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Preface 
 

 
Ascorbic acid is a small, simple, water soluble molecule, synthesised by most plants and 

animals, with the exception of humans and some animal species due to mutations in the gene 
encoding the terminal enzyme in the biosynthetic pathway. For humans, it is thus a vitamin 
(vitamin C) that must be obtained from the diet, with complete deficiency resulting in the fatal 
disease scurvy. Many functions have been attributed to this fascinating molecule and, despite 
nearly 90 years of research since its discovery, new roles are still being uncovered, including 
recent discoveries that it acts as a regulator of epigenetic marks and transcription factors (1). In 
this volume we begin with a review by Michels and Frei on specific factors that need to be 
taken into consideration when carrying out vitamin C research. Translational research 
normally comprises a progression from in vitro/cell culture studies to animal models and 
finally to clinical trials. At each of these stages, there are requirements specific to vitamin C 
research that need to be integrated into study designs and this review describes these in detail. 

Although normal vitamin C intake in humans is via ingestion, in the past decades there has 
been a surge of interest in the effects of intravenous administration of supra-physiological 
doses of vitamin C. This is particularly common in the treatment of cancer, and is an area of 
great controversy (2), most of which can be attributed to the lack of an agreed mechanism of 
action and numerous issues around study design, including a lack of understanding of vitamin 
C pharmacokinetics (3). Vitamin C administered intravenously bypasses the regulated 
intestinal uptake mechanism and results in significantly higher plasma concentrations than are 
obtained through oral intake. It is proposed that, at these high doses, vitamin C acts as a pro-
drug via metal ion-dependent generation of cytotoxic hydrogen peroxide, although other 
potential anticancer mechanisms are also possible (1). In the contribution by Park, 
pharmacologic studies of the effects of high dose vitamin C on cancer cells are reviewed. In 
addition, Azqueta et al. have investigated the pro- and anti-oxidant effects of vitamin C on 
DNA damage and repair in cultured cervical cancer cells. High dose vitamin C has also been 
shown to improve the outcomes of patients with sepsis (4). In their contribution, Mohammed et 
al. used a knockout murine model to investigate the effect of parenteral vitamin C on 
neutrophil extracellular trap formation, autophagy and apoptosis, in experimentally induced 
sepsis. 

The highest levels of vitamin C in the body are found in the brain and neuroendocrine 
tissue. The brain is also relatively resistant to vitamin C depletion, indicating a vital role for 
the vitamin. Vitamin C likely has many functions in the brain (5), including acting as a 
cofactor for monooxygenase-dependent synthesis of neurotransmitters and neuropeptide 
hormones, as well as recycling of the enzyme cofactor tetrahydrobiopterin. In their 
contribution, Harrison et al. review the role for vitamin C in the aging brain, covering vitamin 
C transport, animal studies, and human studies that suggest potential usefulness of vitamin C 
against cognitive decline. Iwata et al. have investigated the anti-inflammatory and anti-
apoptotic effects of vitamin C in the brains of diabetic rats with cerebral ischemia-reperfusion. 
They also reported vitamin C-dependent regulation of the vitamin C transporter SVCT2, the 
transporter isoform responsible for vitamin C uptake in neuronal tissue (5). 

Early vitamin C research, particularly in animal models, indicated that food-derived 
vitamin C may have enhanced bioavailability compared with synthetic vitamin C. This was 
attributed to the presence of plant-derived bio-flavonoids. We recently carried out a 
comparative bioavailability study in the gulonolactone oxidase knockout mouse and found 
significantly enhanced uptake of fruit-derived vitamin C (6). In this volume, we present two 
translational comparative bioavailability studies carried out in non-smoking males, one a 
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steady state study and the other a pharmacokinetic study. Vitamin C was assessed in plasma, 
urine, leukocytes, and skeletal muscle, and showed no differences in bioavailability between 
synthetic and fruit-derived vitamin C. A review of the literature indicated that comparative 
differences were more likely to be observed in animal models than human studies. This is 
possibly due to differential expression of the vitamin C transporter SVCT1 in the intestines of 
humans compared with rodents, as the latter normally synthesise vitamin C endogenously and 
thus do not need to obtain it through their diet. 

Human requirements for vitamin C can vary greatly depending on a number of 
physiological and lifestyle factors (7). Genetic variants which affect vitamin C uptake and 
metabolism are associated with decreased plasma vitamin C status (8). In their contribution, 
Delanghe et al. correlate haptoglobin variant Hp2-2 and hereditary hemochromatosis, both 
associated with enhanced free iron and decreased vitamin C stability, with the incidence of 
scurvy observed in the European famine of the 1840s. Lindblad et al. provide a review of the 
transport and distribution of vitamin C in the body, and discuss its regulation during 
deficiency in cell culture studies and animal models. Plant foods are the major source of 
vitamin C in the diet, and, in his contribution to this volume, Gallie reviews strategies to 
increase the vitamin C content of food plants through increased synthesis and recycling of the 
vitamin. 

We would like to acknowledge the authors who contributed to this volume, the reviewers 
of the original manuscripts published in the journal Nutrients, and the editorial staff at MDPI 
who contributed to the production of this volume on Vitamin C and Human Health. 
 
 
 
Anitra C. Carr and Margreet M.C. Vissers  
Guest Editors 
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Abstract: Research progress to understand the role of vitamin C (ascorbic acid) in 
human health has been slow in coming. This is predominantly the result of several flawed 
approaches to study design, often lacking a full appreciation of the redox chemistry and 
biology of ascorbic acid. In this review, we summarize our knowledge surrounding the 
limitations of common approaches used in vitamin C research. In human cell culture, the 
primary issues are the high oxygen environment, presence of redox-active transition 
metal ions in culture media, and the use of immortalized cell lines grown in the absence 
of supplemental ascorbic acid. Studies in animal models are also limited due to the 
presence of endogenous ascorbic acid synthesis. Despite the use of genetically altered 
rodent strains lacking synthesis capacity, there are additional concerns that these models 
do not adequately recapitulate the effects of vitamin C deprivation and supplementation 
observed in humans. Lastly, several flaws in study design endemic to randomized 
controlled trials and other human studies greatly limit their conclusions and impact. 
There also is anecdotal evidence of positive and negative health effects of vitamin C that 
are widely accepted but have not been substantiated. Only with careful attention to study 
design and experimental detail can we further our understanding of the possible roles of 
vitamin C in promoting human health and preventing or treating disease. 

Keywords: vitamin C; ascorbic acid; cell culture; animals; human; study design 
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1. Introduction 

Ascorbic acid, the reduced form of vitamin C, is an essential component of the human diet. Small 
amounts of ascorbic acid can prevent the deficiency disease, scurvy, while accumulation of high 
levels of ascorbate in plasma and tissues may protect against oxidative damage and limit 
inflammation. However, ascorbic acid is unlike many other vitamins owing in part to its unique 
redox chemistry. In addition, the “tight control” of vitamin C status and metabolism in the body, 
along with biological effects of supplementation that may differ between animals that can synthesize 
ascorbate versus species that cannot synthesize ascorbate, like humans, set it apart in the 
micronutrient field [1–3]. Thus, many common research practices that are sufficient for the study of 
other vitamins and minerals are often inadequate for the study of vitamin C, leaving the specific 
challenges to the design and execution of experiments utilizing ascorbic acid underappreciated. 
Indeed, there are many examples of supplementation studies making poor assumptions and drawing 
mistaken conclusions that have persisted in the vitamin C literature. Although several landmark 
discoveries have broadened our understanding of vitamin C’s role in human biology, the research is 
still plagued by a host of myths, artifacts, and flawed scientific reasoning that undermines efforts to 
determine the roles that vitamin C may play in human health and disease. 

As we continue performing vitamin C research in the future, it is worthwhile to periodically 
review the literature for experimental approaches that may no longer be valid based on contemporary 
knowledge. The purpose of this article is to closely examine studies where vitamin C research has 
“failed” due to methodological, experimental, or design flaws and learn from these errors to help 
improve future studies, rather than to review studies that have found beneficial effects of vitamin C 
in human health, as has been done previously [1,3–5]. In so doing, we will re-evaluate two common 
models, cultured cells and experimental animals, and highlight aspects of each system that may 
contribute to erroneous conclusions. In addition, we will evaluate human research, continuing from 
previous reviews of the subject [1,2], including an examination of the design and execution of 
randomized controlled trials (RCTs). Finally, we will explore some of the technical aspects of 
vitamin C research, in order to promote better awareness of sample handling issues and analytical 
techniques that are critical for the proper interpretation of study outcomes. 

2. Review of Studies Using Ascorbic Acid 

2.1. Ascorbic Acid in Human Cell Culture 

The conditions found in a typical cell culture environment promote the oxidation and subsequent 
degradation of ascorbic acid. Therefore, ascorbate is not usually added to cell culture media, as it 
often leads to the production of deleterious free radicals and reactive oxygen species (ROS). However, 
such conditions are non-physiological with respect to vitamin C, which is found in all extra- and 
intracellular, aqueous solutions in vivo. The consequences of such “a-scorbic”––or scorbutic––cell 
culture environment are not fully understood, but it is obvious that any “ascorbate-dependent” 
enzymatic reactions, the cells’ redox “milieu”, and antioxidant network must be severely impaired. 
Furthermore, reintroducing vitamin C to such a cell culture system may give rise to additional 
artifacts. In this section, we examine the factors that lead to ascorbate oxidation in cell culture media, 
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the artifacts related to the absence of ascorbate in cultured cells or its addition under normal cell 
culture conditions, and methods that are currently being developed to allow safe addition of 
ascorbate to cells for physiologically relevant research. Overall, studying vitamin C in cell culture is 
fraught with many pitfalls and results need to be approached and interpreted with care. 

2.1.1. Ascorbate Stability in Cell Culture 

The primary concern with the use of ascorbic acid in cell culture is the stability of the molecule 
under typical incubation conditions. Cell culture incubators use approximately 90%–95% air and  
5%–10% CO2, resulting in oxygen levels approximately 10–100 times greater than those found in the 
circulation and in tissues. Increased oxygen tension can promote a pro-oxidant environment in cell 
culture media [6], possibly generating a wide variety of ROS that can react with, and hence deplete, 
ascorbate [7]. However, high oxygen levels alone are not sufficient to cause substantial ascorbic acid 
oxidation. Although the reduction potential of the reduced form of vitamin C, the ascorbate 
mono-anion (AscH−), is sufficient to reduce molecular oxygen to superoxide radicals (Equation 1), 
the reaction kinetics make this process very slow (estimated second-order rate constant,  
k2 ≈ 10−4 M−1 s−1) [8]. 

AscH− + O2→Asc•− + O2
•− (1) 

The stability of the ascorbate mono-anion is apparent in deionized water or simple salt solutions: 
ascorbate added to phosphate-buffered saline (PBS) shows minimal oxidation over a six-h time 
period in a cell culture incubator (Figure 1, PBS) or when exposed to ambient air at room temperature 
(data not shown). In contrast, ascorbate incubated in cell culture media under standard conditions is 
rapidly oxidized [9,10] (Figure 1, RPMI). The composition of the cell culture media plays an 
important role in the rate of ascorbate oxidation: in serum-free RPMI medium the half-life of 
ascorbate is about 1.5 h (Figure 1); however, a more rapid loss of ascorbate has been noted in other 
cell culture media formulations such as MEM or Williams E media (data not shown), including more 
complex solutions containing serum [6,11,12]. 

Figure 1. Ascorbate oxidation in buffer or cell culture medium. Ascorbate (100 μM) was 
added to RPMI 1640 or phosphate-buffered saline (PBS) and monitored over time. 
Chelated RPMI was used after overnight treatment with Chelex 100 resin and the addition of 
diethylenetriaminepentaacetic acid (DTPA, 1 mM) as described in Methods. RPMI RT 
represents media not incubated under 5% CO2 but under ambient air at room temperature. 
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Iron and copper are present in cell culture media, either added as part of the media formulation or 
appearing fortuitously, as they are required for normal cell growth and function [13,14]. However, 
the reduced forms of iron (ferrous iron, Fe2+) and copper (cuprous copper, Cu+) are able to reduce 
molecular oxygen to superoxide and, hence, participate in the production of ROS in cell culture 
systems. The Haber-Weiss reaction (also known as the superoxide-driven Fenton reaction) involves 
the reduction of the oxidized forms of iron (ferric iron, Fe3+) or copper (cupric copper, Cu2+) by 
superoxide (Equation 2) and the subsequent conversion of hydrogen peroxide (formed, e.g., by 
dismutation of superoxide radicals) to hydroxyl radicals and hydroxide by the reduced metal ions 
(Fenton reaction, Equation 3) (Scheme 1). Hence, the metal ions act as catalysts and are required only 
in trace amounts for the Haber-Weiss reaction (Equation 4). 

Scheme 1. Metal-dependent and metal-independent production of reactive oxygen 
species by ascorbate in cell culture media. 
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One of the most important biological functions of ascorbate is the reduction of Fe3+ or Cu2+ in the 
active site of enzymes, providing electrons used either in the hydroxylation of the enzymes’ 
substrates or the maintenance of the active-site metal ion in the reduced state [3]. In the case of 
enzyme-bound metals, the transfer of electrons occurs in a controlled manner, which minimizes 
deleterious side reactions. However, in a solution of non-protein bound iron or copper, added 
ascorbate will reduce these metal ions (Equation 5); replacing superoxide in Equation 2, leading to 
superoxide production and facilitating the flow of electrons into the Haber-Weiss reaction  
(Equation 4). Even if media formulations are carefully controlled, trace amounts of these transition 
metals may be found on cell culture glassware, plastic dishes, and reagents, fueling ascorbate 
oxidation and ROS production [8,15]. 

Fe3+/Cu2+ + O2
•−→Fe2+/Cu+ + O2 (2) 

Fe2+/Cu+ + H2O2→Fe3+/Cu2+ + OH• + OH− (3) 

Sum: O2
•− + H2O2→O2 + OH• + OH− 

AscH− + Fe3+/Cu2+→Asc•− + Fe2+/Cu+ + H+ 

(4) 

(5) 

In biological fluids and inside cells in vivo, a combination of low oxygen levels and protein-bound 
metal ions greatly reduce ascorbate-mediated pro-oxidant effects [16–18]. Consequently, ascorbate 
in human plasma does not get readily oxidized [19]. By contrast, ascorbate addition to cell culture 
media results in the production of ROS, including superoxide radicals, hydrogen peroxide (from the 
dismutation of superoxide radicals), and hydroxyl radicals (Scheme 1) [6,15]. For this reason, ascorbic 
acid is often mistaken for inducing a pro-oxidant environment in cell culture systems [17,20], 
although the effects of hydrogen peroxide production specifically may be masked by other media 
components, such as serum proteins, pyruvate, or α-ketoglutarate [6,11,21,22]. A more accurate 
description may be that ascorbate unmasks the presence of catalytic transition metals in the cell 
culture environment [15]. Treating cell culture media with metal chelating agents slows the rate of 
ascorbate oxidation (Figure 1, Chelated RPMI), increasing the half-life from approximately 1.5 h in 
standard media (RPMI) to about 2.7 h. Interestingly, metal chelation does not completely prevent 
ascorbate oxidation (Figure 1), suggesting that other media components also contribute to ascorbate 
loss [6]. 

