbed. Although some results of the last 
years support the existence of such diseases, the 
systematic investigation of subcellular vitamin C 
concentration and redox state is still lacking. 
Furthermore, analyzing the vitamin C–dependent 
proteome—under both normal and pathologic 
conditions—is an additional aim to understand 
the role of vitamin C compartmentalization in 
health and disease.

ASCORBATE IN THE ORCHESTRATION 
OF METABOLISM

Ascorbate-dependent enzymes show themselves 
in various locations and in different branches 
of the metabolism. The question arises whether 
ascorbate plays a role of maestro in these processes. 
Although ascorbate-dependent transcriptional and 
epigenetic gene regulation has not been widely 
explored, the metabolic patterns in ascorbate-
rich and ascorbate-poor conditions show some 
consistency. In the presence of normal or high 
ascorbate supply, oxidative metabolism (e.g., 
that includes the β-oxidation of fatty acids, 
and the hydroxylation of methyl groups in 
histone and DNA) is favored. It should be noted 
that ascorbate is also a product of oxidative 
metabolism in vitamin C–synthesizing species. 
In contrast, in conditions of ascorbate shortage, 
anaerobic metabolism dominates with increased 
glucose uptake and glycolysis. The stability of the 
extracellular matrix (ECM) is also challenged 
by decreased posttranslational modification of 
ECM proteins and by stimulated angiogenesis. 
Thus, ascorbate-poor conditions overlap with 
requirements for cancer invasiveness.

In summary, there are several characteristics of 
vitamin C that make it appropriate to play a special 
role in the integration of intermediary metabolism 
in the cells at the organelle level.

 1. The unique redox moieties (e.g., pro- and 
antioxidant) of ascorbate/dehydroascorbate 
redox couple among the various redox 
active compounds.

 2. The coenzyme role of ascorbate in various 
enzyme complexes, which have either 
essential regulatory (e.g., HIF) or also 
structural (e.g., collagen) functions.
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 3. The different regulations of concentrations 
of the reduced and oxidized form 
of the redox pair, ascorbate versus 
dehydroascorbate. It is noted that the 
latter is kept low, compared to ascorbate, 
which might suggest a possible regulatory 
role of dehydroascorbate. Recent data on 
their indirect impact on gene expression 
confirm these speculations.

 4. The multiorganelle aspects of processes, 
where ascorbate is involved (e.g., protein 
folding).

 5. The characteristic role of ascorbate in 
various organelle functions, and the 
functions of ascorbate transporters in them.
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CHAPTER SEVEN

Vitamin C in Pneumonia and Sepsis

Anitra C. Carr

INTRODUCTION

In the early literature, one of the most striking 
symptoms reported for the vitamin C deficiency 
disease scurvy was a marked susceptibility to 
infections, particularly pneumonia (reviewed in 
[1]). Autopsy findings from the 1920s indicated 
that pneumonia was one of the most frequent 
complications of scurvy and was the prevailing 
cause of death. Infantile scurvy was also observed 
to predispose children to infections, particularly 
of the respiratory tract. According to Hemilä 
[1], these findings supported observations of the 
disappearance of a pneumonia epidemic in Sudan 
when antiscorbutic treatment was given to the 
numerous cases of scurvy that occurred at the same 
time. Conversely, there have also been reports of 
scurvy following infectious epidemics, suggesting 
that infections can severely deplete vitamin C 
levels in the body [1]. Case reports indicate that 
children have developed scurvy symptoms after, 
or concurrently with, respiratory infections [2,3]. 
The authors stated that “possibly the increased 
metabolic needs associated with this infection 
unmasked a subclinical vitamin  C deficiency” 

[2] and that “scurvy occurred as a result of their 
increased requirement of vitamin C due to stress 
of illness combined with poor dietary intake. It 
is therefore recommended that during illness one 
should be careful about the intake of vitamin C, 
keeping in mind that acute illness rapidly depletes 
stores of ascorbic acid. Those already malnourished 
are more prone to this development” [3]. Similarly, 
others have reported scurvy symptoms following 
confirmed or suspected respiratory infection, 
stating that “sepsis of either digestive or pulmonary 
origin, leading to sustained metabolic demand, 
might have acted as a precipitating factor” [4,5].

The anecdotal and epidemiological observations 
of a connection between vitamin C status and 
infections have been supported by animal studies 
using vitamin C–requiring guinea pigs and 
mice deficient in L-gulono-γ-lactone oxidase 
(Gulo−/−), the rate-limiting enzyme in vitamin C 
synthesis. Identification of bacteria in the tissues 
of scorbutic guinea pigs in the early literature led 
to the erroneous hypothesis by some researchers 
that scurvy may in fact be an infectious disease 
[1]. Research has indicated an increased severity 
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of infections in scorbutic guinea pigs, with higher 
mortality observed in vitamin C–deficient animals 
infected with Pseudomonas aeruginosa compared 
with vitamin C–replete animals [6]. Vitamin C–
deficient Gulo knockout mice were three times as 
likely as vitamin C–replete mice to die following 
infection with Klebsiella pneumoniae [7]. The lungs 
appear to be particularly susceptible to deficiency 
with vitamin  C–deficient Gulo knockout mice 
exhibiting greater lung pathology following 
infection with influenza [8]. Conversely, infection 
of animals with P. aeruginosa and influenza A 
virus resulted in decreased vitamin C levels in 
tissues and fluids [6,9,10], possibly due to the 
inflammatory response and enhanced oxidative 
stress. Interestingly, infection by itself was found to 
decrease antioxidant capacity more than a vitamin 
C–deficient diet in guinea pigs, suggesting a high 
consumption of antioxidants during infection [6]. 
Although enhanced markers of oxidative stress 
have been observed in infected mice, there were 
no significant differences in the levels of the 
oxidation products in the vitamin  C–deficient 
and –replete mice indicating that vitamin C may 
be acting via mechanisms other than oxidant 
scavenging [7]. Overall, the animal studies support 
a two-way relationship between vitamin C and 
infection.

PNEUMONIA AND VITAMIN C

Pneumonia is an acute infection of the lungs that 
can be caused by a range of microorganisms, 
including those of bacterial, fungal, or viral 
origin [11]. These microorganisms reach the lower 
respiratory tract and, dependent on microbial 
virulence factors, the host’s immune defenses, 
and integrity of barriers, cause inflammation in 
the alveoli and consequently result in pneumonia. 
Diagnosis is usually determined through 
radiographic imaging, indicating shadowing of a 
lobe or segment of the lung, and the clinician’s 
clinical assessment, and empiric treatment is 
through prompt antimicrobial intervention. 
Symptoms include cough, fever, aches, sweating, 
and shivering, and some patients may present 
with pleuritic chest pain and confusion [12]. 
Lower respiratory infections, such as pneumonia, 
are a leading cause of morbidity and mortality 
worldwide. In 2016, lower respiratory infections 
caused nearly 2.4 million deaths worldwide, 
making lower respiratory infections the sixth 

leading cause of mortality for all ages and the 
leading cause of death among children younger 
than 5 years [13]. This equated to more than 335 
million episodes of lower respiratory infections 
and more than 65 million hospital admissions 
in 2016. Lower respiratory infection mortality is 
high in the elderly, and rates are increasing due to 
an increasing aging population, with the number 
of adults older than 70 years increasing by 50% 
between 2000 and 2016 [14].

Streptococcus pneumoniae is the leading cause of lower 
respiratory infection morbidity and mortality 
globally, contributing to more deaths than all 
other assessed etiologies combined [14]. Research 
has also indicated that increased pneumonia 
incidence is associated with higher deprivation and 
is particularly prevalent in developing countries 
where poverty is more prevalent [14,15].

Pneumonia has been reported as one of the most 
common complications and causes of mortality in 
individuals with scurvy, suggesting an important 
link between vitamin C status and lower respiratory 
infection [1]. This premise is supported by meta-
analyses of three interventional studies that 
indicated that prophylactic administration of at 
least 200 mg/d vitamin C decreased the incidence 
of pneumonia in the study populations [16–19]. 
Furthermore, analysis of the vitamin C status of 
patients with pneumonia and acute respiratory 
distress syndrome has indicated significantly 
lower vitamin C concentrations in patients when 
compared with healthy controls, and levels 
appeared to inversely correlate with the severity 
of the condition (Table 7.1) [20,21]. Up to 40% 
of patients with pneumonia exhibited outright 
vitamin C deficiency (i.e., plasma vitamin  C 
levels <11 µmol/L), and levels remained low for 
at least 4 weeks [22,23]. These studies indicate 
a higher utilization of, and potentially also a 
higher requirement for, vitamin C during lower 
respiratory tract infection.

An early report by Klenner indicated that 
administration of 2–4 g/d intravenous or 
intramuscular doses of vitamin C to patients 
with pneumonia decreased the symptoms of 
nausea, headache, temperature, and cyanosis [24]. 
Subsequent interventional studies have indicated 
that administration of oral or intravenous 
vitamin C decreased the severity of the respiratory 
symptoms, particularly in the most severely ill, and 
also decreased hospital length of stay in a dose-
dependent manner (Table 7.2) [22,23]. A  trend 
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toward decreased mortality was observed in the 
interventional study by Hunt et  al. [22], and a 
more recent case control study using a higher dose 
of 6 g/d intravenous vitamin C (in combination 
with thiamine and hydrocortisone) exhibited a 
significant (56%) decrease in mortality in patients 
with severe pneumonia [25]. Interestingly, Cathcart 
hypothesized that patients with severe respiratory 
infections and pneumonia had higher requirements 
for vitamin C based on the observation that they 
could tolerate more than 10 times the usual bowel 
tolerance doses of 4–15 g/24 hour [26]. Mochalkin 

assessed plasma vitamin C levels following 
intervention and observed that administration 
of 0.25–0.8 g/d vitamin C was insufficient to 
maintain the patients’ initial vitamin C status; 
however, administration of 0.5–1.6 g/d vitamin C 
was able to maintain the patients’ plasma vitamin C 
status for the duration of the study (30 days) 
[23]. However, these plasma concentrations were 
still inadequate (i.e., <50 µmol/L), suggesting a 
requirement of >1.6 g/d for saturating plasma 
status. Thus, patients with severe infections, such 
as pneumonia, have higher requirements for 

TABLE 7.1
Vitamin C status of patients with pneumonia

Study Type Cohort Vitamin C (µmol/L) References

Case control 20 Healthy volunteers
11 Pneumonia cases

66 ± 3
31 ± 9

[20]

Case control 28 Healthy participants
35 Lobular pneumonia
 7 Acute—did not survive
 15 Acute—survived
 13 Convalescent cases

49 ± 1

17 ± 1
24 ± 1
34 ± 1

[21]

Interventional 
(placebo 
group)

29 Pneumonia/bronchitis
 Week 0
 Week 2
 Week 4

24 ± 5 (40%)a

19 ± 3 (37%)
24 ± 6 (25%)

[22]

Interventional 
(control 
group)

70 Pneumonia cases
 Day 0
 Day 5–10
 Day 15–20
 Day 30

41
24–23
32–35
39

[23]

NOTE: Data represent mean and standard error of the mean (SEM).
a Percentage of patients with vitamin C deficiency. Vitamin C status categories: saturating (>70 µmol/L), adequate 
(>50 µmol/L), hypovitaminosis C (<23 µmol/L), and deficient (<11 µmol/L).

TABLE 7.2
Vitamin C intervention in patients with pneumonia

Patients Intervention Outcomes References

99 Severe pneumonia
 46 Controls
 53 Treatment

IV vitamin C
 0 g/d
 6 g/d

↓ Hospital mortality [25]

57 Pneumonia/bronchitis
 29 Placebo
 28 Treatment

Oral vitamin C
 0 g/d
 0.2 g/d

↓ Respiratory symptom 
score in most severely ill

[22]

140 Pneumonia cases
 70 Control
 39 Low dose
 31 High dose

Oral vitamin C
 0 g/d
 0.25–0.8 g/d
 0.5–1.6 g/d

↓ Hospital length of stay
 24 days
 19 days
 15 days

[23]

ABBREVIATIONS: ↓ decrease; IV, intravenous.
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vitamin C, and doses of vitamin C that provide 
adequate to saturating plasma vitamin C status in 
these patients appear to have beneficial effects on 
patient outcomes.

SEPSIS AND VITAMIN C

Sepsis is a condition of life-threatening organ 
dysfunction caused by a dysregulated host response 
to infection [27]. Sepsis is characterized by profound 
dysregulation of the circulatory, metabolic, and 
immune systems, and it is the primary cause 
of death from infection. Patients who develop 
septic shock can have hospital mortality rates of 
up to 50%. Management of sepsis involves fluid 
resuscitation for hypoperfusion and vasopressor 
drug administration for those in shock [28]. Global 
estimates indicate nearly 32 million sepsis cases and 
more than 5 million deaths annually [29]. Although 
sepsis mortality rates have been decreasing, 
particularly in developed countries such as the 
United States and Australasia, the incidence of 
sepsis continues to increase, likely due to an aging 
population [30–34]. Despite huge research efforts 
toward an attempt to identify effective sepsis 
therapies, to date most of these have proven futile 
[35]. Furthermore, patients who survive sepsis 
can often have long-term physical disabilities, 
cognitive dysfunction, or psychological issues, 
such as anxiety, depression, and posttraumatic 
stress disorder, which significantly affect their 
quality of life [36].

Case control studies have consistently indicated 
significantly lower vitamin C status in critically 
ill patients, particularly those with sepsis (Table 
7.3). These critically ill patients have by far the 
lowest vitamin C status when compared with 
other common disease states [37,38]. Lower 
vitamin C status in these patients was associated 
with increased inflammation (C-reactive protein 
levels), increased severity of the illness (days 
in the intensive care unit [ICU]), and multiple 
organ failure [37,39,40]. Nearly 40% of patients 
with septic shock were deficient, and almost 
90% had hypovitaminosis C, despite receiving 
recommended enteral and parenteral intakes [39]. 
Administration of 1 g/d vitamin C to critically ill 
patients was found to be insufficient to raise the 
patients’ plasma vitamin C concentrations above 
the hypovitaminosis C cutoff, but 3 g/d resulted 
in saturating plasma status (i.e., ∼70 µmol/L) 
[41,42]. Recent pharmacokinetic data indicated 
that administration of 2 g/d vitamin C to 
critically ill patients, as either bolus or continuous 
infusions, resulted in plasma concentrations in 
the normal range, although hypovitaminosis C 
occurred in some patients following cessation of 
the intervention, suggesting sustained therapy 
may be required to prevent this from occurring 
[43]. Overall, these findings indicate that critically 
ill patients have vitamin C requirements that 
are approximately 10-fold higher than healthy 
individuals, whose plasma vitamin C typically 
saturates with intakes of 0.2 g/d [44].

TABLE 7.3
Vitamin C status of patients with sepsis

Study Type Cohort Vitamin C (µmol/L) References

Observational 24 Septic shock patients 15 ± 2 (38%a, 88%b) [39]

Interventional (baseline) 24 Severe sepsis patients 18 ± 2 [45]

Case control 6 Healthy controls
19 Severe sepsis
37 Septic shock

48 ± 6
14 ± 3
14 ± 3

[46]

Case control 14 Healthy controls
11 Septic encephalopathy

76 ± 6
19 ± 11

[47]

Case control 34 Healthy controls
62 ICU (injury, surgery, sepsis)

62 (55–72)
11 (8–22)

[37]

NOTE: Data represent mean and standard error of the mean (SEM) or median and interquartile range.

ABBREVIATION: ICU, intensive care unit.
a Percentage of patients with vitamin C deficiency.
b Hypovitaminosis C. Vitamin C status categories: saturating (>70 µmol/L), adequate (>50 µmol/L), hypovitaminosis C (<23 µmol/L), and 
deficient (<11 µmol/L).
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Critically ill patients treated with ∼3 g/d intra-
venous vitamin C (in combination with various 
other antioxidant vitamins and minerals) have 
shown improved outcomes, including decreased 
organ failure, ICU and hospital length of stay, mor-
tality, inflammation, and infections/sepsis [42,48–
51]. However, with combination interventions, it is 
difficult to know which component(s) are contrib-
uting to the various outcomes, particularly since 
baseline concentrations of the various components 
are not typically assessed in the patients prior to 

intervention. In 2014, the first phase I study inves-
tigating intravenous vitamin C as monotherapy 
in patients with sepsis was published [45]. In this 
study, 24 patients with severe sepsis were treated 
with 0, 50, or 200 mg/kg body weight intrave-
nous vitamin C per day, which provided a dose-
dependent decrease in systemic organ failure and 
decreased pro-inflammatory (C-reactive protein 
and procalcitonin) and tissue damage (throm-
bomodulin) biomarkers (Table 7.4). Although 
the study was not powered to detect a decrease 

TABLE 7.4
Vitamin C intervention in patients with sepsis

Patients Intervention Outcomes References

Vitamin C Administered Alone

100 Septic shock
50/Group

IV vitamin C:
0 or 6 g/d
Duration: until ICU 

discharge

↓ Vasopressor duration
↓ ICU length of stay
X Length of mechanical ventilation
X Renal replacement therapy
X ICU mortality

[53]

28 Septic shock
14/Group

IV vitamin C:
0 or 100 mg/kg/d
Duration: 3 days

↓ Norepinephrine dose and duration
X ICU length of stay
↓ 28-day mortality

[52]

24 Severe sepsis
8/Group

IV vitamin C:
0, 50, or 200 mg/kg/d
Duration: 4 days

↓ Systemic organ failure
↓ C-reactive protein, procalcitonin, 

thrombomodulin levels

[45]

Vitamin C plus Thiamine/Hydrocortisone Cocktail

94 Severe sepsis
47/Group
(retrospective)

IV vitamin C:
0 or 6 g/d
+ thiamine
+ hydrocortisone
Duration: as little as 1 dose 

or up to 4 days

X ICU or hospital mortality
X ICU or hospital length of stay
X Renal replacement therapy for AKI
X Time to vasopressor independence

[54]

1144 Septic shock
229 Treatment
915 Controls
(retrospective)

IV vitamin C:
0 or 6 g/d
+ thiamine
Duration: 1 day only

X 28-day or hospital mortality
X ICU or hospital length of stay
X Duration of mechanical ventilation
X New renal replacement therapy

[55]

24 Septic shock
12/Group

IV vitamin C:
0 or 6 g/d
+ thiamine
+ hydrocortisone
Duration: 4 days

↓ Vasopressin and noradrenaline requirements
↓ Procalcitonin levels
X Systemic organ failure

[56]

94 Severe sepsis
47/Group
(retrospective)

IV vitamin C:
0 or 6 g/d
+ thiamine
+ hydrocortisone
Duration: 4 days or until ICU 

discharge

↓ Vasopressor duration
↓ Systemic organ failure
↓ Procalcitonin levels
↓ Renal replacement therapy
X ICU length of stay
↓ Hospital mortality

[57]

ABBREVIATIONS: ↓ decrease; AKI, acute kidney injury; IV, intravenous; X, no change.



120 VITAMIN C

in mortality, fewer participants died in the treat-
ment arms. Subsequently, a randomized controlled 
trial carried out in 28 patients with septic shock 
treated with 100 mg/kg body weight intravenous 
vitamin C per day showed a significant decrease 
in vasopressor requirements (dose and duration of 
norepinephrine) and a dramatic (78%) decrease in 
28-day mortality [52]. No difference in ICU length 
of stay was observed. Another recent randomized 
study administering 6 g/d vitamin C or placebo to 
100 septic shock patients also showed decreased 
requirements for vasopressors and decreased 
length of ICU stay [53]. However, no differences 
in ICU mortality, duration of mechanical ventila-
tion, or renal replacement therapy were observed 
between the two groups.

Several recent studies have investigated the 
efficacy of administering a cocktail of vitamin C 
with thiamine (vitamin B1), with or without 
hydrocortisone (Table 7.4). A before-and-after 
study was carried out in which 47 patients with 
severe sepsis were treated with 6 g/d intravenous 
vitamin C, in combination with 0.4 g/d thiamine 
(vitamin B1) and hydrocortisone, and were 
compared with 47 retrospective controls, who 
also received hydrocortisone at the attending 
physicians’ discretion [57]. This study also 
showed decreased vasopressor requirements, 
as well as decreased systemic organ failure and 
requirement for renal replacement therapy. 
Furthermore, a dramatic (79%) decrease in 
hospital mortality was observed in the group who 
received the intervention. A smaller randomized 
study administering the same cocktail of 
vitamin C, thiamine, and hydrocortisone to 24 
cardiac surgery patients with septic shock showed 
decreased vasopressin and norepinephrine 
requirements and decreased procalcitonin levels 
in the treatment group, although no difference 
in sequential organ failure assessment (SOFA) 
scores was observed between the two groups [56]. 
A recent retrospective analysis of septic patients 
administered the same cocktail, however, showed 
no effect of treatment on any of the assessed 
outcomes (i.e., hospital and ICU mortality and 
length of stay, renal replacement therapy for 
acute kidney injury, or time to vasopressor 
independence). It should be noted that patients 
were included in the analysis if they received as 
little as one dose of the cocktail, and although 
a subgroup analysis of the 20 patients who did 
receive the full 4 days (or until discharge) also 

showed no significant outcome effects, these 
numbers would likely be too low to provide 
appropriate power. Another before-and-after 
study administering vitamin C and thiamine, 
but without hydrocortisone, to 229 septic shock 
patients found no effect on ICU or hospital 
mortality or length of stay when compared with 
915 retrospective controls [55]. However, the 
treatment was administered for only 1 day, and 
the treatment group also had significantly higher 
baseline morbidity than the control group [58]. 
Despite this, in patients with the most severe 
organ dysfunction, the treatment did decrease 
mortality. Thus, most of these small studies have 
indicated that intravenous doses of ∼6–7 g/d 
vitamin C administered for 3–4 days may 
improve the outcomes of patients with sepsis and 
septic shock, including a decreased requirement 
for vasopressors [59]. Currently, over a dozen 
registered randomized controlled trials are 
underway around the world to determine if these 
encouraging findings are reproducible.

ACUTE LUNG DYSFUNCTION

Acute respiratory infections and sepsis can result 
in the development of acute lung injury which, 
in its most severe form, is known as acute 
respiratory distress syndrome [60]. During acute 
lung injury, bronchoalveolar barrier function is 
compromised, resulting in abnormal capillary 
permeability and pulmonary edema [61]. Sepsis-
induced acute lung injury is also associated 
with diminished expression and function of 
tight junction proteins in lung epithelium [62]. 
Furthermore, the iron pumps and channels that 
normally function to maintain continuous fluid 
clearance by the lungs can be affected early 
during sepsis [63]. In a murine model of sepsis-
induced acute lung injury, Fisher et al. reported 
that concurrent administration of 200 mg/kg 
vitamin C to mice attenuated the resultant lung 
dysfunction [62]. The authors reported decreased 
lung water and alveolar epithelial permeability 
and increased alveolar fluid clearance in the 
animals that received vitamin C. Furthermore, 
increased expression of iron pumps and channels 
and increased expression of tight junction and 
cytoskeletal connector proteins were observed 
over and above both sepsis-induced and control 
levels, suggesting enhanced gene transcription 
in the presence of vitamin C (Figure 7.1). Other 
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researchers have reported synergistic interactions 
between vitamin C and hydrocortisone in 
at tenuat ing l ipopolysacchar ide-induced 
hyperpermeability of human lung microvascular 
endothelial cells [64]. The combination was 
found to normalize the expression and activation 
of proteins associated with actin stress fibers, 
which play an important role in the formation 
and maintenance of cell-cell adhesion, including 
tight junctions. Recently, case reports have 
been published that demonstrate dramatic lung 

clearance in septic patients with acute respiratory 
distress syndrome of bacterial and viral origins 
following treatment with intravenous vitamin C 
[65,66]. Vitamin C was administered to the 
patients at a dose of 200 mg/kg/d, and within 1–2 
days there was observable clearance of the lung 
infiltrate upon chest x-ray (Figure 7.2). Similar 
lung clearance has been reported for vitamin C 
combination therapy in cases of noninfectious 
and aspiration-induced acute respiratory distress 
syndrome [67,68].

Effect of vitamin C administration

on septic lung dysfunction

↓ Excess lung water

↑ Alveolar fluid clearance

↑ Aqp5, ENaC, Na+–K+–ATPase, CFTR

↓ Alveolar epithelial permeability 

↑ Barrier function (↑ claudin-18,

     occludin, zona occludens-1)

Interstitium Capillaries ENaC

ATII

Basolateral
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Figure 7.1. Effect of vitamin C administration on sepsis-induced acute lung injury in a mouse model. Vitamin C 
administration significantly increased expression of the key pumps and channels involved in alveolar fluid transport, 
including aquaporin 5 (Aqp5), cystic fibrosis transmembrane conductance regulator (CFTR), epithelial sodium channel 
(ENaC), and sodium-potassium-ATPase (Na+-K+-ATPase). Vitamin C administration also significantly increased expression 
of the tight junction proteins claudin-18 and occludin, as well as the cytoskeletal connector protein zona occludens-1. 
(↓ decreased, ↑ increased.) (The diagram is courtesy of R. Natarajan [personal communication], and the text box is a 
summary of findings from Fisher, B. J. et al. 2012. Am. J. Physiol. Lung Cell Mol. Physiol. 303, L20–L32.)

Day 3: before IVC Day 5: after IVC

Figure 7.2. Chest x-rays of a septic patient with acute respiratory distress syndrome before and after intravenous vitamin C 
(IVC) administration. IVC (200 mg/kg/d) was initiated on hospital day 4, and chest x-ray on day 5 revealed significantly 
improved opacities. (Images from Bharara, A. et al. 2016 Case Rep. Crit. Care. Article ID 8560871, 2016, 4p. CC-BY.)
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ROLE OF NEUTROPHILS

Infiltration and activation of neutrophils in lung 
tissue in response to infection represent a primary 
mechanism for sepsis-induced pulmonary 
dysfunction and injury [69]. Activated neutrophils 
release reactive oxygen species, proteolytic 
enzymes, and other pro-inflammatory mediators 
that can directly damage tissues and prolong the 
inflammatory process [70]. Spent neutrophils 
normally undergo a process of programmed cell 
death known as apoptosis, which facilitates clearance 
of the neutrophils from sites of inflammation by 
phagocytosing macrophages [71]. This process 
prevents excessive tissue damage and supports 
resolution of inflammation. Attenuated neutrophil 
apoptosis has been reported in patients with 
sepsis, and this appears to be related to disease 
severity [72–74]. Delayed apoptosis may be due 
to the regulatory effects of pro-inflammatory 
mediators as well as oxidative inactivation of 
the redox-sensitive caspase effector enzymes 
[75,76]. Vitamin C may be able to decrease pro-
inflammatory mediator release during sepsis and 
also protect the oxidant-sensitive caspase enzymes 
in activated neutrophils, thereby protecting 
apoptotic cell death pathways [77,78]. In support of 
this premise, peritoneal neutrophils isolated from 
vitamin C–deficient Gulo knockout mice exhibited 
attenuated apoptosis and instead underwent 
necrotic cell death [79]. These vitamin  C–
deficient neutrophils were not phagocytosed by 
macrophages in vitro and persisted at inflammatory 
loci in vivo. Furthermore, Fisher et  al. reported 
that administration of 200 mg/kg vitamin C to 
mice attenuated peritonitis-induced sequestration 
of neutrophils, and decreased myeloperoxidase 
mRNA expression, in the lungs of the treated 
animals [62]. This was also associated with a lower 
acute lung injury score and decreased mortality in 
these animals. The clearance of neutrophils from 
sites of inflammation could conceivably contribute 
to the enhanced lung clearance observed in patients 
following vitamin C infusions (Figure 7.2).

Neutrophils that fail to undergo apoptosis 
instead undergo necrotic cell death. The 
subsequent release of intracellular components, 
such as proteases, can cause extensive tissue 
damage [70]. One recently identified form 
of neutrophil death, termed necroptosis, occurs 
when caspases are inactivated [80]. Necroptotic 
signaling pathways can result in the release of 

“neutrophil extracellular traps” (NETs) composed 
of neutrophil DNA, histones, and enzymes [81,82]. 
Although NETs have been proposed as a unique 
method of microbial killing [83], they have also 
been implicated in tissue damage and organ 
failure [84,85]. NET-associated histones can act 
as damage-associated molecular pattern proteins, 
activating the immune system and causing further 
tissue damage [86]. Patients with sepsis, or who 
go on to develop sepsis, have significantly elevated 
levels of circulating cell-free DNA, which is 
believed to be a marker of NET formation [84,87]. 
Preclinical studies in vitamin C–deficient Gulo 
knockout mice indicated enhanced NETs in the 
lungs of septic animals and increased circulating 
cell-free DNA [88]. The levels of these markers 
were attenuated in vitamin C–sufficient animals 
or in vitamin C–deficient animals that were 
administered vitamin C 30 minutes after induction 
of sepsis. The same investigators showed that in 
vitro supplementation of human neutrophils with 
vitamin C attenuated phorbol ester-induced NET 
formation [88]. Administration of gram doses of 
vitamin C to septic patients over 4 days, however, 
did not appear to decrease circulating cell-free 
DNA levels [89]. The duration of treatment may 
have been too short, or initiated too late in the 
inflammatory process, to provide a beneficial 
effect. It should also be noted that cell-free DNA 
is not specific for neutrophil-derived DNA, as it 
may also derive from necrotic tissue; however, 
the association of neutrophil-specific proteins 
or enzymes, such as myeloperoxidase, with the 
DNA can potentially provide an indication of its 
source [84].

Patients with severe infection also exhibit 
compromised neutrophil chemotactic activity that 
can compromise the cells’ ability to migrate to sites 
of infection [90,91]. This neutrophil “paralysis” is 
believed to be partly due to enhanced levels of 
immune-suppressive mediators released during 
the compensatory anti-inflammatory response 
observed following initial hyperstimulation 
of the immune system [92]. However, it is also 
possible that vitamin C depletion observed during 
severe infection may contribute. Support for this 
premise comes from studies in the 1980s and 
1990s that indicated that the impaired leukocyte 
chemotaxis observed in patients with recurrent 
infections could be restored in response to 
supplementation with gram doses of vitamin C 
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[93–98]. Furthermore, vitamin C supplementation 
of neonates with suspected sepsis dramatically 
improved neutrophil chemotaxis [99]. Patients 
with recurrent infections can also exhibit impaired 
neutrophil bacterial killing and phagocytosis, 
which can be significantly improved following 
supplementation with gram doses of vitamin C, 
resulting in long-lasting clinical improvement 
[93,94,97,98,100].

Neutrophils accumulate vitamin C against a 
concentration gradient resulting in levels 50- 
to 100-fold higher than plasma concentrations 
[101,102]. Active uptake of vitamin C occurs 
via specialized sodium-dependent vitamin C 
transporters (SVCTs) and can also occur following 
activation of the neutrophil oxidative burst and 
accumulation of the oxidized form of vitamin C, 
dehydroascorbic acid, via glucose transporters 
(GLUTs) [103]. It is believed that the accumulation 
of millimolar vitamin C concentrations indicates 
an important role for the vitamin within these 
cells, and depleted levels may compromise vital 
functions [77]. Vitamin C levels in leukocytes have 
been reported to decrease by half within 24 hours 
of subjects contracting an upper respiratory tract 
infection, and these levels were restored to normal 
when the infection resolved [104]. The investigators 
found that administration of 6 g/d of vitamin C 
during the infection could attenuate the decline in 
leukocyte vitamin C, although 200 mg/d did not 
affect the drop in vitamin C levels over the first 
few days of the infection. However, a randomized 
controlled trial in patients with acute respiratory 
infections administered 200 mg/d vitamin C 
showed repletion of neutrophil and mononuclear 
cell vitamin C levels within 2 weeks, whereas cells 
isolated from the placebo group remained low 
[22]. Thus, repletion of neutrophil vitamin C status 
via vitamin C administration during infection may 
enhance vital neutrophil functions [77].

MECHANISMS OF ACTION

Vitamin C is a potent water-soluble antioxidant, 
able to scavenge a wide range of reactive oxygen 
species, thus protecting essential cellular 
structures, metabolic functions, and signaling 
pathways from oxidative damage [105,106]. 
Vitamin C also exhibits anti-inflammatory activity 
with inverse associations observed between 
vitamin C and pro-inflammatory cytokines and 
acute phase reactants such as C-reactive protein and 

procalcitonin [39,45,56,57,77]. Severe infection 
and sepsis are characterized by significant 
oxidative stress and overwhelming inflammatory 
mediators, sometimes referred to as a “cytokine 
storm” [107,108]. These stressors can contribute to 
the pathophysiology of sepsis, such as impaired 
microcirculatory flow, coagulopathy, capillary 
plugging, increased endothelial dysfunction and 
permeability, and multiorgan failure [109,110]. As 
such, the role of vitamin C in severe infection and 
sepsis has often focused on its antioxidant and anti-
inflammatory functions and effects on signaling 
pathways [109,110]. However, less attention has 
been paid to its role as an enzyme cofactor.

Biosynthetic Functions

One of the primary roles of vitamin C in the body is 
to act as a cofactor for a family of metalloenzymes 
with various biosynthetic and regulatory roles 
[111–113]. These enzymes introduce hydroxyl 
groups into biomolecules and comprise two 
main categories: iron- and 2-oxoglutarate–
dependent dioxygenases and copper-containing 
monooxygenases. Of the former category, 
vitamin C has long been known to act as a cofactor 
for the lysyl and prolyl hydroxylases required for 
stabilization of the tertiary structure of collagen, 
an essential component of the vasculature [114]. 
Vitamin C may also be able to stimulate the 
expression of collagen mRNA, perhaps through 
its gene regulatory mechanisms described later 
[77]. Similarly, vitamin C is a cofactor for the two 
hydroxylases involved in carnitine biosynthesis, a 
molecule required for transport of fatty acids into 
mitochondria for generation of metabolic energy 
[115]. Mitochondrial dysfunction and depleted ATP 
levels are observed in sepsis; thus, vitamin C may 
be able to contribute to metabolic resuscitation 
via both antioxidant and cofactor mechanisms 
[116,117].

Vitamin C is also known to facilitate the synthesis 
of the catecholamines dopamine, norepinephrine, 
and epinephrine within the sympathetic nervous 
system and adrenal medulla. These catecholamines 
are central to the cardiovascular response to severe 
infection; they increase arterial pressure through 
binding to α-adrenergic receptors on the smooth 
muscle cells of the vasculature and can promote 
increased cardiac contractility and heart rate 
through binding to β-adrenergic receptors on 
cardiac muscle [118]. Vitamin C is a cofactor for 
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the copper-containing monooxygenase dopamine 
β-hydroxylase that introduces a hydroxyl group 
onto dopamine to form norepinephrine (Figure 7.3) 
[119,120]. Epinephrine is subsequently synthesized 
in the adrenal glands via methylation of the amine 
group of norepinephrine. Recent research indicates 
that vitamin C may also stimulate the rate-limiting 
enzyme tyrosine hydroxylase via recycling the 
enzyme’s cofactor, tetrahydrobiopterin, thus 
facilitating hydroxylation of L-tyrosine to form 
the dopamine precursor L-dopa (Figure 7.3) [121]. 
Some evidence also suggests that vitamin C may 
enhance the synthesis of tyrosine hydroxylase 
[121]; this is possibly through its gene-regulatory 
effects, as described below.