One such contributing factor may be ascorbate auto-oxidation: the direct reaction of ascorbate 
with molecular oxygen [8]. As stated above, the direct interaction between the ascorbate mono-anion 
and oxygen is highly unfavorable; however, the ascorbate di-anion (Asc2−) rapidly reacts with 
oxygen (Equation 6). At pH 7.0, the concentration of Asc2− is low, but its contribution to the rate of 
ascorbate oxidation can become considerable under conditions when pH rises or with increasing 
concentrations of added ascorbate (Scheme 1) [23]. Cell culture media pH is often stabilized by  
the addition of sodium bicarbonate to offset the acidic effects of the high CO2 environment. 
However, when this media is exposed to air outside the incubator, the pH value can rise rapidly to 8.0 
or higher [11]. RPMI media equilibrated to ambient air accelerates ascorbate oxidation when 
compared to media in a cell culture incubator (Figure 1, RPMI RT versus RPMI), decreasing the 
half-life from about 1.5 h to less than one hour. As the Asc2− present in solution reacts with oxygen to 
form dehydroascorbic acid, additional Asc2− ions are generated to re-establish the equilibrium driven 

Fe/Cu
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by the pH (Scheme 1 and Equation 7). This continuous production of Asc2− would fuel 
auto-oxidation, which is prevalent when supraphysiological levels of ascorbate are added to cell 
culture media, since the Asc2− concentration would increase proportionally and greatly enhance 
oxidation effects. Although concentrated ascorbic acid will lower the pH of cell culture media, 
investigators usually offset this by the addition of sodium hydroxide to limit the impact of the acidic pH 
on cells. However, any shift toward a neutral or slightly alkaline environment will increase the 
metal-independent, pH-driven pro-oxidant effects of ascorbate, which may explain the limited effect 
of metal chelators to reduce the cytotoxicity of millimolar concentrations of ascorbate towards 
cancer cells [24]. 

Ascorbate levels can be maintained in cell culture media by frequent addition of vitamin C [9], but 
the persistent oxidation will continuously generate dehydroascorbic acid [25] and breakdown 
products, such as oxalate and threonate [26]. Extracellular concentrations of dehydroascorbic acid in 
excess of 1–2 μM are considered non-physiological, given its short half-life [25] and rapid uptake 
and by cells [27–29]. Although cells can reduce the dehydroascorbic acid to ascorbic acid, it is 
currently unclear what effects constant exposure of cells to high levels of dehydroascorbic acid or its 
breakdown products may have. For example, dehydroascorbic acid exposure has induced stress 
signaling and cytotoxicity in some cell types, probably due to the loss of NADPH or glutathione 
needed for dehydroascorbic acid reduction [30]. Oxalate has been shown to exert cytotoxic  
effects [31], and threonate can impact cell signaling pathways [32]. If anything, these exposures are 
more likely to generate artifacts as a consequence of the cell culture environment. 

2.1.2. “Cellular Scurvy” 

Even under conditions of severe vitamin C deficiency, i.e., scurvy, some ascorbate is still present 
in cells and tissues of humans in vivo. As discussed above, cell culture media are not usually 
supplemented with ascorbic acid, due to its inherent instability in these media. As a consequence, 
many researchers have reported that cells in culture are devoid of any detectible amounts of 
ascorbate, even with the use of extremely sensitive HPLC techniques [24,33–38]. Similarly, many 
complete cell culture media containing fetal bovine serum (FBS) have no detectable amounts of 
ascorbate [33,34,36,38], and our own analysis of various commercial sources of media and FBS has 
shown identical results (unpublished observations). The effects of these ascorbate-free conditions are 
not well defined or understood. However, it should be recognized that many immortalized cell lines 
likely have been maintained under scorbutic conditions for generations. In this manner, a whole host 
of cell culture artifacts may be expected when ascorbate is reintroduced into the system. 

Cells in culture can be maintained without ascorbic acid because it is not essential to cell growth 
and division. The biological functions of ascorbate as an electron donor in enzymatic synthesis 
pathways do not have an absolute requirement for ascorbate [3,39,40]. These enzymes can use other 
reducing substrates as sources of electrons [39,41], and enzyme activity can still occur in the absence 
of ascorbate, albeit at a far decreased rate [42]. In particular, the α-ketoglutarate-dependent 

Asc2− + O2→Asc•− + O2
•− (6) 

AscH2↔AscH− + H+↔Asc2− + 2H+ (7) 
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dioxygenases, such as those involved in collagen synthesis and regulation of hypoxia-inducible 
factor 1α (HIF-1α), do not require ascorbate as part of the normal catalytic cycle; ascorbate is only 
needed to rescue the enzyme should an uncoupled enzymatic reaction occur [3]. It has also been 
suggested that ascorbate may function to maintain intracellular iron in the ferrous state, making it 
available to replenish or replace ferric iron in the active site of these enzymes [43]. It is possible that 
cells in culture adapt by increasing ferrous iron uptake and turn-over of iron-containing proteins, 
partially circumventing the need for ascorbic acid. Regardless of the mechanism, it is evident  
from cell culture studies that “ascorbate-requiring” enzymes, such as those involved in collagen 
synthesis [44], degradation of HIF-1α [43], norepinephrine and α-amidated peptide synthesis [45], 
and histone and DNA demethylase activity [46], still exhibit some residual activity in the absence of 
ascorbate. However, these enzymes have diverse effects in different tissues, and their activity in an 
ascorbate-free environment may not be reflective of their roles in vivo. 

On the other hand, normal physiological functioning of cells can be recapitulated when ascorbate 
is provided. Ascorbate appears to play an important role in the normal function of cultured 
endothelial cells, raising antioxidant protection, reducing oxidative stress and damage, and 
increasing eNOS activity when compared to cells devoid of vitamin C [33,38]. These effects on 
eNOS, at least, appear dependent on the ability of ascorbate to enhance the stability of 
tetrahydrobiopterin [34] and influence AMP-activated kinase (AMPK) activity [47]. In addition, 
ascorbate supplementation of cultured endothelial cells tightens cell-to-cell junctions that are critical 
for maintaining an endothelial barrier in vivo [48] and regulates NADPH oxidase activity [49], a 
critical component of the inflammatory response. 

It is important to note that the effect of ascorbate supplementation may also greatly vary by cell 
type. Many of the aforementioned effects of ascorbate are observed in primary cell lines. Although 
propagated in the absence of ascorbate, the response to ascorbate supplementation in these cells 
reflects responses seen in vivo. Cancer cell lines and other immortalized cells, however, often show 
cytotoxic effects in response to ascorbate addition that are not observed in primary cell lines [24]. 
This may be the result of adaptations that have accumulated in these cells due to the “culture shock” 
that alters the normal physiological responses to stimuli [6], possibly involving iron dysregulation or 
aberrant cell signaling responses. 

2.1.3. Proper Use of Ascorbate in Cell Culture 

Cell culture study designs may have a large impact on the results obtained with ascorbic acid. To 
minimize artifacts, cell culture experiments should replicate in vivo conditions as closely as possible. 
Ascorbate levels in media should be maintained within the physiological range of human plasma 
(about 5–100 μM), and the use of supraphysiological concentrations should be avoided, unless 
conditions of intravenous vitamin C infusion are being mimicked [24]. When ascorbic acid is added 
to cell culture, the loss of ascorbate in the media competes with the intracellular accumulation of 
ascorbate. Although cells may accumulate ascorbate, once the media is depleted of ascorbic acid, 
intracellular ascorbate levels decline slowly through oxidation or efflux [33–35,38], once again 
returning cells to a depleted state. Meanwhile, degradation products may accumulate in the media or 
cells, which would normally be removed under physiological conditions. In addition, cells without 
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ascorbic acid are not a proper control for ascorbate treatment, as some level of ascorbate is always 
present in all cells of the human body. 

Ascorbate should be added to culture media in a way that limits the rate of ascorbate oxidation and 
the effects of ROS that may be formed. The use of serum-free media that has been supplemented with 
transferrin to control iron or copper redox chemistry shows great promise in stem cell studies [46]. 
The stability of ascorbate can be enhanced by low oxygen growth conditions and the use of stabilized 
derivatives of ascorbate such as ascorbate-2-phosphate (AAP) that cannot participate in redox 
chemistry outside the cell yet can maintain physiological intracellular ascorbate levels [9]. 
Furthermore, pyruvate or α-ketoglutarate in cell culture media can be used to blunt the effects of any 
hydrogen peroxide formed [21,22], although they will not prevent the loss of ascorbic acid. 

Due to the inherent instability of the molecule, there is an absolute necessity for monitoring 
ascorbic acid levels in media and cells during cell culture experiments. As with animal and human 
studies described below, this is the only method currently available to assess the vitamin C status of 
cells, and is a valuable tool for understanding the mechanisms of ascorbate’s biological actions. 
Unfortunately, ascorbate levels are rarely measured in cell culture, animal, or human studies, which 
severely limits their validity and any conclusions that can be drawn. 

Despite precautions, conventional cell culture conditions will promote an environment in which 
ascorbate artifacts are commonplace. Culturing cells with vitamin C requires control over many 
aspects of the media and culture conditions that has heretofore been lacking. Monitoring ascorbate 
levels and limiting oxidation may not be sufficient to fully recapitulate the physiological roles of 
vitamin C. While redesigning cell culture systems to support biologically relevant reactions of 
ascorbic acid and eliminate artifacts may limit the practicality of experimental designs, these changes 
are necessary for cell culture models to have continued use in vitamin C research. 

2.2. Animal Studies Involving Ascorbic Acid 

Since it can be synthesized de novo and is not an essential nutrient for most animals, ascorbate 
should not be referred to as a vitamin in these animals. Conceptually, this questions the use of most 
experimental animal models, in particular rats and mice, to study the role of ascorbic acid in human 
health and disease [50]. This echoes recent studies that have cast doubt on the pervasive use of rodent 
models to mimic human inflammatory responses [51]. Although genetically variant strains incapable 
of synthesizing ascorbic acid have been established, none of these models fully recapitulate vitamin 
C transport functions or the effects of vitamin C depletion and repletion observed in humans or 
guinea pigs [50]. Indeed, there is evidence that regulation of vitamin C transport was altered during 
the evolutionary loss of L-gulonolactone oxidase (GULO) expression, which does not occur in 
genetic knockouts. Here, we examine the current issues related to the use of animal models in 
ascorbate research. Overall, if animals are to be used, the limitations imposed by the model should be 
well understood. Animal experiments should be avoided if comparable studies can be performed in 
human subjects. 
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2.2.1. When a Vitamin in not a Vitamin 

Most animal species express a functional copy of L-gulonolactone oxidase, an enzyme with the 
synthesis of L-ascorbic acid as its only known function. In these animals, the regulation of GULO 
activity appears to depend primarily on substrate availability, namely the production of 
gulonolactone as a branch product from glucuronate synthesis [26] derived from UDP-glucose, a 
product of glycogen breakdown [52,53]. Thus, agents that stimulate glycogenolysis also stimulate 
ascorbate synthesis when an animal is in a fed state (i.e., when glycogen is present); in contrast, 
prolonged fasting causes ascorbate synthesis to decline [54]. UDP-glucuronate is also needed for 
glucuronidation of xenobiotics, and there is a correlation between ascorbate synthesis activity and 
xenobiotic metabolism [26]. 

In each of the few mammalian species that do not synthesize ascorbic acid, such as guinea pigs, 
fruit bats, and primates, the loss of GULO has occurred at a genetic level. Although the mutations 
accumulated in this gene differ [55], the result is essentially the same: a loss of GULO activity. These 
species have adapted to the loss of de novo synthesis by consuming primarily plant sources of 
ascorbate. While all non-synthesizing animal species are at risk of developing scurvy and may die 
when vitamin C intake ceases for an extended period of time, this is a condition that does not occur 
normally in other animals, including most commonly used experimental animal models, such as 
mice and rats. Thus, in contrast to ascorbic acid-synthesizing species, in non-synthesizing species, 
including humans, vitamin C absorption is required to prevent deficiency and maintain health.  
This represents a fundamental shift from a perspective of diet-health interactions, as the 
absorption-derived versus glycogen-derived source of ascorbic acid may represent differences in 
ascorbate transport and carbohydrate metabolism that exist in humans and synthesizing animals. 

Although evidence in the literature is limited, both rats and mice appear to poorly absorb 
ascorbate from the diet. Early studies on the small intestine in rats revealed that ascorbate uptake is a 
passive process, resulting mainly in intestinal mucosa accumulation but not transport to the 
circulation [56]. Several studies have demonstrated a profound difference in absorption between the 
rat and guinea pig small intestine [57–59], the latter displaying a robust transepithelial transport 
system that is sodium-dependent [59–61], similar to the human ileum [61,62]. A recent study in rats 
monitored the absorption of a single oral dose of ascorbic acid or dehydroascorbic acid given by 
gavage. The administration of 12 mg of dehydroascorbic acid led to a significant increase in plasma 
ascorbic acid concentration, but administration of 12 mg of ascorbic acid did not [63]. An inability to 
efficiently transport vitamin C is also seen in feeding studies, where mice fully capable of 
synthesizing ascorbate required at least 45 mg of ascorbate per day in their diet to show any 
significant increases in plasma ascorbate concentration [64]. Although it is difficult to extrapolate 
these doses to humans, allometric scaling based on calorie consumption suggests that a dose  
of 45 mg in a 20-g mouse is equivalent to about 3 g in a 70-kg person [65]. 

Studies on the bioavailability of different forms of ascorbic acid supplements also support the 
notion that ascorbate is poorly absorbed by rodent models. For example, Ester-C, a calcium  
ascorbate-threonate mixture, is reported to be more bioavailable in ODS rats than an equivalent  
dose of ascorbic acid [66]. However, the same comparison of supplements shows that Ester-C has a 
lower rate of absorption—and certainly no enhanced bioavailability—in human volunteers [67]. 
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Furthermore, work in GULO knockout mice suggested an enhanced bioavailability of vitamin C 
contained in a kiwifruit puree compared to a pure ascorbic acid supplement gel [68]. However, more 
recent human data suggest that vitamin C from kiwifruit or a supplement is equally bioavailable [69]. 

Overall, these data support a species-specific route of ascorbate absorption. While indirect 
absorption of ascorbate may occur in rats and mice—likely mediated by ascorbic acid oxidation and 
transient formation and transport of dehydroascorbic acid—there is clear evidence of an active, 
sodium-dependent transport of vitamin C in guinea pigs and humans. Therefore, the use of rats or 
mice as a model of human vitamin C absorption and metabolism is ill advised. As indicated above, 
such studies with experimental animals should be avoided if they can be performed in humans, 
unless the purpose of the study is to better understand ascorbic acid absorption and metabolism in 
rodents. More importantly, no conclusions should and can be drawn from such studies for human 
vitamin C transport or metabolism. 

Poor uptake of dietary ascorbate, or complete lack of it, is expected in animals that synthesize 
ascorbate, as they do not have a need for dietary ascorbate. In addition, high levels of ascorbate in the 
intestine would likely cause down-regulation of tissue ascorbate synthesis. However, the relationship 
between absorption and synthesis does not appear to be this simple. Genetically altered rat and 
mouse models lacking ascorbate synthesis have low tissue levels of ascorbate without 
supplementation [64,68,70,71]. Although these animals absorb dietary ascorbate, the levels needed 
to prevent scurvy or saturate tissues are relatively high compared to guinea pigs and humans on a 
body-weight basis (Table 1). These levels are especially high when contrasted to food sources of 
ascorbate. As an example, to saturate all tissues, GULO knockout mice need to be supplemented  
with 3.3 g/L of ascorbate in the drinking water, resulting in an intake of approximately 16.5 mg per 
day [68,72]. Based on allometric scaling, this dose in mice corresponds to about 1 g per day  
in a 70-kg person [65]. Although the metabolic rate of these animals likely contributes to high 
ascorbate requirements, this does not sufficiently explain data supporting an excessive inefficiency 
of intestinal absorption. 

2.2.2. Transporter Troubles 

Based on the evidence presented above, animals unable to synthesize vitamin C appear to display 
an active transport system in the intestine that is both sensitive to varying levels of ascorbic acid and 
sodium-dependent. This implicates a role of the sodium-dependent vitamin C transport (SVCT) 
proteins. SVCT1 has been implicated in dietary ascorbate absorption in human enterocytes, as it is 
found primarily on the luminal side of intestinal cells and involved in trans-epithelial ascorbate 
transport [73–75]. However, mice genetically modified to remove functional expression of the 
SVCT1 gene (Slc23a1−/−) show similar intestinal ascorbate absorption as wild type mice [76], 
suggesting SVCT1 is not involved in this process in these animals. Indeed, the concentration of 
ascorbic acid needed in the drinking water of GULO knockout mice to maintain tissue saturation 
(3.3g/L or 18.75 mM) far exceeds the transport capacity of SVCT1, which has a measured Km below 
250 μM [77]. On the other hand, the ability of rats to absorb dehydroascorbic acid has been linked to 
the intestinal expression of glucose transport proteins (GLUTs), namely GLUT2 and GLUT8 that 
show Km values of approximately 2–3 mM [63]. 
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Unfortunately, little is known about differences in expression or regulation of the SVCTs between 
humans, guinea pigs, rats, and mice. Comparison of the amino acid sequences of mouse, rat,  
and human SVCT1 shows that seven amino acid residues are missing from the human SVCT1 
sequence [90]. This deletion creates a potential protein kinase C (PKC)-binding site in the human 
sequence not found in rats or mice. Stimulation of PKC has been implicated in membrane trafficking 
of human SVCT1 [91]. Additionally, the C-terminal sequence of rat and mouse SVCT1 has a 
one-amino acid change in a critical four-amino acid sequence required for apical targeting of the 
transport protein [92]. SVCT2, responsible for uptake of ascorbate from the blood stream, contains 
an additional 56 amino acids in the N-terminal region of the human protein sequence that are not 
found in rats and mice [90]. The only study to date on a species difference in SVCT regulation found 
that buthionine sulfoximine (BSO), a glutathione synthesis inhibitor, reduced the expression of both 
SVCT1 and SVCT2 in rat liver cell lines, a phenomenon not observed in human hepatoma cells [93]. 

Although the absorption of dehydroascorbic acid is not considered a major pathway for the 
maintenance of whole body ascorbic acid levels, it is considered an important scavenger pathway to 
maintain cellular ascorbate levels if extracellular ascorbate is oxidized to dehydroascorbic acid [94]. 
Since human erythrocytes do not express SVCT proteins [95], ascorbic acid transport across the 
plasma membrane is facilitated by dehydroascorbic acid uptake mediated through GLUTs. 

Recent evidence suggests that GLUT1 is responsible for dehydroascorbic acid uptake in human 
red blood cells, enhanced by the co-expression of a protein called stomatin during erythropoiesis [78]. 
By contrast, mice lose GLUT1 during maturation, and GLUT4 is the predominant glucose 
transporter expressed in adult mouse erythrocytes [96]. GLUT4, by contrast, has diminished capacity 
to transport dehydroascorbic acid [97], which is reflected in the transport capacity of murine 
erythrocytes [78]. Interestingly, GLUT1 expression and the associated dehydroascorbic acid 
transport in red blood cells are found only in species unable to synthesize ascorbate—lacking from 
every animal with endogenous ascorbate-synthesis capacity, even in closely related species such as 
chinchilla and guinea pigs, or lemurs and margot monkeys [78]. Furthermore, this remarkable switch 
in glucose transport proteins may be indicative of differences in global gene expression patterns 
between ascorbate synthesizing versus non-synthesizing animals. 

2.2.3. Choose Models with Care 

Although wild-type rat and mice models are still being employed for ascorbate research, the 
presence of endogenous synthesis alone would suggest that these animals represent a poor model for 
understanding the role of vitamin C in human health and disease. At the very least, animal models 
without endogenous ascorbate synthesis should be used. Five rodent models exist, although each 
with their own limitations (Table 1). Only one of these models, the GULO knockout mouse, was 
specifically engineered to disable ascorbic acid synthesis [80]. The other mouse and rat models are 
not genetically engineered and display individual characteristics that poorly recapitulate the effects 
of human vitamin C deficiency [50]. On the other hand, guinea pigs have lost GULO activity during 
evolution and likely display compensatory genetic adaptations similar to humans relating to the loss 
of ascorbate synthesis, such as GLUT1 activity on erythrocytes (see above). Although guinea pigs 
are currently being employed by some research groups, the lack of molecular and genetic tools for 
this animal model will likely drive the continued use of rats and mice models instead. 
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Regardless of the species, experimental conditions, or route of ascorbate administration, it needs 
to be stressed that measuring ascorbate levels is absolutely necessary for any animal experiment. One 
of the most frequent assumptions is that dietary ascorbate will always result in a change in tissue and 
plasma ascorbate levels. However, the relative contributions of de novo ascorbate synthesis (if 
present), absorption of dietary ascorbate, and ascorbate distribution throughout the body are not 
inherently predictable and must be directly measured. Studies using oral ascorbate administration 
can be complicated by animals with poor absorptive capacity, and these animals may rely on the 
production of dehydroascorbic acid in the intestine. Furthermore, stable ascorbate derivatives used in 
animal diets, such as ascorbate phosphate or ascorbate palmitate, are not well studied and may not 
distribute throughout the body as ascorbate would if provided by itself. It is also not recommended to 
rely on intravenous, intraperitoneal, or subcutaneous ascorbate injections, since they may cause the 
production of hydrogen peroxide in the extracellular space [98]. 

Since ascorbate is a dietary factor in humans versus a product of carbohydrate metabolism in mice 
and rats, and there are differences in SVCT and GLUT regulation between species, the results of 
most animal studies with ascorbic acid cannot be extrapolated to humans. Continued evaluation of 
rodents as relevant models to study ascorbic acid in human health and disease depends on a thorough 
understanding of the differences between rodents and humans with respect to ascorbate metabolism, 
regulation, and biological functions. However, it seems apparent that, aside from the guinea pig, 
animal studies should be avoided as much as possible, with continued focus placed on conducting 
relevant human studies instead. 

2.3. Human Studies with Vitamin C 

Randomized controlled trials are considered the “gold standard” by the Institute of Medicine’s 
Food and Nutrition Board for determining efficacy of micronutrients, including vitamin C, in 
promoting human health and preventing or treating disease [1,2]. However, RCT study designs have 
serious limitations and pitfalls, and require careful scrutiny to avoid misinterpretation of results and 
erroneous conclusions. The drive to establish correlations in prospective cohort studies or show a 
treatment effect in RCTs often ignores assessment of intermediary biomarkers or other biological 
measures that could provide insights into mechanisms and help establish causation. Indeed, many 
vitamin C supplementation studies are performed in combination with other supplements, most often 
“antioxidant vitamins” E and β-carotene, and fail to assess the subjects’ vitamin C status at baseline 
and following supplementation or biomarkers related to vitamin C’s proposed mechanism of action, 
e.g., antioxidant or anti-inflammatory effects [2]. Understanding the study population, limitations of 
study design, and the nuances of the ascorbic acid chemistry is necessary to avoid many of these 
pitfalls and artifacts. Furthermore, myths about the health effects of vitamin C supplementation 
plague the entire body of research and may prompt the spread of misinformation. In this section, we 
explore the limitations to human research with vitamin C and review the myths surrounding vitamin 
C supplementation. In the future, it will be necessary to promote a new approach to conducting 
vitamin C research in humans. 
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2.3.1. Vitamin C RCTs: Failures in Design 

Many, but not all, prospective cohort studies have observed inverse associations between vitamin 
C intake or plasma levels and the incidence of chronic diseases, including coronary heart disease, 
ischemic stroke, hypertension, and certain types of cancer [1,15]. However, several large RCTs have 
shown no benefit of vitamin C supplementation when taken alone or in combination with other 
micronutrients [28,51]. This apparent failure of vitamin C supplements to affect human health can be 
attributed to many factors related to study design. The most predominant is the use of the standard 
RCT study design, which is intended to test the safety and efficacy of a pharmaceutical drug in 
individuals that are at high risk or are suffering from a condition or illness. By contrast, enrollees in 
vitamin C supplementation studies, and diet-related RCTs in general, are usually health-conscious 
individuals who are likely to consume an above-average diet and maintain a healthy body weight [99]. 
As a consequence, these individuals have a lower disease incidence and a better nutritional status, 
including vitamin C, than the general population—both of which negatively affect the statistical 
power of the study. Statistical power is further compromised by the fact that there is no true placebo 
group in these studies, as even the non-supplemented subjects continue to obtain vitamin C from 
their diet throughout the duration. These and other serious flaws in study design, including lack of a 
single supplement (vitamin C only), quality of the methodology employed, and lack of 
discrimination by genetic polymorphisms, have led some to the unfortunate conclusion that very few 
well-designed, well-controlled trials of supplemental vitamin C have ever been conducted [2]. 

One reason previous studies have failed to show health benefits of vitamin C may be the 
assumption that an individual’s plasma or body ascorbate status directly reflects their dietary or 
supplemental intake of vitamin C. To the contrary, analysis of food frequency questionnaires has 
revealed that there is little correlation between assessed vitamin C intake and plasma ascorbate  
levels [100], likely due to inaccuracies in dietary assessment methodology using food frequency 
questionnaires or food diaries, inaccuracies in the USDA nutrient database, loss of ascorbate during 
storage, cooking or processing, and large inter-individual differences in vitamin C absorption and 
metabolism. An example of the latter is the lower plasma ascorbate levels observed in the elderly 
when compared to younger adults consuming equivalent amounts of vitamin C [101], suggesting 
changes in absorptive capacity with age. In addition, smoking, chronic aspirin use, high alcohol 
consumption, high BMI, and low socioeconomic status [102] are all factors that have been associated 
with lower plasma vitamin C levels. Furthermore, genetic variation in SVCTs, haptoglobin, and 
glutathione S-transferases also may lead to altered plasma ascorbate levels depending on the various 
single nucleotide polymorphisms involved [103]. In each of these cases, the exact relationship of 
plasma vitamin C status with vitamin C consumption is unclear. However, this explains why food 
frequency questionnaires have little predictive value for evaluating the effect vitamin C consumption 
on disease risk, while plasma ascorbate levels display clear inverse relationship [104]. Therefore, the 
use of dietary analysis in studies pertaining to vitamin C should be only a secondary measure of 
vitamin C status, at best. The gold standard must be measurement of plasma ascorbate levels. 

Human pharmacokinetic data show that there is a sigmoidal dose-response relationship between 
plasma ascorbate levels and vitamin C dose for both men [105] and women [106]. Those with frank 
deficiency have plasma ascorbate values below 11 μM and are at risk for scurvy because 
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corresponding tissue levels are low. Marginal deficiency (<23 μM) and suboptimal concentrations 
(<50 μM) are levels that exist on the steep part of the dose-response curve, thought to be indicative of 
increasing levels of ascorbate in most tissues, based on correlations with ascorbate levels in 
circulating leukocytes. Plasma concentrations start leveling off at doses above 200 mg/day and 
approach maximal levels in the range of 60–90 μM, when the threshold levels for renal reabsorption 
are reached and leukocytes also are saturated with vitamin C. 

There are limitations to these pharmacokinetic data that must be recognized. First, the studies 
were performed in a small number of young, healthy individuals and, hence, are limited in their 
statistical power. As described above, many factors can influence the relationship between plasma 
and dietary ascorbate, including age and disease status, which may affect vitamin C transport and 
metabolism. Therefore, vitamin C pharmacokinetics may be substantially different in old or diseased 
individuals compared to young, healthy subjects. Second, we cannot assume that tissue saturation 
occurs in every organ along the same continuum of plasma ascorbate levels. Studies in animals  
show preferential uptake and retention of ascorbate in organs that have high requirements for the 
vitamin [68,70,107]. Thus, the brain may saturate at lower ascorbate intake and plasma levels than 
other organs, such as liver or circulating cells. Data in human volunteers suggest that in skeletal 
muscle ascorbate is more responsive to changes in plasma ascorbate status than in neutrophils or 
mononuclear cells [108], suggesting different routes of vitamin C transport and levels of tissue 
saturation. One study showed a continued uptake and no apparent saturation of ascorbate in the 
human eye lens with increasing plasma ascorbate levels [109]. Thus, the implication here is that 
transport rate and saturation point in various cells and tissues of the body are variable and may not be 
directly extrapolated from plasma ascorbate levels. 