It is noteworthy that the tissues where the 
catecholamines are synthesized (i.e., the brain 
and adrenal glands) contain the highest levels 
of vitamin C in the body [122], indicating that 

the vitamin plays a vital role in these organs. 
Furthermore, animal models of vitamin C 
deficiency have shown significant retention 
of the vitamin in the brain during dietary 
depletion [123–125], supporting the importance 
of vitamin  C in the central nervous system. 
Impaired adrenal hormone synthesis has been 
observed in critically ill patients and is probably a 
common complication in severe sepsis [126,127]. 
Interestingly, norepinephrine levels are decreased 
in vitamin C–deficient animal models, particularly 
in the adrenal glands [128–130]. Research has 
shown that vitamin C is also secreted from the 
adrenal glands as part of the stress response 
[131], which could conceivably result in adrenal 
vitamin C depletion under conditions of sustained 
stress. Thus, appropriate supplementation of 
vitamin C in sepsis may support endogenous 
synthesis of vasoactive catecholamines.
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Vitamin C is also a cofactor for the copper-
containing enzyme peptidylglycine α-amidating 
monooxygenase (PAM) that is required for the 
synthesis of amidated neuropeptide hormones 
[132]. The carboxy-terminal amine group of 
amidated peptides is essential for their biological 
activities [133]. One of these amidated peptide 
hormones is vasopressin, also known as arginine 
vasopressin (AVP) or antidiuretic hormone (ADH), 
which is synthesized in the hypothalamus, 
posttranslationally modified by PAM, and then 
stored in the posterior pituitary [134]. Vasopressin 
is secreted in response to decreased blood 
volume or arterial pressure or increased plasma 
osmolality. It interacts with specific receptors 
expressed by vascular smooth muscle cells and 
kidney collecting ducts to cause vasoconstriction 
and water retention, respectively [135]. The 
hormone is synthesized as a pre-prohormone that 
undergoes sequential cleavage steps to produce 
provasopressin and finally a glycine-extended 
precursor. The carboxy-terminal glycine residue 
of the vasopressin precursor subsequently 
undergoes posttranslational modification by the 
vitamin C–dependent enzyme PAM to generate 
the active carboxy-amidated hormone (Figure 7.4). 
Support for a connection between vitamin C and 
vasopressin biosynthesis comes from an animal 
study, whereby centrally administered vitamin C 
enhanced circulating levels of vasopressin and 
induced antidiuresis [136].

Circulating vasopressin levels increase 
dramatically during the initial phase of septic 
shock, but this is followed by a significant decline 
in the latter phase [137,138]. Patients in late-phase 
septic shock have significantly lower levels of 
circulating vasopressin compared with patients 
in cardiogenic shock, despite similar hypotension 
[138]. The decline in circulating vasopressin levels 
after the onset of septic shock is due to depletion 
of pituitary stores and possibly also impaired 
vasopressin synthesis [139]. It is of interest to note 
that the pituitary gland, where the enzyme PAM 
is abundantly expressed, has the highest levels of 
vitamin C in the body [122]. Thus, it is conceivable 
that the depleted vitamin C status of patients with 
sepsis could contribute to the observed decrease in 
vasopressin biosynthesis [137–139]. Furthermore, 
pro-vasopressin, which lacks the carboxyterminal 
amine of mature vasopressin, is significantly 
associated with mortality in patients with 
pneumonia and septic shock, with higher levels 

observed in nonsurvivors than survivors [140,141]. 
Although pro-vasopressin has enhanced stability in 
circulation, the higher ratio of pro-vasopressin to 
mature vasopressin could also be due to decreased 
posttranslational activation of the hormone by 
PAM because of limited cofactor availability. This 
premise is supported by the observation that other 
peptide pro-hormones that are substrates of PAM 
(e.g., pro-adrenomedullin and procalcitonin) 
are also elevated in severe infectious conditions, 
particularly in nonsurvivors [141–143]. It is 
interesting to note that elevated procalcitonin 
levels decrease following administration of 
vitamin C to septic patients [45,56,57].
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Septic shock is normally managed through the 
administration of catecholamine vasopressors, 
primarily norepinephrine, to elevate mean 
arterial pressure to ≥65 mm Hg [144]. Vasopressin 
administration is also recommended in the 
Surviving Sepsis Campaign guidelines to raise 
mean arterial pressure to target or to decrease the 
norepinephrine dose [28]. Exogenous vasopressor 
administration to patients with septic shock, 
however, can result in adverse side effects such as 
tissue ischemia and resultant necrosis. Based on 
the evidence presented earlier, we hypothesized 
that administration of vitamin C to patients with 
septic shock may decrease the requirement for 
exogenously administered vasopressors, through 
acting as a cofactor for in vivo enzyme-dependent 
synthesis of norepinephrine and vasopressin [59]. 
Our hypothesis has been supported by four recent 
clinical trials that showed deceased vasopressor 
and norepinephrine requirements (both dose and 
duration) following administration of 6–7 g/d 
of intravenous vitamin C to patients with severe 
sepsis and septic shock [52,53,56,57]. Other trials 
are currently underway to confirm these findings.

Gene Regulatory Functions

Recent research has uncovered new roles for 
vitamin C in the regulation of transcription 
factor activity and epigenetic marks, thus 
influencing gene transcription and cell signaling 
pathways [112,113]. For example, the iron- and 
2-oxoglutarate–dependent asparagyl and prolyl 
hydroxylases required for the downregulation of 
the transcription factor hypoxia-inducible factor-1α 
(HIF-1α) utilize vitamin C as a cofactor [112]. 
HIF-1α is a constitutively expressed transcription 
factor that regulates numerous genes, including 
those involved in energy metabolism, angiogenic 
signaling, and vasomotor regulation [145]. Under 
normoxic conditions, HIF-1α is downregulated 
via hydroxylase-mediated posttranslational 
modifications that prevent coactivator binding 
and target HIF for proteosomal degradation 
[146]. During the hypoxia and ischemia observed 
with acute lung infections and sepsis, HIF is 
upregulated due to the absence of substrates (e.g., 
oxygen) and cofactors (e.g., vitamin C) required 
for hydroxylase-dependent downregulation. 
Although initially beneficial to the host, prolonged 
upregulation of HIF can result in pulmonary 

hypertension and edema [147]. HIF also facilitates 
neutrophil survival at hypoxic loci through 
delaying apoptosis [148]. In vitamin C–deficient 
Gulo knockout mice, upregulation of HIF-1α was 
observed under normoxic conditions, along with 
attenuated neutrophil apoptosis and clearance by 
macrophages [79]. HIF-1α has also been proposed 
as a regulator of NET release by neutrophils [149], 
thus providing a potential mechanism by which 
vitamin C could downregulate NET generation by 
these cells [88].

More recently, an important role for vitamin C 
has emerged in the regulation of DNA and histone 
demethylation by acting as a cofactor for iron- 
and 2-oxoglutarate–dependent enzymes that 
hydroxylate methylated epigenetic marks [113]. 
Vitamin C acts as a cofactor for the ten-eleven 
translocation (TET) dioxygenases that hydroxylate 
methylated cytosine moieties in DNA [150–152]. 
The hydroxymethylcytosine mark can be further 
oxidized and subsequently removed through both 
active and passive DNA repair mechanisms but 
may also represent an epigenetic mark in its own 
right [153]. Vitamin C is also a cofactor for several 
Jumonji C domain-containing histone demethylases 
(JHDMs) that catalyze histone demethylation 
[154]. Methylation of lysine and arginine residues 
on histones is closely associated with activation or 
silencing of transcription. JHDMs can hydroxylate 
mono-, di-, and trimethylated histone lysine and 
arginine residues, resulting in demethylation, 
and vitamin C is required for optimal catalytic 
activity and demethylation by JHDMs [155,156]. 
The involvement of vitamin C in JHDM-dependent 
histone demethylation was confirmed in somatic 
cell reprogramming [157,158]. It is likely that 
the gene regulatory functions of vitamin C play 
major roles in its immune-regulating functions. 
For example, preliminary evidence indicates 
that vitamin C can regulate T-cell maturation via 
epigenetic mechanisms involving the TETs and 
histone demethylation [159–161]. Supplementation 
of healthy volunteers with vitamin C was found 
to modulate ex vivo lipopolysaccharide-stimulated 
gene expression in mononuclear cells, specifically 
enhancing synthesis of the anti-inflammatory 
cytokine interleukin-10 [162]. Due to the 
thousands of genes regulated via both DNA and 
histone demethylation, epigenomic regulation by 
vitamin C likely plays a major role in its pleiotropic 
health-promoting and disease-modifying effects.
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CONCLUSIONS AND FUTURE DIRECTIONS

Vitamin C has a myriad of functions that appear 
to contribute to beneficial outcomes in severe 
respiratory infections, such as pneumonia, and 
the potentially life-threatening condition of sepsis. 
These include acting as a scavenger of reactive 
oxygen species and a modulator of inflammatory 
mediators, as well as a cofactor for a variety of 
biosynthetic and regulatory enzymes, with the 
potential to modulate the transcription of thousands 
of genes and numerous cell signaling pathways. 
Observational studies indicate that patients with 
severe respiratory infections and sepsis have 
depleted vitamin C status during their illness, 
including a high prevalence of deficiency, despite 
recommended intakes. This suggests that these 
patients have higher requirements for vitamin C, 
which has been borne out in small interventional 
studies indicating that gram doses of vitamin C 
are required to normalize the vitamin  C status 
of critically ill patients. Although optimal dietary 
intakes of vitamin C (i.e., 200 mg/d) may decrease 
the risk of developing a respiratory infection 
[16,163], it appears that successively higher 
amounts of vitamin C are required as infectious 
diseases progress in severity (Figure 7.5). A handful 
of small randomized controlled trials indicate 
that administration of gram doses of vitamin C 
to patients with pneumonia and sepsis improves 
multiorgan function, particularly the pulmonary, 

cardiovascular, and renal systems, as well as 
potentially decreases mortality rates. Currently, 
larger interventional studies are underway to 
confirm the effects of vitamin C on mortality. If 
these trials support the initially promising findings 
of the smaller studies, there would then be strong 
justification to introduce vitamin C administration 
into routine clinical practice for these conditions, 
as well as to assess the effects of vitamin C 
administration on related infectious conditions. 
Unlike many drugs that target only one specific 
biochemical pathway, vitamin C targets multiple 
pathways and hence can exhibit body-wide effects.

To date, there have been no studies that have 
assessed the effects of vitamin C intervention 
on the long-term quality-of-life outcomes of 
patients with pneumonia and sepsis (Figure 7.5). 
The reported vitamin C–dependent decreases in 
organ dysfunction, including decreased acute 
renal failure, which normally requires ongoing 
dialysis or a transplant, would be expected to 
significantly improve long-term patient quality 
of life. The human brain has a particularly high 
requirement for vitamin C, and both observational 
and interventional studies have shown inverse 
associations between vitamin C and cognitive 
dysfunction and psychiatric disorders such as 
depression and anxiety [165,166]. Furthermore, 
vitamin C may be able to modulate the stress 
response with inverse associations observed 
between vitamin C status and cortisol levels, 
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and decreased cortisol levels reported following 
vitamin C intervention [167]. Most of the 
vitamin  C interventional studies carried out in 
critically ill patients have been for a total duration 
of 4 days, which may not be sufficient to have a 
dramatic effect on quality of life at 3 or 6 months 
later due to the rapid return of vitamin C levels to 
baseline following withdrawal of supplementation 
[43,168]. Because vitamin C is water soluble and 
is not retained by the body, sustained long-term 
quality-of-life effects will likely require ongoing 
vitamin C supplementation.

Vitamin C administration has been shown 
to improve the quality of life and decrease the 
symptoms of oncology patients, likely through 
repletion of inadequate vitamin C levels and 
decrease of the off-target toxicity and adverse side 
effects of chemotherapeutic drugs [169]. Animal 
studies have indicated that administration of drugs 
such as sedatives, analgesics, and muscle relaxants 
to vitamin C–synthesizing animals stimulates 
an increased synthesis/excretion of the vitamin, 
suggesting a higher requirement for vitamin C 
due to enhanced metabolism when drugs are 
administered [170,171]. Klenner also reported that 
penicillin had a retarding effect on the action of 
vitamin C in patients with pneumonia, and in one 
case, beneficial effects were not obtained until 
the penicillin was discontinued [24]. Therefore, 
it is conceivable that administration of additional 
vitamin C to patients with sepsis may counteract 
some of the adverse effects of the many drugs that 
are administered to these patients during intensive 
care. The effects of vitamin C on drug-related side 
effects and long-term patient quality of life should 
be assessed in further clinical trials of patients 
with severe respiratory infections and sepsis.
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CHAPTER EIGHT

Vitamin C in Immune Cell Function

Abel Ang, Margreet C.M. Vissers, and Juliet M. Pullar

INTRODUCTION

Humans have an absolute requirement for 
vitamin C (ascorbate) as part of their diet, with its 
absence resulting in the deficiency disease scurvy. 
Historically, scurvy was commonly observed in 
sailors on long voyages who were deprived of 
fresh fruit and vegetables for extended periods. 
Pneumonia was a well-recognized symptom of 
scurvy and often a cause of death for those with 
the illness [1]. More recently, there have been 
several Cochrane reviews that have methodically 
combined studies conducted to determine the 
effect of ascorbate supplementation on different 
respiratory infections [2,3]. These analyses have 
shown that ascorbate intake can reduce the 
incidence of the common cold and pneumonia in 
particular subgroups of the population, such as 
those under severe physical stress. There were also 
therapeutic effects of ascorbate on the duration 
and severity of these illnesses. Preclinical studies 
have also suggested that ascorbate decreases the 

incidence and severity of infections [4]. Thus, the 
efficacy of ascorbate in treating infections as a 
concept is now gaining traction, particularly with 
recent clinical studies using substantial doses of 
ascorbate to supplement and treat patients with 
severe sepsis or septic shock [5,6]. Whereas many of 
these clinical effects of ascorbate supplementation 
may reflect its supportive functions on many 
biological processes, it is also possible that 
modulation of immune cell functions may affect 
the course of these acute infectious diseases.

There is widespread belief that vitamin  C 
supports the immune system, but despite 
this, there remains considerable controversy 
surrounding its capacity to influence the immune 
and inflammatory response. A way to address 
this question is to consider the different facets of 
the immune system and the ability of ascorbate 
to modulate these activities. The core chemical 
property of ascorbate is its ability to act as an 
electron donor, with all of its known biological 
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functions dependent on this activity, and hence 
its reputation as an antioxidant [7]. Through 
this reducing capacity, ascorbate functions as 
a cofactor to a number of copper (Cu)- and 
iron (Fe)-containing biosynthetic enzymes, 
exemplified by the Cu-containing dopamine 
β-hydroxylase, which converts dopamine to 
norepinephrine, and the Fe-dependent collagen 
prolyl and lysyl hydroxylases that form cross-
links to stabilize the tertiary structure of collagen 
[8–11]. It has become apparent that the enzymes 
requiring ascorbate as a cofactor include other 
newly characterized hydroxylases that regulate 
gene transcription and cell signaling pathways 
[12,13]. These hydroxylases belong to the family 
of Fe-containing 2-oxoglutarate–dependent 
dioxygenases (2-OGDDs); members of this 
family are widespread throughout biology and 
include enzymes involved in biosynthesis, 
posttranslational protein modification, and the 
oxidative demethylation of methylcytosine and 
methylated histone residues [14–18]. Prominent 
examples of these enzymes include the DNA 
demethylases (ten-eleven translocases [TETs]), 
histone demethylases (Jumonji C domain-
containing histone demethylases [JHMDs]), and 
the prolyl, lysyl, and asparagine hydroxylases 
(PHDs) that modify the α regulatory subunit of 
the hypoxia-inducible factors (HIFs) [15,18].

In this chapter, we consider the roles of 
ascorbate in regulating the immune system, 
particularly with respect to its cell signaling and 
gene regulatory cofactor activities. We examine 
the functional effects of ascorbate on cells of both 
the innate and adaptive immune responses and, 
as cancer has an inflammatory component [19], 
we include a discussion of the role of ascorbate on 
immune cells in a cancer setting. The contributions 
of ascorbate as an antioxidant in immune cells 
have been well reviewed by others [20–25] and 
will not be discussed here.

ASCORBATE LEVELS IN IMMUNE CELLS

One of the main drivers of the interest in the 
function of ascorbate in the immune system 
is that leukocytes accumulate the vitamin to 
high intracellular concentrations, signaling an 
important role for it in these cells [26–29]. The 
intracellular ascorbate concentrations in freshly 
isolated circulating lymphocytes, monocytes, and 
neutrophils have been reported to be ∼3.5, ∼3, 

and ∼1.5 mM, respectively, when plasma levels 
are at least 50 µM, the status in healthy individuals 
consuming ≥100 mg ascorbate daily [28,30]. 
However, in the general population without 
controlling for ascorbate intake, levels of freshly 
isolated circulating T and B cells were reported to 
be ∼1 and 1.5 mM, respectively, while monocytes 
and neutrophils were similar [26].

When plasma levels fall below 20 µM, immune 
cell ascorbate content decreases, with intracellular 
concentrations at around 1.5, 1.2, and 0.5 mM 
in lymphocytes, monocytes, and neutrophils, 
respectively [28,30]. Plasma levels below 23 µM 
represent a state of hypovitaminosis C and are 
commonly seen in individuals with infrequent 
fresh fruit and vegetable intake [31–36]. In 
addition, there is substantial evidence that plasma 
and cellular ascorbate levels are depressed in 
patients with active inflammatory disease [37–40] 
and particularly in very ill patient populations 
[37,40,41]. Low ascorbate status has also been 
measured in patients with cancer, including 
hematological cancers [41–49]. Ascorbate loss 
during illness is thought to reflect increased 
turnover due to oxidative and metabolic stress 
[50,51]. These data suggest a significant degree 
of variability in immune cell ascorbate status as 
reflecting the range of plasma levels during normal 
health as seen in the general population, and also 
in illness [31–36].

It is also interesting to note that immune cells 
are capable of accumulating ascorbate beyond 
freshly isolated levels. When cultured in vitro in 
the presence of 100 µM ascorbate, immune cells 
can accumulate up to three times their initial 
ascorbate content with minimal loss over 24 hours 
[26]. This is equivalent to the 100 µM plasma levels 
achievable solely through dietary intake [52]. The 
highest resting ascorbate level measured under 
these in vitro conditions was in monocytes at 
10 mM, while activated neutrophils accumulated 
levels up to 14 mM (Table 8.1) [26,29,53]. This 
variable availability of ascorbate in immune cells 
may modulate ascorbate-dependent enzyme 
reactions and thereby affect the functioning of the 
immune response.

The reasons for the high intracellular requirement 
for ascorbate in immune cells are suggestive of 
an essential role in these cells. The emerging 
understanding of the dependency of many critical 
functions of immune cells on enzymes that require 
ascorbate as a cofactor is likely to be pertinent 
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to this discussion. These functions include the 
differentiation of white cells in the bone marrow 
and, hence, the development of immune cells 
[54–58]. In addition, many inflammatory sites, 
including cancers, are known to be hypoxic 
environments [59–64], with activation of the 
hypoxic response being an integral component of 
inflammation. The interaction of ascorbate with 
these immune processes is discussed later.

HYPOXIA-INDUCIBLE FACTORS AND 
DEPENDENCY ON ASCORBATE

Immune cells undergo dramatic metabolic 
changes following activation, and increased 
aerobic glycolytic activity and fatty acid oxidation 
have been observed [65,66]. These metabolic 
changes, once thought to be a consequence of 
cell activation, are now being reexamined as a 
mechanism for phenotype switching, termed 
metabolic reprogramming (reviewed in [67]). Central 
to this switch are the HIFs, transcription factors 
that regulate the expression of hundreds of genes 
that not only upregulate the glycolytic machinery 
but also direct the inflammatory and immune 
response (reviewed in [66]) [62,63].

The hypoxia-induced transcription factors are 
expressed ubiquitously and are heterodimeric 
complexes of a constitutively expressed β subunit 
and a regulatory α subunit (isoforms HIF-1α, 
HIF-2α, HIF-3α). HIF activation is regulated 
by posttranslational modification of proline 
and  asparagine residues on the HIF-α proteins 
[59–61,68]. This reaction is carried out by 
hydroxylases that are members of the 2-OGDD 
family [18,68,69]. Proline hydroxylation results 
in recruitment of von Hippel-Lindau protein and 

targeting to the proteasome for protein degradation. 
Asparagine modification prevents the formation of 
an active transcription complex, and the combined 
hydroxylation events thereby provide a dual control 
mechanism to prevent inadvertent activation of 
HIF-mediated transcription [18,68,69]. Three 
proline hydroxylases, PHD1-3, and the asparagine 
hydroxylase known as factor inhibiting HIF (FIH) 
are grouped together as the HIF hydroxylases 
and represent a distinct subset of 2-OGGDs with 
unique oxygen sensing capacity [68,69]. These 
enzymes have been shown to require ascorbate for 
optimal activity [70,71]. This dependency has been 
demonstrated in cell free systems [68,71,72], and 
other reducing agents such as glutathione are much 
less effective as recyclers of the hydroxylase active 
site Fe2+ [71,73–76]. Depleted intracellular ascorbate 
levels have been shown to contribute to the 
upregulation of HIF activation, particularly under 
conditions of mild or moderate hypoxia [70,77].

FUNCTION OF THE HYPOXIC RESPONSE 
IN IMMUNE CELLS

The interaction between ascorbate and the HIFs is 
relevant to the function of immune cells in both 
inflammation and cancer. As mentioned previously, 
inflammatory sites are known to be under hypoxic 
stress, with the increased oxidative metabolism of 
inflammatory cells contributing to this [62–64]. 
Growing tumors are also well characterized as being 
hypoxic due to rapid proliferation and outgrowth 
of the established blood supply [78,79]. The 
resulting upregulation of the HIFs is instrumental 
in the activation of glycolysis, angiogenesis, 
resistance to chemotherapy, and promotion of a 
stem cell phenotype, thereby promoting tumor 

TABLE 8.1
Ascorbate levels in different immune cells from donors without diet restrictions (fresh isolated) or following in vitro 

supplementation and accumulation

Cell type Fresh Isolated In vitro Accumulation References

Peripheral T cells ∼1 mM Up to 2.5 mM in 100 µM ascorbate [26]

Peripheral B cells ∼1.5 mM Up to 2 mM in 100 µM ascorbate [26]

Peripheral monocytes ∼3 mM Up to 10 mM in 100 µM ascorbate [26]

Peripheral neutrophils ∼1.5 mM In excess of 5 mM in 50 µM ascorbate. Activated 
neutrophils take up ∼14 mM

[29,53,181]

Peritoneal macrophages ∼2.5 mM Up to 8 mM in 200 µM ascorbate. Phagocytosis 
depletes intracellular ascorbate

[182]
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growth and metastasis [60,80,81]. At inflammatory 
sites and in tumor tissue, the hypoxic environment 
affects immune cell function and, given the 
interdependence between the activation of the HIFs 
and cellular ascorbate [70,82–87], we propose that 
many effects of ascorbate on immune cell function 
are likely to reflect the regulation of HIF-mediated 
functions.

Table 8.2 and Figure 8.1 show a summary of 
the potential interactions between immune 
cell functions and the hypoxic response. These 
interactions are discussed in more depth in the 
following sections.

Monocytes/Macrophages

The high ascorbate concentrations in monocytes 
[30] may, in part, be related to their dependency 
on HIF for many essential functions. HIF-1 
has been shown to be activated in monocytes 
following activation with phorbol esters [88] 
and pathogenic stimuli [89–92], even under 
nonhypoxic conditions. That HIF activation is an 
integral part of monocyte function is indicated by 
the demonstrations that HIF-1α or HIF-2α deletion 
in myeloid cells caused profound impairment 
of cell aggregation, motility, invasiveness, and 
bacterial killing [90–92], resulting in decreased 
bacterial resistance and failure to restrict systemic 
spread of a localized infection [91–93]. HIF-1 
appears to be important for monocyte-mediated 
host defense; HIF-1 activation has been shown to 
contribute to disease progression in colitis, and 
myeloid HIF-1α knockout shifts the balance to 
an anti-inflammatory phenotype resulting in a 
less severe inflammation [94]. The sepsis-related 
host immunosuppressive monocyte phenotype 
has also been shown to be mediated by chronic 
HIF-1α expression, resulting in suppressed pro-
inflammatory cytokine expression and increased 
ability to induce Treg cell polarization [95].

In cancer, activation of HIF-1/2 in monocytes 
has been implicated in the development and 
phenotype of tumor-associated macrophages 
[93,96]. This is associated with an increased 
M2-like gene profile, increased expression of 
immunosuppressive and pro-tumor proteins such 
as arginase 1, iNOS, and VEGF, as well as induction 
of PD-L1 expression [93,96–98]. These changes lead 
to greater monocyte/macrophage tumor invasion 
[93] and tumor cytotoxic T-cell suppression 
[98,99]. Interestingly, a macrophage-targeted 

HIF-1α and HIF-2α knockout resulted in delayed 
tumor progression in models of breast tumor, 
fibrosarcoma, and colitis-associated colon 
carcinoma [93,99,100].

The potential complexity of ascorbate 
engagement with immune cells in the hypoxic 
tumor microenvironment is well demonstrated 
by the observations that dendritic cells (DCs) 
treated with ascorbate secreted increased levels 
of interleukin (IL)-12p70 after activation with 
lipopolysaccharide (LPS) and induced more Th1 
cytokine and interferon (IFN)-γ, but less Th2-
cytokine, IL-5 expression in naïve T cells [101]. 
Ascorbate-treated DCs also increased the frequency 
of IFN-γ+ T cells when cocultured with both CD4+ 
and CD8+ T cells and demonstrated an improved 
antitumor effect [102].

Neutrophils

Neutrophils are short-lived cells that are the first 
responders to an inflammatory challenge. Their 
recruitment to, and clearance from, inflammatory 
sites is dependent on the regulation of cell death and 
survival pathways [103]. It appears that HIF-1 and 
ascorbate are intimately involved in determining 
neutrophil cell fate. Hypoxia has been shown 
to prolong neutrophil survival via activation of 
HIF-1 and its downstream pathways [104–106]. 
HIF-1 activation also enhanced neutrophil overall 
antibacterial function as demonstrated by increased 
susceptibility to bacterial keratitis in mice when 
HIF-1 was inhibited [107]. This was supported by 
findings of delayed rates of apoptosis and enhanced 
bacterial phagocytosis under normoxic conditions 
in neutrophils from patients with a monoallelic 
mutation of von Hippel-Lindau protein who 
exhibit a “partial hypoxic” phenotype [105]. 
These results suggest that a functional hypoxic 
response supports neutrophil function at hypoxic 
inflammatory sites in vivo. A similar antiapoptotic 
phenotype in ascorbate-deficient neutrophils was 
shown to be associated with HIF-1 activation 
under normoxic conditions [108]. Recognition 
of aged neutrophils by macrophages was also 
reported, and neutrophil clearance from an 
inflammatory site was delayed [108]. Interestingly, 
increasing neutrophil ascorbate content was found 
to inhibit Fas-induced neutrophil cell death [109] 
as well as the rates of neutrophil and monocyte 
apoptosis in patients with sepsis [110]. Also, in 
the ascorbate-dependent Gulo−/− mouse, a high 
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TABLE 8.2
Description of role of hypoxia-inducible factors (HIFs) in immune cells

Cell Type Role of HIFs References

Monocyte/
Macrophage

Differentiation

• Monocyte differentiation with PMA induces HIF-1α activation and 
downstream gene expression.

[88]

• HIF-1α is essential for the regulation of glycolytic capacity in myeloid cells and 
subsequent acquisition of pro-inflammatory response toward bacterial and 
fungal infections.

[89,90]

• HIF-1α and HIF-2α regulates the production of key immune effector 
molecules in response to bacterial infection.

[91–93]

• High extracellular lactate induces M2-like polarization of macrophages 
mediated by HIF-1α activation.

[96]

• Strong HIF-2α staining in TAM of clinical tumor sections. [183]

Chemotaxis and Effector Function

• HIF-1α-deficient myeloid cells in mice showed decreased bacterial resistance 
and failed to restrict systemic spread.

[91,92]

• Myeloid HIF-1α deletion results in metabolic defects and profound 
impairment of myeloid cell aggregation, motility, invasiveness, and bacterial 
killing. Contrary report shows HIF pathways in myeloid cells are dispensable 
for myeloid cell tissue trafficking.

[90,184]

• Hypoxia amplified macrophage production of M1 induced pro-inflammatory 
cytokines (IL-6, IL-12, IL-1β) in a HIF-2α-dependent manner.

[93]

• HIF-2α promotes tumor-associated macrophage invasion into the tumor. [93]

Immunomodulation

• Hypoxic macrophage suppression of T-cell proliferation is HIF-1α dependent. [99]

• HIF-1α in myeloid cells contributes to the pro-inflammatory disease 
progression in colitis. Myeloid HIF-1α knockout appears to shift the balance to 
anti-inflammatory resulting in milder inflammation and less TH17 cells.

[94]

• Chronic HIF-1α expression mediates sepsis-related host immunosuppressive 
monocyte phenotype by suppressing pro-inflammatory cytokine expression 
and increased ability to induce Treg polarization.

[95]

• HIF-1α expression in myeloid cells is correlated with suppression of tumor 
cytotoxic T-cell responsiveness.

[99]

• HIF-1α binds to transcriptionally active HRE in the PD-L1 proximal promoter 
resulting in increased PL-L1 expression under hypoxia (0.1%).

[98]

Angiogenesis

Myeloid HIF-1α stabilization enhanced neovascularization in matrigel plugs and 
significantly improved blood flow in a mouse model of hindlimb ischemia.

[185]

Tumor Growth

Macrophage targeted HIF knockout reduced tumor growth in progressive models of 
breast cancer and fibrosarcoma in mice as well as compromised development of 
murine colitis associated cancer.

[93,99,100]

Neutrophil Cell Survival

• Prolongs survival of neutrophils under hypoxia. [104,106]

• Patients with pVHL mutations show delayed neutrophil apoptosis. [105]

(Continued)
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TABLE 8.2 (Continued)
Description of role of hypoxia-inducible factors (HIFs) in immune cells

Cell Type Role of HIFs References

Effector Function

• Patients with pVHL mutations show enhanced neutrophil phagocytosis. [105]

• HIF-1α inhibition increases susceptibility to bacterial keratitis in mice. HIF-1α 
is essential for effective bacterial killing, apoptosis, and antimicrobial peptide 
production by PMNs.

[107]

T Cells Differentiation

• HIF-1α enhances TH17 development and attenuates Treg development. 
HIF-1α-deficient T cells were associated with diminished TH17 and increased 
Treg cells in experimental autoimmune encephalitis in mice.

[124]

• HIF-1α-dependent transcriptional program was important for mediating T-cell 
glycolytic activity. Blocking glycolysis inhibited TH17 development while 
promoting Treg cell generation from CD4+ T cells.

[123]

• Hypoxic stimulation increased Treg development in wild-type T cells, but 
HIF-1α knockout resulted in TH17 instead.

[126]

• Enhanced HIF-1α activity by CD8+ T cells led to a sustained effector state 
therefore inhibiting or delaying the terminal differentiation or memory 
formation of CD8+ effector cells. Glucose dependent.

[125]

Effector Function

• HIF activity activated the expression of CTL genes responsible for effector 
molecules, costimulatory receptors, activation and inhibitory receptors, and 
key transcriptional regulators of effector and memory cell differentiation.

[125,129]

• “Always-on” HIF signaling induced by Vhl deletion augmented the effector 
capacity of CTLs beyond the attenuated levels observed for wild-type cells 
during chronic infection and resulted in lethal immunopathology.

[125]

• Lack of HIF-1α resulted in diminished TH17 development but enhanced Treg 
cell differentiation and protected mice from autoimmune neuroinflammation 
and encephalitis.

[123,124]

• Deletion of T-cell HIF-1α gene leads to higher levels of pro-inflammatory 
cytokines, stronger antibacterial effects with better survival of septic mice and 
more severe colitis-induced colonic inflammation than control mice with the 
upregulation of Th1 and Th17 cells.

[126,130]

• Using CTL targeted HIF-1α deletion, HIF-1α was associated with expression of 
CD69 (marker of activated T cells) on CTLs in hypoxic regions of tumor.

[131]

Tumor Growth

• VHL-deficient CTL recipients delayed growth of established tumors in mice. 
Moreover, 5 of 20 mice that received VHL-deficient CTLs had no detectable 
masses at the end of the study (50 days).

[125]

• HIF-1α knockout CTLs accelerated tumor growth implants in mice, there was 
higher tumor VEGF-A content, fewer CTL infiltrates, and greater vasculature 
normalization.

[129]

B Cells B-cell-specific HIF-1α deletions have reduced number of IL-10-producing B cells, 
which result in exacerbated collagen-induced arthritis and experimental 
autoimmune encephalomyelitis.

[186]

ABBREVIATIONS: CTL, cytotoxic T lymphocyte; HRE, hypoxia-response element; IL, interleukin; PMA, phorbol myristate acetate; PMN, poly-
morphonuclear; TAM, tumor-associated macrophage; VEGF, vascular endothelial growth factor; VHL, von Hippel-Lindau.
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ascorbate diet was found to increase circulating 
granulocyte and monocyte numbers [111]. More 
recently, ascorbate deficiency has been linked to 
increased generation of neutrophil extracellular 
traps (NETs) in the Gulo−/− mouse [112]. NETs are 
produced at the expense of neutrophil viability 
and are thought to immobilize bacteria and fungi 
and promote the resolution of infection by directly 
killing the pathogen. Interestingly, HIF-1 has also 
been postulated to regulate this alternative form 
of cell death [113].

Not all effects of ascorbate on neutrophil 
function will be HIF related. Severe ascorbate 
deficiency has been shown to impair neutrophil 
bactericidal ability toward phagocytosed pathogens 
following infection with actinomyces and Klebsiella 
pneumoniae [114,115], possibly as a result of altered 
oxidative capacity [116,117]. Individuals with 
genetic defects in neutrophil function have also 
shown decreased infectious episodes following 
vitamin C supplementation, as well as possible 
improvements in the bactericidal activity of their 
neutrophils [118–120]. In our study, we found 
neutrophils from individuals with suboptimal 
circulating ascorbate levels showed a modest 
increase in neutrophil chemotaxis and oxidative 
burst ex vivo following supplementation to restore 
vitamin C status to healthy levels [121].