From the above considerations, three critical issues emerge in relation to RCT design. First, 
individuals recruited for a research study should have low plasma ascorbate levels at baseline to 
increase the likelihood of affecting changes in ascorbate status in tissues through vitamin C 
supplementation. Subjects already consuming enough vitamin C to provide near-maximal or 
saturating plasma and tissue levels of ascorbate are highly unlikely to demonstrate any further 
biological or health effects upon vitamin C supplementation. Second, the intervention must be 
proven effective, demonstrating—at the very least—an elevation in plasma ascorbate steady-state 
levels. Again, if a research subject’s vitamin C status does not change, no changes in health or 
disease outcomes can be expected unless it can be supported by an alternate mechanism. In many 
cases, no biological effect can be expected of increasing vitamin C levels if no functional deficit is 
present. For instance, although studies support the use of vitamin C in improving vascular function 
and reducing blood pressure [5], continued supplementation of vitamin C when plasma levels are 
already at saturation will not yield additional vasodilation, and changes in blood pressure are not 
expected if a subject is already within a healthy blood pressure range. Lastly, in the absence of tissue 
ascorbate measurements, the study design and endpoints must relate to our knowledge about the 
distribution of vitamin C in the body. For example, if brain ascorbate levels are near saturation at low 
vitamin C intake and plasma levels, it is unreasonable to expect an effect on brain function over a 
wide range of intake and plasma ascorbate levels. 

Along with attention to these issues, there needs to be a push toward measurement of  
mechanism-based endpoints and clinically-relevant, intermediary biomarkers to assess the effects of 
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vitamin C supplementation. As mentioned above, in biological systems vitamin C always acts as a 
reductant, which may be expressed as antioxidant, anti-inflammatory, enzyme cofactor, or  
pro-oxidant activity, depending on the specific context. Commonly in clinical trials, vitamin C is 
assumed to act as an antioxidant or an anti-inflammatory without actual measurements to support 
such a role, which limits the evaluation of the trial as a successful intervention and the interpretation 
of the data. Measures of oxidative stress, such as F2-isoprostanes [110], serve as clinically relevant 
markers suggesting an antioxidant effect, while changes in circulating levels of inflammatory 
markers such as C-reactive protein or soluble cellular adhesion molecules can support an 
anti-inflammatory effect [111]. Without these corroborating data, results from RCTs will continue to 
be limited in impact and relevance. 

With correct study design, it is generally believed that quality research data can be obtained from 
human subjects. However, the costs of large, tightly controlled RCTs with vitamin C alone are likely 
to be prohibitive to the implementation of such studies. Therefore, it is likely that smaller, 
high-quality intervention trials will have to suffice in the future. 

2.3.2. Technical Issues of Human Studies 

Vitamin C research is heavily dependent on accurate assessment of ascorbate in biological 
samples. Unfortunately, there is no standard method for measuring vitamin C that has been applied 
across the field. It is generally acceptable practice to preserve samples in acid or methanol after 
sample extraction. Furthermore, it is preferred that a direct measure of ascorbic acid be made, such as 
HPLC separation followed by electrochemical detection (ECD). Other chromatographic methods are 
generally avoided, especially those that require oxidation of the sample followed by derivatization as 
these procedures can generate erroneous results. The detection of dehydroascorbic acid cannot be 
achieved with ECD unless the sample is first treated with a reductant, obtaining total ascorbate levels 
from which dehydroascorbic acid levels can be inferred [112,113]. However, the value and interpretation 
of dehydroascorbic acid measurements in biological samples is questionable (see below). 

The labile nature of ascorbic acid outside the body underscores the need for controlled conditions 
during collection, processing, and storage of biological samples. In many human studies, poor 
standards in obtaining blood or tissues specifically for vitamin C analysis are complicated by a lack 
of controlled sample handling in many clinical settings. Phlebotomy is common practice, but many 
factors can contribute to the instability of ascorbic acid in biological samples. Although the use of 
vacutainers for plasma samples is generally acceptable for vitamin C analysis, the choice of 
vacutainer type and anticoagulants can influence the results obtained [114]. As an example, plasma 
ascorbate levels were determined from five individuals using various anticoagulants or no 
anticoagulant (serum) as a control. Despite individual variability in plasma ascorbate levels reflected 
in the standard error, the data (Figure 2) suggest that the use of K2 EDTA vacutainers results in a 
significant loss of ascorbate compared to both sodium and lithium heparin containers. Consistent 
with these data, EDTA has been shown to accelerate the oxidation of ascorbate in whole blood and 
plasma [115,116] and be unable to prevent the loss of ascorbate in the presence of iron or copper [8]. 
In addition, it has been suggested that fluoride and serum vacutainers should be avoided for vitamin 
C analysis [114]. 
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Figure 2. Vacutainer effects on plasma ascorbate levels. Plasma ascorbate 
concentrations were determined from different anticoagulant-containing or untreated 
vacutainers as described in Materials and Methods. Plasma ascorbate means are the 
average and standard error from five different subjects. ANOVA analysis shows a 
significant (p < 0.05) decline in plasma ascorbate levels in K2 EDTA vacutainers when 
compared to lithium or sodium heparin vacutainers as denoted by asterisk (*). 

 

The oxidation of vitamin C in plasma is accelerated by heat, light, and elevated pH, similar to cell 
culture media as described above. Sample mishandling can cause the aberrant generation of 
dehydroascorbic acid in the sample and, over time, will cause a loss of total ascorbate. For instance, 
by careful preparation of the sample under nitrogen and limited exposure to heat and light, 
dehydroascorbic acid levels can be minimized (Figure 3). More reasonable, standard preparation 
methods with brief exposures to air, light, and heat result in little change in plasma ascorbate levels 
(Figure 3b). On the other hand, exposing samples to room temperature for hours not only can result 
in a significant decline in (reduced) ascorbic acid, but a loss of total ascorbic acid as well (Figure 3a). 
Not only does this result in an inaccurate estimate of dehydroascorbic acid levels in the exposed 
sample (Figure 3c) but the loss of total ascorbate suggests degradation of dehydroascorbic acid has 
also occurred. 

The implication of these data (Figure 3) and others [114–116] is that care in sample handling with 
concern for ascorbate oxidation is crucial for accurate ascorbate analysis. Study designs must 
incorporate specific handling conditions of samples intended for ascorbate analysis (ideally  
by immediate plasma isolation, rapid acidification, and freezing below −20 °C) to avoid 
misinterpretations compounded by the use of poorly preserved samples. Furthermore, it also 
suggests that the presence of dehydroascorbic acid in clinical samples is more a measure of sample 
handling than a biologically relevant marker of in vivo oxidative stress. 
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Figure 3. Effects of sample handling on plasma ascorbate and dehydroascorbic acid 
concentrations. Vacutainers with blood samples were prepared under oxidation 
controlled, standard and exposed conditions as described in Materials and Methods. 
Plasma total ascorbate (a) and reduced ascorbate (b) levels are highest in controlled 
samples, showing declines under standard and exposed preparations that are reflected in 
calculated dehydroascorbic acid levels (c). Significant changes were observed in the 
exposed group when compared to controlled or standard samples as determined by 
ANOVA, and denoted with an asterisk (*). 

  
(a) (b) 

 
(c) 

2.3.3. Health Effects of Vitamin C: Reality versus Mythology 

Many excellent evidence-based reviews have summarized the health effects of vitamin C, 
focusing on vitamin C’s possible role in the prevention or treatment of cardiovascular disease, 
cancer, diabetes, and other diseases [1,2,4,117]. However, there are a number of health effects 
attributed to vitamin C supplementation that are not supported by controlled trials with fundamental, 
mechanism-based endpoints. Opponents of vitamin C supplementation have sensationalized studies 
that have suggested deleterious health claims, most of which are of little consequence to the general 
population. For example, since vitamin C promotes iron absorption [118], this led to claims that 
vitamin C supplements were detrimental in individuals suffering from iron overload and 
hemochromatosis. On the contrary, in animals and humans with iron overload, high plasma ascorbate 
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levels are protective against oxidative damage induced by excess iron [18,19]. Indeed, the 
recommendation for these individuals is to not avoid ascorbate, but instead limit dietary iron intake. 

Another commonly cited risk of ascorbate supplementation is the formation of kidney stones, as 
oxalate is a product of dehydroascorbic acid breakdown. The evidence linking ascorbate supplement 
use and incidence of kidney stones in otherwise healthy individuals is mixed [119–121]. Large 
amounts of oxalate derived from ascorbate would require excessive vitamin C oxidation, but the 
mechanism underlying this oxidation has not been explored. Studies that suggest an increased risk 
observed it in individuals taking more than 1000 mg of vitamin C per day, in far excess of the amount 
that can be obtained from food sources. Without further study, it is prudent to caution individuals 
with kidney disease or a history of kidney stones against taking large amounts of vitamin C 
supplements. Unfortunately, this has also resulted in practitioners to advise individuals undergoing 
dialysis to severely restrict vitamin C consumption, leading to deficiencies [122]. 

The consumption of large doses of vitamin C supplements has also been occasionally associated 
with skin rash, heartburn, nausea, and diarrhea. These are usually the result of the formulation of the 
vitamin C tablets but may also be caused by excessive consumption of vitamin C in a short period of 
time. Large doses of vitamin C have been anecdotally associated with vitamin B12 deficiency and 
systemic conditioning (also known as “rebound scurvy”), conditions that have never been 
documented clinically [123]. Patients with glucose-6-phosphate dehydrogenase (G6PD) deficiency 
have also been cautioned against taking vitamin C supplements, due to reports of hemolytic anemia 
that have also not been substantiated [124]. 

One of the most persistent health claims for vitamin C supplementation is the prevention and 
treatment of the common cold. Recent meta-analyses of the data from 70 years of placebo-controlled 
trials demonstrated an overabundance of poorly controlled trials with no apparent focus on the 
mechanism and biological relevance of vitamin C supplementation [125,126]. Despite the large 
number of research studies, the evidence supporting the effects of vitamin C supplements on cold 
incidence and duration has been relatively weak, with the exception of marathon runners, skiers, 
soldiers in subarctic conditions [125], or individuals with chronic gastritis [127]. A tendency to 
include older data is a common pitfall for the analysis of vitamin C research, performed when our 
understanding of vitamin C in biology was limited, and thus allowing for a bias toward poorer 
designed studies. Our understanding of vitamin C’s role in biology has improved over time, leaving a 
re-analysis of these studies unable to provide any substantial conclusions with respect to the common 
cold and other proposed health effects of vitamin C supplementation. To resolve the controversies, a 
modern approach of evaluating rigorously designed, mechanism-based studies is necessary. 

2.3.4. Supplementing C: From Formulation to Dose 

Vitamin C formulations are as diverse as the recommendations and health claims made in support 
various marketed supplements. However, there is no data to suggest that any formulation containing 
ascorbate, alone or in combination with bioflavonoids, liposomes, vitamin C breakdown products, or 
minerals, has any measurable effect on vitamin C bioavailability in humans. While there are claims 
that vitamin C from natural versus synthetic sources, there is little evidence to support this in human 
subjects [128]. 
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Pharmacokinetic studies suggest the consumption of at least 200 mg/day of vitamin C in healthy 
young men and women results in plasma concentrations greater than 50 μM [105,106]. At this dose, 
nearly complete oral bioavailability is obtained, leukocyte saturation is achieved, and urinary 
excretion is minimized, suggesting a saturation point has been reached for vitamin C transport. A 
dose of 200 mg/day can be achieved through a diet rich in fresh fruit and vegetables. Although the 
limitations of extrapolating this data have been discussed, it has been suggested that 200 mg/day of 
vitamin C should be set as an optimal intake level for the general population [1]. As mentioned 
above, it is possible that increased intake of vitamin C is necessary for plasma saturation in some 
individuals, such as the elderly [101] or individuals with various genetic polymorphisms [103], 
which would likely necessitate the use of supplements. 

Can a case be made for “megadose” levels of vitamin C, or those in excess of 1 g/day? As much as 
different authors have put forth their own perspectives on the subject, there are few RCTs examining 
the effect of large daily oral doses of vitamin C. Thus, it is difficult to speculate on the beneficial 
effect of such doses. Pharmacokinetic data show that daily oral doses of vitamin C up to 2.5 g/day 
result in higher plasma ascorbate levels than a 200 mg/day dose, despite decreased bioavailability 
and increased urinary excretion of vitamin C [105,106]; however, the differences are small and 
biologically most likely of little consequence. It has been speculated that high plasma ascorbate 
levels can be maintained by frequent dosing with ascorbic acid [129], but it unclear what health 
effect would be achieved by this regimen. To date, no papers have shown a benefit of achieving 
greater-than-saturation plasma levels in the long term, and this mechanism would need to be 
delineated before a recommendation could be made. 

One possible effect of megadose levels of vitamin C may be in the gastrointestinal tract, where it 
may prevent the formation of carcinogenic N-nitroso compounds [130] and highly reactive 
electrophilic compounds from the diet, such as acrolein [131] or lipid peroxidation products [132]. 
An intriguing idea for a biological role of vitamin C in the digestive tract is an exploration of 
beneficial changes to microbiota populations in the gut. However, in all of these cases, studies have 
yet to be performed, currently making it premature to draw any conclusions about the beneficial 
effects of oral supplementation with high-dose vitamin C. Large doses of intravenous ascorbate are 
associated with anti-cancer effects [133] and represent a promising area of research in the future that 
should be a subject of future review. 

3. Methods 

3.1. Ascorbate in Cell Culture Media 

Phosphate Buffered Saline (PBS) solution was prepared from PBS tabs (Sigma Aldrich,  
St. Louis, MO, USA) dissolved in double deionized, filter sterilized water. Hyclone RPMI 1640 
(Thermo Fisher Scientific, Waltam, MA, USA) was either used alone or after overnight chelation 
with Chelex 100 resin and the addition of 1 mM diethylenetriaminepentaacetic acid (DTPA). PBS or 
media was placed in 6-well culture dishes in a cell culture incubator (5%/95%: CO2/air; 37 °C) or at 
room temperature. Low trace metal ascorbic acid (Sigma Aldrich, St. Louis, MO, USA) was 
dissolved at a concentration of 10 mM in deionized water before addition to culture dishes.  
At specified times, aliquots were removed and acidified in 15% perchloric acid (PCA) containing  
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5 mM DTPA for vitamin C analysis as described below. Cell culture media containing 10% FBS 
from different commercial sources (Hyclone, Thermo Fisher, Sigma or ATCC) or aliquots of FBS 
alone were also acidified with an equal amount of PCA, as described above for the analysis of 
ascorbate content. However, no ascorbate was detected unless ascorbate was added to these solutions. 

3.2. Human Subjects and Blood Collection 

Five subjects were recruited for blood collection as part of a larger study on vitamin C metabolism 
approved by the Institutional Review Board for the Protection of Human Subjects at Oregon State 
University. Subjects were healthy non-smokers taking no prescription or non-prescription drugs that 
might influence vitamin C metabolism. For the study comparing anticoagulants, blood was collected 
after an overnight fast in vacutainers containing no additives or sodium heparin, lithium heparin, K2 
EDTA, K3 EDTA, or sodium citrate (all from Becton Dickinson, Franklin Lakes, NJ, USA). 
Immediately after collection, aliquots of blood were collected from vacutainers and centrifuged at 
16,000× g for 1 min for the separation of plasma from red blood cells. Aliquots of plasma were 
immediately acidified in 15% PCA containing 5 mM DTPA and placed at 4 °C to limit ascorbate 
oxidation until analysis, performed immediately, as described below. 

For samples collected for the analysis of vitamin C oxidation in plasma, blood was collected in 
sodium heparin vacutainers from subjects after an overnight fast. Vacutainers were centrifuged in an 
Allegra X-15R (Beckman Coulter, Brea, CA, USA) at 4000× g at 4 °C for the separation of plasma. 
Vacutainers were then treated in one of three protocols: Oxidation control samples (“Control”) were 
kept on ice with limited light exposure until the vacutainer was opened in a chamber previously 
purged with nitrogen gas. Plasma was removed and acidified in PCA with DTPA. Vacutainers 
prepared with the standard protocol (“Standard”) were kept at room temperature and opened in 
ambient air before plasma samples were acidified with PCA. Vacutainers exposed to the 
environment (“Exposed”) were opened under ambient air at room temperature and plasma placed in 
a clear 2 mL tube. Tubes containing plasma were then incubated at room temperature for two hours 
before acidification. 

3.3. Vitamin C and Urate Analysis 

Plasma, media, and FBS samples were prepared for ascorbate analysis using HPLC as previously 
described [134]. Briefly, acid extracts were diluted in sodium acetate/methanol/water mobile phase 
(0.3%/7.5%/92% w/v) containing Q12 ion pairing reagent and pH-adjusted with 2.58 M KH2PO4 
buffer (pH 9.8). Samples were separated on Watters 2695 using an LC-8 column (Supelco) under an 
applied potential of 600 mV using an electrochemical detector (BSA). Under these conditions, both 
urate and ascorbate are resolved and quantified by comparisons to authentic standards with a 
detection limit of approximately 1 nM. For human plasma samples, urate values are used to normalize 
ascorbate values to minimize any variations within subject samples and to control for volume 
differences in vacutainer analyses. To obtain total ascorbate, samples were reduced with the addition of 
tris-2-carboxyethyl phosphine (TCEP) as described elsewhere [113]. Dehydroascorbic acid content is 
estimated by the difference between TCEP-reduced and standard preparations. 
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3.4. Statistics 

Statistical analysis was performed by GraphPad Prism software, version 6 (GraphPad Software, 
Inc., La Jolla, CA, USA). Statistical differences between ascorbate samples were determined by two 
tailed ANOVA using a Tukey post-hoc analysis, with a p-value below 0.05 considered significant. 
Non-linear regression analysis was used to determine the half-life of ascorbate in PBS or media. 

4. Conclusions 

Performing successful research on vitamin C, especially in the context of human health, requires 
specific focus and attention to detail. Although this review touched on many of the aspects of cell 
culture, animal, and human studies that are complicated by the use of ascorbic acid, it is not a 
complete guide to performing vitamin C research. Each study design is unique, so it must be 
critically analyzed with respect to ascorbate chemistry and biology to best understand whether and 
how it will make a contribution in the overall field. As described above, the effects of ascorbic acid 
within a biological system are potentially multifold, requiring extreme caution in implementation 
and interpretation. 

As we change our view of vitamin C research, we must first address the most prevalent issues in 
frequently used model systems. The combination of high oxygen tension and the presence of reactive 
transition metals lead to a rapid oxidation of ascorbic acid in cell culture. The rapid loss of ascorbate 
in culture media promotes a pro-oxidant environment with the generation of superoxide radicals, 
hydrogen peroxide, and hydroxyl radicals, as described above. Moreover, depriving cells of ascorbic 
acid for countless generations produces a cell culture environment that is no longer relevant to 
human health. Overall, steps must be taken to control ascorbate oxidation if vitamin C research is to 
continue in cell culture. The use of stable ascorbate derivatives, metal chelation, and low oxygen 
culture conditions show promise, but much additional work is needed. Understanding the effects of 
prolonged ascorbate deprivation of cells is also necessary to determine if certain cell lines must be 
eliminated from use with ascorbic acid. 

The continued use of ascorbate-synthesizing animal models also complicates all studies on 
ascorbic acid in vivo. Currently, mouse and rat models that lack ascorbic acid synthesis are available, 
but show considerable differences from guinea pigs and humans in terms of ascorbic acid 
bioavailability and metabolism. For example, the apparent lack of intestinal absorption of ascorbic 
acid in rodent models does not appear related to the synthesis capacity, and must be considered in 
supplementation studies. Furthermore, the effects of vitamin C deprivation appear to have effects in 
one model system that are not recapitulated in others, although we do not know if strain differences 
or dietary factors may have influenced these observations. The use of animal models is especially 
troubling in light of genetic alterations in the regulation and expression of vitamin C transport 
proteins in animals without functional ascorbic acid synthesis. Further studies are required to 
determine if other genetic adaptations have occurred—specifically in primate evolution—that may 
determine the difference in response of animals and humans to vitamin C supplementation. 

Currently, studies involving vitamin C consumption in human subjects are not held to a rigorous 
standard. Randomized controlled trials, normally considered the benchmark for determining the 
impact of a compound on human health, have been poorly designed in regard to the chemistry and 
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biology of ascorbic acid. While remaining aware of the effects that different study populations may 
have on the outcome of vitamin C supplementation, there is a need to determine vitamin C status in 
subjects before, during, and after a supplementation trial. Evidence shows that methods to record 
vitamin C intake by using food frequency questionnaires or food diaries are insufficient means of 
achieving this goal. Therefore study design needs to include assessments of vitamin C status using 
measurements of plasma, and possibly tissue, ascorbic acid levels. Only with these more precise 
determinations can we begin to speculate on mechanisms of action and eliminate speculations 
surrounding the health effects of vitamin C supplementation. Furthermore, eliminating the technical 
issues surrounding the measurement of vitamin C in clinical settings are additional steps needed to 
preserve data integrity. 

While all study designs deserve higher scrutiny, a note of caution must also be placed in the 
interpretation of vitamin C research. It is all too common for vitamin C to be assigned a role (as an 
antioxidant or a pro-oxidant, for instance) without any supporting evidence to validate those claims. 
It cannot be overemphasized that the primary role of ascorbic acid in biological systems is that of a 
reductant, and the most established health effects of this reductive power are related to ascorbate’s 
role as an electron-donating enzyme cofactor used, e.g., for pro-collagen, carnitine, and 
catecholamine biosynthesis [3]. Ascorbic acid has many additional roles in the body beyond these 
enzyme functions, for example antioxidant protection, and likely more roles will be elucidated in the 
future. With a critical evaluation of all potential roles of ascorbic acid, the borders of vitamin C 
research can advance with balanced, evidence-based approaches. Already, emerging roles for 
vitamin C in various hydroxylase enzymes have recently placed a focus on HIF-1α-dependent gene 
expression [41,43] and changes in histone and DNA methylation [135,136], suggesting vitamin C 
may regulate global changes in gene expression. Further innovation has been demonstrated in studies 
on vitamin C bioavailability [69,108], metabolomics of vitamin C deficiency [137], genetic variation 
of the vitamin C transporters [103], and intravenous vitamin C infusions in cancer therapy [138,139]. 

As vitamin C research progresses into the 21st century, it has become clear that much more work 
still lies ahead of us. The experimental faults, artifacts, and myths currently afflicting vitamin C 
research limit the impact of many studies, making their contributions to general knowledge of the 
biological roles of ascorbic acid unremarkable at best, and confusing and detracting from the real 
issues at worst. This can also stretch beyond the realm of laboratory research, as the persistence of 
poorly controlled studies within this field often undermines efforts in the medical community to 
recommend vitamin C as a safe, effective means of promoting health. If nothing else, it weakens 
efforts to fund additional, well-designed RCTs necessary to establish definitive health claims that are 
desperately needed. In light of these issues, we must increase scrutiny of vitamin C studies in the past 
as well as the present, holding them to a higher standard based on the evidence discussed here if we 
are to make a lasting contribution to our understanding of vitamin C’s impact on human health. 
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Abstract: The effect of high doses of vitamin C for the treatment of cancer has been 
controversial. Our previous studies, and studies by others, have reported that vitamin C 
at concentrations of 0.25–1.0 mM induced a dose- and time-dependent inhibition of 
proliferation in acute myeloid leukemia (AML) cell lines and in leukemic cells from 
peripheral blood specimens obtained from patients with AML. Treatment of cells with 
high doses of vitamin C resulted in an immediate increase in intracellular total 
glutathione content and glutathione-S transferase activity that was accompanied by  
the uptake of cysteine. These results suggest a new role for high concentrations of 
vitamin C in modulation of intracellular sulfur containing compounds, such as 
glutathione and cysteine. This review, discussing biochemical pharmacologic studies, 
including pharmacogenomic and pharmacoproteomic studies, presents the different 
pharmacological effects of vitamin C currently under investigation. 

Keywords: high concentrations of vitamin C; pharmacogenomics; pharmacoproteomics 
 

1. Introduction 

There is increasing evidence that vitamin C (ascorbate) is selectively toxic to some types of tumor 
cells, functioning as a pro-oxidant [1–3]. Vitamin C at concentrations of 10 nM–1 mM induced 
apoptosis in neuroblastoma and melanoma cells [4] and was shown to be an important modulator for 
the growth of mouse myeloma cells in an in vitro colony assay [5]. Studies have established that the 
growth of leukemic progenitor cells from patients with acute myeloid leukemia (AML) and 
myelodysplastic syndromes (MDS) can be significantly modulated by vitamin C [6,7]. Intravenous 
(i.v.) administration of sodium 5,6-benzylidene-l-ascorbate (SBA) to inoperable cancer patients 
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induced a significant reduction in tumor volume without any adverse side effects [8]. Furthermore, 
recent clinical studies have reported that manipulation of vitamin C levels in vivo can result in 
clinical benefit for patients with AML and solid tumors [9]. 

Recent pharmacokinetic studies reported that 10 g of ascorbate given by i.v. produced plasma 
concentrations of nearly 6 mM, which were 25-fold higher than concentrations resulting from the 
same oral dose [10–12]. Depending on the dose, as much as a 70-fold difference in plasma 
concentration was found between oral and i.v. administration [13]. Complementary and alternative 
medicine practitioners worldwide currently use ascorbate i.v. in patients, in part because there are no 
apparent harmful effects [14–16]. Physiological concentration of vitamin C is under 0.1 mM, while 
plasma vitamin C concentrations that cause toxicity to cancer cells in vitro (1 mM–10 mM, 
depending on cell lines) can be achieved clinically by intravenous administration, which means a 
high dose of vitamin C. 

In this review, in vitro and in vivo studies are summarized, showing that ascorbate killed cancer 
cells (Table 1). In addition, the mechanisms and physiologic relevance under investigation are also 
described. The results suggest that doses of vitamin C induce oxidative stress in cancer cells.  
Our previous results indicated that treatment of malignant lymphocytic cell lines with vitamin C 
(0.25–1 mM) for 24 h led to a marked dose-dependent decrease of cell proliferation [17]. The 
responsive cell lines were human myeloid leukemia cell line HL-60, retinoic acid (RA)-sensitive 
acute promyelocytic leukemia (APL) cell line NB4 and RA-resistant APL cell line NB4-R1. 
Different types of leukemia cells, such as K562 (chronic myelogenous leukemia cell line) [17] and 
KG1 (myeloblast cell line) [18], were also responsive to vitamin C. A similar result was obtained 
with cells containing over 90% of blasts from patients with AML. In these cell lines, induction of 
apoptosis by vitamin C demonstrated a dose-dependent effect. In addition, vitamin C weakly induced 
apoptosis in ovarian cell lines, including SK-OV-3, OVCAR-3 and 2774 [17]. For many of  
the cancer cell lines, ascorbate concentrations caused a 50% decrease in cell survival. The half 
maximal concentration (IC50) values were less than 5 mM, and all tested normal cells were 
insensitive to 20 mM ascorbate [13]. 

Table 1. Effects of vitamin C treatment on cell survival [13,17,18]. 

Cell Line IC50 (mM) 
HL-60 0.33 ± 0.18 * 
NB4 0.76 ± 0.14 * 

NB4-R1 0.45 ± 0.24 * 
NB4-R2 0.75 ± 0.3 * 

KG1 0.79 ± 0.22 * 
K562 0.5 ± 0.11 * 
U937 0.3 ± 0.16 * 

Normal Bone Marrow 1 ± 0.3 * 
Patient with AML 0.84 ± 0.16 * 

OVCAR >10 * 
SK-OV3 >10 * 
JLP119 <1 
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Table 1. Cont. 

MCF7 2 
MB231 7 
Hs587T 20 

KLN205 <1 
RAG <2 
CT26 4 
B16 7 
LL/2 11 

Hs587Bst >20 
CCD34SK >20 

Human normal lymphocyte >20 
Human normal monocyte >20 

The IC50 values are means ± standard deviations from triplicate experiments. HL-60, human myeloid 
leukemia; NB4, NB4-R1, NB4-R2, human acute promyelocytic leukemia (APL); KG1, human myeloblast; 
K562, human chronic myelogenous leukemia; U937, human histiocytic lymphoma; OVCAR, SK-OV3, 
ovarian cancer; JLP119, human lymphoma; MCF7, MB231, Hs587t, human breast cancer; KLN205, 
mouse lung cancer; RAG, mouse kidney cancer; CT26, mouse colon cancer; B16, mouse melanoma; LL/2, 
mouse lung cancer; Hs587Bst, human normal breast cells; CCD34SK, human normal fibroblast cells.  
* IC50 value was determined using H3 incorporation proliferation assay for 24 h. 