T Cells

Differentiation of CD4 T cells dictates the type 
of inflammatory response occurring via the 
development of different T-helpers and iTreg subsets 
and their corresponding effector functions [66,122]. 
Therefore, depending on the nature of the insult or 
source of inflammation, the prevailing ratio and 
species of T cells could alter the outcome. HIF-1 
appears to play an important, although unresolved, 
role in T-cell differentiation. For example, HIF-1α 
T-cell-targeted knockout protected mice from 
autoimmune neuro-inf lammation and was 
associated with a shift from TH17 to Treg response, 
possibly by increasing glycolysis [123–125], while the 
opposite was observed in irritable bowel disease 
where T-cell HIF-1α knockout increased TH1 
and TH17 leading to severe colonic inflammation 
[126]. HIF-1α-mediated myeloid and DC-driven 
differentiation of T cells also greatly affected 
the inflammatory outcome; HIF-1α knockout in 
myeloid cells resulted in lesser TH17 prevalence 
and decreased inflammation [94]. In DCs, HIF-1 

knockout resulted in impaired Treg development 
and increased inflammation [127] and HIF-1-
mediated events were reported to limit Th1 cell 
development by preventing IL-12 production and 
to exacerbate Leishmania infections [128].

Apart from T-cell differentiation, HIF-1 has 
also been shown to affect T-cell activation and 
function. HIF activation enhanced the expression 
of effector molecules, co-stimulatory receptors, 
activation and inhibitory receptors, and key 
transcriptional regulators of effector and memory 
cell differentiation [125,129]. However, this was 
in contrast to a previous report showing higher 
levels of pro-inflammatory cytokines, stronger 
antibacterial effects, and much better survival of 
septic mice with T-cell-targeted deletion of the 
HIF-1α [130].

In cancer, HIF-1 activation is associated with 
expression of CD69 (a marker of activated T cells) 
on cytotoxic T lymphocytes in hypoxic regions 
of tumor, suggesting a pro-tumor killing role for 
HIF-1α [131]. This is supported by two studies 
showing that T-cell HIF-1 activation significantly 
delayed tumor growth [125] and, conversely, 
accelerated tumor progression in the presence 
of HIF-1α knockout cytotoxic T lymphocytes 
(CTLs) [129] in a murine model of ectopic B16 
melanoma.

ASCORBATE AND REGULATION OF 
EPIGENETICS IN IMMUNE CELLS

There have been a number of studies that have 
suggested that ascorbate influences lymphocyte 
differentiation, including early studies that indicated 
that an increase in circulating lymphocytes was 
associated with ascorbate availability [132,133]. 
High ascorbate supplementation for 1 year also 
significantly increased all circulating leukocytes, 
including lymphocytes, in SMP30KO ascorbate-
dependent mice [111]. Ascorbate was required for 
the progression of mouse bone marrow–derived 
progenitor cells into functional T lymphocytes 
and also increased the natural killer (NK) cell 
population in vitro [134–136]. Many of these 
effects show a significant correlation with the 
regulation of the TET and Jumonji demethylases 
and epigenetic changes, rather than with the 
expression of HIF-1. This topic is discussed in the 
following sections.

The immune system consists of a diverse set 
of effector cells whose development is both 
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strictly regulated as well as plastic in nature. This 
affords our immune system a nearly unlimited 
capacity to respond to environmental triggers 
in an appropriate manner. Epigenetics is now 
being recognized as an important player in the 
development and differentiation of our immune 
and inflammatory cells [137].

In mammals, one of the most widespread 
epigenetic modifications is DNA cytosine 
methylation, a modification that generally 
results in silencing of gene expression 
[138,139]. This modification can be actively 
reversed by the Tet enzymes that catalyze 
the oxidation of 5-methylcytosine (5mC) to 
5-hydroxymethylcytosine (5hmC), potentially a 
stable epigenetic mark in itself [138], or initiate 
the generation of 5-formylcytosine (5fC) and 
5-carboxylcytosine (5caC), which results in active 
regeneration of unmarked cytosine by excision-
repair mechanisms [140]. Ascorbate availability 
has been shown to markedly enhance Tet 
activity [141,142] through its cofactor function, 
likely maintaining the active site Fe2+ of these 
dioxygenases [143]. Although other reducing 
agents could reduce Fe3+ and promote TET 
activity in a cell free system, ascorbate was shown 
to be the most efficient [143], and glutathione 
was incapable of increasing murine embryonic 
TET activity compared to equimolar ascorbate 
[141,142]. The Jumonji C domain-containing 
histone demethylases (JHDMs) are also members 
of the Fe- and 2-oxoglutarate dependent 
dioxygenase family, and similarly to TETs, full 
enzyme activity of JHDMs occurs when ascorbate 
is present [144,145]. The JHDMs are the third and 
largest class of demethylase enzymes, capable of 
removing all three histone lysine-methylation 
states through oxidative reactions [145].

At inflammatory sites and in tumor tissue, 
immune and inflammatory cells acquire specific 
phenotypes depending on the cues they receive. 
This, in part, involves the selective expression and 
repression or specific genes [146,147]. Given the 
interdependence between epigenetic regulation 
and cellular ascorbate, we propose that many 
effects of ascorbate on immune cell function 
could reflect the regulation of the DNA and histone 
demethylation enzymes, the TETs and JHDMs. 
Table 8.3 and Figure 8.2 show a summary of the 
interactions between epigenetic regulation and 
immune cell functions that are discussed in the 
following sections.

Monocytes/Macrophages

Epigenetic regulation plays an important role 
in macrophage differentiation, with rapid TET-
dependent demethylation observed in colony 
stimulating factor 1–differentiated human 
monocytes [148,149]. TET2 transcription was 
further induced by LPS but not IL-4 stimulation 
[148]. The genes affected by TET-mediated 
demethylation are part of 10 consolidated 
pathways related to the regulation of the actin 
cytoskeleton, phagocytosis, and the innate 
immune system [149]. In macrophages, TET2 is 
thought to restrain the inflammatory response 
by upregulating expression of genes involved in 
dampening toll-like receptor 4 signaling [148]. 
This notion is supported by a report showing 
TET2 represses IL-6 production during LPS-
induced inflammation and that TET2 knockout 
exacerbates the expression of macrophage pro-
inflammatory molecules such as IL-6, MCP-1, 
MCP-3 in response to LPS stimulation, resulting 
in an enhanced inflammatory response [150].

The JHDM enzyme JMJD3 is expressed in 
monocytes/macrophages and is inducible by 
differentiating factors [151–153] as well as by 
pathogenic [154,155] and damage-associated 
molecules [156,157]. Although JMJD3 has been 
shown to affect gene expression in macrophages, 
the role of JMD3 in macrophage function is still 
unclear. For example, 70% of macrophage-LPS-
inducible genes were found to be JMJD3 targets, 
but only a few hundred genes, including inducible 
inflammatory genes, were moderately affected 
by JMJD3 deletion [154]. However, Kruidenier 
et al. demonstrated a drastic drop in LPS-induced 
cytokine expression using a specific JMJD3 
inhibitor and siRNA, among them TNF-α [158]. 
In contrast, Satoh et al. showed no effect in M1 
cytokine secretion following LPS stimulation in 
JMJD3 knockout macrophages including TNF-α 
[151]. Contradictions aside, two studies looking 
at macrophage response to parasitic infection 
have associated JMJD3 demethylation activity to 
acquisition of an M2 phenotype, demonstrated 
by upregulation of M2 proteins such as arg1, 
Ym1, Fizz1, MR, and iNOS [151,156]. Two other 
studies have associated JMJD3 activity with an 
M1 macrophage phenotype following serum 
amyloid A stimulation [157] and in arthritis 
[152] resulting in induction of pro-inflammatory 
cytokines.
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TABLE 8.3
Description of role of ten-eleven translocations (TETs) and Jumonji C domain-containing histone demethylases (JMJDs) 

in immune cells

Cell Type Role of TETs and Jumonjis References

Monocyte/
Macrophage

Differentiation

• TETs are highly expressed in murine macrophages differentiated by M-CSF. 
TET-2 transcription was further induced by LPS but not interleukin IL-4 
stimulation.

[148]

• Monocyte to macrophage differentiation by CSF-1 was shown to be followed 
by rapid demethylation (within 24 hours) mediated by TET enzymes. 
Identified affected genes are part of 10 consolidated pathways related to the 
regulation of actin cytoskeleton, phagocytosis, and innate immune system.

[149]

• 70% of LPS-inducible genes were found to be JMJD3 targets. JMJD3 deletion 
showed moderately impaired Pol II recruitment and transcription. JMJD3 
fine-tunes the transcriptional output of LPS-activated macrophages in an 
H3K27 demethylation-independent manner.

[154]

• PMA stimulation increases expression of Jumonji proteins. [158]

• GM-CSF upregulates interferon regulatory factor 4 driven CCL17 production 
expression by enhancing JMJD3 demethylase activity in human monocytes 
and mouse macrophages.

[152]

• JMJD3-mediated H3K27 demethylation is crucial for regulating M2 
macrophage development in anti-helminth host responses; this is mediated 
by interferon regulatory factor 4.

[151,156]

• IFN-γ and IL-4 stimulation increased JMJD3 expression in CSF-1 stimulated 
macrophages and contributes to gene expression relating to immune 
response and leukocyte activation.

[153]

Cytokine Production

• TET-2 represses late phase expression of macrophage pro-inflammatory 
molecules such as IL-6, MCP-1, MCP-3 (by recruiting Hdac2) in response to 
LPS stimulation resulting in greater degree of inflammatory response in 
TET-2 knockout mice challenged with LPS and colitis.

[148,150]

• JMJD3 knockout did not affect macrophage M1 (by LPS) cytokine secretion. [154]

• Inhibition of JMJD3 attenuated TNF-α and other pro-inflammatory cytokine 
production in primary human macrophages in response to LPS.

[158]

• JMJD3 is highly inducible in serum amyloid A-stimulated macrophages and 
plays an important role in the induction of inflammatory cytokine genes 
(IL-23p19 and TREM-1).

[157]

Dendritic Cells • Tet2 represses late phase expression of macrophage and dendritic cell 
pro-inflammatory molecules such as IL-6, MCP-1, MCP-3 in response to LPS 
stimulation resulting in greater degree of inflammatory response in Tet-2 
knockout mice challenged with LPS and colitis.

[150]

• DNA demethylation changes occur during development of monocytes to 
immature and mature dendritic cells.

[162]

• KDM5B acts to repress type I IFN and other innate cytokines in DCs to 
promote an altered immune response following RSV infection that 
contributes to development of chronic disease.

[163]

(Continued)
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Epigenetic processes regulated by the 
demethylases are associated with leukemogenesis, 
and ascorbate availability has been closely linked 
to this phenomenon. As mentioned previously, 
hematopoietic stem and progenitor cells (HSPCs) 
accumulate high intracellular concentrations 
of ascorbate, and this is essential for HSPC 
differentiation via support of TET2 activity [54]. 

TET2 inhibition in HSPCs by ascorbate depletion 
retards differentiation and increases HSPC 
frequency. TET2 mutations are also known to 
cooperate with FLT3ITD mutations to cause acute 
myeloid leukemia [54]. Ascorbate depletion 
coupled with FLT3ITD mutations was adequate for 
leukemogenesis [54]. It appears then, that ascorbate 
accumulation within HSCs promotes TET function 

TABLE 8.3 (Continued)
Description of role of ten-eleven translocations (TETs) and Jumonji C domain-containing histone demethylases (JMJDs) in 

immune cells

Cell Type Role of TETs and Jumonjis References

NK Cells Differentiation

• TET-2 and TET-3 act together to control iNKT cell expansion and cell lineage 
specification. Tet2/3 T-DKO mice showed an impressive expansion of iNKT 
cells even at very young ages.

[177]

• UTX-mediated regulation of superenhancer accessibility was a key 
mechanism for commitment to the iNKT cell lineage in vitro.

[179]

• CD4+ T-cell UTX and JMJD3 promote NKT cell development and are required 
for effective NKT function in mice.

[178]

Effector Function

GSK-J4 (H3K27 demethylase inhibitor) reduced IFN-γ, TNFα, GM-CSF, and IL-10 
levels in cytokine-stimulated NK cells while sparing their cytotoxic killing 
activity against cancer cells.

[180]

T Cells Differentiation

• In a murine model of acute viral infection, TET-2 loss promotes early 
acquisition of a memory CD8+ T-cell fate. TET-2 is an important regulator of 
CD8+ T-cell fate decisions.

[166]

• Widespread 5mC/5hmC remodeling during human CD4+ T-cell 
differentiation and is retained by CD4+ T memory cells at genes and 
cell-specific enhancers with known T-cell function.

[164]

• Profound demethylation of H3K27 is observed by 1 day after activation in 
CD4+ T cells corresponds to pathways crucial to T-cell function, including 
T-cell activation and the JAK/STAT pathways.

[168,169]

• JMJD3 deletion promotes TH2 and TH17 differentiation and inhibits TH1 and 
Treg cell differentiation by mediating the methylation status of H3K27 and/
or H3K4 in target genes and regulating target gene expression.

[170,171]

Effector Function

• Prolonged antigen stimulation in peptide immunotherapy is associated with 
demethylation of conserved regions of PD-1 promoter, possibly via TETs 
leading to sustained PD-1 expression in CD4+ effector T cells.

[167]

• Tet2 promotes DNA demethylation and activation of cytokine gene 
expression in TH1 and TH17 cells.

[165]

B Cells Deletion of both the Tet2 and Tet3 genes in early B cells with Mb1Cre resulted in a 
developmental arrest at the pro-B to pre-B stage.

[187,188]

ABBREVIATIONS: CSF, colony-stimulating factor; DC, dendritic cell; GM-CSF, granulocyte-macrophage colony-stimulating factor; IFN, inter-
feron; IL, interleukin; LPS, lipopolysaccharide; MCP, monocyte chemoattractant protein; NK, natural killer; PMA, phorbol myristate acetate; RSV, 
respiratory syncytial virus; T-DKO, TET2/3 double knock out; TNF, tumor necrosis factor.
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in vivo, limiting HSPC frequency and suppressing 
leukemogenesis. These findings were corroborated 
in part by another group that described the use 
of ascorbate as a combination therapy for treating 
leukemia [159]. Patients with leukemia often have 
low plasma ascorbate levels [41,46–48], and the 
capacity for ascorbate to influence the epigenetic 
drivers of some leukemias has led to conjecture 
that increased ascorbate supply may provide 
clinical benefit to some individuals with leukemia. 
Two recent publications have provided support for 
this hypothesis [160,161].

Dendritic Cells

DNA demethylation changes occur during 
development of monocytes into immature DCs 
and mature DCs [162]. TET2 represses late phase 
expression of DC pro-inflammatory molecules 
such as Il-6, MCP-1, and MCP-3 in response to 
LPS stimulation, and TET2 knockout results in a 
greater degree of inflammatory response in mice 
challenged with LPS and colitis [150]. KDM5B acts 
to repress type I IFN and other innate cytokines 
in DCs to promote an altered immune response 
following respiratory syncytial virus infection that 
contributes to development of chronic disease [163].

T Cells

Widespread DNA methylation remodeling has 
been reported at genes and cell-specific enhancers 
with known T-cell function during human CD4+ 
T differentiation [164,165], and Tet2 was reported 
to be the critical DNA demethylase involved in 
the differentiation of TH1 and TH17 cells, leading 
to activation of effector cytokine gene expression 
[165]. TET2 has also been shown to regulate CD8+ 
T-cell fate, particularly in formation of memory 
CD8+ T cells [166]. Prolonged antigen stimulation 
in peptide immunotherapy is associated with 
demethylation of conserved regions of PD-1 
promoter, possibly via TET, leading to sustained 
PD-1 expression in CD4+ effector T cells [167].

Profound demethylation of histone H3K27 is 
observed after activation in CD4+ T cells, and 
corresponds to pathways crucial to T-cell function, 
including T-cell activation and the regulation of 
the JAK/STAT pathways [168,169]. Deletion of 
the histone demethylase JMJD3 was found to 
regulate gene expression resulting in TH2 and TH17 
differentiation and inhibiting TH1 and Treg cell 

differentiation via altered methylation status of 
H3K27 and H3K4 [170,171].

Recent studies focusing on the role of ascorbate 
in T-cell differentiation and function suggest 
close alignment with epigenetic regulation and 
demethylase activity. Initial work showed ascorbate 
to be required for the progression of mouse bone 
marrow–derived progenitor cells into functional 
T lymphocytes in vitro and in vivo by a JmjC-mediated 
process [135,136]. Subsequent studies reported 
ascorbate-mediated stabilization of Foxp3 expression 
in TGF-β induced Tregs by TET enzymes [172,173]. 
Also, ascorbate enhanced alloantigen-induced 
Treg suppressive capacity in skin allograft and 
GVHD in mice was attributed to the stabilization 
of Foxp3 expression, presumably via demethylation 
of Foxp3 and other Treg-specific epigenetic genes 
[174,175]. Apart from Tregs, ascorbate has also 
been implicated in the maintenance of the TH17 
phenotype by increasing IL-17 expression in TH17-
differentiated T cells via reduced trimethylation of 
histone H3 lysine 9 (H3K9me3) in the regulatory 
elements of the IL17 locus [176].

NK Cells

A number of recent studies have demonstrated the 
impact of TET- and JHDM-mediated demethylation 
on NKT-cell development, proliferation, and 
function [177–179]. Interestingly, inhibition of 
the H3K27 demethylase reduced IFN-γ, TNFα, 
GM-CSF, and IL-10 levels in cytokine-stimulated 
NK cells while sparing their cytotoxic killing 
activity against cancer cells [180].

SUMMARY

The ability of ascorbate to influence the function 
of the many distinct cells of the immune system 
is becoming more established, alongside the 
mechanisms by which this might occur. Ascorbate 
availability will influence HIF activation and 
immune cell function in hypoxic inflammatory and 
tumor microenvironments. Evidence is mounting 
that DNA and histone demethylases, which are 
highly responsive to ascorbate, are intimately 
involved in the epigenetic remodeling of immune 
cells. However, there is still much to refine, owing 
both to our still evolving understanding of ascorbate 
biochemistry and to the very complexities of the 
immune system, with its capacity to defend against 
a diversity of pathogens as well as its proficiency in 
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eliminating our own cells when required (cancer 
cells or dying/damaged cells). How this translates 
into an overall effect of ascorbate function on 
immunity is still emerging.
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CHAPTER NINE

Role of Vitamin C in Chronic Wound Healing

Juliet M. Pullar and Margreet C.M. Vissers

INTRODUCTION

The skin plays a vital role in maintaining 
homeostasis of the human body and in protecting 
us from insults or threats from the external 
environment, including pathogens. To fulfill 
many of its functions, reviewed in [1], skin must 
maintain its integrity. Wound healing is the 
physiologic process by which skin is repaired in 
response to injury. In this review, the focus is on 
skin; however, the same wound healing process 
occurs in most other organ systems when they 
become damaged.

Vitamin C (ascorbate) is an essential 
micronutrient with a multitude of functions in 
the body largely related to its role as a cofactor 
for various biosynthetic and gene regulatory 

enzymes and its antioxidant capacity. There are a 
number of biological activities of vitamin C that 
may impact on wound healing. There is evidence 
to suggest that prolonged and severe vitamin C 
deficiency dramatically impairs wound healing. In 
this review, we discuss the biology of cutaneous 
wound healing and consider the evidence for the 
use of vitamin C to promote the healing of chronic 
wounds.

STRUCTURE OF SKIN

The skin is composed of two main layers—the 
outermost epidermis and the underlying dermis, 
with the differing structures of the two layers 
clearly reflecting their distinct functions. The 
epidermis is a stratified squamous epithelium 
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predominantly made up of keratinocytes. The 
keratinocytes closest to the dermis, termed the basal 
cells, divide, and cells move outward toward the 
surface, differentiating as they do so (Figure 9.1). 
During differentiation, keratinocytes lose almost 
all of their organelles and much of their cytoplasm, 
they increase production of specialized structural 
proteins, their cell membrane is replaced by a 
cellular envelope of cross-linked proteins, and 
they secrete lipids [2,3]. These changes allow the 
formation of the outermost epidermal layer, the 
stratum corneum, which consists of flattened, 
metabolically inactive cells, now termed corneocytes, 
sealed together with lipid-rich intercellular 
domains forming a nearly water-impermeable 
barrier (Figure 9.1). The stratum corneum interacts 
with the external environment and fulfills almost 
all of the physical barrier function of the skin [4]. 
The epidermis is continually renewing; it takes 
30–60 days for new keratinocytes to reach the 
skin surface [1].

In comparison, the thicker dermal layer consists 
mainly of a complex extracellular matrix that 
provides strength and flexibility and gives structural 
support to the epidermis. It is also home to the 
vascular, lymphatic, and neuronal systems of the 
skin. The dermis is relatively acellular (Figure 9.1). 
Fibroblasts are the main cell type present and are 
responsible for synthesizing many components of 
the extracellular matrix [5]. The majority of the 
dermis is composed of collagen fibers that account 
for 70%–80% of its dry weight. They are arranged 

in bundles in a random basket-weave pattern and 
provide the tensile strength of the skin, preventing 
it from tearing when stretched. Elastin fibers are 
also present in the dermis, although they are much 
less abundant than collagen. Elastin provides the 
skin with recoil or resilience, allowing it to return 
to an unstretched state. Both of these fibers are 
embedded into a proteoglycan matrix that, in 
conjunction with polymeric hyaluronic acid, is 
crucial for maintaining skin hydration, lubricating 
between collagen and elastic fiber networks 
during skin movement, and providing resistance 
to compression [1]. The dermis differs from the 
epidermis in that it is not continually replacing 
itself. Many of the extracellular matrix molecules 
are extremely long lived, with the half-life of skin 
collagen estimated at 15 years [6]. Lying between 
the two layers is the dermal-epidermal junction, 
a specialized basement membrane that fixes the 
epidermis to the dermis below.

WOUND HEALING IN ACUTE 
VERSUS CHRONIC WOUNDS

An acute wound in a healthy individual follows 
a reproducible trajectory of wound healing 
that can be described in three overlapping 
phases—inflammation, proliferation, and tissue 
remodeling. The process relies on a complex 
interplay of many different cell types, their 
mediators and the extracellular matrix, and 
is reviewed in detail in [7–9]. The first stage 

Dermis

Epidermis

Figure 9.1. Micrograph of a human breast skin sample. The view on the right shows the thickness of the dermis (pink 
staining) in comparison to the much thinner epidermis (purple staining). The scale bar indicates 200 µm. A zoomed-in 
image is shown within the box. The stratified nature of the cells of the epidermis is evident. The outermost layer of the 
epidermis, the stratum corneum, is indicated by the arrows, with its characteristic basket-weave structure. Within the 
dermis, the collagen bundles are very clear, as are the scattered purple-stained fibroblasts. (Originally published in Pullar, 
J. M. et al. 2017. Nutrients 9.)
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of wound repair is the inflammatory phase, 
which begins immediately after injury when 
vasoconstriction and clot formation combine to 
stem bleeding. The fibrin clot becomes a scaffold 
for the infiltrating cells required during healing, 
with neutrophils among the first cells recruited 
to the wound site. The recruitment of leukocytes 
to the wound depends on signals including 
platelet degranulation, activation of complement, 
products of bacterial or extracellular matrix 
degradation, and injured or activated cells [7,10]. 
The influx of neutrophils is followed 1–2 days 
later by the infiltration of monocytes, which 
subsequently differentiate into macrophages [11], 
although there are also resident macrophages 
present in the skin. Neutrophils and macrophages, 
as phagocytic cells, clear the wound of infectious 
material and any damaged tissue or debris. 
Macrophages also remove apoptotic neutrophils 
and are critically involved in orchestrating the 
next phases of the healing process, providing 
signals for reepithelialization, angiogenesis, 
and dermal repair [11–13]. Neutrophils are also 
thought to secrete cytokines, growth factors, 
and other mediators involved in activating 
endothelial cells, keratinocytes, fibroblasts, and 
inflammatory cells present in the wound [14]. In 
a normal acute wound, the inflammatory stage 
takes 2–5 days [9].

The next stage in the healing process is the 
proliferative phase, which is characterized by 
reepithelialization of the wound, restoration of 
the vascular system, and formation of granulation 
tissue. Reepithelialization occurs via a combination 
of migration and proliferation of the keratinocytes 
that reside closest to the leading edge of the 
wound. Thus soon after injury, keratinocytes at 
the wound edge begin to migrate over the wound 
[7,9]. Several days later, basal keratinocytes and 
nearby stem cells start to proliferate so as to 
provide enough cells to cover the wound [9]. 
Fibroblasts from a number of sources infiltrate 
the wound area where they proliferate and 
synthesize extracellular matrix components 
including collagen, fibronectin, proteoglycans, 
and hyaluronic acid [9]. These cells also secrete 
proteinases that remove the fibrin clot, replacing 
it with a more stable fibronectin-rich matrix that 
allows subsequent collagen deposition [15,16]. At 
the same time, angiogenesis is initiated via growth 
factor production by macrophages, keratinocytes, 
and fibroblasts leading neighboring endothelial 

cells to become activated and to migrate into the 
wound. This response is enhanced in hypoxia, 
which leads to activation of hypoxia-inducible 
factor (HIF) [17]. The entire process results in 
seen granulation tissue being formed, made 
up of blood vessels, fibroblasts, inflammatory 
cells, endothelial cells, and new extracellular 
matrix of collagen, glycoprotein, fibronectin, and 
hyaluronic acid [18]. Granulation tissue forms a 
scaffold filling the wound bed and is required for 
complete reepithelialization of thicker wounds 
so that migrating keratinocytes have viable tissue 
to migrate across [18]. Alongside these events, 
fibroblasts also differentiate into myofibroblasts in 
response to stimulation by macrophages [19]. The 
myofibroblasts at the edge of the wound, which 
now contain actin, then contract, decreasing 
the size of the wound and also contribute to the 
deposition of the extracellular matrix.

The final stage of repair is remodeling, which 
starts 2–3 weeks after the original injury and 
can last a year or more [8]. The dermis is cleared 
of cells that are no longer needed. The loose 
extracellular matrix of the wound that has allowed 
migration and repair to occur is slowly replaced by 
a more dense matrix composed predominantly of 
collagen. Over time, much of the type III collagen, 
laid down during the proliferative phase, is 
replaced by the stronger type I collagen [20]. This 
requires the action of matrix metalloproteinases 
released from macrophages, keratinocytes, 
endothelial cells, and fibroblasts. The collagen 
fibers, which were originally arranged in a random 
basket-weave pattern in undamaged skin, become 
realigned parallel to the epithelium. Gradually the 
tensile strength of the wound increases; however, 
the strength of the skin at the repair site is never as 
great as the uninjured skin [20]. Scar tissue is also 
less functional and may not have the normal skin 
appendages, for example, sweat glands, depending 
on the thickness of the injury.

If something goes wrong with the skin repair 
process, and it is impaired or halted, then the 
wound moves from an acute to a chronic healing 
process. While the impairment can occur at any 
stage, it most commonly gets halted in the inflam-
matory phase [9,13]. The resultant protracted or 
excessive inflammation is likely to be detrimental 
with elevated levels of proteases, breakdown of 
cytokines and extracellular matrix proteins, and 
increased levels of oxidative species observed in 
chronic wounds. One cell that is at least partially 
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responsible for the damage observed is the neu-
trophil, which has been shown to be present in 
chronic wounds for extended periods of time [14]. 
Evidence is mounting that the transition from the 
inflammatory to the proliferative phase is compro-
mised in chronic wounds [9]. A recent hypothesis 
suggests that macrophages may be critical, with 
depletion of these cells resulting in defective 
healing [21]. In particular, their switch from the 
classical pro-inflammatory M1 phenotype to an 
anti-inflammatory M2 phenotype may be impor-
tant for the transition to the proliferative phase 
[12,13,18]. M1 macrophages are associated with a 
phagocytic phenotype and in the production of 
pro-inflammatory mediators, whereas M2 mac-
rophages express anti-inflammatory mediators, 
promoting fibroblast proliferation, extracellular 
matrix synthesis, angiogenesis, and reepithelial-
ization [18]. The removal of apoptotic neutrophils 
by macrophages also seems to be important for 
this transition [22]. Other possible mechanisms 
implicated in the pathogenesis of chronic wounds 
include the sustained presence of bacterial infec-
tion leading to prolonged inflammation, dys-
regulation of protease production and activation, 
depletion of stem cells required for epidermal and 
blood vessel regeneration, and inadequate local 
angiogenesis [18].

PROBLEMS WITH CHRONIC WOUNDS

Chronic wounds are defined as wounds that 
have failed to heal in an orderly and timely 
manner or those that have proceeded through 
the repair process without reaching anatomical 
and functional integrity [23]. They are often a 
significant burden to an individual, causing pain, 
reduced mobility and capacity to work, social 
isolation, and poor quality of life [24,25]. They 
are also a growing problem worldwide, with 
rates increasing due to aging populations, and 
increasing rates of obesity, vascular disease, and 
diabetes, which are all associated with impaired 
wound healing.

The costs associated with the care and 
management of wounds, especially chronic 
wounds, is substantial. For example, recent 
economic modeling estimated the direct healthcare-
related costs of chronic wounds in Australia at 
A$3 billion, which equates to approximately 2% 
of the national healthcare budget [26]. The vast 
majority (∼90%) of chronic wounds comprise 

only three types: venous leg ulcers, diabetic foot 
ulcers, and pressure wounds [27]. There are a range 
of underlying causes of chronic wounds; these 
include venous or arterial insufficiency, diabetes 
mellitus, ischemia, advanced age, and local 
pressure effects. Nutritional deficiencies are also 
thought to contribute to defects in wound healing. 
This review considers the effect of vitamin C on 
chronic wounds only.

VITAMIN C

Vitamin C is essential for both plants and animals 
[28]. However, humans, along with a few other 
species, have lost the ability to synthesize it from 
glucose and are therefore reliant on dietary sources. 
Following ingestion, vitamin C is absorbed via 
the small intestine into the bloodstream, and then 
actively accumulated into the tissues via specialized 
transporters [29,30]. Typical plasma levels are 
20–80 µmol/L, while concentrations in cells can 
reach low millimolar levels. Unusually, vitamin C 
is differentially distributed throughout the body 
with some tissues having higher concentrations 
than others [29]. This is thought to be due to 
differing requirements for the vitamin in those 
tissues. In particular, the brain has substantially 
higher concentrations than many other tissues 
[31], indicating a vital role in this tissue.

Vitamin C (ascorbate) is best described as a 
water-soluble electron donor. This reducing 
capacity forms the basis for all of its known 
biological activities. It can consecutively undergo 
two one-electron oxidations to form ascorbate 
radical and dehydroascorbate, which can both be 
reduced back to ascorbate, either enzymatically 
or by glutathione [32]. The oxidized form of 
vitamin C, dehydroascorbic acid, has a half-life 
of about 15 minutes at 37°C due to irreversible 
hydrolysis of the ring in which 2,3-diketogulonic 
acid is formed [33]. This means that as vitamin C 
is metabolized, some of it is lost, and so a regular 
dietary source is required to maintain body levels, 
or the deficiency disease scurvy will result.

Among its most significant activities, ascorbate 
functions as an enzyme cofactor for a number 
of monooxygenases and dioxygenases for which 
it provides electrons to maintain their catalytic 
metals in the reduced forms [32,34]. Prominent 
examples include the iron (Fe)-dependent prolyl 
and lysyl hydroxylases responsible for stabilization 
of the triple helix structure of collagen and the 
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copper (Cu)-containing dopamine β-hydroxylase, 
which converts dopamine to norephineprine in 
the chromaffin granules of adrenal medulla [35]. 
However, of late it has become apparent that 
ascorbate is also a cofactor for other newly described 
hydroxylases that regulate gene transcription 
and cell signaling pathways—all members of 
the Fe-containing 2-oxoglutarate–dependent 
dioxygenases (2-OGDDs) family [36,37]. These are 
the prolyl, lysyl, and arginine hydroxylases that 
modify the α regulatory subunit of the hypoxia-
inducible factors (HIFs) [38,39], and the DNA 
demethylases (ten-eleven translocases [TETs]) and 
histone demethylases (Jumonji C domain-containing 
histone demethylases [JHMDs]), which are involved 
in epigenetic regulation [40]. These later findings 
suggest a broader role for vitamin C in health and 
disease than was previously appreciated. Another 
major function of vitamin C is as an antioxidant in 
which it can scavenge radicals and oxidants and 
thereby prevent them from damaging important 
biomolecules such as protein, nucleic acids, or 
lipids [41,42]. It is also thought to interact with and 
recycle other antioxidants such as the lipid-soluble 
α-tocopherol and tetrahydrobiopterin, thereby 
maintaining their antioxidant activity [42].

Vitamin C Content of Skin

The vitamin C content of human skin has 
been measured in several studies [43–45]. Skin 
concentrations are very similar to other tissues, 
likely in the millimolar range, and well above 
plasma levels. They are also comparable to the levels 
of other water-soluble antioxidants in skin such 
as glutathione [43–46]. Skin is a difficult tissue in 
which to measure vitamin C as it is very resilient to 
solubilization, and also quite sensitive to oxidation, 
particularly the extremely thin epidermal layer 
[44]. In the two studies that distinguished between 
the different layers, the epidermis consistently had 
higher levels of vitamin C than the dermis, with 
differences of two- to five-fold being reported 
[43,44]. This most likely reflects the differing 
cellularity of the epidermis and dermis, as the 
majority of the vitamin C in the skin is believed 
to be contained within intracellular compartments. 
While there is some uncertainty in the published 
values due to the considerable variation observed and 
the small number of studies, the levels measured in 
the epidermis are among the highest concentrations 
of vitamin C that have been found in any tissue [47].

The concentration of ascorbate found in the 
dermis, with a lower estimate of ∼3 mg/100 mg 
wet weight, is similar to skeletal muscle and 
just a little lower than many other tissues such 
as kidney or liver [47]. Most extracellular fluids 
are thought to contain similar concentrations 
of ascorbate to plasma—that is, 20–80 µmol/L 
[48]—and as far as we know, this is the case for 
skin. Given these findings, and because the dermis 
is relatively acellular (see Figure 9.2), it is likely 
that the fibroblasts present have exceptionally high 
intracellular ascorbate concentrations. It is plausible 
that fibroblasts would have high ascorbate levels, 
as a primary function of these cells is to regenerate 
extracellular matrix, the great majority of which 
is collagen, and collagen synthesis is enhanced in 
the presence of ascorbate [49–53].