2. Molecular Mechanisms Induced by Vitamin C 

In our previous study, vitamin C at concentrations of 0.25–2.0 mM significantly induced apoptosis 
in AML cell lines. Vitamin C induced oxidation of glutathione (GSH) to its oxidized form (GSSG). 
As a result, H2O2 accumulated in a concentration-dependent manner, in parallel with the induction of 
apoptosis. The direct role of H2O2 in the induction of apoptosis in AML cells was demonstrated by 
the finding that catalase could completely abrogate vitamin C-induced apoptosis [17]. 

A 30-min incubation of NB4 cells with 0–10 mM vitamin C resulted in its uptake in a 
concentration-dependent manner [17,19]. In accordance with its proposed pro-oxidant activity, 
vitamin C treatment reduced the GSH/GSSG ratio, which correlated with increased intracellular 
H2O2 in the NB4 cell line. Levine et al. suggested that the effect was due only to extracellular  
and not intracellular ascorbate, and that ascorbate-mediated cell death was probably due to  
protein-dependent extracellular H2O2 generation, via ascorbate radical formation from ascorbate as 
the electron donor [13]. 

Although H2O2 induced by ascorbate was first generated extracellularly, it is possible that it could 
diffuse across the plasma membrane into the intracellular space. Although studies in yeast and 
bacteria have shown that diffusion of H2O2 across membranes is limited, some reports have 
suggested that selected aquaporin homologues from plants and mammals can channel H2O2 across 
these membranes [20–25]. The susceptibility of cancer cells to ascorbate treatment might therefore 
be related to the permeability of hydrogen peroxide. 

In our studies, vitamin C dramatically increased intracellular GSH oxidation and reactive oxygen 
species (ROS) levels within 3 h in a concentration-dependent manner. However, this GSH oxidation 
and the ROS accumulation did not last for a long period of time. After 3 h, the increase in GSH has 
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been observed and hypothesized to be a defense mechanism [18]. No additional ROS accumulation 
resulted from the change in GSH. However, based upon our studies, the dramatic changes of 
intracellular oxidation state within 3 h seem to be enough to induce intracellular signaling. The 
studies showed that treatment with 1 mM vitamin C for only 30–60 min, followed by removal when 
replacing media, could induce apoptosis in both HL-60 and NB4 cells. This observation is consistent 
with initiation of apoptosis, resulting from generation of H2O2 after treatment with ascorbate. 
However, treatment with As2O3 resulted in less ROS accumulation than with vitamin C, and it was 
not in a concentration-dependent manner. However, ROS accumulation increased up to 24 h, with a 
long-lasting effect. Treatment with vitamin C combined with As2O3 increased ROS accumulation, as 
well as sustained the effect for up to 24 h. These results are consistent with cellular data showing that 
apoptosis induced by As2O3 is evident even at three days [26,27]. 

3. Proteomics Studies 

Proteomics provides important qualitative information on post-translational modifications to 
proteins and quantitative data on protein expression in response to a particular stimulus. This 
information is particularly important when it provides data on early cellular events, such as the 
stimulus and signaling cascades triggered independently of protein neosynthesis. In accordance with 
its proposed pro-oxidant activity, vitamin C-mediated reduction in the GSH/GSSG ratio correlated 
with an intracellular H2O2 increase in the NB4 cell line [17,19]. This type of change in regional 
oxidation state could cause changes in the cellular milieu that could result in changes in protein 
structure. This is especially true of the oxidation state of cysteine sulfur, which is important for 
determining the tertiary structure of proteins. The immediate effects of cell stimuli are associated 
with protein post-translational modifications, such as phosphorylation, glutathionylation and 
cysteine oxidation. To study these early modifications, NB4 human leukemia cells were treated with 
0.5 mM vitamin C and then analyzed by two-dimensional analysis. Approximately 240 different spots 
that were focused in a pH range of 4–7 were detected per sample. 

After exposing cells to vitamin C, we observed one new spot, three intensified spots and five 
attenuated spots [19]. Each of these spots were excised, digested with trypsin and analyzed by 
matrix-assisted laser desorption/ionization-time of flight (MALDI-TOF). Peptide mass fingerprint 
analysis and non-redundant sequence database matching allowed the unambiguous identification of 
all of the analyzed species [19]. An important protein identified from the proteomic analysis was a 
thiol/disulfide exchange catalyst, protein disulfide isomerase (PDI), which was a marker of the effect 
of vitamin C on NB4 cells [19]. PDI belongs to the superfamily of thiol/disulfide exchange catalysts, 
which act as protein-thiol-oxidoreductase enzymes, sharing sequence homology with thioredoxin [28]. 
PDI is composed of four domains, which have similarities with thioredoxin folds (i.e., a-b-b′-a′) [29]. 
In our study [19], the intensity of the spot corresponding to the PDI b subunit was decreased in 
vitamin C-treated cells as compared with control cells. These results demonstrated that 
thiol/disulfide exchange proteins are regulated in NB4 cells after vitamin C exposure. This is 
consistent with our study showing that intracellular GSH/GSSG exchange occurs shortly after 
vitamin C exposure [17]. 

When we measured cysteine uptake in leukemia cell lines exposed to vitamin C by using  
35S-labeled-L-Cys in the media, the time-dependent rate of cysteine uptake in the cell culture 
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increased significantly. The rate of uptake, determined under conditions without vitamin C, was very 
low. The glutathione synthesis inhibitor, buthionine sulfoximine, potently inhibited this increase, 
suggesting that incorporation of cysteine that corresponded to the amount of increased glutathione 
was mediated by glutathione synthesis. Overall, our results indicated that vitamin C-induced 
glutathione synthesis was accompanied by intracellular cysteine uptake. 

Glutathione-S transferases (GSTs) are enzymes that catalyze the conjugation of electrophilic 
substitution to GSH, which protects cells by removing reactive oxygen species and regenerating  
S-thiolated proteins [30]. Intracellular total GSH levels in AML cells incubated with vitamin C 
peaked around 3 h, then declined, while the increase in incorporated [35S]-L-Cys peaked at 3 h and 
remained high. These results showed that [35S]-L-Cys transported into cells through cysteine uptake 
was incorporated and transferred intracellularly, strongly suggesting that the sulfhydryl transfer 
system is affected by vitamin C [30]. 

We therefore hypothesize that the biochemical pathway leading to thiol/disulfide redox regulation 
could be activated by vitamin C. Interestingly, of the proteins whose expressions changed by vitamin 
C treatment, immunoglobulin heavy chain binding protein (BiP, identical to Hsp70 chaperone) [19], 
like PDI, is also a multi-domain chaperone. BiP associated with the α-subunit of prolyl 
4-hydroxylase (P4-H) by a disulfide bond [31]. P4-H consists of two distinct polypeptides, the 
catalytically more important α-subunit and the β-subunit, which is identical to the multifunctional 
enzyme, PDI [31]. Thus, BiP associated with the α-subunit of P4-H, which is another partner of PDI. 
The interaction of PDI with its substrates was due to a change in disulfide bonds, indicating that 
intrachain disulfide bonds between domains and substrates had been reduced [19]. Taken together, 
these results suggested that vitamin C oxidizes intracellular-reduced glutathione and affects disulfide 
bond formation in proteins [30]. 

Tropomyosin was also identified as a marker of the oxidative effect of vitamin C in NB4 cells. 
The spot corresponding to tropomyosin was positioned at an isoelectric point (pI) of approximately 
5.0 and was attenuated in vitamin C-treated cells. In addition, a new spot having almost the same 
molecular weight was detected, which was positioned at a pI of 4.9 [19]. This new spot was also 
identified as tropomyosin, suggesting that post-translational chemical modification had affected its 
pI value. This result is consistent with previous data showing that the extracellular signal-regulated 
kinase (ERK)-mediated phosphorylation of tropomyosin-1 promoted cytoskeleton remodeling in 
response to oxidative stress [32]. The acidic shift of the spot with pI 5.0 to the phosphorylated 
tropomyosin spot by treatment with vitamin C was found to be abrogated by co-treatment with 
PD98059 [19], demonstrating that phosphorylation of tropomyosin was responsible for the observed 
acidic shift. 

The significance of this observation may be related to differences in the regulation of the 
actomyosin contractile system in non-muscle cells as compared with that present in muscle cells. In 
addition, proteins that specifically reacted with sera from chronic myeloid leukemia patients 
included structural proteins, such as β-tubulin and tropomyosin isoforms [33]. Although the function 
of these proteins in myeloid leukemia needs further investigation, tropomyosin may have value as a 
leukemia-associated antigen and as a molecular target in antigen-based immunotherapy. In this 
regard, it is important to note that vitamin C causes a tropomyosin isoform to be modified during the 
immediate early response. 
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4. In Vivo Studies 

Levine et al. reported that reaction products obtained from ascorbate in vitro are also found  
in vivo [34]. They showed that after i.v. injection, ascorbate baseline concentrations of 50–100 μM in 
blood and extracellular fluids peaked to >8 mM. After intraperitoneal injection, peaks approached  
3 mM in both fluids. They hypothesized that in vivo, ascorbate was a prodrug for selective delivery of 
ascorbate radical and H2O2 to the extracellular space. Moreover, a regimen of daily pharmacologic 
ascorbate treatment significantly decreased growth rates of ovarian (p < 0.005), pancreatic (p < 0.05) 
and glioblastoma (p < 0.001) tumors established in mice [35]. In addition to inducing oxidative 
stress, high concentrations of ascorbic acid inhibited cell migration and the gap filling capacity of 
endothelial progenitor cells (EPCs) [36], and it has been reported that ascorbic acid inhibited corneal 
neovascularization in a rat model [37]. 

High concentrations of ascorbic acid also inhibited tumor growth in BALB/C mice implanted 
with sarcoma 180 cancer cells [38]. The survival rate increased by 20% in the group that received 
high doses of ascorbic acid, compared to controls. Gene expression studies from biopsy and wound 
healing analysis in vivo and in vitro suggested that the carcinostatic effect induced by high doses of 
ascorbic acid were related to inhibition of angiogenesis [39]. In addition, intraperitoneal administration 
of high doses of ascorbic acid quantitatively upregulated Raf kinase inhibitory protein (RKIP) and 
annexin A5 expression in a group of BALB/C mice implanted with S-180 sarcoma cancer cells. The 
increase in RKIP protein levels suggested that these proteins are involved in the ascorbic  
acid-mediated suppression of tumor formation [39]. Moreover, high doses of ascorbic acid (~1 mM) 
enhanced the apoptosis of cancer cells during co-treatment with paclitaxel, and the combinational 
treatment of paclitaxel and ascorbic acid ameliorated the side effects caused by paclitaxel in BALB/c 
mice implanted with or without sarcoma 180 cancer cells [40]. 

5. Clinical Studies 

Cases of apparent responses of malignancies to intravenous vitamin C therapy have been 
reported, although they were reported without sufficient detail [15,41–46]. A recent study showed 
that oral administration of the maximum tolerated dose of vitamin C (18 g/day) produced peak 
plasma concentrations of only 0.22 mM, whereas intravenous administration of the same dose 
produced plasma concentrations approximately 25-fold higher. Larger doses (50–100 g) given 
intravenously resulted in plasma concentrations of approximately 14 mM [41]. 

Some case reports stated that high dose i.v. vitamin C has been used by Complementary and 
Alternate Medicine (CAM) practitioners [47]. Phase I evaluation of intravenous vitamin C in 
combination with gemcitabine and erlotinib in patients with metastatic pancreatic cancer data did not 
reveal increased toxicity with the addition of ascorbic acid [48]. No side effects were reported for 
most patients, while 59 were reported to have lethargy or fatigue out of 11,233 patients that received 
intravenous vitamin C in 2006 and 8876 in 2008 [47]. Overall, it was reported that high dose 
intravenous vitamin C did not appear to cause serious side effects in patients. 

Another clinical study reported the depletion of L-ascorbic acid alternating with its 
supplementation in the treatment of patients with acute myeloid leukemia or myelodysplastic 
syndromes [49]. During the supplementation phase, patients received daily i.v. administration of 
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vitamin C. A pre-therapy in vitro assay was performed for vitamin C sensitivity of leukemic cells 
from individual patients. Of the nine patients with the in vitro assay indicating their leukemic cells 
were sensitive to vitamin C, seven exhibited a clinical response, compared with none of the six 
patients who were insensitive to vitamin C. 

6. Conclusions 

Previous studies have shown that vitamin C is involved in the mechanism of action of the 
intracellular microenvironment (oxidation) state changes that improve therapeutic potential, 
including apoptosis and necrosis. Although it is difficult to postulate precise vitamin C-specific 
mechanisms at this time, identification of genes or proteins that are specifically regulated by vitamin 
C in certain cellular phenotypes could improve the efficacy of therapies. 
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Abstract: Aims: Dietary antioxidants, including vitamin C, may be in part responsible 
for the cancer-preventive effects of fruits and vegetables. Human intervention trials with 
clinical endpoints have failed to confirm their protective effects, and mechanistic studies 
have given inconsistent results. Our aim was to investigate antioxidant/pro-oxidant effects 
of vitamin C at the cellular level. Experimental approach: We have used the comet assay 
to investigate effects of vitamin C on DNA damage, antioxidant status, and DNA repair, 
in HeLa (human tumor) cells, and HPLC to measure uptake of vitamin C into cells. 
Results: Even at concentrations in the medium as high as 200 μM, vitamin C did not 
increase the background level of strand breaks or of oxidized purines in nuclear DNA. 
Vitamin C is taken up by HeLa cells and accumulates to mM levels. Preincubation of cells 
with vitamin C did not render them resistant to strand breakage induced by H2O2 or to 
purine oxidation by photosensitizer plus light. Vitamin C had no effect on the rate of 
repair of strand breaks or oxidized bases by HeLa cells. However, vitamin C at a 
concentration of less than 1 μM, or extract from cells preincubated for 6 h with vitamin 
C, was able to induce damage (strand breaks) in lysed, histone-depleted nuclei 
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(nucleoids). Conclusion: In these cultured human cells, vitamin C displays neither 
antioxidant nor pro-oxidant properties; nor does it affect DNA strand break or base 
excision repair. 