Vitamin C is transported into the skin from 
the blood vessels present in the dermal layer. 
Uptake from the plasma and delivery to the skin 
layers is mediated by specific sodium-dependent 
vitamin C transporters (SVCTs) that are present 
throughout the body. Interestingly, cells in the 
epidermis express both SVCT1 and SVCT2 [54]. 
This contrasts with many other tissues and cell 
types in the body, which mostly express SVCT2 
[30,54,55]. SVCT1 expression is largely confined 
to the epithelial cells in the small intestine and 
the kidney, where it is associated with whole-body 

20 μm

Figure 9.2. Hematoxylin-eosin stain of the dermis of 
human skin. The purple nuclear staining shows the sparse 
presence of fibroblasts in the dermis, with the collagen 
fibers staining pink. Thus, the great majority of the dermis 
is extracellular matrix. (Originally published in Pullar, J. M.  
et al. 2017. Nutrients 9.)
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homeostasis of the vitamin [30,56,57]. Localization 
of SVCT1 to the epidermis is interesting due to 
the lack of vasculature in this tissue and raises the 
possibility that the combined expression of both 
transporters could assist in ensuring effective 
uptake and intracellular accumulation of the 
vitamin. Together with the purported high levels 
of vitamin C measured in the epidermal layer, 
the dual expression of the SVCTs suggests a high 
dependency on vitamin C in this tissue.

EFFECT OF VITAMIN C ON WOUND HEALING

Wound Healing in Scurvy

In the absence of vitamin C, the deficiency disease 
scurvy may develop. It is not known precisely at 
what plasma ascorbate concentration individuals 
actually develop scurvy [58]; however, those 
with plasma levels of less than 11 µmol/L are 
considered at severe risk of developing the disease. 
At these concentrations, it seems likely that many 
cells and tissues within the body will become 
depleted of the vitamin. Scurvy is associated with 
a range of clinical features including fatigue, 
bleeding, anemia, gum abnormalities, and skin 
and musculoskeletal manifestations [59,60] and 
can ultimately prove fatal if left untreated. Many 
of the symptoms of scurvy are thought to arise 
from a defect in the synthesis and maturation 
of collagen in connective tissue, although other 
cofactor activities also likely contribute.

Prominent among the many signs of scurvy is 
poor wound healing and wound dehiscence. Early 
in the 1940s, John Crandon investigated the effect 
of vitamin C deficiency on wound healing by 
experimenting on himself [61]. He was depleted 
of vitamin C over 6 months, and periodically 
his ability to recover from an acute wound was 
determined. After 3 months of depletion, a time 
at which he had no measurable vitamin C in both 
his plasma and white blood cells, although lacking 
other symptoms of scurvy, there was no defect in 
his capacity for wound healing; complete healing 
was observed 10 days after an incision. In contrast, 
at 6 months, when noticeable symptoms of scurvy 
were evident such as fatigue, follicular hyperkera-
tosis, and perifollicular hemorrhages, there was a 
substantial defect in healing. Ten days after an inci-
sion was made on his back, despite reepithelializa-
tion of the wound, a biopsy showed no healing to 
have occurred underneath this layer and a disor-
ganized blood clot filling the space. There was a 

lack of extracellular matrix and capillary forma-
tion [61]. At the same time, older previously healed 
wounds also began to break down. Immediately 
after the second biopsy, he received daily intrave-
nous vitamin C doses of 1000 mg. A repeat biopsy, 
10 days after the vitamin C therapy was initiated, 
found good healing of the original wound and res-
toration of the collagen matrix. It was suggested 
that repletion of the vitamin was able to resolve 
the healing defect and strongly implicated lack of 
collagen deposition as one of the major impacts of 
vitamin C deficiency on wound healing.

Other studies have also suggested that an 
impairment of wound healing occurs in scurvy. 
However, it is interesting to consider whether it 
is an earlier or later manifestation of the disease. 
In a 1969 publication in which a less severe form 
of scurvy was induced in four to six prisoners, 
no defect in the healing of a surgical incision 
was observed among any of the participants, 
despite other signs of scurvy being present such 
as fatigue, follicular hyperkeratosis, muscle aches, 
and bleeding and swelling of the gums [59]. A 
study of conscientious objectors in World War II, 
which provided a detailed timeline of induced 
scurvy, showed that while hyperkeratosis of 
hair follicles was evident after 120–180 days of 
deficiency, abnormalities with wound healing did 
not occur until weeks later at approximately 190 
days [62]. This was just after the first appearance 
of hemorrhagic follicles and at a similar time to 
swelling and hemorrhage of the gums. There was a 
reduced tendency to heal in the totally vitamin C–
deprived group, and also, wounds made earlier in 
the study that had been exhibiting normal healing 
became red and livid. In a second study group, 
supplementation with as little as 10 mg of vitamin C 
daily was enough to prevent any obvious defects in 
wound healing, or indeed, any symptoms of scurvy 
altogether. Findings from these studies indicate that 
poor wound healing is not amongst the very earliest 
signs of vitamin C deficiency, but rather it occurs 
slightly later, probably concurrent with many of the 
other common symptoms of scurvy.

Animal Studies and Wound Healing

The effect of severe ascorbate deficiency on 
wounds has also been investigated in animal 
studies [63–67]. Light and electron microscopy 
of wounds induced in naturally vitamin C–
deficient guinea pigs fed a scorbutic diet and 
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confirmed as scorbutic, provided further 
support for collagen synthesis being impaired 
in severe vitamin C deficiency [63]. There was 
little collagen in the extracellular space of the 
wounds of the scorbutic animals, with levels 
greatly reduced compared to control animals. 
The authors also observed intracellular lipid 
deposits in the fibroblasts of the scorbutic 
wounds and an altered endoplasmic reticulum 
structure in these cells; they proposed these 
findings were related to an abnormality of 
protein synthesis. Interestingly, the scorbutic 
animals had consistently elevated numbers of 
macrophages compared to controls, at what was 
presumably the later stages of the inflammatory 
phase. Capillary formation was also delayed in 
the scorbutic animals.

Another animal model of vitamin C deficiency 
is the Gulo−/− knockout mouse, which lacks 
gulonolactone oxidase, the terminal enzyme in 
the synthetic pathway, and displays a phenotype 
similar to human scurvy when the vitamin is 
withdrawn from its diet [68,69]. Using this 
model, Mohammed and coworkers also showed 
significantly decreased collagen deposition at 
days 7 and 14 following full-thickness excisional 
wounding of vitamin C–deficient animals [70]. 
Granulation tissue was much less dense; the 
dermis was more cellular, and the basement 
membrane not as distinct. It should be noted 
these animals were depleted of vitamin C but not 
completely deficient in the vitamin with plasma 
levels approximately 32% of sufficient animals at 
day 7. Deficiency also increased mRNA expression 
of pro-inflammatory signals such as interleukin-1β 
and decreased expression of various wound 
healing mediators including vascular endothelial 
growth factor (VEGF). These results contrast with 
an earlier study in which vitamin C deficiency did 
not affect the formation of collagen in the skin 
of severely vitamin C–deficient Gulo−/− mice 
[69]. However, in that study, hydroxyproline 
levels were used to assess the amount of collagen. 
Surprisingly, the authors observed an increase 
in skin hydroxyproline during deficiency and 
suggested this may be artefactual due to a loss in 
tissue hydration. In addition, this was not a wound 
model, rather hydroxyproline was measured 
in skin generally, and given the long half-life 
of collagen, the short time course of deficiency 
is unlikely to have affected skin hydroxyproline 
levels markedly over this time.

The effect of vitamin C deficiency on skin tensile 
strength after wounding has also been investigated. 
Mohammed et al. [70] reported a decrease in healed 
skin stiffness with vitamin C deficiency in the Gulo 
mouse. Repletion of ascorbate by intraperitoneal 
infusion was unable to restore the tensile strength 
of the wound despite it improving other healing 
outcomes such as deposition of collagen. The 
reason for this discrepancy is unclear, but it may 
be related to the extent of collagen deposition and 
its state. In a small study of guinea pigs in which 
moderate and high dietary doses of vitamin C 
were compared, a small, nonsignificant increase 
in wound tensile strength was observed at the 
higher vitamin C doses [71], with the authors 
suggesting there was greater wound integrity in 
the higher-dose group. Finally, supplementation 
with ascorbate was also able to increase the tensile 
strength of an incisional wound in a diabetic rat 
model [67].

Studies in replete guinea pigs and rats have 
shown that wound skin vitamin C levels are 
decreased during wounding even as late as 14 days 
after injury [65,72]. In rats, a species that can make 
its own ascorbate, topical vitamin C treatment of 
wounds resulted in less inflammation, with a lower 
number of macrophages and more granulation 
tissue [73]. Collagen fibers were thicker in the 
treated group, and the complete contraction of 
wounds occurred earlier in this group. These 
findings imply that vitamin C is consumed during 
the healing process, and that physiologic doses 
of vitamin C may not be sufficient to restore or 
maintain levels.

It is well established that scurvy affects wound 
healing rates and causes wound dehiscence 
[61,62,74]. The findings from the preclinical studies 
detailed above also suggest that vitamin C appears 
to be essential for wound healing, with functions 
seemingly beyond its role in collagen synthesis 
and maturation, although these remain important 
consequences. One of the questions this review seeks 
to answer is whether having low, suboptimal levels 
of vitamin C could also affect rates of healing and 
healing outcomes, particularly for chronic wounds. 
There is some support for this proposition from the 
Gulo mouse study in which mice were depleted of 
vitamin C but were not completely deficient [70]. 
There were a number of effects on wound repair 
and the suggestion that the wounds of the deficient 
animals persisted in a pro-inflammatory state, 
possibly akin to that of a chronic wound.
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Biological Roles of Vitamin C in Wound Repair

There are a number of biological functions of 
vitamin C that may explain its ability to modulate 
the wound healing process. It is implicated in all 
three major phases of healing—the inflammatory, 
proliferation, and remodeling phases.

Promotion of Collagen Formation

Foremost is the effect of vitamin C on the synthesis 
and maturation of collagen. During wound 
repair, there is an increased demand for collagen, 
the synthesis of which is mainly carried out by 
fibroblasts in the dermis. Ascorbate is a cofactor for 
the proline and lysine hydroxylases responsible for 
the posttranslational hydroxylation of procollagen 
chains [34] that strengthens and stabilizes the 
structure of mature collagen, allowing its proper 
assembly and export. Collagen chains that contain 
insufficient hydroxyproline residues cannot fold 
into triple helical structures that are stable at body 
temperature and are either degraded in the cell or 
gradually secreted as nonfunctional proteins [75]. 
In addition to cross-linking the collagen molecule 
by hydroxylation, vitamin C stimulates collagen 
mRNA production, and protein expression by 
fibroblasts, particularly type I and III collagen, 
both of which are critical for wound healing [49–
53]. At present, we do not understand whether 
hydroxylation or synthesis is the major effect of 
ascorbate on collagen metabolism and whether the 
two are linked [34,51].

Ability to Regulate Inflammatory Responses

Ascorbate supports the local inflammatory response 
that occurs early in the wound healing process. 
The initial responder cell, the neutrophil, requires 
vitamin C for optimizing many of its functions. 
We have previously shown that neutrophils from 
Gulo−/− mice severely deficient in vitamin C fail to 
undergo spontaneous apoptosis, eventually dying 
by necrosis, an effect that was associated with 
HIF-1α activation [76]. The ability of macrophages 
to phagocytose and clear aged ascorbate-deficient 
neutrophils was also impaired. Mohammed and 
coworkers [70] also found attenuated apoptosis 
in vitamin C–deficient neutrophils from Gulo−/− 
mice. In chronic wounds, it is hypothesized that 
the formation of apoptotic neutrophils and their 
removal is a critical step for the resolution of the 

inflammatory phase and progression of wound 
healing [14], implying this is one mechanism by 
which vitamin C could modulate healing.

As part of the repair response, neutrophils 
must migrate to the wound site and phagocytose 
and kill any invading pathogens. There is some 
suggestion that severe ascorbate deficiency impairs 
neutrophil chemotaxis [77,78] and that ascorbate 
supplementation may enhance the chemotactic 
ability of human neutrophils [79–82]. Ascorbate 
deficiency may also impair neutrophil bactericidal 
ability [77,83,84], possibly by attenuating the 
oxidative burst.

Neutrophil extracellular traps (NETs) are web-
like structures composed of granular proteins 
and nuclear material that are released from dying 
neutrophils via a process termed NETosis. They are 
postulated to immobilize bacteria and fungi and 
mediate the extracellular killing of pathogens 
[85,86]. A model of experimental sepsis in the 
Gulo−/− mouse found that vitamin C deficiency 
increased the generation of NETs in vivo, with 
vitamin C supplementation able to attenuate 
this response [70]. Experiments conducted with 
human neutrophils activated to release NETs also 
showed that preloading of cells with ascorbate 
reduced the formation of NETs [70]. Recent work 
in diabetic patients and animals models suggests 
NETs may have a role in delayed healing of wounds 
associated with diabetes [87,88]. Neutrophils 
from diabetics were primed to release NETs, 
overexpressing PAD4, an enzyme important in 
chromatin decondensation during NET release 
[87]. In mouse models of diabetes, pharmacologic 
inhibition or genetic knockout of NET formation 
accelerated wound healing. In humans, proteomic 
analysis showed NET proteins were elevated in 
the wounds of nonhealing diabetic foot ulcers 
compared to those that exhibited rapid healing, 
and biomarkers of NETs were elevated in the 
circulation of those with diabetic foot ulcers [88]. 
Interestingly, HIF-1α can regulate NET formation 
in response to lipopolysaccharide [89].

Vitamin C is also an antioxidant that can dispose 
of free radicals and other oxidants, which are likely 
to be generated at wound sites due to the activation 
of phagocytic cells during the inflammatory phase. 
The capacity of these cells to generate and release 
a large amount of oxidative species is substantial 
[90]. However, vitamin C is only one player in the 
antioxidant defense mounted against such species; 
there are many others. Vitamin C is particularly 
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effective at reducing oxidative damage to the skin 
when it is used in conjunction with vitamin E 
[91,92]. It is unclear whether the antioxidant 
activity of vitamin C is important during the 
process of wound healing.

Interaction with Cell Signaling Pathways

Cell culture studies demonstrate that vitamin C 
can promote the differentiation of keratinocytes, 
which is critical for reepithelialization in 
wound healing [93]. In an organotypic culture 
model, vitamin C enhanced differentiation of 
rat epidermal keratinocytes, increasing filaggrin 
expression, a differentiation marker, and the 
number of keratohyalin granules [94]. It also 
improved the ultrastructural organization of the 
stratum corneum, enhancing the characteristic 
basket-weave pattern of this layer, and promoting 
extracellular lipid deposition. Finally, vitamin 
C markedly increased the barrier function of 
the epidermis, as demonstrated by reductions 
in transepidermal water loss and permeation 
rates of corticosterone and mannitol. In support 
of these findings, others have also shown that 
vitamin C promotes the synthesis and organization 
of barrier lipids, increases cornified envelope 
formation during differentiation, and promotes 
barrier function [95–99]. More specifically, 
vitamin C has been shown to enhance ceramide 
synthesis, which is the major lipid component of 
the stratum corneum [95,97,99]. It particularly 
increases formation of ceramides 6 and 7 [95], 
which are hydroxylated derivatives. The increased 
synthesis seems to be related to upregulation of 
ceramide synthetic enzymes including serine 
palmitoyltransferase and ceramide synthase [97,99].

Vitamin C also increases proliferation and 
migration of dermal fibroblasts [50,100–102]. 
These cells are vital for effective wound healing, 
synthesizing much of the required extracellular 
matrix components including collagen. Normally 
fairly quiescent, fibroblasts are stimulated to 
rapidly proliferate during wounding. As stated, 
vitamin C can enhance the proliferative capacity of 
these cells. The underlying signaling mechanism 
driving this activity is not yet known; however, 
induction of large numbers of genes involved in 
DNA replication and regulation of the cell cycle 
were observed after prolonged incubation with a 
vitamin C derivative [100]. Similarly, fibroblasts 
must also migrate into the wound, a characteristic 

that can be promoted by vitamin C, again likely by 
effects on gene expression [100].

There is also evidence that vitamin C can 
promote the formation of the dermal-epidermal 
junction [101,103], via effects on gene expression 
of both keratinocytes and fibroblasts [101]. 
Vitamin C accelerated deposition of type IV and 
VII collagens, procollagens I and III, laminin 
10/11, nidogen, tenascin C, and fibrillin-1 [101], 
at least some of which were mediated by increased 
mRNA expression. Augmented glycosaminoglycan 
synthesis, including substantial increases in heparin 
sulfate, chrondroitin sulfate, and hyaluronic acid, 
has been demonstrated with vitamin C treatment 
of human skin fibroblasts [104]. Hyaluronic acid, 
which is a major component of the extracellular 
matrix, was recently shown to be affected by 
vitamin C during keratinocyte differentiation 
[105]. The authors suggest that vitamin C stabilized 
hyaluronic acid by supressing both synthesis 
and degradation of hyaluronic acid and that this 
contributed to normal epidermal differentiation. 
Vitamin C has been shown to both stimulate 
[106] and inhibit elastin synthesis in cultured 
fibroblasts [107]. Finally, vitamin C can modulate 
the expression of antioxidant enzymes including 
those involved in DNA repair [100] and, as such, 
can help repair oxidized bases.

Modulation of Hypoxia-Inducible Factor Signaling

Thus, there is substantial evidence that vitamin C 
can interact with cell signaling pathways to 
modulate gene expression and cell outcomes. One 
obvious mechanism for this is the stabilization 
and activation of the HIFs, metabolic sensors that 
respond to hypoxia and control the expression 
of hundreds of genes [108]. Wound sites are 
often under hypoxic stress, at least initially, due 
to the disruption of the vasculature around the 
wound and the increased demand for oxygen by 
the infiltrating inflammatory cells. This leads to 
an upregulation of the HIFs, which are thought 
to be intimately involved in determining healing 
outcomes, contributing to many stages of the repair 
process including cell migration and proliferation, 
growth factor production, extracellular matrix 
synthesis remodeling, and angiogenesis [17]. 
In inflammatory cells, for example, HIF-1α or 
HIF-2α deletion demonstrated that these proteins 
are essential regulators of energy metabolism and 
the switch to glycolysis, motility, invasiveness, and 
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bactericidal activity [109–111]. HIF-1α activation is 
also a vital stimulator of angiogenesis, increasing 
expression of genes such as VEGF [112]. Similarly, 
stabilization of HIF-1α dramatically enhanced 
fibroblast proliferation and improved time to 
healing in a mouse model of diabetes [113]. HIFs 
also upregulate the expression of many other genes 
involved in wound repair, including transforming 
growth factor-β, collagens, fibronectin, and matrix 
metalloproteinases [17]. HIF transcription factors 
are regulated via posttranslational modification by 
the HIF hydroxylases, which require ascorbate for 
optimal activity [36,114–116]. Thus, vitamin C status 
can modulate HIF-1 expression, with depletion 
leading to upregulation of HIF activation, 
particularly under mild or moderate hypoxia 
[115,117]. Interestingly, HIF-1 deficiency has been 
shown to correlate with impaired healing in 
diabetes [118]. There are also substantial research 
efforts underway investigating modulation of the 
HIF pathway for the development of new therapies 
for the treatment of chronic wounds [17].

Vitamin C is also an epigenetic modifier, acting 
as a cofactor for the TET family of enzymes that 
catalyze the removal of methylated cytosine through 
its hydroxylation to 5-hydroxymethylcytosine 
[119–121]. Because TETs have a specific requirement 
for vitamin C to maintain enzyme activity [36], 
this provides a further mechanism by which 
the vitamin may affect gene expression and cell 
function, particularly differentiation. The ability 
of vitamin C to regulate the activity of the histone 
demethylases, JHMDs which require ascorbate for 
full enzyme activity, also affects this. However, 
whether epigenetic modifications generally are 
important for wound repair is still unclear [122]. 
There is some suggestion that myofibroblast 
differentiation and collagen synthesis can be 
regulated by epigenetic enzymes, although not 
the vitamin C–requiring ones described earlier 
[123]. Keratinocyte proliferation, migration, and 
differentiation during wound repair may also be 
subject to epigenetic regulation [122].

Chronic Wounds and Vitamin C: Human Studies

Results from human and animal studies suggest 
that severe and prolonged vitamin C deficiency 
causes impaired wound healing. A question for 
this review, however, is what happens to wound 
healing when the vitamin C deficiency is less 
severe? Does suboptimal vitamin C status impact 

on the poor healing often observed in those with 
chronic wounds? The recent study in the Gulo 
mouse [70] in which substantial defects in healing 
were observed with suboptimal but not extreme 
vitamin C deficiency provides some support for 
this premise. Thus, it seems possible that there 
may be effects on the biological processes involved 
in wound healing when body vitamin C status is 
below optimal, although to a lesser extent than 
that observed in scurvy. Some functions may be 
unaffected until severe deficiency.

Vitamin C Status of Those with Chronic Wounds

If vitamin C deficiency were to affect the healing 
of particular chronic wounds, it might be 
expected that those who have such wounds had 
low vitamin C levels. There have been a number 
of studies investigating the vitamin C status of 
individuals with chronic wounds (see Table 9.1). 
Normally, fasting plasma ascorbate concentrations 
are used to assess a person’s vitamin C status 
[124,125]. Historically, white blood cell vitamin C 
concentrations have also been used to assess 
vitamin C status, although this is less common 
today. The studies described suggest low vitamin C 
status is widespread among those with chronic 
wounds, including in pressure ulcers, diabetic foot 
ulcers, and some types of leg ulcers. However, the 
studies are generally small, and vitamin C has not 
always been well sampled and measured [126]. 
One of the more interesting investigations was 
conducted by Balaji and Mosley [127] in which the 
vitamin C status of individuals with large leg ulcers 
was measured using a saturation test. While many 
of those with leg ulcers had vitamin C deficiency, 
this was particularly the case for participants who 
had neither an arterial nor venous pathology 
associated with their leg ulcer, with seven of the 
eight individuals deficient in vitamin C. These 
results imply there may be particular chronic 
wound groups for which a nutritional deficiency 
in vitamin C may be more prevalent. These are the 
wounds that should be targeted for interventional 
studies, as the deficiency may contribute to the 
delayed healing. In addition, supplementation of 
replete individuals is pointless [125]. A 1992 study 
of elderly patients with femoral neck fractures 
who were at risk of pressure ulcers showed that 
the vitamin C status was lower in those who 
developed pressure ulcers than those who did not 
(p < .001) [128].
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TABLE 9.1
Studies providing baseline vitamin C status of patients with chronic wounds

Wound Type Participants Vitamin C Method Baseline Vitamin C Status References

Adult trauma patients 
with wounds 
unclosed or 
persistent secretion at 
10 days postsurgery 
or trauma.

N = 20
Average age 
∼45 years

Plasma ascorbate by HPLC 
method; sample 
preparation OK, fasting 
sample.

15/20 patients had 
≤25 µmol/L ascorbate.

Split into two groups: Median 
(quartiles) = 16.7 (9.5, 21.9) 
µmol/L and 27.1 (13.1, 37.7) 
µmol/L in the other group.

[134]

Pressure ulcers in 
surgical patients

N = 20
Average age 

74.5 years

WBC ascorbate—
spectrophotometric 
method, not described.

WBC ascorbate 22–24 µg/108 
cells at baseline.

Just above the lower normal 
limit of 18 µg/108 cells used 
in the laboratory at the time.

[131]

Pressure ulcers in 
patients from nursing 
homes/hospital.

N = 88 Plasma ascorbate by 
fluorimetric assay. 
Nonfasting samples taken 
immediately after 
breakfast.

Average ∼20 µmol/L plasma 
ascorbate.

[132]

Patients with large leg 
ulcers 
(SA > 100 cm2)

N = 50
Average age 

of 76 years

Vitamin C deficiency was 
assessed by saturation 
test—i.e., urinary 
excretion after loading 
dose of vitamin C.

60% of participants were 
vitamin C deficient.

5/17 of arterial leg ulcer patients.
18/25 of venous leg ulcer 

patients.
7/8 of those with ulcers that were 

neither venous nor arterial.

[127]

Cohort study of elderly 
patients with femoral 
neck fracture–
pressure ulcers

N = 21
Aged 
≥75 years

Spectrophotometric method 
of white blood cell 
ascorbate; fasting sample.

WBC vitamin C levels were 
lower in those who developed 
pressure sores than those who 
did not. 6.3 µg/108 cells 
versus 12.8 µg/108 cells; 
p < .001.

Lab winter reference range lower 
limit of 15 µg/108 cells.

[128]

Older patients with 
chronic venous leg 
ulcers of at least 3 
months’ duration 
(wound clinic)

N = 12
Average age 

of 64 years

Self-reported nutritional 
data—FFQ.

Vitamin C intake on average 
60 mg/day by FFQ.

Lower then recommended 
intake in United States of 
75–90 mg.

[135]

Women aged >60 years 
treated for venous leg 
ulcers for 6 months or 
more

N = 9
Average age 

of 80 years

Self-reported nutritional 
data—food diaries for 7 
days. Assessing vitamin C 
intake.

Vitamin C intake on average 
43 mg/day.

Lower then recommended 
Swedish intake.

[136]

Overweight and obese 
patients with venous 
leg ulcers from 
wound clinic

N = 8
All 
>50 years

Average age 
of 67 years

Serum vitamin C assayed—
spectrophotometrically. 
Not clear how samples 
handled or whether 
fasting, but at least one 
value very high at 
144 µmol/L.

Dietary vitamin C intake also 
assessed—3-day dietary 
recall.

Average serum ascorbate of 
47 µmol/L, or 34 µmol/L 
with high value excluded.

Median dietary vitamin C intake 
of 87 mg. Close to 
recommended intake.

[137]

(Continued)
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Interventional Studies of Chronic Wounds

Early work suggested an effect of vitamin C on 
wound healing [66,74,129]. Not long after his 
self-experimentation on wound healing in 
scurvy, Crandon also examined the poor healing 
of surgical wounds in those who were low in 
vitamin C through a case series design [74]. He 
found effects of vitamin C on the occurrence of 
wound disruption, likely related to the low tensile 
strength of the wound, but he was mainly focused 
on confirming the relationship in those with 
scurvy-like levels of vitamin C.

However, despite the widely held belief that 
vitamin C is important for wound healing [130], 
causal relationship data are lacking. There are 
very few clinical studies, particularly randomized 
controlled trials, that have investigated whether 
oral vitamin  C supplementation improves the 
healing of chronic wounds. The key studies can be 
found in Table 9.2. In one study, supplementation 
with oral vitamin C of 1000 mg/d improved the 
healing of pressure wounds [131]. However, a 
much larger study in a similar group found no 
effect of supplementation on healing rates or 
outcomes [132]. It is unclear whether this relates to 
differences in the size, healing rate, and duration 
of the wounds in the two studies, or whether 
the larger study achieved the “correct” outcome. 
More research is needed, especially a sufficiently 
powered study in those who are actually vitamin C 
deficient. The recent study by Christie-David and 
Gunton provides good pilot evidence for low 
vitamin C status in some diabetic foot ulcer patients, 

with restoration of levels very rapidly improving 
healing [133]. Finally, a study of individuals with 
large leg ulcers provides very preliminary evidence 
that vitamin  C supplementation can improve 
healing [127]. Certainly many of the participants 
were vitamin C deficient, particularly those with 
venous leg ulcers and leg ulcers that were neither 
venous nor arterial.

SUMMARY

Chronic wounds are characterized by persistent 
inf lammation, with a failure to enter the 
proliferative phase and increased proteolytic 
activity preventing adequate deposition of 
extracellular matrix components and granulation 
tissue [17]. It is widely recognized that scorbutic 
individuals exhibit impaired or delayed healing. 
In accounting for this, attention has been focused 
on vitamin C’s well-known effects on collagen 
synthesis and maturation. However, evidence 
is also emerging for other activities. There is 
considerable data suggesting that vitamin C can 
decrease the inflammatory response and thus, 
possibly, aid in the transition to the proliferative 
phase. Vitamin C also enhances formation of 
the skin barrier, promoting ceramide synthesis 
and differentiation of keratinocytes. The 
vitamin C–responsive transcription factor HIF is 
an important determinant of healing outcomes, 
with its role in cell survival, cell migration, cell 
division, growth factor release, and extracellular 
matrix synthesis.

TABLE 9.1 (Continued)
Studies providing baseline vitamin C status of patients with chronic wounds

Wound Type Participants Vitamin C Method Baseline Vitamin C Status References

Diabetics with lack of 
healing of diabetic 
foot ulcer or with 
low fruit and 
vegetable intake 
(diabetic clinic)

N = 11
Average age 

of 55 
years

Serum vitamin C measured 
by HPLC. Unclear how 
samples handled and 
whether fasting.

Definition of deficiency not 
given.

Median serum ascorbate of 
19 µmol/L all cohort.

Median serum ascorbate of 
17 µmol/L those with 
ulcers.

6/7 with ulcers were 
vitamin C deficient, and the 
one who was not was zinc 
deficient.

Only 1/4 without ulcers were 
vitamin C deficient.

[133]

ABBREVIATIONS: FFQ, food frequency questionnaire; HPLC, high-performance liquid chromatography; WBC, white blood cell.

NOTE: Plasma vitamin C status classification; levels of ≥70 µmol/L are high or saturating, 50–70 µmol/L are healthy, 23–50 µmol/L are subop-
timal, <23 µmol/L are deficient, with <11 µmol/L plasma ascorbate severely deficient and the individuals considered at risk of scurvy.
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While we know that severe vitamin C deficiency 
can have an impact on wound healing, it is less 
well understood whether suboptimal vitamin C 
status can contribute to the poor healing outcomes 
observed in those with chronic wounds. There are a 
number of small studies investigating the vitamin C 
status of individuals with chronic wounds, which 
suggest that many of those with chronic wounds 
may be vitamin C deficient. Whether this is due 
to increased vitamin C consumption during 
wound healing is not clear. The extent to which 
low vitamin C status may contribute to the clinical 
burden of chronic wounds is unknown, due to 
the few clinical trials in this area. More research is 
urgently needed, as providing vitamin C to patients 
with nonhealing wounds to rectify any deficiency 
would be a simple intervention with potentially 
substantial health outcome benefits.
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INTRODUCTION

The brain has the highest concentration of 
vitamin  C (ascorbic acid) compared to other 
organs in the body, except for the adrenal glands 
[1]. During dietary deficiency, efficient transport 
and recycling properties conserve vitamin C in the 
brain, even at the expense of other organs [2,3]. 
Preservation of adequate vitamin C in the brain is 
supported by the two-step, sodium- and energy-
dependent transport system via the sodium-
dependent vitamin C transporter type 2 (SVCT2), 
which is expressed in the choroid plexus and in 
neurons [4,5]. Retention is supported by efficient 
recycling by astrocytes from twice-oxidized 
dehydroascorbic acid, and the once-oxidized 
ascorbate free radical. Nevertheless, we have 
recently come to understand multiple, specific roles 
for vitamin C in the brain in healthy functioning, 
and for its deficiency in neurological disease.

The brain has sufficient plasticity that it can 
withstand relatively large amounts of damage and 
yet still function adequately in most areas, even if 
not optimally. Many degenerative diseases actually 
begin their course years or decades prior to clini-
cal presentation of cognitive or motor symptoms, 
offering a long period during which genetic and 
environmental influences may interact to hasten 
or modify disease pathogenesis. The β-amyloid 
plaques characteristic of Alzheimer disease (AD) 
are detectable in many individuals from the third 
decade of life and are also common in nonde-
mented elder individuals [6–9]. The neurodegen-
erative conditions described herein each have a 
strong genetic or other molecular basis for the 
disorder; however, vitamin C has many specific 
roles in the brain that render its deficiency likely 
to manifest in faster decline or stronger symp-
tomology. Each of these degenerative diseases is 
associated with elevations in general oxidative 
stress. It is therefore highly likely that there is 
increased demand for vitamin C in affected brains 
with accelerating pathologic accumulation deplet-
ing supplies. Chronic vitamin C deficiency could, 
in turn, accelerate disease progress by promot-
ing oxidative stress conditions. Recent research 
has highlighted a number of additional roles for 
vitamin C in the brain, and compromise of each 
of these may also lead to specific disease-relevant 
changes in neural tissues. Data supporting the 
involvement of these mechanisms are described 
for each disease, where relevant, and the manners 
in which vitamin C deficiency in each of these 

areas may have an impact on or be impacted by 
disease are discussed.

Vitamin C–Dependent Mechanisms in the Brain

Vitamin C is a powerful antioxidant. It is soluble 
in aqueous solutions and readily donates an 
electron to neutralize other radicals. Importantly, 
vitamin  C can also recycle other antioxidants 
such as vitamin  E to further impact oxidative 
homeostasis within the cell. Its low reduction 
potential allows the molecule to easily donate an 
electron to oxidized molecules and is the basis for 
many of the roles that are described later. Previous 
detailed reviews have summarized the large 
amount of data in this area [10,11], and we therefore 
have chosen to focus on underlying mechanisms 
behind the posited relationships, including global 
oxidative stress, mitochondrial dysfunction, and 
glutamatergic excitotoxicity (see Figure 10.1).

Role of Vitamin C in Oxidative Stress

Free radicals are atoms (or groups of atoms) that 
exist with unpaired electrons, making them highly 
reactive. Production of radical species is a normal 
part of cellular function, and the by-products 
are often required for multiple roles within the 
cell, including cell signaling, gene transcription, 
regulation of cerebral blood flow, among others. 
Oxidative stress in the brain reflects an imbalance 
between the production of free radicals and 
antioxidant and repair capacity (reviewed in 
[12,13]). The brain is proposed to be particularly 
sensitive to production of reactive oxygen species 
given that it has very high-energy demands, 
utilizing an estimated 20% of all oxygen consumed 
in the body. Significant production of excess 
electrons is an inevitable part of mitochondrial 
function, and effective repair mechanisms are in 
place to mitigate potential damage. Each of the 
diseases described in the following sections involves 
impaired mitochondrial function [14–17] and 
increased oxidative stress markers [11,18–22]. Partial 
deletion of the SVCT2, which has been localized 
to the mitochondrial membrane [23,24], decreased 
mitochondrial function resulting in decreased 
energy production and increased local oxidative 
stress [25], supporting the role of vitamin  C in 
mitochondrial health. Further, each disease is 
also associated with inflammatory response, 
excitotoxicity, protein aggregates, and disruptions 
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in the utilization of transition metals. Each of these 
factors can contribute to cytotoxicity and to self-
perpetuating cycles of damage. The maintenance 
of appropriate levels of the major antioxidant 
vitamin C is therefore a critical preventative barrier 
to accelerating oxidative damage.

Vitamin C as an Enzyme Cofactor

The ability of vitamin C to readily donate 
electrons is critical for its role in the synthesis of 
collagen and carnitine, as well as neuropeptide 
amidation and catecholamine biosynthesis. For 
the latter, vitamin C recycles tetrahydrobiopterin, 
which is required for synthesis of l-3,4-
dyhydroxyphenylalanine (L-dopa) by the enzyme 
tyrosine hydroxylase. Vitamin C is also the major 
electron donor for dopamine β-hydroxylase, 
which is required to generate norepinephrine 
from dopamine [26–28]. Accordingly, dopamine 
and each of its breakdown products (DOPAC, 
HVA, 3MT) as well as the serotonin derivative 
5-HIAA were all decreased in the cerebral cortex 
of ascorbate-deficient mice [29]. Interestingly, 
neurotransmitters dopamine, norepinephrine, 
and serotonin are also auto-oxidizable and can 
generate radical species under conditions of 

excess, potentially contributing to an oxidative 
environment under conditions of enhanced stress 
or imbalance.