Keywords: DNA damage; DNA protection; DNA repair; vitamin C 
 

1. Introduction 

Vitamin C (ascorbic acid) is one of the best known and most studied dietary antioxidants. Its 
antioxidant credentials are well-established in vitro, since it can readily be demonstrated to prevent 
oxidation of lipids, DNA and other biological molecules. However, it is also possible for vitamin C 
to act as a pro-oxidant, through its ability to reduce transition metal ions, thus promoting the Fenton 
reaction which, acting on peroxides, produces highly reactive hydroxyl radicals [1]. The effect of 
vitamin C in vivo has been investigated in human trials with DNA oxidation as the measured 
endpoint. They include single dose intervention and longer trials, typically of a few weeks with daily 
supplementation. The first single-dose study was carried out by Green et al. [2], who administered  
35 mg/kg of vitamin C to six healthy volunteers after an overnight fast and found a protection against 
γ radiation-induced DNA breaks in white blood cells, using the comet assay (described below). Since 
then, more than 20 intervention studies with vitamin C have been carried out, and they have been 
critically reviewed by Duarte and Lunec [3] who find that most of the studies show either a decrease 
in DNA oxidation or no effect, while there are some that show an increase in DNA lesions. Møller 
and Loft [4] also describe conflicting results with vitamin C, concluding that more studies with better 
designs to avoid bias should be made in order to understand the role of vitamin C in protecting 
against DNA oxidation. In a subsequent supplementation trial, Møller et al. [5] found that a slow 
release formulation of vitamin C had a more pronounced and sustained protective effect on the 
steady state level of DNA base oxidation than did a normal release formulation.  

Herbert et al. [6] carried out a double-blind placebo-controlled trial giving different doses of 
vitamin C (0, 80, 200 and 400 mg/day) to four groups of 40 healthy volunteers over a period of  
15 weeks (plus a 10 week washout period). They showed that vitamin C did not affect the 
intracellular level of 8-oxodGuo measured by HPLC. (This challenged an earlier report that vitamin 
C caused oxidation of bases in DNA [7]).  

Sram et al. [8] recently reviewed human studies based on measurement of a variety of biomarkers 
of genetic damage—including some trials aimed at specific groups with occupational/environmental 
exposure to genotoxins. Generally either a protective effect or no effect was seen, depending—they 
suggest—on factors such as individual diet-derived vitamin C concentrations, levels of exposure to 
xenobiotics, and oxidative stress. 

Bjelakovic et al. [9] published a meta-analysis of randomized trials of antioxidant supplements 
aimed at primary and secondary prevention of various diseases, with mortality as the endpoint. They 
concluded that antioxidant supplements have no beneficial effects on mortality, though in the case of 
vitamin C the number of individuals sampled is still relatively small and a definitive statement 
cannot be made.  
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Reviews of this subject conclude that we still need more studies to clarify the effect of vitamin C 
in humans [1,8–10]. We considered that it would be useful to investigate effects of vitamin C on 
genetic stability in cell culture, and so have examined, in the human tumor cell line HeLa, potential  
pro-oxidant, DNA-damaging effects of the vitamin; protection against DNA breakage caused by 
H2O2; and protection against base oxidation induced by photosensitizer plus visible light. In addition, 
we investigate the possibility that vitamin C might influence the capacity of cells for DNA repair. 

We applied the comet assay, as used in many human biomonitoring studies, to the measurement of 
DNA damage, both strand breaks (SBs) and oxidized bases (employing the enzyme 
formamidopyrimidine DNA glycosylase (FPG) which converts 8-oxoGua and breakdown products 
of damaged purines to SBs). We used two approaches to measure repair of DNA damage [11]. If 
cells are subjected to damage (SBs or base oxidation), and then incubated to allow cellular repair, the 
residual lesions can be measured at intervals to show the kinetics of damage removal. Alternatively, 
in an in vitro assay, a cell extract is incubated with substrate DNA containing specific damage. The 
ability of the extract to introduce DNA breaks in the substrate cells reflects the activity of the 
enzymes responsible for the initial steps of repair, i.e., removing the lesion.  

2. Materials and Methods 

2.1. Cell Culture 

HeLa cells (derived from human cervical cancer) were grown in DMEM supplemented with 10% 
fetal bovine serum and antibiotics (100 U/mL penicillin and 100 μg/mL streptomycin). According to 
the formulation for DMEM it does not contain vitamin C. Vitamin C was not detectable in the batch 
of serum used. Cells were maintained as monolayer cultures at 37 °C in a humidified atmosphere with 
5% CO2 and routinely passaged by trypsinization when nearly confluent. 

2.2. Cell Treatment for DNA Damage and Protection 

HeLa cells in culture medium were incubated with 0, 5, 25, 50, 100 or 200 μM vitamin C 
(ascorbic acid) for 30 min or 6 h (3 h incubation, followed by a wash with PBS and a further 3 h 
incubation with vitamin C at the same concentration) at 37 °C in the dark. The two consecutive 3 h 
treatments were designed to allow for the possible instability of vitamin C in solution. Vitamin C 
was dissolved in PBS in the dark just before use in each experiment. After treatment the comet assay 
was performed as described below. To check for DNA protection, after vitamin C treatment, cells 
were washed with PBS and then treated on ice with 25 μM H2O2 for 5 min to induce SBs, or with  
1 μM of the photosensitizer Ro (Ro-19-8022, from F. Hoffmann-La Roche) plus 1.5 min visible 
light (500 W tungsten halogen lamp, at 33 cm on ice) to induce oxidized purines, mostly 8-oxoGua. 
After treatment the comet assay was performed (see below). Three independent experiments were 
carried out. 

2.3. Measuring Uptake of Vitamin C 

Near-confluent cultures of HeLa cells in 60 mm dishes were incubated for 6 h (3 h + wash + 3 h,  
as above) with vitamin C at 50 or 200 μM. At the end of this incubation, or after a further 24 h 
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incubation in fresh medium without vitamin C, cells were washed with PBS and scraped with a 
silicone rubber scraper into suspension in PBS. A cell count was carried out. The suspension was 
centrifuged (400× g, 5 min) and the pellet resuspended in 250 μL of PBS to which an equal volume 
of 10% metaphosphoric acid was added before storing at −20 °C.  

The frozen, acidified samples were thawed, and centrifuged (3500× g at 4 °C for 10 min). A 
volume of 100 μL clear supernatant was mixed with 400 μL of the mobile phase (2% acetonitrile in  
2.5 mM NaH2PO4, 2.5 mM dodecyltrimethyl ammonium chloride and 1.25 mM Na2EDTA in 
Milli-Q water) for direct determination of vitamin C by high-performance liquid chromatography 
(HPLC). For separation of vitamin C from interfering sample constituents, a Chromolith Performance 
RP18-e, 4.6 mm × 100 mm column was used, with a Chromolith Performance RP18-e, 4.6 mm ×  
10 mm guard column (Phenomenex, Torrance, USA). The injection volume was 5 μL and the flow 
rate was 6.0 mL/min. A variable wavelength ultraviolet (UV) detector was used at 264 nm. 

2.4. Treatment of Cells for Cellular Repair Assay 

Repair of DNA damage can be studied by treating cells with a DNA-damaging agent, incubating, 
and measuring the damage remaining at intervals. Using this cellular repair assay we investigated 
the kinetics of DNA SB rejoining and base excision repair (BER). To check the influence of 
vitamin C on the repair of SBs, HeLa cells were pre-incubated with 0, 50 or 100 μM vitamin C 
overnight. Then cells were washed with PBS, treated with 0 or 100 μM H2O2 for 5 min on ice, and 
incubated for 10, 30 or 60 min in culture medium. To check the influence of vitamin C on the repair 
of oxidized bases, pre-incubation overnight with 0, 50 or 100 μM vitamin C was followed by a wash 
with PBS, treatment with 0 or 1 μM Ro plus 5 min of light, and incubation for 1, 2, 4, 6, 8, or 24 h 
in culture medium. In another experimental design, HeLa cells in culture medium were pre-incubated 
with a higher concentration (200 μM) of vitamin C but for only 30 min. Then cells were washed 
with PBS, treated with 1 μM Ro plus 2.5 min of light, and incubated for 3 h in culture medium 
including 0 or 200 μM vitamin C. They were then washed with PBS and incubated again in culture 
medium with the same concentration of vitamin C for a further 3 h. The comet assay was performed 
after each time of incubation. The concentration of vitamin C used in these experiments was not 
genotoxic. Three independent experiments were performed. 

2.5. Comet Assay  

Just after treatment (or after incubation for repair), HeLa cells were trypsinized and resupended 
in PBS (1 × 106 cells/mL). Thirty μL of each cell suspension were mixed with 140 μL of 1% low 
melting point agarose, and two drops of 70 μL were spread onto microscope slides precoated with 
1% of normal melting point agarose. Glass cover slips were placed on the drops of agarose, which 
were allowed to set at 4 °C. Then the cover slips were removed and the cells embedded in agarose 
were lysed for 1 h by immersion in 2.5 M NaCl, 0.1 M Na2EDTA, 0.1 M Tris base, pH 10 and 1% 
Triton X-100 at 4 °C (lysis solution). For measurement of SBs, the slides were then placed in a 
horizontal gel electrophoresis tank and the DNA was allowed to unwind for 40 min in freshly 
prepared alkaline electrophoresis solution (0.3 M NaOH and 1 mM Na2EDTA, pH > 13).  
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For measurement of oxidized purines, after lysis, slides were washed three times (5 min each 
time) with buffer F (0.1 M KCl, 0.5 mM Na2EDTA, 40 mM HEPES, 0.2 mg/mL BSA, pH 8.0) and 
incubated for 30 min at 37 °C with FPG in buffer F, or with buffer F alone, in a moist box. After 
incubation the slides were placed in the electrophoresis solution. 

Electrophoresis was carried out in the alkaline solution for 30 min at 1.1 V/cm and approximately 
300 mA at 4 °C. The slides were washed in 0.4 M Tris base (pH 7.5) for 10 min at 4 °C to neutralize 
the excess alkali and 10 min in water at 4 °C. Then they were left to dry overnight.  

Gels were stained with 25 μL of DAPI (4′,6-diamidine-2-phenylindol dihydrochloride, 1 μg/mL), 
covered with a cover slip and coded before microscopic analysis. DAPI-stained nuclei were 
evaluated with a Nikon Eclipse TS-100 fluorescence microscope. A total of 50 comets on each gel 
were visually scored as belonging to one of five classes according to the tail intensity. Each comet 
class was given a value between 0 and 4: (0) = undamaged and (4) = maximum damage [12]. The 
total score in arbitrary units (AU) was calculated by the following equation:  

(percentage of cells in class 0 × 0) + (percentage of cells in class 1 × 1) + (percentage of 
cells in class 2 × 2) + (percentage of cells in class 3 × 3) + (percentage of cells in class 4 × 4). 

Consequently, the total score was in the range from 0 to 400 arbitrary units. Net H2O2-induced 
damage was calculated by subtracting the comet score for non-H2O2-treated cells from the score + 
H2O2. Net FPG-sensitive sites were calculated by subtracting the score for the slide incubated with 
buffer from the score for the slide incubated with enzyme. Net Ro-induced damage was calculated as 
the difference in net FPG-sensitive sites between Ro-treated cells and cells not treated with Ro. 

2.6. In Vitro Assay for DNA Repair 

The in vitro repair assay is used to check the ability of cell extracts to carry out the first steps of 
BER. Gel-embedded nucleoids from HeLa cells carrying oxidized bases (substrate) were incubated 
with extracts from HeLa cells pre-incubated with/without vitamin C and with different concentrations 
of vitamin C directly. 

2.6.1. Preparation of Substrate Cells 

HeLa cells were grown to 80% confluence, washed with PBS and treated with 1 μM Ro plus  
4 min of light. Then they were washed with cold PBS, detached by trypsinization, centrifuged for  
5 min at 800× g at 4 °C and resuspended in freezing medium (DMEM supplemented with 20% fetal 
bovine serum, and 10% DMSO) at a concentration of 1 × 106 cells per mL. Aliquots of 0.7 mL were 
frozen slowly and stored at −80 °C. 

2.6.2. Preparation of Cell Extracts 

Extracts were prepared from HeLa cells incubated with 0, 50, 100 or 200 μM vitamin C for 6 h  
(3 h + wash + 3 h). They were washed with cold PBS, trypsinized, centrifuged at 800× g for 5 min 
at 4 °C and resuspended in cold PBS at a concentration of 1.25 × 106 cells per mL. Then the cell 
suspension was split into aliquots of 1 mL and centrifuged at 14,000× g for 5 min at 4 °C.  
The supernatant of each aliquot was completely discarded and the dry pellets were frozen in liquid 
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nitrogen and stored at −80 °C. After thawing the pellets were resuspended in 32 μL of extraction 
buffer A (45 mM HEPES, 0.4 M KCl, 1 mM EDTA, 0.1 mM dithiothreitol and 10% glycerol,  
pH 7.8) containing 0.25% of Triton X-100, mixed using vortex at high speed for 5–10 s, incubated 
for 5 min on ice and centrifuged at 14,000× g for 5 min at 4 °C. Then 27 μL of the supernatant was 
mixed with 110 μL of cold reaction buffer F. 

2.6.3. The Reaction 

The substrate cells were thawed, diluted in cold PBS, centrifuged at 800× g for 5 min at 4 °C  
and resuspended in PBS at a concentration of 1 × 106 cells per mL. As described in section 2.4 gels 
were made, put in lysis for 1 h and washed 3 times (5 min each time) with buffer F. Then 30 μL of 
extract (experimental treatment), FPG (positive control), or buffer F (negative control) were  
placed on each gel (two gels per condition) and covered with a cover slip. Slides were placed in a 
moist box and incubated for 10 and 20 min. Afterwards the rest of the comet assay was performed as 
described above. 

2.6.4. Treatment of Nucleoids with Vitamin C 

In order to check the direct effect of vitamin C on DNA, non-damaged HeLa cell nucleoids, or 
substrate nucleoids prepared as described in Section 2.6.1, were treated for 10 or 20 min with vitamin 
C dissolved in buffer A at 0, 1, 5 or 25 μM and diluted with buffer F, as described in Section 2.6.2. 
The reaction was carried out as described in Section 2.6.3. The final concentrations of vitamin C 
were therefore 0, 0.25, 1.25, and 6.25 μM. 

2.7. Statistical Analysis 

The statistical analysis was performed by using the software SPSS 11.0. Data are presented with 
descriptive analysis (mean ± SD for 3 independent experiments). The comparisons between total 
comet scores of the different groups were performed by the non-parametric Kruskal-Wallis test 
followed by Mann-Whitney U test when the first one showed the presence of differences. Probability 
p ≤ 0.05 was accepted as the level of significance. 

3. Results 

3.1. Direct Induction of DNA Damage 

We evaluated DNA damage, i.e., SBs and oxidized bases, just after incubating HeLa cells with 
different concentrations of vitamin C for 30 min or 6 h, using the comet assay with and without FPG. 
Treatment with different concentrations of vitamin C (5–200 μM) did not cause or decrease SBs or 
base oxidation in HeLa cells (Figure 1A,B).  
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Figure 1. Effect of different concentrations of vitamin C on DNA integrity (SBs and net 
formamidopyrimidine DNA glycosylase (FPG)-sensitive sites) of HeLa cells treated for 
30 min (A) and 6 h (B) and measured using the comet assay. Bars: SD calculated from 
the results of 3 independent experiments. No significant effects were seen. 