Vitamin C also serves as a cofactor for ten-eleven 
translocation (TET) dioxygenases, which are 
required for catalysis of the oxidation of 5-meth-
ylcytosine (5mC) into 5-hydroxymethylcytosine 
(5hmC) [30]. Some histone demethylases further 
require vitamin C as a cofactor for demethylation 
of histones. Through these roles, vitamin C is 
emerging as a critical determinant for epigenetic 
regulation [31–33], but the potential importance 
of this in degenerative disorders has not yet been 
established. Given the late onset of diagnosable 
phenotypes, and long time course for disease 
development, this role offers a great potential for 
diet to impact disease course.

Glutamate Clearance and Excitotoxicity

Neurotransmitter signaling in the brain is sensitive 
to both oxidative stress in general and vitamin C 
levels specifically, and it is also a potential con-
tributor to damage. Glutamate is the primary exci-
totoxic neurotransmitter of the brain and becomes 
neurotoxic when not cleared efficiently from the 
synapse. Without tight regulation of release and 
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uptake, glutamate can spread beyond the synaptic 
cleft and propagate excitatory signals and damage 
in surrounding cells. Overexcitation of postsyn-
aptic cells leads to prolonged increases in intra-
cellular calcium and sodium, ultimately leading 
to impaired mitochondrial function and elevated 
production of nitric oxide and other radicals that 
lead to antioxidant imbalance and ultimately to 
cell death. The interaction with vitamin C release 
and glutamatergic stimulation has been demon-
strated in whole brain and synaptosomes [34]. 
Glutamate clearance via the GLT-1 glutamate trans-
porter on the astrocyte leads to osmolytic changes 
in the astrocyte, and cell swelling permits efflux 
of vitamin C through volume-regulated anion 
channels [34,35]. This relationship was originally 
termed a “hetero-exchange,” although evidence 
for the reverse relationship of vitamin C–induced 
changes in glutamate clearance does not have the 
same support. Disruption of this process has been 
observed in mouse models of Huntington disease 
(HD) [36,37] and is also implicated in seizures in 
a mouse model of AD with low vitamin C [38].

Methodological Considerations 
and Clinical Research Challenges

There are two key areas that bear closer examination 
when examining the literature concerning human 
studies of vitamin C levels and neurodegenerative 
disorders. First, in clinical or population samples, 
there is often no direct measurement of plasma 
or tissue levels of vitamin C. Second, there are 
many other factors that may affect vitamin C levels 
independent of disease. Mutations in the vitamin C 
transporters SVCT1, which are primarily involved in 
gut absorption, are strongly related to altered blood 
vitamin C levels [39,40] and can mitigate the link 
between dietary intake and circulating levels. A link 
between single nucleotide polymorphisms (SNPs) in 
these transporters and neurodegenerative disorders 
has not yet been reported. Nutritional intake may 
be assessed using dietary intake questionnaires 
about typical or recent intake, which can give a 
good general idea of dietary habits, but they are 
prone to errors of recall or estimates of portion size. 
Performing these studies in an aging and potentially 
cognitively impaired population may lead to greater 
estimation errors due to altered cognition (memory 
for foods and attention to recall tasks) [41]. Such 
questionnaires may also not always be representative 
of lifetime intake levels. Nevertheless, this type of 

dietary information can allow global stratification 
of groups based on dietary patterns. It is also very 
important to obtain full information about any 
supplement use. Such use may be more common in 
older participants [42,43] and can significantly bias 
results. For example, multivitamin use is sometimes 
permitted without being classed as supplement use, 
and the amount of vitamin C in a typical supplement 
(60–120 mg) may be sufficient when combined with 
even a moderate dietary intake to saturate intestinal 
transport [44]. In fact, supplement use may be a 
stronger predictor of vitamin C level than dietary 
intake [45]. Such classification therefore decreases 
the percent of vitamin-deficient individuals in the 
comparison groups. With even the most accurate 
intake information, individual differences in 
disease status, obesity, smoking status, and even 
local pollution levels may impact the utilization of 
intracellular vitamin C [45]. While these factors by 
no means invalidate a substantial body of literature, 
they should be considered when interpreting the 
literature concerning vitamin C levels and disease 
prevalence.

Additional challenges are found in the use of 
rodent models and investigation of vitamin C 
and the brain. The guinea pig is, like humans, 
unable to synthesize its own vitamin C [46] and 
is therefore a good model for deficiency research. 
However, cost and methodological challenges 
(e.g., identifying good antibodies and adapting 
behavioral studies), render this work challenging 
in guinea pigs and require specialized laboratories 
and equipment [47–49]. Rats and mice are typically 
able to synthesize vitamin C and so cannot be 
rendered deficient since physiologic stress can lead 
to increased production in the liver. A range of 
models exist to combat this challenge, including 
mutations relating to synthesis (osteogenic 
disorder Shionogi rats [50], Gulo−/− [51]) and 
transport (SVCT1−/− [52], SVCT2+/− [53], SVCT2-Tg 
[54]) (see Table 10.1), but they are not always 
employed in the majority of studies. Modifications 
to brain vitamin C level through a combination 
of genetic manipulation and diet have shown that 
decreased vitamin C is associated with increased 
oxidative stress and earlier disease onset [22,55].

VITAMIN C AND ALZHEIMER DISEASE

Background, Presentation, Etiology

Alzheimer disease is a progressive neurodegen-
erative disorder and the most common cause for 
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dementia, with nearly 5.7 million Americans liv-
ing with Alzheimer dementia in 2018 (Alzheimer’s 
Association [United States] 2018). While the histo-
pathology of AD is well-defined by β-amyloid (Aβ) 
plaques, neurofibrillary tangles, and neuronal cell 
death, the etiology remains elusive, as research in 
the field has been unable to confirm these histopath-
ologic changes as the specific cause or consequence 
of the disease. Currently, few effective treatments 
exist for either the pathology or cognitive decline, 
and therefore, any intervention that can delay dis-
ease onset would significantly lessen the health bur-
den of the disease. Chronic, subclinical vitamin C 
deficiency may impact AD pathogenesis via several 
key mechanisms and is thus an essential neuropro-
tector against disease progression.

AD was first characterized by the presence of Aβ 
plaques and neurofibrillary tangles (NFTs) by Alois 

Alzheimer in 1906 in the postmortem brains of 
patients who suffered from cognitive impairments. 
Since then, these two histopathologic hallmarks 
have largely dominated the focus of AD research. 
First, Aβ is an endogenous protein produced 
when the transmembrane amyloid precursor 
protein (APP) is cleaved by secretase enzymes [61]. 
APP is normally cleaved in a nonamyloidogenic 
pathway by α-secretase followed by γ-secretase. 
The insoluble amyloid oligomers for which AD 
is characterized are the result of a shift to the 
amyloidogenic cleavage by β-secretase followed 
by γ-secretase [62]. In the brains of AD patients, 
the burden of toxic protein aggregates combined 
with elevated oxidative stress lead to a global 
loss of neurons. The loss of neurons in the 
hippocampus and entorhinal cortex due to toxic 
proteins and oxidative stress is a strong correlate 

TABLE 10.1
Common rodent models used in nutritional studies of vitamin C

Rodent 
Model Description Advantage for Vitamin C Studies References

Guinea pigs Innate lack of functional L-gulono-γ-
lactone oxidase (Gulo) gene and 
therefore are dependent on an 
exogenous vitamin C source.

Validated animal model for vitamin C 
deprivation studies by allowing 
resemblance of human deficiency without 
genetic interference.

[48,56,57]

Gulo−/− mice Knockout of gene encoding 
L-gulono-1,4-lactone oxidase 
(Gulo) in mice, the enzyme 
responsible for the final step in 
synthesizing vitamin C.

Allows for deficiency studies in mice using 
varied vitamin C supplementation. When 
severely vitamin C deficient, mice have 
decreased blood glucose, increased 
oxidative damage to lipids and proteins in 
the cortex.

[29,51,55]

SMP30/GNL 
mice

Senescence marker protein-30 
(SMP30) is the lactone-hydrolyzing 
enzyme gluconolactonases (GNLs) 
necessary for vitamin C synthesis.

Mice display symptoms of scurvy such as 
bone fracture and rachitic rosary, and then 
die by 135 days after receiving the 
vitamin C–deficient diet.

[58]

ODS rats Osteogenic disorder Shionogi (ODS) 
rats have hereditary deficiency in 
vitamin C synthesis.

Cannot synthesize their own vitamin C, 
allowing for appropriate deficiency 
studies using vitamin C supplementation.

[59]

SVCT2+/− 

mice
Heterozygous for the sodium-

dependent vitamin C transporter. 
Note that full knockout of SVCT2 
is embryonically lethal.

These mice express lower numbers of the 
transporter and consequently have 
vitamin C levels in the brain that are 30% 
lower than WT controls.

[53,60]

SVCT2-Tg 
mice

Carry extra copies of the SVCT2 gene, 
increasing expression of the 
transporter by varying degrees.

Increased expression of SVCT2 elevates 
vitamin C concentration in tissues and 
offers further protection against oxidative 
damage.

[54]

SVCT1−/− 

mice
Knockout of SVCT1, transporter in 

mice.
Elimination of one of the transporters 

disrupts proper maintenance of 
intracellular vitamin C.

[52]
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for the memory loss associated with AD. Second, 
hyperphosphorylation of the microtubule-
associated tau protein prevents tau from stabilizing 
microtubule assembly, promoting the formation of 
NFTs [61,63]. These intracellular protein aggregates 
dramatically disrupt microtubule cytoskeleton and 
intracellular transport [64]. Evidence that oxidative 
stress elevates tau phosphorylation is well founded 
and highlights the potential for antioxidant 
therapeutic options such as vitamin C [65,66]. 
While studies of the relationship between tau 
hyperphosphorylation and vitamin C in particular 
are scarce, the available data ranging from cell 
culture to animal models and clinical samples tie 
the etiological pathways together and emphasize 
the importance of oxidative dysfunction in the 
further generation of pathologic damage.

Vitamin C and Molecular Mechanisms of AD

Oxidative Stress and β-Amyloid

Aβ peptides and oligomers are toxic to cells, 
activate glial cell response, and consequently 
increase oxidative stress. Under in vitro conditions, 
Aβ alone is sufficient to induce apoptosis in neurons 
[67]. Additionally, Aβ can cause impairment of 
the electron transport chain and render neurons 
more vulnerable to oxidative stress. Increases in 
oxidative stress have been shown to upregulate 
presenilin-1 (PSEN1) and BACE1, both of which 
are major protein complexes of β- and γ-secretase 
enzymes responsible for amyloidogenic 
cleavage of the amyloid precursor protein 
[68–71]. This shift induces Aβ accumulation, 
which subsequently promotes reactive oxygen 
species (ROS) production [72]. Further, in vitro 
studies confirm that Aβ-induced cell death can 
be mediated via oxidative stress [73,74], thus 
creating a cyclical relationship that drives disease 
progression. Adequate vitamin C may also inhibit 
the production of Aβ by attenuating oxidative 
stress [75–79]. Over 160 genetically modified 
rodent models have been designed to mimic some 
aspect of the histopathologic and cognitive deficits 
characteristic of human patients with AD (AD 
Research Models|Alzforum. Retrieved February 8, 
2019, from https://www.alzforum.org/research-
models). Such models have yielded crucial insight 
into disease pathogenesis and progression and 
have allowed experimental manipulation to 
further investigate the role of oxidative stress in 

AD pathology and progression. Many, if not all, 
of the most commonly used models also exhibit 
elevated oxidative stress [80–83], presumably as 
a consequence of induced disease state through 
genetic mutation. Additionally, it is important to 
consider the unavoidable caveats of AD mouse 
models, which are modeled after inheritable 
forms of AD and may not accurately represent 
disease pathogenesis in sporadic cases of AD in 
patients. While convenient for laboratory research, 
faster disease onset due to mutational burden, as 
observed in the 5xFAD model compared with 
single- and double-mutation models, lessens the 
contribution of age-related changes in the mice.

Mitochondria are the main source of cellular 
ROS generation and are also uniquely susceptible 
to damage caused by oxidative stress. The 
mitochondrial cascade hypothesis of AD proposes 
that baseline mitochondrial dysfunction due to 
inherited and environmental factors influences 
APP expression, processing, and Aβ accumulation 
[84]. Many AD mouse models have illustrated 
mitochondrial dysfunction as a result of soluble Aβ 
[85–88]. Mitochondria obtained from 4-month-
old SVCT2+/− mice (with approximately 30% lower 
brain levels of vitamin C than wild-type controls) 
consumed less oxygen and have lower membrane 
potential compared to wild type [25]. Interestingly, 
acute administration of vitamin C increased oxygen 
consumption in wild-type isolates. In contrast, the 
same study showed that mitochondria obtained 
from 4-month-old APP/PSEN1 mice consumed 
more oxygen and had higher membrane potential 
but produced lower amounts of ATP compared 
to WT isolates. Mitochondrial isolates from both 
APP/PSEN1 and SVCT2+/−models had elevated 
levels of ROS compared to WT controls. Electron 
microscopy evidence showed that high vitamin C 
supplementation (3.3 g/L) protects against 
abnormal mitochondrial morphologies associated 
with AD observed in 6-month-old Gulo−/− 5xFAD 
mice with lower vitamin C supplementation 
(0.6 g/L) [78]. These studies serve as evidence 
that insufficient vitamin C can compromise 
mitochondrial function, leading to elevated 
oxidative stress and dwindling energy reserves 
even in the early stages of AD.

A common approach for therapeutic dietary 
intervention in AD mice is to use antioxidant 
combination diets to provide greater antioxi-
dant protection with considerations of recy-
cling mechanisms among different antioxidants. 

https://www.alzforum.org/
https://www.alzforum.org/
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Supplementation studies with food cocktails con-
taining vitamins C and E, among other pharma-
cologic cocktails, showed decreased soluble Aβ 
and Aβ plaque formation [89,90]. However, such 
findings are not universal and may depend on 
specific experimental parameters such as the age 
of the animal at intervention [91]. Dietary supple-
mentation with vitamins C, E, and other antioxi-
dants rescued memory impairments in rodents 
with oxidative stress and learning deficits due to 
APP/PSEN1 mutations, melamine treatment, and 
hypoxia [92–95]. These data support the notion 
that a healthy diet rich in antioxidants such as vita-
min C is crucial to delaying the cognitive deficits 
typically seen in these models. However, these 
types of studies cannot assess the role of  vitamin C 
alone, particularly in the case of deficiency. Studies 
involving chronic deficiency, with proper quan-
tification are needed to further confirm these 
findings.

Acute intraperitoneal administration of 
 vitamin C in 12- and 24-month-old APP/PSEN1 
mice improved cognitive deficits in AD mouse 
models but did not diminish Aβ plaque forma-
tion [94,96]. In contrast, chronic, high vitamin 
C supplementation (a high 3.3 g/L compared to 
a lower 0.6 g/L in drinking water) beginning at 
2 months of age led to a 60% decrease in plaque 
burden in the hippocampus and 40% decrease 
in the cortex, respectively, by 6 months of age 
in Gulo−/− 5xFAD mice [78]. The promise of this 
study should be treated cautiously, as the 5xFAD 
model is a highly aggressive AD mouse model 
that underrepresents the burden of age on disease 
progression. The attenuation of histopathology in 
these younger mice by supplemental intervention 
may simply be due to the dramatic differences in 
brain plasticity in earlier ages. Additionally, the 
two supplementation groups were neither true 
deficiency-rescue, as 0.6 g/L vitamin C supple-
mentation is more than sufficient to maintain 
healthy vitamin C concentrations in Gulo−/− mice. 
Nonetheless, this study emphasizes the impor-
tance of combining genetic manipulation and diet 
to properly modify brain vitamin C levels and the 
potential role for vitamin C in AD progression. 
Since mice are capable of synthesizing their own 
vitamin C, preventing upregulation of vitamin C 
synthesis is critical to modeling a true human AD 
state, especially given that decreased vitamin C 
is associated with increased oxidative stress and 
earlier disease onset [60,97].

Mice that are heterozygous for the globally 
expressed sodium-dependent vitamin C 
transporter (SVCT2+/−) have decreased expression 
of the transporter and, consequently, have an 
approximate 30% decrease in brain vitamin C levels 
compared to wild-type littermates, because it is 
the only vitamin C transporter expressed in the 
brain [53,60] (Table 10.1). Double transgenic 
SVCT2+/− APP/PSEN1 mice were found to have 
increased markers of brain oxidative stress 
(higher malondialdehyde, protein carbonyls, 
and F2-isoprostanes) and Aβ plaque aggregation 
(in the hippocampus and cortex) [97]. Memory 
deficits were assessed with several behavioral 
tasks including an olfactory memory task, 
Y-maze alternation, conditioned fear, and Morris 
water maze, with some early deficits evident 
from 6 months of age in the low vitamin  C 
APP/PSEN1 mice. These findings suggest that 
vitamin C deficiency during the early stages of 
disease development can play a substantial role 
in accelerating amyloid pathogenesis, which is 
likely modulated by key oxidative stress pathways. 
Despite this range of data, there is no consensus on 
the mechanism of vitamin C in AD progression, 
and it is likely through multiple functional roles. 
However, given that the presence of oxidative 
species has been shown to induce Aβ and NFT 
assembly, vitamin C may prevent AD pathology by 
scavenging reactive molecules before they impact 
Aβ and tau pathologies.

Glutamate–Ascorbic Acid Exchange 

Mechanism and Seizure Susceptibility

Epileptic activity is associated with neurodegen-
erative disease, particularly with AD [98,99]. Even 
mild seizures create excitotoxic damage that can 
influence disease progression. Following glutamate 
clearance by astrocytes, the cells swell and trigger 
the opening of volume-regulated anion channels 
(VRACs), allowing simultaneous release of vita-
min C into the synapse [35,100]. The released 
 vitamin C protects against oxidative damage in the 
synapse. The oxidized form of vitamin C, dehy-
droascorbate, is then recycled in the astrocyte 
via glucose transporters (GLUTs). Disruption of 
this pathway by altered expression or function of 
GLT-1 or by decreased vitamin C availability may 
mediate  glutamate toxicity within the synapse, 
especially in neurodegenerative disorders that are 
associated with excitotoxicity and seizures, such as 



190 VITAMIN C

AD. Low vitamin C intake dramatically increased 
mortality in Gulo−/− APP/PSEN1 mice with mor-
tality attributed to spontaneous seizures [101]. 
This was tested more directly in SVCT2+/− APP/
PSEN1, which also  exhibit increased mortality 
and were more susceptible to pharmacologically 
induced seizures [102]. The mice showed faster 
seizure onset latency  following treatment with 
kainic acid (10 mg/kg) and more ictal events fol-
lowing pentylenetetrazol (50 mg/kg) treatment. 
This study also showed that vitamin C deficiency 
alone increased the  severity of these pharmaco-
logically induced seizures. Vitamin C deficiency 
alone in Gulo−/− mice led to the same increased 
sensitivity to kainic acid as  measured by seizure 
onset time, behavioral  measures of activity, and 
electroencephalogram (EEG) recordings [38]. 
Further, vitamin C deficiency in Gulo−/− mice 
altered expression of GLT-1 and EAAC1 providing 
a mechanistic link between vitamin C deficiency 
and cognitive decline in AD.

Clinical and Epidemiological Evidence 
for Involvement of Vitamin C in AD

Multiple clinical and cross-sectional studies 
investigating the relationship between AD and 
vitamin C status have been reviewed together to 
determine overall effects [43,103,104]. Randomized 
clinical trials have not yet shown an association 
between vitamin C antioxidant therapeutic 
activity and a delay in AD neurodegeneration 
[105], possibly owing to large methodological 
challenges in these types of studies. One study 
found that despite similar vitamin C intake, plasma 
vitamin C levels are lower in AD patients, and that 
this lower level correlates to the patient’s degree 
of cognitive impairment [106]. A meta-analysis 
proposed that antioxidant defenses are more 
aggressively consumed in AD patients, shown by 
elevated oxidative stress biomarkers and decreased 
antioxidant capability in their plasma [107]. A 
separate meta-analysis specifically evaluating 
nutrient status in plasma and cerebrospinal fluid 
(CSF) found that patients with AD have lower 
availability of docosahexaenoic acid, choline, 
vitamin B12, folate, vitamin C, and vitamin E 
compared to age-matched controls [108]. A study 
with over 5000 participants indicated that high 
intake of vitamin C was associated with lower risk 
of AD after a mean follow-up period of 6 years 
[109]. Similarly, a more recent investigation 

showed the use of vitamins E and C reduced risk 
of both cognitive decline and AD development in 
persons over the age of 65 years compared to those 
not taking vitamin supplements [110].

There is further support for the proposal 
that nutritional antioxidant supplementation, 
such as vitamins C and E, may protect against 
AD-associated cognitive decline [111–114], but 
equivocal evidence also exists in cohort studies 
(reviewed in [43,115]). In a study that investigated 
the role of vitamins E and C and the risk of 
AD, people over the age of 65 years who were 
given vitamin E or C supplements did not have 
AD over the follow-up period averaging 4 years, 
suggesting that the use of higher-dose vitamin E 
and C may lower the risk of AD development in 
aged individuals [116]. However, another study 
by the same group conducted within a resident 
community aged 65 years and older found that 
increased intake of vitamin C was not significantly 
associated with risk of this disease during the 
follow-up period averaging 4 years [117]. This 
work was performed in subjects who were free of 
AD at baseline, and who were not given additional 
vitamin supplements. Instead, participants filled 
out a questionnaire, which was used to evaluate 
differences in dietary vitamin C consumption. 
Additionally, combined supplementation 
with vitamins E and C was reported to reduce 
prevalence and incidence of AD in a cross-
sectional and prospective study with individuals 
65 years or older. However, vitamin C without 
vitamin E supplementation did not reduce the risk 
of developing AD [114]. While the clinical data can 
be contradictory, in combination with animal and 
cell culture data, such studies provide compelling 
evidence in favor of supplementation as a simple, 
safe, and cost-effective therapeutic intervention to 
preserve antioxidant capacity in the elderly and 
protect against disease-related oxidative damage.

HUNTINGTON DISEASE

Background, Presentation, Etiology

Huntington disease is an autosomal dominant 
neurodegenerative disease with cognitive, 
psychiatric, and motor impairments affecting 
10.6 per 100,000 individuals worldwide [118]. 
Symptoms typically manifest mid-life (<50 years 
of age) with a median survival of 18 years following 
symptom onset [119]. Cognitive deficits present 
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as executive dysfunction, difficulty multitasking, 
memory loss, and difficulty learning. Psychiatric 
disturbances include depression, apathy, suicidal 
ideation, anxiety, irritability, and agitation. Motor 
impairments, the hallmark symptom of HD, 
present differently depending on the stage of the 
disease. Early on, chorea is typical, while in late-
stage HD, rigidity, dystonia, and dyskinesia are 
prevalent. Cognitive and psychiatric symptoms 
often precede motor symptoms, although this 
is often identified in hindsight. Disease onset is 
defined by the point in time when characteristic 
motor symptoms emerge [119,120]. There is 
no cure and current treatment, such as the 
monoamine-depleting drug tetrabenazine, 
focuses on alleviating symptoms with no effect 
on progression of the disease [121,122].

HD is caused by an expanded (≥40) cytosine-
adenine-guanine (CAG) trinucleotide repeat in 
exon 1 of the Huntingtin (HTT) gene [123,124]. 
This genetic mutation encodes for an expanded 
polyglutamine (polyQ) region near the N-terminus 
of the HTT protein. The precise function of wild-
type (WT) HTT protein is uncertain. It is essen-
tial for development, demonstrated by embryonic 
lethality observed in mice homozygous null for 
Htt [125], and broadly necessary for neural mainte-
nance [126,127]. HTT is a large protein (348 kDa), 
and through interactions with nearly 200 proteins 
[128–130], it plays a role in vesicle trafficking and 
axonal transport [131–133], transcriptional regula-
tion [134–137], autophagy [138–140], and cell sur-
vival [125,136,141]. Many of these functions and 
protein-protein interactions, particularly those 
related to transcription regulation and cell signal-
ing, depend on the nonexpanded polyQ tract (<35 
repeats) present in wild-type HTT [119,142,143]. 
When mutated, the elongated polyQ tract not only 
interferes with normal HTT function but also leads 
to the formation of toxic cytosolic and nuclear 
protein aggregates [133,144–147].

Whether the mutation leads predominately to a 
loss of wild-type protein function or a toxic gain-
of-function remains a contested topic, though both 
likely contribute to pathology [119,123,146,148–
150]. This could, in part, explain why HD manifests 
as a neurodegenerative disease with mid-life onset 
despite continuous HTT expression throughout 
development. Reduced wild-type HTT function 
results in abnormal neuron development and could 
subsequently render these cells more vulnerable 
to mutant HTT (mHTT) aggregate toxicity; 

neurodevelopment and neurodegeneration are 
not mutually exclusive [151]. For example, striatal 
medium spiny neurons (MSNs), the primary cell 
type that degenerates in HD, rely on brain-derived 
neurotrophic factor (BDNF) produced by cortical 
neurons to be delivered via axonal transport, a 
process impaired by mHTT [132]. Throughout 
aging, mHTT aggregates accumulate in all cell 
types, but particularly vulnerable striatal cells 
atrophy, contributing to signs and symptoms of 
the disease [151–153]. Prevailing hypotheses of the 
underlying molecular mechanisms of neuronal 
dysfunction in HD implicate roles for increased 
oxidative damage and glutamate excitotoxicity 
[154,155], offering critical areas in which vitamin C 
deficiency may contribute to disease progression.

Vitamin C and Molecular Mechanisms of HD

Oxidative Stress

There is substantial evidence documenting 
increased oxidative stress in HD, although whether 
redox imbalance itself contributes to disease 
progression or is the result of other pathologic 
mechanisms is debated [156,157]. Several studies 
analyzing postmortem HD patient brain tissue 
show increased oxidative stress compared to age-
matched controls. Positive markers of oxidative 
damage to protein, DNA, and lipids, as well as 
induction of antioxidant defense mechanisms, 
have been identified in the striatum and regions 
of cortex [158–161]. However, increased oxidative 
damage in postmortem HD patient brains is 
not universally reported [162]. Discrepancies 
between findings may partially be explained by 
the challenges of postmortem sample analyses. 
Confounds such as manner of death, time or 
season of death, intervening medications, length 
of postmortem interval prior to analysis, and 
subject-to-subject variation can all substantially 
influence the outcome of biochemical assays on 
postmortem tissue [163]. Although these variables 
are usually addressed in studies, they do not 
always contribute to the interpretation of results 
[164,165]. HD patients also tend to exhibit elevated 
levels of oxidative stress in peripheral tissues, 
including blood. Increases in lipid peroxidation 
and malondialdehyde (MDA), 8-oxo-2′-
deoxyguanosine (8-OHdG), carbonylated proteins, 
as well as decreased levels of reduced glutathione 
(GSH) and diminished efficiency of antioxidant 
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defense mechanisms have been reported in the 
blood and leukocytes of HD patients [166–169]. 
Some of these markers, such as 8-OHdG, even 
correlate with the severity of disease and may be 
useful biomarkers for disease progression [167].

Similar to findings in patient blood and 
postmortem tissue, animal and cellular models of 
HD show elevated markers of oxidative stress. The 
R6/2 mouse model was the first transgenic mouse 
model of HD and remains one of the most widely 
used. R6/2 mice express the N-terminal fragment 
of the Htt gene with 144–150 CAG repeats, which 
results in a progressive behavioral and neurological 
HD-like phenotype with a shortened life span of 
12–18 weeks [170]. Studies examining R6/2 mice 
have reported increases in 8-OHdG in the urine, 
plasma, and striatum [171], oxidatively modified 
proteins [172], and lipid peroxidation measured by 
MDA levels [173]. The YAC128 mouse model of HD 
expresses full-length human HTT with 128 CAG 
repeats and develops motor and cognitive deficits 
characteristic of HD, as well as striatal-specific 
neuronal loss and a normal life span [170]. Unlike 
the R6/2 mouse model, increases in protein 
oxidation and lipid peroxidation were not detected 
in YAC128 mice until 12 months of age [174]. 
However, YAC128 mice still exhibit increased 
oxidative stress as measured by depleted reduced 
GSH and elevated levels of oxidized glutathione 
(GSSG) [175]. Increased oxidative stress has also 
been reported in a Caenorhabditis elegans model of 
HD, which expresses a polyQ fragment (40 CAG 
repeats), but no part of the Htt gene [176]. Striatal 
cell lines derived from knock-in HD mice with 111 
CAG repeats (STHdhQ111/Q111 cells) also show 
evidence of altered antioxidant profile [177].

Given that oxidative stress is elevated in both 
patients and HD models, many studies have 
investigated the effectiveness of compounds that 
combat oxidative stress as potential therapeutics. 
The extracellular f luid of the striatum, the 
region that selectively degenerates in HD, has 
a high vitamin C concentration under normal 
healthy conditions [178]. Sufficient vitamin C is 
necessary in this region, and destruction of striatal 
extracellular vitamin C with infusion of ascorbate 
oxidase in rats suppressed behavioral activation 
[179]. Much of the work concerning vitamin C 
biology in mouse models of HD comes from the 
Rebec et al. [37,178–180]. Voltammetry studies 
indicate that vitamin C release in the striatum 
of postanesthesia, awake-behaving mice is 

significantly disrupted in R6/2 mice compared to 
wild-type littermates. When the mice were under 
anesthesia, there was not a significant difference 
in vitamin C levels between HD and controls, 
but a 25%–50% deficit emerged upon behavioral 
activation. In a subsequent study, vitamin C 
treatment for 4 weeks via intraperitoneal injection 
in 6-week-old R6/2 mice was sufficient to abolish 
the defect in striatal vitamin C release in awake-
behaving animals, such that there was no difference 
between vitamin C–treated HD mice compared to 
both vehicle- and vitamin C–treated wild-type 
littermates [180]. Additional evidence for the use 
of antioxidant supplementation as a therapeutic 
intervention in HD has yielded promising results. 
For example, twice-daily oral administration of 
the fumaric acid ester dimethylfumarate (DMF) 
attenuated motor impairment and neurological 
pathology in both R6/2 and YAC128 mice, 
presumably through detoxification pathways 
activated by the induction of the transcription 
factor nuclear factor E2-related factor (Nrf2) [181], 
which is reportedly disrupted in HD STHdhQ111/
Q111 cell lines [182]. Additionally, a diet rich in the 
antioxidant lipoic acid exerted modestly beneficial 
effects in R6/2 mice by significantly improving 
survival [183]. Lipoic acid acts as an antioxidant 
directly by scavenging hydroxyl radicals but can 
also regenerate other antioxidants such as vitamins 
C and E [184]. Future work should directly address 
a role for vitamin C deficiency in HD.

Glutamate Homeostasis and Vitamin C Release

It has been suggested that the lower levels 
of vitamin C release are likely not due to 
corticostriatal degeneration but rather a 
malfunction in glutamate uptake [185]. In line 
with this hypothesis, R6/2 mice have reduced 
expression of glutamate transporters such 
as GLT-1 [186] and glutamate clearance, and 
recycling is reportedly impaired in R6/2 mice 
and postmortem patient brains [187,188]. In the 
knock-in mouse model of HD, which expresses 
a chimeric exon 1 of the human/mouse Htt gene 
with 140 CAG repeats inserted into the mouse Htt 
gene, the same deficit in striatal vitamin C release 
between HD and WT was not observed. Instead, 
a sex difference between HD male and HD female 
mice but not WT male and female mice was noted 
and attributed to varying levels of behavioral 
activation [189]. Typically, increased extracellular 
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vitamin C is associated with relocation of neuronal 
SVCT2 to the plasma membrane, presumably to 
permit additional uptake into neurons, if needed. 
In striatal neurons derived from knock-in mice 
expressing the mutant Huntingtin, the same 
translocation of SVCT2 was not observed, leaving 
the cells at risk of excitotoxic damage [36]. In the 
same STHdhQ111 cell line, vitamin C was also 
shown to modulate neuronal glucose uptake, 
suggesting a further role for acutely altered ROS 
levels in neuronal metabolism [36].

The vitamin C supplementation paradigm 
adopted by Rebec and colleagues also claimed to 
attenuate HD behavioral phenotypes as measured 
by stereotypic grooming behavior and locomotor 
activity in an open field [180]. Rotarod performance 
was not assessed in this group of mice, and thus, 
the potential for vitamin C treatment to provide 
therapeutic effects on motor coordination is 
unknown. Mechanistically, the positive effect of 
vitamin C treatment in HD mice has been linked 
to the glutamate recycling system. This hypothesis 
is supported by evidence showing ceftriaxone-
induced upregulation of GLT-1 improves motor 
phenotypes and the glutamate clearance defect in 
R6/2 mice [190,191]. Changes in striatal vitamin C 
release in response to upregulation of GLT-1 
have not been examined in these mice, nor have 
oxidative stress measures been evaluated directly. 
Interestingly, HD behavioral phenotypes were not 
exacerbated in R6/2 mice that were heterozygous 
null for GLT-1 [192], and real-time imaging 
methods of glutamate clearance in R6/2 mice 
fail to reproduce the defect in glutamate uptake 
found using synaptosomal preparation methods by 
others [193]. However, the evidence that vitamin C 
supplementation or reinstatement of appropriate 
glutamate clearance can attenuate pathologic 
phenotypes suggests that both oxidative stress and 
excitotoxity may be contributing to disease.

Although it is unclear whether the increased 
oxidative stress primarily contributes to, or is 
a consequence of, pathology in HD, there is 
strong evidence supporting a role for elevated 
oxidative stress and aberrant antioxidant defense 
mechanisms. Neither neural nor peripheral 
vitamin C levels have been reported in HD patient 
populations. However, based on work from Rebec 
et al., a difference in striatal vitamin C release may 
be the primary issue rather than total vitamin C 
concentrations [185], which would not be 
measurable in postmortem tissue. While changes 

in vitamin C levels have not been investigated, 
postmortem studies show that glutamate uptake is 
impaired in HD [188]. Unfortunately, glutamatergic 
transmission has not yet been studied in living 
HD patients via methodologies such as positron 
emission tomography (PET) [194]. Based on the 
strong connections between and involvement of 
vitamin C and glutamatergic signaling in animal 
models of HD, it would greatly benefit the field to 
investigate these systems in human populations, 
particularly HD patients.

Clinical and Epidemiological Evidence 
for Involvement of Vitamin C in HD

Vitamin C treatment has not yet been examined in 
the clinical setting as a therapeutic for HD patients. 
To our knowledge, there are few studies regarding 
vitamin supplementation or specific dietary status 
in HD patients. In fact, many HD patients are 
underweight and require additional calories to 
even maintain a healthy weight [195]; thus, the 
focus of clinicians and researchers regarding diet 
in HD has been geared toward understanding 
metabolic defects rather than specific nutrient 
deficits. One exception is the Mediterranean diet, 
which has been studied in HD patient populations. 
Self-reports of dietary intake were evaluated, and 
researchers found that HD patients who adhered 
more strictly to a Mediterranean-style diet, which 
included higher vitamin C consumption, had 
better quality of life and lower motor impairment 
scores than patients who did not follow this diet 
[196]. This study was correlational, which puts 
limitations on the interpretation of results. A 
Mediterranean diet provides ample vitamin C, as 
it is high in plant-based foods, particularly fresh 
fruits, vegetables, and grains, but these foods 
are also high in additional antioxidants, which 
provide additional benefits [197,198]. However, 
given that these data are self-reported and dietary 
guidelines were not assigned to patients, these 
data do not strongly support a therapeutic effect 
of dietary vitamin C supplementation. In a small 
study of 73 HD patients, high doses of vitamin E 
were observed to confer some benefits on the 
expression of neurological symptoms, although 
this was limited to patients in early disease stages 
[199]. Additional research is needed in the clinical 
setting to better understand the role of vitamin C 
in HD and the positive effect supplementation 
may have on disease onset and progression.
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PARKINSON DISEASE

Background, Presentation, Etiology

Parkinson disease (PD) is characterized by pro-
gressive motor and nonmotor deficits, the accu-
mulation of proteinaceous inclusions, called Lewy 
bodies, and the subsequent depletion of dopamine 
in the striatum. Although both environmental and 
genetic factors are implicated in the pathogenesis 
and progression of PD, the etiology of the dis-
ease is still unknown. The disease is most often 
clinically diagnosed by the appearance of motor 
symptoms, beginning with bradykinesia, muscu-
lar rigidity, resting tremor, and postural instabil-
ity, but nonmotor symptoms may be present long 
before motor symptoms emerge [200,201]. The 
motor symptoms occur after significant loss of 
dopaminergic cells in the pars compacta region 
of the substantia nigra (SNpc). Vitamin C is a 
necessary cofactor in the synthesis of L-dopa by 
the enzyme tyrosine hydroxylase, which is then 
converted to dopamine and other catecholamines 
[26]. Several studies have shown decreased anti-
oxidant capacity in the brains of patients with PD, 
and these cells may be more vulnerable to degen-
eration owing to increased free radical production 
during this enzymatic process, and the auto-oxi-
dation of certain neurotransmitters [202]. In addi-
tion to its antioxidant role, vitamin C has been 
shown to drive dopamine differentiation neuro-
nal stem cells derived from the midbrain through 
hydroxy- and de-methylase enzymes [30,32,203]. 
As vitamin  C reserves are depleted by disease-
related oxidative stress, these critical mechanisms 
are also compromised and thus also contribute to 
the progression of disease.

Lewy bodies are primarily composed of 
α-synuclein protein aggregates and, although no 
consensus has been reached as to the function of 
this protein, they are believed to play a critical role 
in the pathology of the disease because they appear 
long before the emergence of clinical symptoms 
[204,205]. The toxicity exerted by oligomerized 
α-synuclein is similar to that of β-amyloid, though 
the direct mechanism by which α-synuclein 
causes dopaminergic cell loss is still unknown. 
α-Synuclein oligomers can permeabilize lipid 
membranes, activate endoplasmic reticulum 
stress response, disrupt protein degradation 
mechanisms, and disrupt energy production by 
interacting with mitochondria [204]. Oxidative 
stress can increase phosphorylation of α-synuclein 

in in vitro models, increasing the formation of 
protein inclusions and perpetuating a detrimental 
cycle [206,207]. In a meta-analysis of 80 studies 
designed to quantify systemic oxidative stress 
markers, Wei et al. showed elevated blood levels 
in 4 (8-OhdG, MDA, nitrite, and ferritin) of the 
22 markers of oxidative damage tested, as well as 
a marked decrease in the antioxidants glutathione, 
catalase, and uric acid in PD (7212) and healthy 
control (6037) subjects [18].

Dopamine itself is considered cytotoxic, and 
the elevated levels of dopamine found in the SNpc 
can contribute to oxidative stress vulnerability. It is 
believed that dopamine oxidation by monoamine 
oxidase or transition metals exerts the toxic effects 
on cells. Increased mitochondrial oxidative stress 
leads to an accumulation of oxidized dopamine 
in a dose-dependent manner in human-derived 
dopaminergic-neurons lacking either one or both 
copies of DJ-1, a chaperone protein believed to 
mediate cellular oxidant defenses [208]. Selective 
dopaminergic synaptic terminal loss is observed 
when dopamine is injected into rat striatum and 
the amount of loss is in correlation with the 
amount of oxidized dopamine product [209,210]. 
Further, PD symptomology and progressive cell 
loss in the SNpc are observed in mice that cannot 
package dopamine into vesicles due to deficient 
expression of the vesicular monoamine transporter 
type 2 [211–213]. Further, the role of vitamin C in 
epigenetic modification and, in particular, in the 
differentiation of dopaminergic neurons through 
TET-mediated epigenesis [30,214] supports 
the necessity for vitamin C in the formation 
and maintenance of the dopaminergic cell 
population. A clear role for vitamin C in stem cell 
differentiation and preservation is also a critical 
consideration if stem cells are ever developed into 
a safe therapy for PD as has been proposed [216].

Vitamin C and Molecular Mechanisms of PD

Oxidative Stress and Mitochondrial Function

Mitochondrial dysfunction became associated 
with PD after it was observed that accidental 
inhibition of mitochondrial complex 1 in a subset 
of drug users injecting synthetic heroin caused 
specific cases of parkinsonism [217,218]. This led 
to the discovery that complex 1 activity is modestly 
decreased in the SNpc of PD patients [219,220]. 
In a study using subunit-specific and complex 1 



195VITAMIN C IN NEUROLOGICAL FUNCTION AND NEURODEGENERATIVE DISEASE

immuno-capture to quantify complex 1 macro-
assembly, Keeney and colleagues found increased 
oxidation of the complex 1 catalytic subunits and 
associated mis-assembly in PD brains compared 
with age-matched controls [221]. The α-synuclein 
protein accumulates in mitochondria of the SN, 
and there is some in vitro evidence to suggest that 
α-synuclein can disrupt complex 1 activity [204]. 
Overexpression of α-synuclein in mouse models 
shows greater susceptibility to mitochondrial 
toxins that disrupt the electron transport chain 
[222,223]; however, mice lacking α-synuclein 
appear to be protected [224]. Loss of catalytic 
activity in mitochondria not only decreases 
available energy within cells but also increases 
the generation of reactive oxygen species as 
a by-product of incomplete oxidation [225]. 
Interestingly, mice overexpressing mitochondria-
targeted catalase, an endogenously produced 
antioxidant enzyme that breaks down hydrogen 
peroxide, did not show the same increase in 
reactive oxygen species from treatment with 
complex 1 inhibitors [226].

Exposure to the toxic herbicide paraquat results 
in parkinsonian symptoms through inhibition of 
mitochondrial complex 1 and oxidatively mediated 
selective degeneration of dopaminergic neurons 
in the SNpc. PC12 cells preloaded with vitamin C 
were protected against the toxicity after exposure 
to paraquat [227]. Increased intracellular vitamin C 
in mice designed to globally overexpress SVCT2 
also protected against paraquat-induced oxidative 
stress as measured by F2-isoprostanes in the lung 
tissue [54]. Inhibition of complex 1 of the electron 
transport chain increases superoxide production, 
thus overwhelming antioxidant capacity and 
causing cell loss in the SN and parkinsonism in 
humans and animal models [14,228]. Chronic 
administration of complex 1 inhibitor, rotenone, 
to rats caused specific degeneration in the SNpc and 
protein inclusions similar to Lewy bodies observed 
in human patients, directly linking complex 1 
dysfunction in mitochondria to the pathologic 
hallmarks of PD [229–231]. Intracellular vitamin C 
deficiency also diminishes the catalytic activity of 
mitochondria, specifically shown by a decrease 
in oxygen consumption [25]. Presumably, rapid 
consumption of antioxidants like vitamin C in 
response to increased oxidative stress could further 
compromise an already deficient mitochondrial 
response during high energy demands related to 
disease progression. Vitamin C may be particularly 

important for protecting the ratio of reduced to 
oxidized glutathione (GSH/GSSG), as shown in 
mitochondrial function in cultured mesencephalic 
neurons [232].

Glutamate Homeostasis and Excitotoxicity

As the dopamine system deteriorates, other 
neurotransmitter systems within the basal ganglia 
are also affected. Specifically, altered glutamatergic 
transmission appears to be a secondary event in the 
propagation of excitotoxic cell death in PD [233]. 
The accumulation of α-synuclein is associated 
with the dysregulation of glutamate receptor-
mediated calcium homeostasis in cultured neurons 
[234]. α-Synuclein is believed to be involved in 
synaptic transmission through maintenance of the 
synaptic pool, though the exact relationship is not 
yet understood [235,236]. Additionally, inhibition 
of mitochondrial complex 1 in primary astrocyte 
cultures, alone or in combination with depletion 
of the antioxidant glutathione, caused an increase 
in the extracellular concentrations of glutamate 
and hydrogen peroxide [237], thereby increasing 
the likelihood of excitotoxic and oxidative 
damage. However, vitamin C preloading protected 
dopamine-like neurons derived from SH-SY5Y 
cells against glutamate-induced excitotoxicity in a 
dose-dependent manner [75].

Clinical and Epidemiological Evidence 
for Involvement of Vitamin C in PD

Overall, there is little agreement about the role 
for vitamin C in PD within the existing literature 
from either population-based or clinical studies. 
Dietary supplementation in an open-label pilot 
trial extended the time until levodopa treatment 
was necessary in a small group of 21 patients 
with PD for 4 years or fewer [238]. Patients were 
recommended to take 2000–3200 IU vitamin E and 
3000 mg vitamin C in four divided doses per day. 
Time to further treatment was 65 and 59 months 
in younger- and older-onset groups, compared to 
a similar matched group that required additional 
medications at 40 and 24 months, respectively. 
Early studies have reported higher incidence of 
low vitamin C in PD patients compared to controls; 
however, reports were in very low sample sizes, 
utilized varying methodologies, and yielded 
conflicting reports. For example, one study in 
particular utilized the observation of “corkscrew 
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hairs” representing a potential early sign of 
severe deficiency (scurvy) rather than clinical 
determination of vitamin C levels [239]. Another 
report showed no difference in serum vitamin C 
between PD patients and their spouses, which were 
employed to provide a matched control for dietary 
exposures [240]. However, in another study, serum 
vitamin C (and vitamin E) was lower in patients 
with vascular PD (n = 12) but not in PD groups 
(n = 44) compared to control (n = 16) [241]. As is 
typically the case, particularly in older populations, 
all groups included cases below the threshold for 
clinical depletion (<40 µmol/L). Further, these 
data were not replicated in a second comparison 
of vascular PD and PD [242]. A more recent study 
found that peripheral lymphocyte vitamin C levels 
were associated with severity of PD in one sample 
of 62 patients [243]. In the Nurses’ Health Study and 
Health Professionals Follow-Up Study, vitamin C 
intake was not associated with PD risk, although 
high dietary vitamin E (e.g., nuts) conferred 
diminished risk compared to a very low intake 
group [244]. Further analysis of the same data set 
refuted this earlier hypothesis that antioxidant 
supplements had any effect on PD risk [245]. In 
contrast, vitamin E and β-carotene were associated 
with lower risk for PD, with only a modest effect 
of vitamin C in two Swedish population-based 
cohorts with a mean follow-up of 14.9 years [246].

Nevertheless, the ability of vitamin C to support 
levodopa therapy has been recognized for over 
four decades [247]. Vitamin C supplementation is 
associated with better absorption of pharmaceutical 
L-dopa absorption in elderly PD patients with 
low bioavailability levels [248]. Delayed motor 
symptoms in a drosophila model of PD and relief 
from levodopa toxicity in in vitro models of PD were 
also observed with vitamin C supplementation 
[249,250]. These data suggest that the addition of 
vitamin C to a course of treatment may prove to 
be beneficial. However, the nonmotor symptoms 
of PD, such as cognitive and neurobehavioral 
abnormalities, may affect the physical health and 
subsequent resilience of patients with PD due to 
changes in lifestyle and diet [201,251].

AMYOTROPHIC LATERAL SCLEROSIS 
AND MULTIPLE SCLEROSIS

Amyotrophic Lateral Sclerosis

Amyotrophic lateral sclerosis (ALS) is a fatal motor 
neuron disorder in which the neurons of the motor 

cortex, brainstem, and spinal cord progressively 
degenerate, leading to a debilitating loss of motor 
function. It is not yet known why motor neurons 
are specifically targeted, but genetic mutations 
appear to contribute significantly to the nearly 
identical manifestation of both the familial and 
sporadic forms of the disease. As with other 
neurodegenerative diseases, protein inclusions 
visible within the cytoplasm of motor neurons 
are pathologic hallmarks of ALS. These aggregates 
are composed of highly ubiquitinated protein 
products made unstable by gene mutations, such 
as cytoplasmic Cu/Zn superoxide dismutase 1 
(Cu/Zn-SOD1) [252]. In fact, the missense and 
truncation mutations in SOD1 were the first 
genetic mutations to be associated with ALS due 
to the abundance of both mutant and wild-type 
SOD1 found in the aggregates. The discovery of 
this gene association with ALS along with other 
genes involved in mitochondrial function suggest 
that oxidative stress plays a significant role in the 
pathogenesis of the disease [252,253]. Cu/Zn-SOD1 
specifically reduces cytoplasmic superoxide anions 
to hydrogen peroxide molecules, which are then 
neutralized by other antioxidant enzymes. At 
higher concentrations, vitamin C also effectively 
scavenges superoxide [254], thus providing a 
secondary antioxidant defense in maintaining 
redox homeostasis.

Vitamin C and Molecular Mechanisms of ALS

Mitochondrial morphology and distribution are 
altered in motor neurons of mice carrying familial 
ALS-linked SOD1 mutations [255]. High-resolution 
respirometry indicates substantially reduced 
baseline respiration rates in mitochondria isolated 
from mice carrying a familial ALS-linked SOD1 
mutation at the emergence of motor symptoms; 
however, this decrease in mitochondrial 
respiration was attenuated by treatment with a 
mitochondria-targeted antioxidant (MitoQ) [256]. 
SVCT2 is expressed on the inner mitochondrial 
membranes, indicating a specific and localized role 
for vitamin C in the organelle [23,24]. As described 
earlier, mitochondrial isolates from SVCT2+/− 
mice had altered function and increased ROS 
production compared to wild-type isolates [25]. 
Not only would a mutation in the SOD1 enzyme 
compromise antioxidant defenses, but it also 
could lead to copper-mediated toxicity [11,257]. 
High doses of the copper chelator trientine in 
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combination with vitamin C administered to mice 
carrying a familial ALS-linked mutation before the 
onset of motor symptoms dramatically improved 
survival and maintained motor performance far 
longer than controls; however, treatment after the 
onset of motor symptoms showed no beneficial 
effects [257]. As mitochondrial dysfunction and 
oxidative stress accumulate due to the progression 
of ALS, thus overwhelming the antioxidant 
capacity within motor neurons, axons begin to 
degenerate leading to irreparable loss of motor 
function.

Clinical Evidence for Involvement 
of Vitamin C in ALS

To date, very few studies have examined dietary 
antioxidants intake and ALS risk, and the data 
are largely contradictory. In a 2009 Japanese 
study, 153 individuals with ALS (18–81 years) 
and 306 age- and gender-matched controls self-
reported dietary intake of fruits, vegetables, 
and antioxidants. Dietary intake of fruits 
and vegetables or fruit alone was associated 
with decreased risk of developing ALS, but 
no significant dose-response relationship 
was observed between specific antioxidants 
vitamin C, vitamin E, or β-carotene and ALS risk 
[258]. In a meta-analysis of five nutritional cohort 
studies in the United States, higher dietary intake 
of β-carotene and lutein had an inverse association 
with ALS risk, while lycopene, β-cryptoxanthin, 
and vitamin C showed no association [259]. Data 
in this study were collected via self-reported 
dietary questionnaires and, in conjunction with 
the Japanese cohort study, suggest that avoiding 
general nutrient deficiency decreases risk of ALS. 
Studies in which quantification of vitamin C in 
cerebrospinal fluid (CSF) was examined in ALS 
patients have also yielded somewhat conflicting 
results. Blasco et  al. reported higher vitamin C 
concentrations in the CSF of ALS patients (n = 50) 
compared to controls (n = 44) using 1H nuclear 
magnetic resonance spectrometry [260]. In a 
separate study, lower concentrations of vitamin C 
were measured in the CSF of ALS patients, but 
electron paramagnetic resonance spectrometry 
measured more ascorbyl radicals (the one 
electron oxidized form of vitamin C), in the CSF 
of ALS patients compared to control subjects in 
which the radicals were almost undetectable 
[261]. These apparently contradictory data may 

suggest a greater need for antioxidant capacity 
due to rapid consumption of antioxidant reserves 
in patients with ALS.

Multiple Sclerosis

Multiple sclerosis (MS) is a chronic degenerative 
disease of the central nervous system in which 
progressive demyelination and subsequent axonal 
damage result in a loss of motor and sensory 
function. The cause of MS has yet to be defined. 
However immunologic, environmental, genetic, or 
a combination of these factors have been implicated 
in the development of the disease [262]. As with 
other neurodegenerative conditions, oxidative 
stress is believed to play a role in the pathology and 
progression of the disease, but MS is considered an 
autoimmune disease because of infiltration at the 
blood-brain barrier and accumulation in the central 
nervous system by immune cells, particularly T and 
B lymphocytes. Autoreactive T cells recognize 
antigens on the myelin sheath as foreign and release 
cytokines that recruit B cells and macrophages, 
which then contribute to the breakdown of myelin 
and axonal degeneration. The resulting prolonged 
inflammation leads to the demyelinating lesions 
that are characteristic of the disease. The specific 
manifestations of the disease are most commonly 
optic neuritis, spasticity, muscle weakness/fatigue, 
and issues with gait and imbalance [263]. The number, 
size, and location of the lesions, which appear 
to develop in white matter through lymphocytic 
targeting of myelin sheaths and oligodendrocytes, 
determine the symptoms that emerge.

Vitamin C and Molecular Mechanisms of MS

Vitamin C is involved in several cellular functions 
that are directly associated with immune system 
support. Vitamin C functions as a cofactor to the 
2-oxoglutarate–dependent dioxygenase family 
of enzymes, which includes TET hydroxylases 
[30,214,264,265]. Thus, vitamin C plays a 
considerable role in developmental epigenetic 
modification and may continue to support 
epigenetic modification and regulation during the 
disease-driven changes to methylation patterns. T 
and B cells maintain high intracellular vitamin C 
concentrations presumably for antioxidant 
support, though studies show vitamin C is a 
critical component of lymphocyte programming 
[266,267]. Specifically, vitamin C treatment 
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increased demethylation and subsequent 
expression of the critical programming elements 
in regulatory T cells (Tregs), which are necessary 
for “self-antigen tolerance” and are believed to 
prevent autoimmune disorders like MS [268,269]. 
Additionally, vitamin C status can modulate both 
pro- and anti-inflammatory cytokines depending 
on the type of cell and inflammatory stimulation 
[266]. For example, a recent study reported that 
depletion of SVCT2 in primary rat microglia 
using shRNA depleted intracellular vitamin C 
concentration and increased the production and 
release of pro-inflammatory cytokines [270]. 
In contrast, increasing intracellular vitamin C 
in microglia through overexpression of SVCT2 
or pretreatment with vitamin C attenuated 
the microglial activation and release of pro-
inf lammatory cytokines and decreased the 
generation of ROS, compared to control microglia 
after inf lammatory stimulation [270]. These 
studies suggest that vitamin C has the potential to 
restore and maintain immune system homeostasis 
in the presence of prolonged inflammation.

Oligodendrocytes can repair and restore 
damaged myelin, but not at the speed with which 
the myelin is destroyed by demyelinating lesions. It 
has been suggested that increasing the population 
of oligodendrocytes could attenuate the axonal 
degeneration caused by chronic lesions [271]. 
Cerebral injection of fetal glial progenitor cells 
increased myelination in several regions of the 
brain and rescued the phenotype in congenitally 
hypomyelinated shiverer mice [272]. Both mature 
and premyelinating oligodendrocytes have been 
visualized in lesions collected from patient autopsy; 
however, there was little evidence of effective 
remyelination, presumably due to the disruption 
in the microenvironment necessary to maintain 
the relationship between oligodendrocytes and 
axons [273]. It is long established that vitamin C 
is necessary for Schwann cell myelination in the 
peripheral nervous system due to its role in collagen 
synthesis [274], but vitamin C also appears to play a 
crucial role in the differentiation of oligodendrocyte 
progenitor cells into mature oligodendrocytes [275].

Clinical Evidence for Involvement 
of Vitamin C in MS

A definitive effect of vitamin C status or supple-
mentation in patients with MS has not yet been 
demonstrated, but one case control study suggests 

higher intake of vitamin C is associated with low-
ered risk of developing MS [276], perhaps due to the 
regulatory effects on the immune system. However, 
another study was unable to recapitulate these find-
ings using much larger cohorts [277]. Lower plasma 
vitamin C concentrations were observed in patients 
with MS, particularly during episodes of relapse, 
along with an inverse correlation between serum 
vitamin C and lipid peroxidation [215], suggesting 
depletion of antioxidant reserves due to increased 
demand and oxidative stress.

SUMMARY AND CONCLUSIONS

A major challenge of establishing consistent and 
meaningful conclusions from nutritional intake 
studies is normalizing the various methodologies 
and techniques employed by research teams. 
Animal and cell culture studies have elucidated 
multiple pathways involved in the pathogenesis 
of neurodegenerative diseases and show specific 
roles for vitamin C. However, these have not been 
translated into diagnostic markers or clinically 
supported treatments. It is evident that oxidative 
stress is contributory in each of the degenerative 
diseases described earlier, and as such, vitamin C 
is an invaluable component of antioxidant defense 
in the brain and critical to maintaining redox 
homeostasis. Although vitamin C can act as a 
pro-oxidant in the presence of transition metals 
such as iron, most evidence supports the notion 
that vitamin C is an antioxidant in most of its 
biological functions. The additional functions of 
vitamin C as an enzymatic cofactor also support 
the neuroprotective response to disease pathology 
and progression. As new technology is developed 
and disease-related biomarkers are identified 
that provide key insights into the etiology of 
neurodegenerative pathologies, care must be taken 
to consider the confounding factors that are always 
present in human studies. The diversity of patient 
and control populations with regard to individual 
lifestyle choices, medical history, environmental 
factors, and genetic factors introduce myriad 
variables to be considered when designing a 
study, as each of these factors affect the utilization 
of vital nutrients within each subject. However, 
given the array of evidence described earlier, 
it can be concluded that maintaining sufficient 
levels of vitamin C throughout life is therefore 
likely to contribute to preservation of health and 
to complement other therapeutic interventions.
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ABBREVIATIONS

5hmC: 5-hydroxymethylcytosine
5mC: 5-methylcytosine
8-OHdG: 8-oxo-2′-deoxyguanosine
Aβ: amyloid-beta
AD: Alzheimer disease
ALS: amyotrophic lateral sclerosis
APP: amyloid precursor protein
BDNF: brain-derived neurotrophic factor
CAG: cytosine-adenine-guanine
CSF: cerebrospinal fluid
DMF: dimethylfumarate
FAD: familial Alzheimer disease
GSH: glutathione (reduced form)
GSSG: glutathione (oxidized form)
HD: Huntington disease
HTT: Huntingtin (gene)
HTT: Huntingtin protein
IP: intraperitoneal
L-dopa: l-3,4-dyhydroxyphenylalanine, levodopa
MDA: malondialdehyde
mHTT: mutant HTT protein
MS: multiple sclerosis
MSN: medium spiny neurons
NE: norepinephrine
NFT: neurofibrillary tangles
PD: Parkinson disease
polyQ: polyglutamine
PSEN1: presenilin 1
PSEN2: presenilin 2
ROS: reactive oxygen species
SNpc: pars compacta of the substantia nigra
SOD1: superoxide dismutase
SVCT2: sodium-dependent vitamin C transporter 

type 2
TET: ten-eleven translocation dioxygenases
Tregs: regulatory T cells
WT: wild type
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CHAPTER ELEVEN

Vitamin C and the Brain

L. John Hoffer

INTRODUCTION

Vitamin C plays essential roles in brain metabolism 
and neurotransmission, and it protects neural 
tissue from the adverse effects of oxidative stress. 
This review analyzes the clinical evidence that 
vitamin  C deficiency affects mental function, 
explains the role of vitamin C deficiency and 
vitamin C therapy in diseases of the brain, including 
mental illness, and considers the possibility that, 
when administered in pharmacologic doses, 

vitamin C improves mood and cognitive function. 
Recommendations are offered for rational clinical 
practice and future clinical research.

VITAMIN C: BRAIN PHYSIOLOGY 
AND HOMEOSTASIS

Physiology

The brain requires vitamin C to metabolize substrates 
and synthesize neurotransmitters, regulate their 
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release, and modify their actions [1–12]. Vitamin C 
also protects the brain from oxidative damage [2–
4,6,9,11–20]. In rodent models, severe vitamin C 
deficiency impairs monoamine synthesis and 
neurotransmission and impairs memory, cognition, 
and behavior [21–23], but does not seem to induce 
anxiety [21]. Moderate vitamin C deficiency 
diminishes muscular strength and impairs agility 
without affecting memory or cognition [23].

Homeostasis

Any analysis of the clinical consequences of 
vitamin C deficiency and vitamin C therapy must 
start by defining normal and deficient vitamin C 
status. Hypovitaminosis C is defined as a plasma 
vitamin C concentration <28.4 µmol/L; marginal 
vitamin C deficiency as a plasma vitamin C 
concentration <28.4 µmol/L but >11.4 µmol/L, 
and definite biochemical deficiency as a 
concentration <11.4 µmol/L. Hypovitaminosis C 
occurs in 10% of the general populations of healthy 
societies, in 30% of cigarette smokers, and in 60% 
of acutely ill hospitalized patients [24–27]. The 
disease of terminal vitamin C deficiency, scurvy, 
is uncommon but not rare in socially equitable 
and economically stable societies. Scurvy typically 
develops when the plasma vitamin C concentration 
falls and remains below 11.4 µmol/L. (The values 
in these widely used reference ranges were 
originally intended as convenient benchmarks 
expressed in milligrams per liter [mg/L]. Thus, 
the lower limit of the normal reference range, 
28.4 µmol/L, is 5 mg/L; the lower limit of the 
marginal range, 11.4 µmol/L, is 2 mg/L.)

Vitamin C’s concentration in cerebrospinal 
fluid (CSF) is approximately three times higher 
than in the bloodstream. Intraneuronal and glial 
concentrations are approximately five times higher 
yet [8,26,28]. Thus, a normal human plasma 
vitamin C concentration of 50 µmol/L corresponds 
to ∼200 µmol/L in the CSF and 1 mmol/L in the 
brain. The brain conserves its vitamin C store 
more effectively than the other tissues of the body 
[28–30]. This protective mechanism may allow 
the brain to function more effectively than other 
tissues in the presence of vitamin C deficiency.

As plasma vitamin C concentrations increase 
within the normal range, CSF concentrations 
also increase, but less than proportionately. As 
plasma vitamin C concentrations decrease, CSF 
concentrations remain approximately stable 

until the plasma concentration falls below 
∼28.4 µmol/L. As plasma concentrations drop 
further below normal, CSF concentrations decrease 
increasingly severely [1,8,31–37].

In summary, a level of vitamin C consumption 
that is sufficient to maintain normal plasma 
vitamin C concentrations is associated with 
normal (approximately threefold higher) 
vitamin  C concentrations in the CSF and much 
higher concentrations in neurons. Insufficient 
or deficient plasma vitamin C concentrations are 
associated with subnormal CSF concentrations. 
We don’t know if subnormal CSF concentrations 
reduce brain concentrations, or reduce them 
enough to impair human brain metabolism, 
neurotransmitter synthesis or function, or weaken 
the brain’s antioxidant defenses.

To make matters more complicated, animal 
models of vitamin C deficiency do not necessarily 
apply to the human condition [38]. As Levine 
and Padayatty have pointed out, the signs and 
symptoms of scurvy can be traced to impaired 
activities of specific vitamin C–requiring enzymes 
[26]. Does human scurvy deplete neurons of 
vitamin C enough to impair neurotransmitter 
synthesis, release, and regulation? States of 
vitamin C deficiency that impair neurotransmitter 
synthesis, action, and behavior in animal models 
may not occur in humans, if they succumb to its 
hemorrhagic complications before their brain 
becomes severely depleted of the vitamin.

The homeostatic mechanisms that stabilize CSF 
and brain vitamin C concentrations in vitamin C 
deficiency also buffer them against large increases in 
plasma concentration [8,10]. Using a novel nuclear 
magnetic resonance (NMR) imaging technique 
[39], Terpstra et al. infused a bolus of 3.4 g sodium 
ascorbate into the veins of normal volunteers [40]. 
Plasma vitamin C concentrations increased from 
80 to 600 µmol/L, but brain vitamin C content did 
not change 2, 6, 10, and 24 hours after the vitamin 
injection. Notwithstanding this important evidence, 
a case report of a child with untreatable optic glioma 
who responded to high-dose intravenous vitamin C 
[41] sounds a note of caution about drawing firm 
conclusions from this limited evidence.

Vitamin C Deficiency and the 
Mind–Body Problem

The brain normally maintains an even keel of 
vitamin C content as it navigates the choppy seas of 
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variable dietary supply. How severe does vitamin C 
deficiency have to be to disrupt brain function? 
When vitamin C deficiency disease occurs, does it 
primarily affect the brain—a sensitive, discerning 
organ—or primarily disrupt and damage the other 
tissues of the body, which send distress signals to 
the brain that disturb cognition and mood? Formal 
assessment of nutritional influences on human 
cognition presents many challenges [10,42]. For 
example, marginal vitamin C deficiency could 
subtly impair physical performance [43–46] or 
immunity [47,48] in ways that create anxiety 
or distress in some, predisposed people but not 
others. High-dose intravenous vitamin C could 
reduce fatigue and improve quality of life in people 
with cancer by improving their overall physical 
well-being without exerting any direct effect on 
brain metabolism or neurotransmission [49,50]. 
The clinical evidence bearing on this question is 
considered next.

MENTAL EFFECTS OF VITAMIN C DEFICIENCY

The disease of terminal vitamin C deficiency, 
scurvy, manifests in various ways. The commonest  
and most specific signs of scurvy are follicular 
hyperkeratosis, corkscrew hairs, and hemorrhagic 
phenomena such as perifollicular hemorrhage, 
petechiae, purpura, and bruising in the skin, 
gums, and occasionally in joint spaces and 
elsewhere. The diagnosis of scurvy is confirmed 
by documenting a history of vitamin C deficiency 
and observing prompt clinical improvement after 
appropriate vitamin C provision. It is helpful 
(but usually unnecessary) to document a plasma 
vitamin C concentration <11.4 µmol/L.

Historical accounts, case reports, and clinical 
reviews commonly describe fatigue, lassitude, 
subjective weakness, apathy or emotional 
irritability, and anorexia as cardinal symptoms 
of scurvy. Indeed, apathy, irritability, and 
psychomotor retardation have been described for 
centuries as heralding the onset of scurvy [51]. 
A classic report of 19 cases of scurvy stated that 
“all patients complained of fatigue, weakness and 
anorexia for months or years and had noted bruises 
usually related to slight trauma for a few weeks 
or several years” [52]. A clinical review prepared 
for the World Health Organization claims that in 
adults, full-blown scurvy “is preceded by a period 
of latent subclinical scurvy the early symptoms of 
which include lassitude, weakness and irritability; 

vague, dull aching pains in the muscles or joints 
of the legs and feet and weight loss” [53]. One 
reviewer asserts that the psychological symptoms 
of scurvy stem from impaired brain function 
[51]. It is therefore plausible that fatigue could 
be a symptom of latent or subclinical vitamin C 
deficiency [54] when it is considered that 
nonspecific mental symptoms are harbingers of 
many metabolic and endocrine diseases.

But where do mental symptoms like fatigue and 
mood disturbance fit into the symptom spectrum 
of human vitamin C deficiency? Do they indicate 
dysfunction of a vitamin C–deficient brain, or 
a normal brain’s emotional responses to the 
metabolic dysfunction, damage, and inflammation 
caused by vitamin C deficiency elsewhere in the 
body, or a combination of these effects? This 
question is pertinent for two reasons. First, the 
evidence that the brain sequesters vitamin C 
more effectively than other organs increases 
the likelihood that vitamin C deficiency has 
little direct effect on it. Second, it bears on the 
scientific plausibility of the popular claim that 
vitamin C administration to people with normal 
or nearly normal vitamin C status relieves fatigue 
by improving brain function.

Case Reports

One way to evaluate the relationship between 
vitamin C deficiency and brain function is to 
determine how frequently fatigue, lassitude, 
subjective weakness, or mood disturbance occur in 
people with scurvy, and the relationship of these 
mental symptoms with its somatic manifestations.

I searched MEDLINE from 1946 to  August 2019 
for obtainable and interpretable case reports of 
adult scurvy published in English or French, using 
the Medical Subject Headings (MeSH) terms ascorbic 
acid deficiency or scurvy (MeSH or key word) or by 
pairing ascorbic acid (MeSH) or vitamin C (key word) 
with fatigue. Many more articles were identified 
by scanning the reference citations in these 
articles. Articles were deemed interpretable when 
they contained enough information to judge the 
presence or absence of fatigue, lassitude, subjective 
weakness or mood disturbance, the typical skin 
or mouth lesions of scurvy, musculoskeletal 
abnormalities (leg or joint pain or effusion), 
anemia, and dyspnea. The search identified 132 
case reports that described 267 patients (198 men 
and 69 women; 74% men) [52,54–183].
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Characteristic skin or mouth lesions were 
present in every case of scurvy, because they 
were its identifying features. Fatigue or a related 
symptom was noted in 107 patients (40%), 
anemia in 200 patients (75%), and signs of joint 
or musculoskeletal disease in 75 patients (28%).

Of the 200 patients with anemia, 76 had 
noteworthy fatigue and 124 did not. Of the 67 
patients without anemia, 35 had fatigue and 32 
did not. Of the 108 patients with fatigue, 73 had 
anemia and 35 did not.

The predominance of scorbutic men over 
women is consistent with the greater frequency of 
hypovitaminosis C in men [184], a phenomenon 
that has been attributed to sex differences in 
lifestyle and self-care and to differences in body 
composition [185].

The main conclusion of this analysis is that 
while noteworthy fatigue and related subjective 
symptoms, including anorexia, occur often in 
scurvy, they are far from universal. Fully 60% of 
patients with scurvy either did not experience 
fatigue or failed to complain of it, or the authors of 
the case reports did not deem it sufficiently striking 
or disproportionate to the clinical setting and 
the patient’s physical disability to merit mention 
or comment. Failure to note fatigue does not 
necessarily mean it is absent, and the case reports 
varied in the amount of detail they provided; 
fatigue could have been underreported. But it is 
important to avoid the logical error of circular 
reasoning by asserting that because a patient has 
scurvy the patient must experience fatigue, and 
because the patient experiences fatigue, it must be 
a necessary feature of scurvy. Going by the text of 
the case reports, more than half of people with 
scurvy do not experience unusual or noteworthy 
fatigue, even though most of them also suffer from 
anemia, a well-known cause of fatigue. (The 75% 
prevalence of anemia in these case reports is in 
line with previous conclusions based on smaller 
numbers of cases [52,56,57,60,76,186].) It should 
be noted that many, if not most of the patients 
described in the case reports suffered from 
starvation disease and multiple micronutrient 
deficiencies. Deficiencies of thiamine [187], folic 
acid, and niacin are known to impair mood or 
cognitive and neurological function and frequently 
coexist with scurvy [52,188].

In conclusion, this review of case reports fails to 
confirm the common claim that fatigue or mood 
disturbance are necessary, consistent, or sensitive 

symptoms of scurvy. When fatigue does occur, it 
could be fostered by the primary physical or mental 
disease that led to scurvy, and be exacerbated by 
social isolation, poverty and drug abuse, anorexia, 
and the consumption of a diet deficient both in 
vitamin C and other nutrients. Fatigue and mood 
disturbance may accompany but not represent 
primary symptoms of scurvy.

Historical accounts and summaries of case 
reports repeatedly highlight the intensity of 
the fatigue and mood disturbance of scurvy. 
Perhaps it is not the presence of fatigue and mood 
disturbance, but rather its remarkable intensity, 
and because it improves so dramatically when 
scurvy is treated, that leads some authors to 
regard it as a primary symptom of the disease, and 
because these symptoms improve so dramatically 
when scurvy is treated. As noted by Walker [65], “a 
striking feature in all our patients was their severe 
depressive state at the time of admission. This 
cleared within a few days of starting vitamin C 
therapy. Initially we attributed this change in 
mood to the relief of pain, but in Case 1 the 
depression was cured long before the pain in 
her ulcerated legs settled.” Several early authors 
stress that mental depression is part of the clinical 
picture of scurvy and is cured by treating it [57,59].

These observations suggest that psychological 
symptoms are inconstant in scurvy. When 
psychological symptoms develop, they may 
be caused by peripheral somatic lesions rather 
than primary brain dysfunction. Perhaps when 
mental symptoms do arise they are experienced 
more intensely by a vitamin C–deficient brain. 
It must be conceded that case reports and 
clinical impressions are unreliable vehicles for 
documenting the mental symptoms of scurvy, 
for they are confounded by the primary disease 
or disorder that led to the patient’s scurvy and 
the many other nutritional and micronutrient 
deficiencies that accompany it.

Experimental Human Scurvy

The systematic review of case reports in the 
previous section indicates that fatigue and lassitude 
are common in scurvy but not an obligatory 
feature of it. When fatigue does occur, it could be 
a symptom of the primary disease that led to the 
patient’s vitamin C deficiency or the consequence 
of other nutritional deficiencies that accompany it. 
More reliable information is provided by formal 
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clinical trials of vitamin C deficiency induced in 
healthy people.

In a classic self-experiment, Crandon, a young 
surgical resident in Boston, Massachusetts, 
continued full-time work while consuming a 
vitamin C–deficient diet that reduced his plasma 
vitamin C concentration to zero after 6 weeks. In 
the first of three publications, he described weight 
loss (with a reduction in resting metabolic rate) and 
mild anemia (corrected using an iron supplement) 
but “no increased fatigue on exertion as measured 
by tests of work output, while conceding that 
“subjectively there was a mild lassitude” [189]. 
In a second article, published the same year, he 
contradicted his earlier one by asserting that 
his experience confirmed other accounts of 
scurvy in that it was characterized by languor 
and incapacity for work. He first noticed easy 
fatigability and lassitude near the end of the third 
month of vitamin C deprivation; these symptoms 
became increasingly severe as time went on, and 
his exercise capacity became impaired [190]. He 
subsequently described lack of energy as one of his 
initial symptoms. He found the symptom vague 
and difficult to describe; it included lassitude, a 
desire for sleep, and a marked disinclination to 
exertion [191].

Farmer described a 7-month clinical trial of 
vitamin C and B depletion in healthy men, ages 
20–30 years, carried out in the United States 
[192]. Two of the participants consumed a control 
diet, five consumed a diet deficient in vitamins C 
and B, and five consumed the same deficient diet 
supplemented with vitamin B. Plasma vitamin C 
concentrations fell to zero by 70 days. After 3–5 
months of deficiency, error rates on a choice 
reaction time task increased; this observation was 
interpreted as indicating a decrease in interest 
or motivation. Emotions became more labile. 
Work output on a bicycle ergometer decreased. 
Severe fatigue developed after 5 months. Except 
for follicular hyperkeratosis, the typical skin and 
mouth lesions of scurvy were absent, even though 
wound healing was impaired. The observations in 
this trial are not well reported.

The largest and only double-blind clinical trial 
of experimental vitamin C deficiency was the 
British Medical Research Council study carried out 
in Sheffield in 1944 [193–195]. The trial enrolled 
19 healthy men and one healthy woman, 10 of 
whom were made vitamin C deficient. The first 
sign of ill health was follicular hyperkeratosis, 

which developed after 21 weeks of vitamin C 
deprivation. Muscle coordination was unimpaired, 
but the volunteers required slightly more time to 
complete their task, an observation interpreted 
as evidence of increased fatigue. There were no 
indications of serious psychiatric disturbances. 
An attention test, carried out as an indicator of 
apathy, was unaffected by vitamin C deficiency. All 
symptoms of vitamin C deficiency were prevented 
or cured by 10 mg vitamin C per day [193]. In a 
summary of this trial, one of its authors, the noted 
biochemist H.A. Krebs, remarked on the absence 
of complaints of general pains or weakness among 
the vitamin C–deficient volunteers [196].

In the famous Iowa Study, prisoner volunteers 
from the Iowa State Penitentiary participated 
in two clinical trials of vitamin C deficiency 
lasting several months [184]. Among many other 
measurements, observations were recorded about 
their behavior, cognition, and mood. In a report 
of the first of two studies, the authors pointed 
out that, as in any prolonged metabolic study, it 
was difficult to differentiate between subjective 
complaints and actual symptoms of deficiency, 
and particularly problematic for the prisoner 
volunteers, whose special social and emotional 
problems inclined them to complain of trivial 
conditions and exaggerate any discomfort. The 
investigators nonetheless judged, on intuitive 
grounds, that muscular fatigability, aching, and 
mild general malaise developed insidiously around 
the same time that objective manifestations of 
scurvy became evident. No emotional changes 
attributable to vitamin C deficiency were observed 
[197].

In a second trial in which five prisoner 
volunteers participated, it was necessary to 
deliver the vitamin C–deficient diet three times 
daily by gastric tube because of its extreme 
unpalatability. Fatigue, muscular fatigue and pain, 
and emotional disturbance became apparent after 
approximately 90 days of vitamin C deprivation; 
these symptoms coincided with the appearance 
of the physical signs of scurvy [198]. Detailed 
formal psychological tests were administered after 
days 23, 72, and 107 of vitamin C deprivation. 
Individual items of the Minnesota Multiphasic 
Personality Inventory indicated increased fatigue, 
lassitude, and depression after approximately 
72 days of deficiency, coincident with the 
appearance of follicular hyperkeratosis, gingival 
edema, and hemorrhage. By day 72, test scores 
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for hypochondriasis increased moderately, 
whereas depression and hysteria scores increased 
slightly. At some time between days 72 and 107, 
all three test scores (and the social inversion 
score) increased yet further. These personality 
changes preceded decrements in psychomotor 
performance, arousal, and motivation [199]. When 
the psychological test scores were analyzed in 
relation to plasma vitamin C concentrations, there 
were no differences in cognition or coordination 
test scores for plasma vitamin C concentrations of 
11.3 versus 119 µmol/L.

When considered from a modern ethical and 
psychological perspective, the ethical integrity and 
scientific reliability of the psychological test scores 
reported in this clinical experiment are defective. 
The prisoners were treated in a coercive, inhumane 
way, and the investigators demonstrated cultural 
and emotional bias against them. The trial was 
unblinded. Nevertheless, objective evidence of 
fatigue and mood disturbance emerged only when 
physical signs of scurvy developed. Despite claims 
sometimes made about it to the contrary, this study 
does not support the assertion that emotional 
fatigue or mood disturbance are prodromal or 
sentinel symptoms of impending scurvy.

Twenty-three healthy men participated in 
a 10-week double-blind study of combined 
restriction of vitamin C and three of the B vitamins. 
By week 6 of vitamin C deprivation, plasma 
vitamin C concentration had fallen to 9 µmol/L. 
The 12 vitamin-deficient men experienced no 
adverse effects on health, ordinary physical 
activity, or mental performance, although there 
was a significant decrease in aerobic power and 
the time of onset of blood lactate accumulation 
during exercise [44]. (Either thiamine or vitamin C 
deficiency could account for this decrement in 
physical performance [43,45,46].)

In a pharmacokinetic study of vitamin C 
depletion and repletion, normal male volunteers 
consumed a vitamin C–deficient but otherwise 
adequate diet for several weeks.

Consistent with other reports, plasma 
vitamin  C levels fell below 20 µmol/L after 
3 weeks of vitamin C deficiency [200–202], at 
which point mild but consistent feelings of 
fatigue and irritability were reported by six of the 
seven volunteers; physical signs of scurvy were 
absent. The mental symptoms of three volunteers 
disappeared within 1 week after vitamin C 
therapy began. There were no differences in 

psychometric test scores at the lowest and highest 
vitamin C doses [26].

In conclusion, and contrary to common opinion, 
there is little or no good evidence that fatigue 
and mood disturbance herald or precede the 
physical manifestations of scurvy in experimental 
volunteers, who either fail to experience fatigue or 
develop it at the same time the classic skin lesions 
and other hemorrhagic manifestations of scurvy 
appear. This analysis leaves open the possibility 
that vitamin C deficiency may not induce abnormal 
fatigue or mood change in nonstressed individuals, 
but these symptoms may be experienced more 
intensely when triggered by physiologic or even 
emotional stresses.

For example, in a combined historical review 
and analysis of experimental vitamin C deficiency 
trials, Norris concluded that physical exertion and 
physical stress increase vitamin C requirements 
and promote the development of scurvy [195]; 
other reviewers conclude the opposite [203,204]. 
Current evidence suggests that even mild 
vitamin  C deficiency can reduce peak physical 
performance [43,45,46]. Perhaps some people, but 
not others, perceive this adverse somatic effect and 
are emotionally disturbed by it.

Movement Disorder

The dopamine-containing neurons of the basal 
motor nuclei are particularly susceptible to oxidative 
destruction in a process that is accelerated by 
vitamin C deficiency [2,11,17,51,205]. Destruction 
of these neurons causes a movement disorder 
typical of Parkinson disease. The hypothesis that 
clinically encountered hypovitaminosis C directly 
impairs brain function is supported by case 
reports of patients with scurvy or near scurvy who 
developed parkinsonian movement disorders that 
disappeared when their vitamin C deficiency was 
corrected [51,152,206,207]. Patients admitted to 
a residential treatment center and found to have 
the symptoms of early Parkinson disease were 
also highly likely to have hypovitaminosis C and 
corkscrew hairs [208].

A pilot clinical trial suggested that the 
combination of high-dose vitamin E and C delayed 
the progression of Parkinson disease [209,210]. 
Subsequent large clinical trials of antioxidants to 
delay the progression of Parkinson disease tested 
only high-dose vitamin E and were negative. 
Scholarly reviews of this topic ignore the plausible 



219VITAMIN C AND THE BRAIN

hypothesis that the combination vitamin E and 
C, as used in the early pilot trial, would be more 
effective than high-dose vitamin E alone [17].

Mental Effects of Treating Hypovitaminosis C

The fatigue associated with scurvy is frequently 
reported as dramatically remitting when vitamin C 
is provided. Does providing vitamin C to people 
with marginal vitamin C status reduce fatigue or 
improve mood?

Schorah et  al. carried out two double-blind 
randomized controlled trials (RCTs) in which 
1000 mg/d vitamin C or placebo were provided 
to long-term inpatients with a high prevalence of 
hypovitaminosis C. In the first trial, 118 patients 
with an average plasma vitamin C concentration of 
11 µmol/L received 1000 mg vitamin C or placebo 
daily for 1 month. Vitamin C status improved in 
the active treatment group and was accompanied 
by borderline statistically significant reductions 
of apathy and improved well-being [211]. In the 
second trial, 94 elderly long-term care patients 
with average plasma vitamin C concentration 
10 µmol/L received 1000 mg vitamin C or placebo 
for 2 months. The treated patients experienced 
slight improvements in body weight and 
reductions in purpura and petechial hemorrhages 
but no improvement in mood or mobility [212].

Gosney et al. [213] carried out an 8-week placebo-
controlled RCT of micronutrient supplementation 
in 73 elderly nursing home residents among whom 
depression and anxiety were highly prevalent; two-
thirds of the participants had hypovitaminosis C 
(average concentration 20 µmol/L). After 8 weeks 
of micronutrient therapy that included 240 mg 
vitamin C per day, the average plasma vitamin C 
concentration had increased to 64 µmol/L. There 
was no overall improvement in psychological 
symptoms. A post hoc analysis indicated that 
patients with an initially high depression score 
experienced an important reduction in the score 
if in the active but not if in the placebo group.

Clausen et al. [214] carried out a year-long double-
blind placebo-controlled trial that examined 
mental performance and psychological scores of 
94 elderly nursing home residents before and after 
consuming an antioxidant vitamin cocktail that 
included 270 mg vitamin C per day. Antioxidant 
supplementation had little effect on mental 
performance, and there were few associations 
between plasma vitamin concentrations and 

mental functioning (plasma vitamin C was not 
measured). There were slight but statistically 
significant improvements in psychological scores 
in the vitamin-treated patients.

We carried out one small open clinical trial [215] 
and two small double-blind RCTs that measured the 
effect of vitamin C therapy (500 mg twice daily for 
approximately 1 week) on mood in acutely ill surgical 
and medical inpatients with a high prevalence of 
hypovitaminosis C. These clinical trials compared 
the effects of vitamin C with those of a safe and 
clinically plausible (but subsequently determined 
to be inadequate) dose of vitamin D [216,217]. All 
three trials indicated a prompt 50%–70% reduction 
in mood disturbance or psychological distress 
in patients treated with vitamin C but little or no 
change in patients treated with vitamin D.

These preliminary indications of rapid 
and dramatic improvements in mood and 
psychological distress in vitamin C–treated acutely 
ill hospitalized patients with hypovitaminosis 
C stand in contrast to the negative or mostly 
negative findings reported in other, larger, and 
longer-term clinical trials of vitamin C therapy 
in clinically stable, long-term care patients with 
hypovitaminosis C.

Conclusions

Fatigue, mood disturbance, and related symptoms 
are striking features of scurvy, but only some 
patients experience or report them. As many as 
60% of case reports of scurvy fail to mention or 
report fatigue. It is possible that patients in these 
case reports did experience fatigue, but they or 
the authors of the case reports did not consider it 
disproportionate enough to their general clinical 
condition to merit comment. When fatigue and 
mood disturbance occur in people with scurvy, 
they may be at least partly caused by coexistent 
anemia, systemic inflammation, disability, drug 
intoxication, protein-energy malnutrition, and 
other micronutrient deficiencies. Some but not 
all studies of experimental vitamin C deficiency 
describe fatigue as a symptom. Fatigue or mood 
disturbance were specifically absent in the 
largest and most rigorous, double-blind trial of 
experimental human scurvy. Except for one small 
study, in which fatigue was reported very early in 
vitamin C deficiency, the clinical evidence indicates 
that when fatigue develops, it does so at the same 
time as the physical manifestations of scurvy and 
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hence could reflect the response of a normally 
functioning brain to peripheral tissue damage.

This analysis raises the possibility that when 
tissue damage, systemic inflammation, or even 
emotional distress cause fatigue, concurrent 
vitamin C deficiency increases its intensity. Thus, 
in roughly the same way that starving, severely 
thiamine-deficient people may develop Wernicke 
encephalopathy when glucose is infused, or people 
with adrenal insufficiency experience a clinical 
crisis when exposed to trauma or surgery, or 
people with pellagra develop a phototoxic skin 
rash when exposed to sunlight, or people with 
scurvy develop hemorrhagic gingivitis only when 
they have teeth to chew with, the exaggerated 
fatigue and mood disturbance of scurvy occur 
when people are physically or emotionally stressed 
in ways that trigger “normal” fatigue.

Very few clinical trials have tested the mental 
effects of correcting hypovitaminosis C. None 
of them are conclusive, and their results are 
discordant. Our own three small clinical trials 
yielded consistent and reproducible evidence 
that correcting hypovitaminosis C in acutely ill, 
hospitalized patients rapidly reduces emotional 
distress, whereas three larger and longer-
term trials indicated little or no benefit from 
vitamin C provision to clinically stable long-term 
nursing home patients with a high prevalence of 
hypovitaminosis C.

It is impossible to draw conclusions from such 
scanty evidence. Active-care, acutely ill patients 
are different from chronic nursing home patients. 
Does correcting systemic inflammation-associated 
hypovitaminosis C in acutely ill patients improve 
their mood by ameliorating distress signals sent 
from the peripheral tissues to the brain? Must one 
be experiencing at least moderately severe mental 
distress for it to improve when hypovitaminosis C 
is corrected? Are the forces driving the low mood of 
chronic nursing home patients so overwhelmingly 
strong that normalizing their somatic or brain 
vitamin C stores is futile?

These same questions arise when one considers 
the mental effects of vitamin C deficiency and 
its treatment in diseases of the brain, including 
mental illness.

BRAIN DISEASES

This section provides information about the 
mental effects of vitamin C deficiency and therapy 

in acute brain injury, ischemic brain infarction, 
delirium, dementia, and mental illness.

Acute Brain Injury

Plasma vitamin C concentrations are reduced in 
patients with brain trauma, and reflect the severity 
of the injury [218]. More importantly, the vitamin C 
content of CSF is severely depleted in head-injured 
adults (77 versus 203 µmol/L in control samples) 
[219] and infants (54 versus 164 µmol/L) [220]. 
There is promising, but extremely limited, 
clinical evidence that antioxidant therapy reduces 
neurological symptoms and improves recovery 
in patients with traumatic brain injury [221]. 
Razmkon et al. compared the effects of low-dose 
intravenous ascorbic acid (500 daily for 7 days), 
high-dose ascorbic acid (10 g on days 1 and 4 
followed by 4 g on days 5, 6, and 7), vitamin E 
(400 IU daily), or placebo on clinical outcomes 
and brain edema in young men with severe brain 
trauma; the results were inconclusive [222]. This 
topic was recently reviewed [223]. The most 
biologically plausible therapy would employ 
a combination of micronutrients, including 
vitamin C [224,225].

The plasma vitamin C concentrations of 
15 patients with acute bacterial meningitis 
were extremely low and similar to those in 14 
comparison patients with other neurological 
diseases (headache, seizure, transient ischemic 
attack, or facial palsy without meningitis; 10.3 
versus 9.3 µmol/L); but remarkably, their CSF 
vitamin C concentrations were fantastically 
reduced (11.9 versus 144 µmol/L) [226]. Vitamin C 
concentrations in plasma (16 versus 76 µmol/L) 
and CSF (66 versus 218 µmol/L) were dramatically 
reduced in 11 adults with septic encephalopathy 
as compared with 14 healthy individuals [227]. 
Serum and CSF vitamin C concentrations of 
patients with tick-borne encephalitis were normal 
and similar to those in normal individuals [228].

Ischemic Brain Infarction

Plasma vitamin C concentrations decrease 
immediately after an acute ischemic stroke [229] 
and reflect the severity of the injury [218]. In 
view of basic evidence that vitamin C adequacy 
or administration could prevent or mitigate the 
effects of acute ischemic brain injury [20,230], 
Rabadi and Kristal [231] evaluated the effects of 
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vitamin C supplementation on functional recovery 
after an ischemic stroke in a retrospective, case-
control study of 23 patients with ischemic 
stroke treated with vitamin C matched with 23 
other patients with ischemic stroke who were 
not vitamin C supplemented. No significant 
differences in outcome were observed. Lagowska-
Lenard et  al. administered 500 mg vitamin C 
or placebo intravenously for 10 days to patients 
immediately after an ischemic stroke; no acute or 
long-term clinical benefit was observed [232].

Delirium

Unlike with certain B vitamin deficiencies 
[233,234], the possibility that hypovitaminosis C 
could contribute to delirium appears never to have 
been investigated. A MEDLINE search from 1948 
to 2019 revealed no publications dealing with the 
potential role of hypovitaminosis C in precipitating 
or worsening delirium (or alcohol-withdrawal 
delirium), despite the biological plausibility it could 
do so and the high prevalence of hypovitaminosis C 
in delirium-prone people [235].

Dementia

Despite continuing interest in antioxidant 
therapy to delay or slow the progression of 
dementia [11,18–20,236–238], there is neither 
strong nor consistent observational and clinical 
evidence that supplements of vitamin C or other 
antioxidants prevent cognitive decline or slow the 
progression of dementia [239]. Nor is it obvious 
that vitamin C deficiency accelerates neuronal 
death. A vitamin C–deficient diet reduced plasma 
ascorbate and dramatically reduced CSF and 
brain ascorbate in aging guinea pigs but did not 
accelerate the progression of old age–related 
brain pathology [240]. Associations between 
hypovitaminosis C and cognitive dysfunction [241] 
and lowered plasma vitamin C concentrations in 
dementia [10] could be explained by inadequate 
vitamin C consumption or concurrent deficiencies 
of other micronutrients. However, a recent 
cross-sectional observational trial indicated that 
plasma concentrations of vitamin C (and other 
antioxidants) were substantially lower than 
normal in both people with Alzheimer disease 
and those with mild cognitive impairment, a 
condition that precedes dementia and would not 
be predicted to be associated with poor nutritional 

status. This interesting observation argues against 
dietary deficiency as the sole explanation for 
hypovitaminosis C in dementia [242]. A large, 
recent prospective observational trial indicated 
that vitamin C and E supplements were associated 
with a slower rate of cognitive decline in people 
with dementia [243].

This field of nutritional investigation is 
confounded by heterogeneity in study design, short 
observation periods, and varying definitions and 
evaluation methods [18,244]. It is important, but 
not always appreciated or acted on, to document 
the vitamin C status of the patients enrolled in 
observational and clinical trials. For example, in 
one study, plasma and CSF vitamin C concentrations 
of patients with Alzheimer disease were similar to 
those of control patients [36], whereas in another, 
long-term observational study of elderly people, 
poor vitamin C status was strongly associated with 
cognitive dysfunction, stroke, and death. Only 
one-third of the patients in the latter study had a 
normal vitamin C concentration [241].

Having earlier found that one month of 
supplementation with vitamin C and E increased 
vitamin C and E concentrations in the CSF and 
reduced CSF lipid peroxidation [245], Arlt et  al. 
carried out an RCT of vitamin C (1000 mg/d) and 
E (400 IU/d) administered to 12 patients with 
Alzheimer disease (11 patients served in the control 
group). Vitamin supplementation increased CSF 
antioxidant vitamin concentrations after 1 month 
and 1 year of therapy but nevertheless failed to 
slow the progression of Alzheimer disease [246].

Mental Illness

There is increasing recognition of the role of 
appropriate nutrition in the prevention and 
amelioration of mental illnesses [247–251]. Does 
hypovitaminosis C worsen mental illness? Does 
mental illness increase vitamin C metabolism 
and its nutritional requirement? Does vitamin C 
therapy reduce the symptoms of mental illness?

Although unrecognized by most psychiatrists 
and other physicians, hypovitaminosis C and 
even scurvy are common in severe mental illness 
[13,94,108,130,137,155,252–263]. Obvious causes are 
inadequate diet [264,265], cigarette smoking, and 
possibly the effects of pharmacotherapy [130,266–
268]. It has been suggested that schizophrenia 
increases vitamin C catabolism, predisposing 
schizophrenic people to hypovitaminosis C. 
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This hypothesis is based on the observation that 
patients with schizophrenia excrete subnormal 
amounts of vitamin C in their urine following 
the administration of a test dose [255,269], but 
the biological and clinical evidence supporting 
it are weak and inconsistent [270,271]. Mentally 
ill patients could excrete subnormal amounts of 
vitamin C for many reasons [258,271,272].

The oxidative stress theory of schizophrenia, 
initially proposed more than 50 years ago [13], 
continues to attract interest [2,11,12,273–275]. 
A holistic nutritional and lifestyle therapy, 
orthomolecular psychiatry, is motivated by the 
concept that abnormal brain metabolism in severe 
mental illness can be improved administering 
large doses of certain micronutrients, including 
vitamin C [276–279].

Case reports and small clinical trials indicate, 
unsurprisingly, that when psychotic people who 
are deficient in vitamin C [254] (are likely to 
be [280,281]) receive vitamin C, they improve 
greatly. The adverse effects of hypovitaminosis C 
in these patients are likely exacerbated by other 
micronutrient deficiencies [81,261,282,283].

A small, open clinical trial indicated that high-
dose vitamin C therapy potentiated the clinical 
benefit of the antipsychotic drug, haloperidol 
[284], but was followed shortly after by a negative 
report [285]. Vitamin C dramatically improved 
the symptoms of mental illness of a vitamin C–
deficient child suffering from depression and liver 
disease [286]. One small clinical trial indicated that 
vitamin C increases the effectiveness of fluoxetine 
therapy in major depression [287]. A second one 
indicated no benefit from adding vitamin C (“up 
to 1000 mg” per day) to citalopram [288]. Neither 
study determined baseline vitamin C status of the 
participating patients. Elderly patients suffering 
from major depression were reported to have 
higher than normal concentrations of vitamin C 
in their CSF (304 versus 240 µmol/L). The 
interpretation of this counterintuitive observation 
is hampered by the failure to measure plasma 
vitamin C concentrations [289].

As reviewed (but not always completely) by 
other authors [11,12,247–249,290], a small number 
of clinical trials have been published describing 
the use of vitamin C alone [254,280] or in 
combination with other micronutrients [291–294] 
as adjunctive therapy for chronic schizophrenia; 
the results are inconsistent. As is common in 
pharmacologic trials involving vitamin C, the 

interpretation of most of these trials is hindered 
by the failure to determine the baseline vitamin C 
status of the participants [24]. In a small, placebo-
controlled RCT hindered by a high dropout 
rate, depressed patients with subnormal plasma 
vitamin C concentrations benefited from the 
addition of a daily dose of 500 mg vitamin C to 
their treatment regimen [295]. There is evidence 
that the provision of multiple micronutrients 
(not specifically vitamin C) improves mental 
function in people with attention deficit disorders 
[247,290].

PHARMACOLOGIC VITAMIN C 
AND MENTAL FUNCTION

The mental effects of pharmacologic doses of 
vitamin C, provided alone or together with other 
nutrients, have been tested in RCTs involving 
people with normal vitamin C status.

In a double-blind crossover RCT, the 
consumption of 160 mg/d of vitamin C or placebo 
for  4-week periods had no effect on psychomotor 
or other cognitive function in healthy young 
men with normal vitamin C status [296]. In two 
different articles that described the same clinical 
trial [297,298], healthy ambulatory elderly men 
and women participated in an approximately year-
long clinical trial that tested the effects of daily 
consumption of an antioxidant vitamin supplement 
containing 500 mg vitamin C on mood, cognition, 
and intelligence. One of the articles asserted that 
despite very few significant differences between 
the placebo and vitamin groups, increases in 
plasma vitamin C concentration at 12 months 
were associated with more positive mood, greater 
improvements in intellectual functioning, and a 
reduction in everyday errors of memory, attention, 
and action. These effects were greatest for those 
people with more severely depressed mood and 
lower levels of cognitive function at baseline [297]. 
The other article concluded that provision of the 
antioxidant supplement had little or no effect on 
mental performance [298].

In a 6-month clinical trial, daily consumption of 
a multiple vitamin supplement containing 600 mg 
vitamin C had no effect on mood or cognition in 
elderly people with normal baseline vitamin  C 
status [299]. By contrast, and in disagreement 
with this trial, three other clinical trials indicated 
that daily consumption of 500 mg vitamin C as 
part of a multiple vitamin–mineral supplement 
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reduced fatigue and improved cognitive function 
in normal adults [300–302].

Participants in the large Age-Related Eye 
Disease Study (AREDS) received a daily vitamin 
and mineral supplement containing 500  mg 
vitamin C, or placebo. After a median of 6.9 years 
of treatment, there were no differences in any of 
six cognitive test scores [303].

Healthy young adults recorded their sexual 
activity and completed the Beck Depression 
Inventory before and after consuming 3000 mg/d 
of sustained-release vitamin C or placebo for 14 
days [304]. Sexual activity increased in the active 
treatment group, and their Beck Depression 
score improved. The latter observation is of 
doubtful importance, however, since none of the 
participants were depressed, and the change in 
the test score was clinically trivial. In a second, 
similarly designed trial, volunteers randomized 
to 3000 mg/d vitamin C exhibited less subjective 
distress and less intense blood pressure changes in 
response to psychological stress [305]. The authors 
suggested that vitamin C acts directly on the brain 
by activating or disinhibiting neurotransmission.

Healthy office workers received a single 
injection of 10 g vitamin C with normal saline or 
normal saline alone. A fatigue score was tabulated 
2 hours and 1 day after the injection. Fatigue 
scores decreased in the vitamin C group after 2 
hours and remained lower for 1 day, especially 
in people with a lower baseline plasma vitamin C 
concentration [306].

Healthy high school students participated in 
a 14-day clinical trial that tested the effects of 
500 mg vitamin C per day or placebo on blood 
pressure and anxiety. The Beck Anxiety Inventory 
score decreased significantly from 22 (mild 
anxiety) to 17 in the vitamin C group but was 
unchanged in the placebo group [307].

Despite the frequent assertion that pharmacologic 
doses of vitamin C modify brain function in a 
way that reduces anxiety and improves mood 
when administered to people with normal 
vitamin C status, there is very little convincing 
evidence supporting it. The scanty clinical trial 
evidence summarized here is unconvincing that 
pharmacologic doses of vitamin C have important 
brain effects in people who are not vitamin C 
deficient, and the phenomenon of brain homeostasis 
makes the hypothesis biologically implausible.

It is challenging to design and interpret clinical 
trials that depend on subjective (or psychologically 

modifiable) endpoints like fatigue and mood [308]. 
Placebo effects are complicated, powerful, and 
subtle. Imperfect blinding of study participants 
and investigators as to treatment assignment, 
and imperfectly crafted placebos can confound 
the results of clinical trials with soft subjective 
endpoints that are prone to expectation effects. 
Placebos are frequently imperfect [309]. Study 
participants could consciously or subconsciously 
identify physical characteristics of vitamin C (e.g., 
increased plasma osmolarity) and register effects 
that are mediated more by expectation than any 
fundamental physiologic action of the vitamin in 
the body or brain.

CONCLUSIONS

How Does Vitamin C Deficiency Affect the Brain?

Because the central nervous system has an absolute 
requirement for vitamin C, it maintains CSF 
vitamin C concentrations approximately three 
times higher than in the peripheral circulation and 
in much higher concentrations yet in neurons and 
glial cells. Because the brain conserves vitamin C 
more effectively than other tissues, it may be less 
adversely affected by dietary vitamin C deficiency 
than other tissues. Case reports and observations 
in experimentally induced scurvy do not provide 
good evidence of primary brain dysfunction. 
The clinical evidence is most consistent with the 
hypothesis that the dominant cause of the fatigue, 
lassitude, and mood disturbance that develop in 
some, but not all, people with scurvy is somatic 
tissue damage and the physiologic and emotional 
response to it. The possibility that scurvy directly 
causes mental symptoms is, nevertheless, 
suggested by the common observation that when 
fatigue does occur it is unusually severe, and it 
remits almost immediately after vitamin C is 
provided, a response that seems too rapid to be 
solely attributable to peripheral tissue repair. 
Another indication of primary brain dysfunction 
in vitamin C deficiency emerges from rare case 
reports of parkinsonian movements in some 
people with severe hypovitaminosis C and their 
disappearance after vitamin C provision.

Perhaps vitamin C deficiency does not primarily 
cause fatigue and mood disturbance but rather 
intensifies them when they are triggered by 
the physical effects of scurvy, other nutritional 
disorders, or the diseases that led the patient to 
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become vitamin C deficient. This notion could 
explain why clinical trials of vitamin C provision 
indicated no effect on fatigue and mood disturbance 
in debilitated, vitamin C–deficient chronic nursing 
care patients but a major improvement in acute-
care, medical and surgical patients who entertain 
hope of clinical improvement and discharge from 
hospital. The paucity of clinical trial evidence 
makes any conclusion unreliable.

Brain Diseases

Severe brain injury drastically depletes the CSF of 
vitamin C, possibly severely enough to reduce brain 
vitamin C concentrations. Brain injury from trauma, 
infection, and inflammation is dangerous and 
commonly leads to serious permanent disability. 
There is a strong argument for carrying out clinical 
trials of high-dose intravenous vitamin C in severe 
brain injury with the goal of fostering clinical 
improvement and reducing its complications. 
Nevertheless, despite the biological and clinical 
plausibility of this hypothesis, almost no clinical 
research has been carried out in this area.

Observational and physiologic evidence 
suggests that normal vitamin C status (possibly in 
combination with overall good nutritional status) 
protects the brain against ischemic injury and 
could limit the extent of an ischemic infarction, 
but the extremely limited clinical trial evidence 
currently available does not demonstrate that 
vitamin C supplementation improves clinical 
outcomes when commenced immediately after 
an acute ischemic stroke. These are, in fact, two 
different hypotheses. Does chronic, lifelong 
hypovitaminosis C increase the risk of dementia? 
Does lifelong supplementation with vitamin  C 
(and other antioxidants) in the absence of 
deficiency reduce the risk of dementia? Despite 
their biological plausibility, these hypotheses are 
difficult, if not impossible, to test definitively. The 
existing observational and clinical trial evidence 
is inconsistent and unconvincing in any direction.

Hypovitaminosis C is common among 
people suffering from severe mental illness. 
Mentally ill people will be affected at least 
as badly by vitamin  C deficiency as mentally 
normal people, perhaps even more so. Clinical 
trials are notoriously difficult and unreliable in 
patients with psychotic mental illness. A few 
clinical trials have been carried out using low-
pharmacologic doses of vitamin C (either alone 

or with other nutrients) as adjunctive therapy 
in patients with chronic stable psychotic mental 
illness or depression but without determining 
their baseline vitamin C status; the results are 
inconsistent. They do not support any general 
conclusion other than the commonplace one 
that nutritional deficiencies of every kind should 
be strictly avoided and promptly corrected 
in everyone, and especially in people already 
burdened with severe mental illness.

Pharmacologic Vitamin C and Mental Function

The body tightly regulates its plasma, CSF, and brain 
vitamin C concentrations—at least in health—and 
this physiologic fact challenges the plausibility of 
claims that large oral (even intravenous) doses 
of vitamin C relieve anxiety and improve mental 
function in people whose baseline vitamin C status 
was already normal. There is more plausible (but 
still inconsistent and inclusive) evidence that 
continuous supplementation with a combination 
of several micronutrients, including vitamin C, 
may have cognitive benefits in some people despite 
their lack of diagnosed deficiencies. The power, 
complexity, and subtlety of the placebo effect 
are increasingly apparent. Imperfect blinding of 
study participants and investigators as to treatment 
assignment, and imperfectly crafted placebos can 
confound the results of clinical trials with soft 
subjective endpoints, like anxiety, well-being, and 
cognitive symptoms, all of which are highly prone 
to expectation.

Mind–Body Problem

Patients and their caregivers are more interested 
in mental and physical well-being than whether 
the mechanism for it originates in their brain or 
their body. I have tackled this question in this 
review because it is pertinent to the plausibility, 
design, and interpretation of clinical trials 
investigating the mental effects of vitamin C. 
The available evidence indicates that, except in 
certain brain diseases, an intake of vitamin C that 
is adequate for the body is also adequate for the 
brain. Vitamin C deficiency should be avoided 
because it adversely affects the body and, possibly 
secondarily, the brain. Pharmacologic doses of 
vitamin C may (or may not) improve a specific 
somatic disease and secondarily relieve distress, 
anxiety, and fatigue.
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What Is the Best Dose of 
Vitamin C for the Brain?

What is best for the body is best for the brain. 
Public health authorities in different countries 
recommend very different levels of vitamin C 
consumption by healthy people, from as low 
as 40 mg to as high as 110 mg/d [27]. Cigarette 
smokers (and presumably people experiencing 
equivalent or more severe oxidative stress from 
disease and systemic inf lammation) require 
more vitamin C. The higher dose recommended 
in Canada and the United States is based on 
determinations of the vitamin C intake required to 
nearly maximize tissue saturation for most people 
[27]. Several authorities offer plausible physiologic 
arguments that daily intakes of 200–1000 mg 
will better guarantee tissue saturation for some 
individuals [310–313].

Hypovitaminosis C increases the vitamin C  
requirement until tissue stores are replenished 
[314,315]. Moreover, people with hypovi taminosis 
C are at risk of other nutritional deficiencies that 
must be diagnosed and treated.

Severe tissue injury and systemic inflammation 
greatly increase the vitamin C dose necessary to 
normalize plasma and CSF vitamin C concentrations. 
Normalizing vitamin C concentrations under 
these conditions may improve clinical outcomes 
and mental function. People with brain injury or 
delirium could especially benefit from correction of 
vitamin C deficiency in their plasma, CSF, and brain.
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CHAPTER TWELVE

The Epigenetic Role of Vitamin C in Neurological 
Development and Disease

Tyler C. Huff and Gaofeng Wang

INTRODUCTION

Vitamin C is a vital dietary nutrient renowned for 
its critical role in many physiologic processes. Its 
functions are broad yet crucial, serving as both a 
potent antioxidant and a cofactor for many enzymes 
essential to biological systems. Unlike most animal 
species, humans are unable to produce vitamin C 
in the liver and must acquire it through the diet, 
leaving the fate of many physiologic processes 
contingent on dietary availability. Dietary vitamin C 
deficiency most notably causes scurvy due to its 
necessity in collagen cross-linking. However, 
vitamin C takes part in many physiologic roles, 
including a newly discovered function in DNA 
and histone demethylation. Methylation dynamics 
have critical implications for health and disease, 

particularly in neurological development and the 
etiology of neuropathologies. This chapter focuses 
on how vitamin C influences neuronal function 
and how its newfound role in epigenetic regulation 
may have profound implications for neurological 
development and disease.

VITAMIN C IN DNA AND 
HISTONE METHYLATION

DNA Demethylation

Cellular systems must translate a barrage of 
extracellular stimuli into functional changes in gene 
expression to survive and respond appropriately 
to environmental challenges. The epigenetic 
landscape serves to interpret these complex 
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extracellular cues and coordinate a pertinent 
response by regulating relevant expression of the 
genome. Methylation at the C5 position of cytosine 
(5-methylcytosine [5mC]) is the most prevalent 
epigenetic modification in vertebrates and plays 
essential roles in development, in transcriptional 
regulation, and in governing cell identity [1]. 
These processes are facilitated by methyl-CpG-
binding proteins that recognize 5mC and regulate 
the transcription of methylated genomic loci. The 
5mC is considered a stable epigenetic hallmark of 
DNA and is maintained upon DNA replication by 
DNA methyltransferase 1 (DNMT1). Therefore, 
it was long believed that due to proper DNMT1 
maintenance, 5mC was a permanent modification 
in the genome [2]. However, this poses a problem 
to the cell: How can the cell respond to dynamic 
environmental stimuli if its most prevalent 
epigenetic modification is irreversible? It was thus 
reasoned that there must be a process by which to 
remove this mark.

Recent work uncovered the answer to this 
question after discovering that the ten-eleven 
translocation 1 (TET1) enzyme converted 
5-methylcytosine into 5-hydroxymethylcytosine 
(5hmC) in cultured cells [3]. Subsequent 
work demonstrated that TET enzymes further 
convert 5hmC to 5-formylcytosine (5fC) and 
5-carboxylcytosine (5caC), two transient 
modifications that are quickly excised by the 
DNA base excision repair pathway and ultimately 
replaced by unmodified cytosine [4,5]. This cycle 
of conversion from cytosine→5mC→5hmC→5fC
→5caC→cytosine comprises active TET-mediated 
DNA demethylation. TET enzymes belong to the 
Fe(II)- and 2-oxoglutarate (2OG, also known 
as α-ketoglutarate)-dependent dioxygenase 
superfamily, a diverse class of enzymes found 
in practically all evolutionary taxa [6]. Although 
their functions greatly vary, each member of this 
family requires both 2OG and molecular oxygen 
as cosubstrates for the hydroxylation reaction and 
utilize Fe(II) as a cofactor. TET enzymes initiate 
active DNA demethylation by binding molecular 
oxygen to Fe(II) to form a ferryl iron intermediate 
Fe(IV), which then hydroxylates 5mC to 5hmC 
[7,8]. This reaction, however, results in ferric 
Fe(III) that is unusable by TETs. Without the 
ability to convert Fe(III) back to catalytically active 
Fe(II), TET enzymes are stalled and are unable to 
continue active DNA demethylation. To continue 
this process, TET enzymes require an additional 

cofactor capable of reducing Fe(III) back to its 
catalytically active form, and thus emerges the role 
of vitamin C.

Vitamin C (L-ascorbic acid) was recently 
reported to induce active DNA demethylation 
in cultured cells [9,10]. This finding was later 
validated in a host of other cell types and 
confirmed in subsequent animal models [11–
13]. Vitamin C, which predominantly exists 
physiologically as the ascorbate anion, likely 
induces demethylation by acting as an additional 
cofactor for TETs. Ascorbate is used by TETs to 
reduce Fe(III) to catalytically active Fe(II). This 
conversion promotes continued TET enzyme 
activity that then allows complete demethylation 
of modified cytosine. The synergistic effect of 
ascorbate on TET activity appears to be exclusive, 
as treatment with other potent antioxidants such 
as glutathione does not induce 5hmC generation 
[9,10]. Altogether, this suggests that vitamin C is 
likely an additional cofactor for TET enzymes. 
However, with the considerable conservation 
between TETs and other members of the Fe(II) 
and 2OG-dependent dioxygenase superfamily, 
the necessity of ascorbate in other physiologic 
processes is easily recognized. The classic role 
of vitamin C in collagen cross-linking is due 
to its importance for sustaining the activity of 
prolyl 4-hydroxylase (P4H), another member 
of the Fe(II) and 2OG-dependent dioxygenase 
superfamily [14]. With widely distributed 
functions from oxygen sensing to antibiotic 
biosynthesis, the role of vitamin C in sustaining 
processes mediated by this enzyme family is both 
broad and vital.

Histone Demethylation

Vitamin C may also be critical for maintaining 
histone methylation dynamics. JmjC domain-
containing histone lysine demethylases (KDMs) 
are the largest enzyme family responsible for 
histone demethylation and are also members 
of the Fe(II) and 2OG-dependent dioxygenase 
superfamily [15]. KDMs are grouped into seven 
subfamilies based on sequence conservation and 
the methylated lysine residues that they antagonize. 
Containing nearly 20 members in total, KDMs are 
able to recognize and alter the methylation states 
of all histone lysine residues in order to drive 
downstream effects that are relevant to both 
health and disease [16]. KDMs are known to be 
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critical for processes involved in development and 
mammalian disease states: For instance, JARID2 is 
known to associate with the Polycomb complex in 
embryonic stem cells (ESCs) and is essential for 
ESC differentiation, while KDM3A is critical for 
mouse spermatogenesis and is implicated in both 
fertility and obesity [17–19]. The importance of 
KDMs is wide reaching, and the role of vitamin C 
in sustaining their activity in critical physiologic 
processes is becoming more apparent. Vitamin C 
has been demonstrated to optimize the activity 
of KDM2, induce KDM-mediated somatic 
reprogramming, trigger embryonic stem cell 
demethylation, and alter global DNA and histone 
methylation to ensure oocyte maturation and 
developmental competence [20–23]. The role of 
vitamin C in propagating both DNA and histone 
demethylation may have a potentially widespread 
impact on numerous developmental processes 
and disease states, especially those regarding 
the nervous system, since neuronal cells contain 
one of the highest concentrations of intracellular 
vitamin C [24]. Histone and DNA methylation 
dynamics underlie nearly every neurological 
function and disease; thus, the epigenetic role of 
vitamin C in neural development and pathology 
deserves elucidation and speculation.

VITAMIN C IN NEUROLOGICAL 
DEVELOPMENT AND FUNCTION

Vitamin C and Neurons

Vitamin C is tremendously concentrated in 
nervous system and neuroendocrine tissues: The 
total ascorbate concentration of mammalian brains 
ranges between 2 and 10 mM [25–28]. Human 
adrenal glands, the site of adrenaline synthesis, 
reach concentrations up to 10 mM, while human 
cerebrospinal fluid (CSF) steadies around 160 µM 
[29–31]. The ascorbate concentrations of these 
tissues are significantly higher than that of 
nonneural tissue and circulating plasma, which in 
humans ranges between 40 and 60 µM [32,33]. 
Furthermore, vitamin C accumulates in these 
tissues even against a concentration gradient [24]. 
Vitamin C generally enters cells through sodium-
dependent vitamin C transporters (SVCTs) or can 
enter in its oxidized form (dehydroascorbic acid 
[DHA]) through glucose transporters (GLUTs). 
SVCTs seem to be the causal transporters that 
accumulate vitamin C in neurons, since a lack 

of SVCT expression significantly correlates with 
intracellular vitamin C levels regardless of GLUT 
expression, and knockout of SVCT2 results in 
nearly undetectable levels of vitamin C in the 
embryonic brain and pituitary [34,35]. These 
findings implicate SVCTs, especially SVCT2, as 
the principle neuronal vitamin C transporter. 
Furthermore, astrocytes and other brain glia do 
not express SVCT2 and consequently contain only 
10%–20% the vitamin C concentration of neurons 
[36–38]. Altogether, these findings suggest that 
neurons may have a specific need for vitamin C 
throughout their development and during 
physiologic activity to perform vital neurological 
functions.

Work in recent years has described vitamin C 
as a potentially critical determinant in neuronal 
development and function. Neurons exhibit a 
high oxidative metabolism during development 
and disease and thus require potent antioxidants 
such as ascorbate to scavenge reactive oxygen 
species (ROS) and protect cells from oxidative 
damage [39]. Besides its neuroprotective role, 
vitamin C may also regulate neuronal maturation 
and function through epigenetic means. Vitamin C 
induces differentiation of mouse ESCs and cortical 
precursor cells into neurons, a transition that is 
accompanied by upregulation of genes involved in 
maturation, neurogenesis, and neurotransmission 
[40–42]. Primary hippocampal neurons 
lacking SVCT2 exhibit a variety of functional 
and morphological deficits compared to wild-
type cells. Hippocampal cells lacking SVCT2 
display stunted neurite outgrowth, diminished 
glutamate receptor (GluR) clustering, and reduced 
spontaneous firing, and they are more susceptible 
to oxidative damage and excitotoxicity [43]. Patch 
clamp recordings from SVCT knockout mice also 
show diminished neuronal activity and substantive 
decreases in firing amplitude and frequency of 
miniature excitatory postsynaptic currents [44]. 
Although these data have conventionally been 
attributed to the antioxidant effect of vitamin C, 
recent findings regarding its role in DNA and 
histone demethylation have sparked investigation 
into how vitamin C controls neuronal maturation 
and function through epigenetic means. This work 
is summarized later in this chapter. Collectively, 
these findings suggest that vitamin C, in part 
through epigenetic means, may be necessary for 
the maturation and proper functioning of neurons 
and their precursors.
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NEUROTRANSMITTERS

Catecholamines

Vitamin C has also been implicated in the 
synthesis, regulation, and transmission of a host 
of neurotransmitters used in both the central 
and peripheral nervous systems. The classic and 
best-described relationship between vitamin C 
and neurotransmission is that of catecholamine 
synthesis: Vitamin C is known to serve as an 
essential cofactor for dopamine β-hydroxylase, 
the enzyme responsible for converting dopamine 
into norepinephrine [45,46]. Deficiency in 
guinea pigs (who, like humans, cannot produce 
vitamin C endogenously) results in accumulation 
of dopamine and a subsequent decrease 
of norepinephrine, presumably due to the 
diminished activity of dopamine β-hydroxylase 
[47]. Prolonged vitamin C deficiency has been 
reported to ultimately deplete dopamine levels and 
promote the oxidation of catecholamines [48]. This 
may be linked to a recent finding that embryos 
from SVCT2 knockout animals exhibit impaired 
development of midbrain dopaminergic neurons, 
which coincides with alterations in midbrain 
levels of 5hmC and H3K27me3, suggesting that 
vitamin C may be necessary for the development 
of dopaminergic neurons [49]. Similarly, while 
adrenal catecholamine levels are decreased as 
expected, adrenal chromaffin cells from these 
animals also contain fewer catecholamine storage 
vesicles and show signs of apoptosis [50]. Moreover, 
brain regions like the forebrain that are replete 
with catecholamine innervation coincidentally 
contain the highest levels of vitamin C [51]. More 
work is needed to further elucidate the potential 
role of vitamin C in promoting the development 
and survival of catecholaminergic neurons.

Glutamate and Acetylcholine

Vitamin C may also modulate the impact and 
regulation of other major neurotransmitters 
including glutamate and acetylcholine. Brain 
acetylcholinesterase levels were found to be 
decreased in guinea pigs deprived of vitamin C 
[48]. Rats treated with scopolamine, a drug that 
inhibits acetylcholinesterase activity, showed 
restored acetylcholine levels upon eating a 
vitamin C–rich diet [52]. Moreover, some 
evidence suggests that vitamin C can induce the 
release of both catecholamines and acetylcholine 

directly from synaptic vesicles [53]. Similarly, 
it has been considered a neuromodulator of 
glutamate dynamics and has been shown to 
thwart neurodegeneration following glutamate 
excitotoxicity in several cell and animal models 
[54–56]. Although the exact molecular mechanism 
driving this phenomenon is unclear, it is thought 
to be mediated by redox modulation and 
transcriptional regulation of neuronal glutamate 
receptors. Furthermore, TET-mediated DNA 
demethylation and methylation dynamics have 
been shown to regulate glutamatergic synaptic 
homeostasis by mediating synaptic scaling 
and enhancing whole-cell neuronal response 
to glutamate stimulation [57]. TET activity, 
and therefore vitamin C, are thus implicated 
in glutamate signaling and consequently may 
influence predominantly glutamatergic-driven 
behaviors including learning and memory. Indeed, 
TET1 has been previously shown to promote adult 
hippocampal neurogenesis and underpin learning 
and memory in mouse models [58]. Although the 
importance of TET enzymes and 5hmC is discussed 
later in this chapter, the role of vitamin  C in 
neuronal function is multifaceted, as is its effect 
on glutamate and acetylcholine metabolism.

Serotonin

Despite the absence of extensive investigation, 
vitamin C may also play a role in serotonin 
biosynthesis and the downstream behavior 
associated with serotonergic signaling. Serotonin 
is a pervasive neurotransmitter common to many 
physiologic processes but is most notably associated 
with mood [59]. The link between serotonin and 
mood is most salient in mood disorders such as 
depression. Selective serotonin reuptake inhibitors 
(SSRIs), which prolong serotonin exposure in the 
synaptic cleft, remain the most prescribed form of 
treatment [60]. Vitamin C has also been implicated 
in mood disorders, as psychological abnormalities 
have been found to co-occur with vitamin C 
deficiency [61–63]. Vitamin C administration 
has been found to improve symptoms of major 
depressive disorder in both children and adults as 
well as bolster mood in healthy individuals [64–
68]. Additionally, cotreatment of vitamin C and 
the SSRI fluoxetine has been shown to significantly 
decrease depressive symptoms in pediatric 
patients compared to treatment with fluoxetine 
and placebo [69]. These studies collectively 
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suggest that vitamin C may curb the symptoms 
of mood disorders such as depression, putatively 
through regulation of serotonin though the actual 
mechanism is unknown.

Serotonin is synthesized from the amino 
acid tryptophan by the enzymes tryptophan 
hydroxylase (TPH) and aromatic amino acid 
decarboxylase (DDC), of which the TPH reaction 
is the rate-limiting factor [70]. Of interest, TPH is 
a hydroxylase that, like TET and KDM enzymes, 
requires Fe(II) for full catalytic activity. This would 
seemingly provide a potential role for ascorbate to 
sustain the ferrous state of iron and thus prolong 
the activity of TPH, just as it does for TETs and 
KDMs. However, to date there is no evidence to 
suggest that Fe(III) is produced as a result of the 
hydroxylation reaction, but that instead Fe(II) is 
maintained in complex with TPH in the resting 
state [70–71]. Nevertheless, iron predominantly 
exists in its ferric form physiologically and must be 
reduced before being utilized by iron-dependent 
enzymes. Tetrahydropterin, a cofactor for the 
aromatic amino acid hydroxylases, has been shown 
to reduce Fe(III) to Fe(II) in tyrosine hydroxylase 
and has been proposed as the possible physiologic 
reductant for this enzyme family including TPH 
[71]. However, ascorbate has also been shown to 
promote the activity of tyrosine hydroxylase in vitro 
when in the presence of Fe(III); thus, the potential 
for ascorbate to promote TPH activity to produce 
serotonin is not far-fetched [72]. Moreover, 
scopolamine-treated mice supplemented with 
dietary ascorbate were found to have significantly 
higher levels of brain serotonin compared to those 
without ascorbate [52]. Further investigation is 
warranted to examine the relationship between 
ascorbate and serotonin and to determine whether 
this relationship underlies the therapeutic effects 
of ascorbate in mood disorders.

5hmC and Neurodevelopment

As noted previously, vitamin C plays a part in many 
physiologic processes and is now most notably 
being recognized as an epigenetic modulator of 
DNA and histone demethylation. Considering the 
tremendously high intracellular concentration 
of vitamin C in neurons and neuroendocrine 
tissues, it is easy to imagine an important role 
for demethylation in neuronal development 
and function. Indeed, 5hmC has been shown to 
accumulate in the hippocampus and cerebellum, 

while portions of the human cortex exhibit a 
50%–200% increase in 5hmC content throughout 
aging [73,74]. Similarly, TET enzymes have been 
implicated in neural development in a host 
of neuronal subtypes: Differentiation of adult 
neural stem cells correlates with increased 5hmC 
content and is thwarted when cells are depleted 
of TET2 [75]. Overexpression of TET2/3 in neural 
progenitor cells induces early differentiation 
while disrupting TET2/3 function abrogates 
proper development [76]. TET3 has been shown 
to be crucial in regulating the expression of 
key developmental genes such as Pax6, Ngn2, 
and Sox9 in vivo to drive Xenopus development of 
eye and neural tissues [77]. Additionally, SVCT2 
knockout animals display impaired development 
of midbrain dopaminergic neurons and changes 
in 5hmC content, further corroborating the impact 
of vitamin C, TETs, and DNA demethylation on 
critical neurodevelopmental processes [49].

Considering its involvement in neuronal 
development, the roles of vitamin C and 5hmC in 
cognitive faculties and the synaptic underpinnings 
that drive them have been of great interest for 
many years. Vitamin C deprivation has been 
observed to decrease both hippocampal volume 
and spatial cognition in guinea pigs, thus sparking 
a recent surge of investigation into the epigenetic 
mechanisms that underlie these phenomena 
[78]. TET enzymes appear to be particularly 
involved in the neurophysiologic underpinnings 
that drive synaptic plasticity and memory. TET1 
knockout mice exhibit decreased levels of cortical 
and hippocampal 5hmC along with abnormal 
hippocampal long-term depression (LTD) [79]. 
These changes coincide with downregulation of 
genes associated with neuronal activity, impaired 
memory extinction, and hypermethylation 
of genes such as NPAS4 that mediate synaptic 
plasticity and cognition. TET1 overexpression in 
murine brains drives the expression of neuronal 
memory-related genes such as Arc and Fos, though 
mice present with impaired long-term memory 
in contextual fear conditioning, possibly resulting 
from inappropriate signaling driven by TET1 
overexpression and its downstream effects on 
these memory genes [80]. Similarly, TET3 has 
been shown to be necessary for fear extinction 
in rodents and for accumulating 5hmC in the 
prefrontal cortex during behavioral adaptation 
[81]. Depletion of 5hmC readers also seems to 
negatively affect memory, as murine knockout 
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of UHRF2 depletes cortical and hippocampal 
5hmC and results in subsequent impairment of 
spatial memory acquisition and retention [82]. 
Considering the consequences of 5hmC depletion 
on cognitive faculties, one could speculate 
that 5hmC and TET enzymes may play a more 
fundamental role in regulating the synaptic 
machinery that drives these functions. Indeed, 
5hmC is found to be enriched in both rodent and 
human genes critical for synaptic function and 
may also regulate RNA splicing of these genes 
[83]. As noted previously, TET1 has been shown 
to positively regulate glutamatergic synaptic 
upscaling, though controversy has surrounded this 
finding as other reports have found that depletion 
of DNMT1/3 results in synaptic downscaling 
and that TET3 knockdown induces the opposite 
effect [84–86]. These discrepancies may be due to 
differences in cell type, experimental conditions, 
or even independent functions of different TET 
isoforms. No matter the explanation, as more 
is done to elucidate the true function of 5hmC 
and TET enzymes in synaptic function, the more 
interest will grow to explore how vitamin C plays 
a role in the epigenetic regulation of neurological 
processes.

VITAMIN C, METHYLATION DYNAMICS, 
AND NEUROLOGICAL DISEASE

Vitamin C has a clear physiological role in 
neuronal development through its function in DNA 
demethylation. Dysregulation of methylation/
demethylation dynamics has been implicated in 
numerous neurological disease states. Vitamin C 
may therefore wield therapeutic potential to help 
ameliorate these conditions by inducing TET-
mediated DNA demethylation to restore normal 
methylation profiles and thwart neurological 
disease. The remainder of this chapter discusses the 
role of vitamin C in Alzheimer disease and epilepsy, 
two neurological conditions whose etiologies are 
characterized by aberrant methylation dynamics 
and are influenced by vitamin C. Due to the 
multitude of epigenetic determinants reported to 
affect these diseases, only the influence of DNA 
methylation is discussed (Figure 12.1).

Alzheimer Disease

Alzheimer disease (AD) is the most frequent cause 
of dementia in the United States and confers a huge 

societal burden, carrying an estimated healthcare 
cost of $172 billion each year [87]. Although all 
forms of dementia exhibit cognitive decline 
and behavioral changes, AD is characterized by 
pathologic increases in extracellular deposition 
of amyloid-β (Aβ) peptide, accumulation of 
hyperphosphorylated tau protein, and widespread 
loss of central nervous system neurons and synapses. 
Although decades of research and tremendous 
funds have been spent to understand how these 
pathologic events arise and influence disease states, 
the question of their molecular etiology and ties to 
AD emergence remain a mystery.

Due to its accumulation in the brain and 
potent antioxidant properties, the relationship 
between vitamin C levels and AD has been heavily 
investigated. Despite the numerous difficulties 
with controlling patient vitamin C levels during 
studies and estimating daily intake via dietary 
journals in lieu of plasma measurements, an 
overwhelming body of evidence connects healthy 
vitamin C levels with neuroprotection from 
cognitive decline and AD [88]. Rodent studies 
first discovered hippocampal ascorbate uptake 
significantly decreases throughout aging, and 
APP/PSEN1 mutant mouse models of AD present 
additional cognitive impairment, increased Aβ 
accumulation, and higher morbidity when crossed 
with SVCT2-deficient mice [89,90]. Conversely, 
studies evaluating cognitive performance show 
that participants without cognitive impairment 
have higher mean vitamin C concentrations, and a 
high intake of dietary vitamin C is associated with 
a decreased risk for AD [91,92]. This molecular 
and epidemiological evidence, in addition to the 
important role it plays in neuronal development, 
suggests that vitamin C may thwart the features and 
onset of AD.

The epigenetic determinants surrounding AD 
are complex, and the role that DNA methylation/
demethylation plays seems equivocal. Many 
studies have shown that methylation dynamics are 
disrupted in AD patient brains, although the exact 
effect this has on disease states is unclear. Increased 
methylation of ABCA7, BIN1, ANK1, and other AD 
susceptibility genes is associated with increased 
AD pathology burden [93]. This association was 
also observed in methylation of the HOXA gene 
cluster and can most likely be found in other 
neurodevelopmental genes [94]. Conversely, other 
studies have reported global decreases in 5mC in 
patient brain entorhinal cortex that negatively 
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correlate with Aβ hippocampal load [95,96]. Work 
investigating 5hmC content in AD patient brains 
has been similarly ambiguous. Some studies 
have reported decreased 5hmC content in AD 
patient entorhinal cortex and cerebellum, while 
others have found increased 5hmC content in AD 
middle frontal gyrus and a positive correlation 
between 5hmC and AD pathology [95–99]. These 
discrepancies could be due to differences in the age 
of patients from which diseased brain tissue was 
derived. AD is a progressive multistage disease of 
aging, and methylation profiles could conceivably 
change between consecutive stages of disease 
severity. Furthermore, these studies examined brain 

tissue from a variety of brain regions, and there 
is little reason to believe that methylation profiles 
are similar between these regions. This variability 
in patient age and tissue selection could explain 
inconsistencies in the literature and furthermore 
confound interpretation of promising findings. 
Despite the lack of a clear-cut understanding 
regarding methylation and AD etiology, it is 
plausible that dysregulation of methylation 
dynamics may underlie disease onset and severity. 
More work is needed to examine the role of 5mC 
and 5hmC in disease pathology and whether the 
neuroprotective role of vitamin C in AD is mediated 
by its function in regulating these marks.

Mature neuron

-Synaptic scaling

-Epigenetic regulation of synaptic genes

-Hippocampal LTD

-Neurotransmitter metabolism

-Memory extinction

-Spatial memory

-Epigenetic regulation of

  memory genes (Arc, Fos)

Synaptic plasticity Neuronal differentiation Memory and behavior

5hmC

  TET1/2/3

(Vitamin C)
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Figure 12.1. The epigenetic role of vitamin C in neuronal function. Ten-eleven translocation (TET) enzymes have been 
shown to play a crucial role in many neuronal functions including synaptic plasticity, neuronal differentiation from 
progenitors or stem cells, and behaviors such as memory. Dysregulation of TET 1/2/3 in numerous model systems has 
resulted in global alterations of 5hmC content and subsequent disruption of these processes. Vitamin C has been implicated 
in many aspects of neuronal function and has recently been shown to propagate TET-mediated 5hmC generation and DNA 
demethylation. Therefore, it is plausible that vitamin C may exert its influence on neuronal function and development 
through TET-mediated demethylation of genes underlying these processes. (EPSP, excitatory postsynaptic potential; LTD, 
long-term depression; LTP, long-term potentiation.)
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Epilepsy

Vitamin C has also been implicated in mitigating 
epileptic seizure events. APP/PSEN1 AD mouse 
models exhibit altered electroencephalogram 
activity and are more susceptible to seizures when 
crossed with SVCT2-deficient mice [90]. These 
symptoms arise after only a 30% reduction from 
baseline ascorbate concentrations. Vitamin C was 
shown to be neuroprotective of hippocampal 
neurons during seizures, and in rat models of 
pentalenetetrazol (PTZ)-induced seizures, it 
has been well-demonstrated to decrease seizure 
intensity, prolong latency of seizure onset, suppress 
seizure episodes, and decrease mortality rates 
[100–104]. These findings have also been verified 
in guinea pigs who, like humans, cannot produce 
vitamin C and must consume it via dietary means 
[105]. These findings have generated interest in 
applying vitamin C as an adjuvant therapy with 
anticonvulsive drugs in epilepsy treatment [100].

A role for DNA methylation, and potentially 
vitamin C, in the etiology of epilepsy has begun 
to be elucidated in recent years. Deep methylation 
sequencing of chronic epileptic rat hippocampi 
reveals global hypermethylation patterns, while 
human hippocampi with hippocampal sclerosis 
exhibit promoter hypermethylation of protein-
coding genes involved in neurodevelopment and 
synaptic transmission [106,107]. This phenomenon 
was also observed in temporal neocortical tissue 
from drug-refractory epileptic patients [108]. Genes 
previously associated with neuronal hyperactivity 
such as BDNF, Grin2, and Brin2b have also been 
observed to exhibit altered methylation profiles in 
epilepsy models [109–111]. Unsurprisingly, DNMTs 
including DNMT1 and DNMT3a have been found 
to be significantly upregulated in patients with 
temporal lobe epilepsy, and epileptic hippocampal 
slices exhibit reduced spontaneous excitatory 
transmission upon application of DNMT inhibitors 
[112,113]. Collectively, these studies suggest that 
DNA hypermethylation characterizes epilepsy and 
that vitamin C may act as a therapeutic by restoring 
normal DNA methylation profiles through TET-
mediated demethylation.

CONCLUSIONS

Vitamin C has been known for decades to play 
a role in numerous physiologic processes and to 
promote normal development. The tremendously 
high concentration of vitamin C in the nervous 

system suggests an important role in neuronal 
development and synaptic function that is 
only beginning to be elucidated. The recent 
discovery that vitamin C is a critical regulator of 
TET-mediated DNA demethylation creates new 
opportunities to examine the role of epigenetic 
processes in neurological function and to discover 
how vitamin C may contribute to them.
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functions, 99–100
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structures of, 12
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BBB, see Blood-brain barrier
BDNF, see Brain-derived neurotrophic factor
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clinical research challenges, 186
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methodological considerations, 186
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physiology, 213–214

Brain-derived neurotrophic factor (BDNF), 191
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6-Bromo-6-deoxy dehydroascorbic acid  
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C

Caenorhabditis elegans, 192
Cancer

HIF-1 activation in, 144
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ten-eleven translocase (TET) enzymes in, 80–81
vitamin C in treatment of, 7–9, 47–48, 56

Carnitine, 76–77, 101
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Cellular metabolism, 99
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cell signaling pathways, interaction with, 169
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inflammatory response, 168–169
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problems with, 164
scurvy, 166

Concentration-function relationships, 4
Copper type II ascorbate-dependent monooxygenases, 101
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CSF, see Cerebrospinal fluid
Cytokine storm, 123

D

DDT, see Dichloro-diphenoxy-trichloroethane
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forms, 12
in mammalian systems, 27

GLUT-mediated uptake, 27–28
metabolism and breakdown, 28–29
regeneration, 28–29

reduction, 106
structures of, 12
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uptake, 58

Delirium, vitamin C in, 221
Dementia, vitamin C in, 221
Dendritic cells, 149
Dermis, skin layer, 161–162
DHA, see Dehydroascorbic acid
Dichloro-diphenoxy-trichloroethane (DDT), 104–105
Dietary reference intakes (DRIs), 4
DNA demethylation, vitamin C in, 237–238
DNA methyltransferase 1 (DNMT1), 238
DNMT1, see DNA methyltransferase 1
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Dopamine β-hydroxylase, 82–83, 138, 165, 185, 240
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DRIs, see Dietary reference intakes

E

Ehlers-Danlos syndrome, 76
Elastin fibers, 162
Electron transfer chain (ETC), 102
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F

Factor inhibiting HIF (FIH), 139
Fe[II]/2-oxoglutarate-dependent dioxygenases, 100–101
FIH, see Factor inhibiting HIF
FNB, see Food and Nutrition Board
Food and Nutrition Board (FNB), 3

G

GLDH, see L-galactono-1,4-lactone dehydrogenase
Glucose transporters (GLUTs), 11–13, 27–28
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in intracellular membranes, 102
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ascorbic acid exchange, 189–190
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GLUTs, see Glucose transporters

H

6-Halogen ascorbic acid, 12
HD, see Huntington disease
Hepatocyte nuclear factor 1 homeobox alpha (HNF1α), 45
HIFs, see Hypoxia-inducible factors
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High-performance liquid chromatography (HPLC), 4
Histone demethylation, vitamin C in, 238–239
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HIV, 48–49
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HNF1α, see Hepatocyte nuclear factor 1 homeobox alpha
HPLC, see High-performance liquid chromatography
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Huntingtin (HTT), 191
Huntington disease (HD), 48, 186

background, 190–191
causes, 191
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presentation, 190–191
vitamin C and molecular mechanisms of

clinical and epidemiological evidence, 193
glutamate homeostasis, 192–193
oxidative stress, 191–192
release of, 192–193

Hydrogen peroxide, 8

Hydroxylation, 100
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Hypoxia-inducible factors (HIFs), 78–79, 100–101, 139
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epigenetics, regulation of, 144–149
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Intracellular redox homeostasis, 99–100
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JHDMs, see Jumonji C domain-containing histone 
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Mental effects, of vitamin C deficiency, 215–220
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mESCs, see Murine embryonic stem cells
Metabolic integration, 99
Metabolic reprogramming, 139
mHTT, see Mutant HTT
Mind–body problem, 214–215, 224
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104, 188
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PAM, see Peptidylglycine α-amidating monooxygenase
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SNPs, see Single nucleotide polymorphisms
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Tyrosine hydroxylase, 124

U

UapA transporter, 40–44
UCPs, see Uncoupling proteins
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