 

 

3.2. Protection against H2O2- and Ro-Induced DNA Damage 

Using the comet assay we investigated the possible protective effect of vitamin C against DNA 
damage caused by H2O2 or Ro plus light after pre-incubating HeLa cells with vitamin C (5–200 μM) 
for 30 min or 6 h. In HeLa cells the yield of damage, net H2O2-induced breaks or net Ro-induced 
FPG-sensitive sites, was unchanged by the vitamin C incubation (Figures 2A,B and 3A,B).  
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Figure 2. Effect of pre-incubation of HeLa cells with different concentrations of vitamin 
C for 30 min (A) or 6 h (B) on damage induced by H2O2. Net H2O2-induced damage was 
calculated by subtracting comet score without H2O2 (as in Figure 1) from the total comet 
score with H2O2. Bars: SD calculated from the results of 3 independent experiments. No 
significant effects were seen. 
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Figure 3. Effect of pre-incubation of HeLa cells with different concentrations of vitamin 
C for 30 min (A) or 6 h (B) on FPG-sensitive sites induced by Ro plus light. Net 
Ro-induced damage was calculated by subtracting the FPG-sensitive sites without Ro 
plus light (as in Figure 1) from the FPG-sensitive sites with Ro plus light. Bars: SD 
calculated from the results of 3 independent experiments. No significant effects were seen. 

 

 

3.3. Cellular Repair of SBs  

We studied the effect of vitamin C on the kinetics of repair of SBs induced by H2O2 after  
pre-incubating HeLa cells with different concentrations of vitamin C overnight. After H2O2 
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treatment cells were incubated and SBs remaining were measured at intervals. As is seen in  
Figure 4, rejoining of SBs is rapid, with a t1/2 of about 20 min and complete repair by 60 min.  
Pre-incubation of cells with 50 or 100 μM vitamin C overnight did not affect the repair of the SBs 
induced by H2O2. 

Figure 4. Effect of overnight pre-incubation of HeLa cells with different concentrations 
of vitamin C on the kinetics of repair of SBs: residual SBs were measured after different 
times of incubation after H2O2 treatment. C-: control cells without any kind of treatment. 
Bars: SD calculated from the results of 3 independent experiments. No significant effects 
were seen. 

 

3.4. Cellular Repair of Oxidized Purines  

We next investigated the effect of vitamin C on the kinetics of BER after pre-incubating HeLa 
cells with different concentrations of vitamin C overnight. We induced oxidized purines, mostly  
8-oxoGua, using Ro plus light. The comet assay was performed after different times of incubation of 
the treated cells up to 6 h. The pre-incubation of cells with 50 or 100 μM vitamin C overnight did not 
affect the removal of the FPG-sensitive sites induced by Ro plus light (data not shown). We modified 
the protocol by pre-incubating HeLa cells with 200 μM of vitamin C for 30 min, and adding the 
same concentration of vitamin C also during the 6 h incubation period after inducing the damage. 
Figure 5 shows that the repair of oxidized bases is much slower than SB rejoining, and the presence 
of vitamin C during the incubation period after damaging the cells still did not influence the repair of 
the FPG-sensitive sites induced by Ro plus light.  
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Figure 5. Effect of incubation of HeLa cells with 200 μM of vitamin C before and during 
the repair of oxidized bases induced by Ro plus light; residual FPG-sensitive sites were 
measured at different time points. Bars: SD calculated from the results of 3 independent 
experiments. No significant effects were seen. 

 

3.5. In Vitro Repair Assay  

As a final check as to whether vitamin C has any effect on DNA repair activity we used an  
in vitro approach, measuring the ability of extracts of vitamin C-preincubated cells to recognize and 
incise oxidized bases in substrate nucleoids. HeLa cells were treated with 200 μM vitamin C for 6 h. 
Extracts were prepared and incubated for 10 or 20 min with gel-embedded HeLa nucleoid DNA 
containing oxidized purines. (Previous experiments [13] have shown no significant breaks induced in 
undamaged substrate.) Then the comet assay was performed to measure the breaks induced by the 
extracts, as an indicator of repair activity. Extracts from HeLa cells preincubated with 200 μM 
vitamin C produced a significant increase in SBs in substrate nucleoids (compared with extracts from 
non-vitamin C-treated cells) at both reaction incubation times (Figure 6A). Lower concentrations of 
vitamin C (50 or 100 μM) did not have any effect. However, when we checked the possibility that 
vitamin C was having a direct effect on the DNA, we found that breaks were in fact induced in HeLa 
nucleoid DNA containing oxidized purines or in undamaged DNA (Figure 6B,C). A significant 
effect is seen at a concentration as low as 1 μM. This concentration relates to the concentration as 
prepared in buffer A, before 5× dilution with buffer F. Therefore the concentration capable of 
damaging DNA is actually as low as 0.2 μM.  
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Figure 6. (A) Effect of extracts from HeLa cells pre-treated with 0 and 200 μM of  
vitamin C for 6 h on a DNA substrate containing oxidized purines. (B) Effect of different 
concentrations of vitamin C on a DNA substrate containing oxidized purines. (C) Effect 
of different concentrations of vitamin C on a non-damaged DNA substrate. In (A), Buffer 
F was used as a negative control. In (A) and (B), where nucleoids contained oxidized 
bases, FPG was employed as a positive control. Concentrations of vitamin C displayed in 
the box on panels (B) and (C) refer to concentrations in buffer A: final concentrations 
were 4× less. Bars: SD calculated from the results of 3 independent experiments. 
Statistical comparisons (* p < 0.05): vitamin C (different concentrations) vs. 0 μM. 
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Figure 6. Cont. 

 

3.6. Uptake of Vitamin C 

Concentrations of vitamin C measured in cell pellets after 6 h or 24 h incubation are shown in 
Figure 7. The concentration within the cells is estimated on the basis of a volume of 5 μL per 106 cells. It 
is clear that vitamin C is taken up by HeLa cells and accumulates to a concentration far higher than 
that provided in the medium.  

Figure 7. Uptake of vitamin C by HeLa cells. Cells were incubated for 6 h in medium 
containing vitamin C at 50 μM (light shading) or 200 μM (dark shading). Intracellular 
vitamin C was measured by HPLC at the end of this incubation or after a further  
24 h incubation. 
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4. Discussion 

In vitro, vitamin C is capable of acting as a pro-oxidant, particularly in combination with metal  
ions [14], and there are concerns that it might lead to excessive DNA oxidation in humans. There are 
reports of increases in oxidized bases in the DNA of white blood cells after supplementation of 
normal subjects with vitamin C [7] or with vitamin C plus ferrous sulfate [15]. However, these studies 
were carried out using GC-MS to measure oxidized bases—a technique now recognized as being 
particularly prone to artifact and therefore unsuitable for determining low level base oxidation [16]. 

The saturation plasma level for vitamin C in humans is around 80 μM, and this concentration is 
approached with daily intake of 200 mg/day [17]—an intake that can feasibly be attained by a 
recommended intake of several portions of fruits and vegetables each day. The justification for 
exceeding in our experiments the maximum vitamin C concentration found in plasma is that  
vitamin C is reportedly not stable in cell culture medium; 40% depletion was detected after 2 h of  
incubation [18], and only about 30% remained at 6 h.  

In vivo, in subjects supplemented with 200 mg of vitamin C per day, active accumulation by 
lymphocytes results in intracellular levels saturating at 3.5 mM [17]. Welch et al. [19] reported a 
linear accumulation of vitamin C up to about 0.5 mM in 4 h in human fibroblasts incubated  
in 50 μM vitamin C. We found that the concentration of vitamin C inside HeLa cells after culture in 
medium with the vitamin was in the mM range, and was still high after 24 h. Although they have 
undergone many changes in their several decades of continuous culture from their origin in tumor 
tissue, HeLa cells evidently retain the active transport mechanisms responsible in normal cells for 
uptake of vitamin C [19], and so we regard them as suitable for an investigation of intracellular effects 
of vitamin C.  

In the present study, in spite of the high intracellular concentration of vitamin C, there was no 
increase in SBs or FPG-sensitive sites. Others have reported no increase in SBs and/or oxidized bases 
in various cell types after incubation with vitamin C—in human HepG2 liver-derived cells with 10 
μM vitamin C [20], in primary human fibroblasts incubated with 100 μM vitamin C [21], and most 
recently in HL-60 cells (human leukemic cell line) incubated with concentrations of 50–250 μM 
vitamin C [22,23]. 

In our experiments, preincubation with up to 200 μM vitamin C had no significant effect on the 
level of H2O2-induced breaks or 8-oxoGua induced by treatment with Ro plus light. There are mixed 
reports on the effect of pre-incubation with vitamin C on the DNA damage inflicted by genotoxic 
agents. Vitamin C pre-incubation (30 min, 10 or 50 μM) decreased the SBs caused by streptozotocin 
in lymphocytes or HeLa cells [24], and protected against the effect of NiCl2 in lymphocytes [25]. 
Duarte and Jones [21] preincubated primary human fibroblasts for 12 h with 20, 100 or 500 μM 
vitamin C, and—also using the comet assay—found an increase in H2O2-induced damage. 
Carbofuran-induced damage to human lymphocyte DNA was decreased by preincubation with  
30 μM vitamin C [26]. Similar protection was afforded by 10–50 μM vitamin C pretreatment  
against damage induced by 2-hydroxyethyl methacrylate and urethane dimethacrylate (used in dental 
treatment) [27,28]. 

When vitamin C is present simultaneously with a genotoxic agent (rather than during a 
preincubation), potentiation of the damaging effect of the latter may be seen—even when the effect 
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of preincubation is a protective one. Such a dual effect was reported by Wozniak and Blasiak [25] for 
NiCl2. Vanadyl sulfate led to more DNA breaks in HeLa cells and lymphocytes when they were  
co-incubated with vitamin C for 1 h [29], perhaps as a result of a metal ion-vitamin C interaction. 
Both DNA breaks and oxidized purines were induced when HL-60 cells were incubated with vitamin 
C and copper (II) sulfate, but no such damage was caused by vitamin C alone [23]. Vitamin C was 
unable to protect human submandibular gland and oral epithelial cells against DNA damage induced 
by bracken fern, and in fact showed a synergistic effect on DNA breakage [30]. In contrast, 
co-incubation of HepG2 cells with both vitamin C and N-nitrosamines resulted in fewer DNA 
breaks/oxidized bases [20]—perhaps an effect of vitamin C mediated through xenobiotic 
metabolizing enzymes.  

To summarize our results relating to DNA damage, in HeLa cells—which clearly are able to take 
up and accumulate vitamin C—we find no sign of either pro- or anti-oxidant effects. 

There are some human intervention studies that suggest a possible regulatory role for vitamin C in 
the repair of oxidized DNA—a topic highlighted by Sram et al. in their recent review [8] as deserving 
further attention. Cooke et al. [31] measured 8-oxodGuo in lymphocyte DNA, serum and urine from 
30 healthy volunteers involved in a 6 week placebo and 6 week vitamin C (500 mg/day) 
supplementation study (plus a washout period). They found a decrease in the levels of 8-oxodGuo in 
DNA and an increase in urine and serum. In addition to reservations about the less than ideal study 
design and the likely errors in the measurement of 8-oxodGuo, the interpretation of the results is 
questionable, since the presence of 8-oxodGuo in serum or urine does not directly reflect OGG 
activity; the base, not the nucleoside, is excised during BER. Tarng et al. [32] supplemented chronic 
hemodialysis patients with 300 mg of vitamin C, and found a significant upregulation of hOGG1 
mRNA at 24 h after vitamin C administration. Astley et al. [33] took lymphocytes from human 
volunteers after 3 weeks of supplementation with the modest dose of 60 mg vitamin C per 2 days. 
There was no significant effect on plasma vitamin C, and no change in repair capacity (detected as 
repair synthesis on an oxidatively damaged plasmid template).  

Supplementation for 3 weeks with green kiwifruits led to a significant increase in plasma vitamin 
C, decreases in endogenous base oxidation and H2O2-induced damage ex vivo, and an enhancement 
of lymphocyte BER on a substrate containing 8-oxoGua [34]; however, golden kiwifruits modestly 
increased plasma vitamin C and showed protection against DNA oxidation but no effect on DNA 
repair [35]. Guarnieri et al. [36] supplemented volunteers with 0.5 g/day vitamin C in normal or  
slow release form (together with vitamin E); only the slow release form stimulated BER capacity  
in lymphocytes.  

Reports in the literature on effects of vitamin C on DNA repair in cells in culture are sparse. 
Konopacka et al. [37] irradiated mouse lymphocytes with 2 Gy of γ-rays, and then incubated them 
with or without vitamin C, vitamin E and β-carotene; rejoining of strand breaks was faster in the 
presence of antioxidants. 

We report here that vitamin C has no effect on cellular repair of SBs or oxidized bases in HeLa 
cells. The in vitro test for 8-oxoGua DNA glycosylase (OGG) activity could not be carried out, since 
it was evident that vitamin C itself can cause damage to nucleoid DNA (Figure 6), presumably acting 
as a pro-oxidant (as mentioned in the Introduction). This cleavage could be mediated via production 
of hydroxyl radicals in the presence of DNA-bound transition metal such as copper [14]. 
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The reason for native nuclear DNA being resistant to attack by vitamin C, while nucleoid DNA is 
susceptible, is not clear, though it may be that this apparently pro-oxidant effect of vitamin C is 
prevented by the high concentrations of the thiol-rich antioxidant glutathione present in the intact 
nucleus. Bergstrom et al. [22,23] report the oxidation of dGuo in vitro by vitamin C. To summarize, 
we have found no evidence in HeLa cells for pro-oxidant effects of vitamin C at extracellular 
concentrations up to 200 μM, but also no evidence for antioxidant protection. Nor did we see any effect 
on the repair of SBs or oxidized bases. Vitamin C at low concentration is, however, capable of 
damaging nucleoid DNA. The same strategy was used in our laboratory to study the 
antioxidant/pro-oxidant effects of β-cryptoxanthin [13]. Our results showed that this carotenoid does 
not cause DNA damage but, in contrast to vitamin C, it protects HeLa cells from damage induced by 
H2O2 or photosensitizer plus light. In addition, it enhances DNA repair, as measured with the same 
assays as were used in the present report. 
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Abstract: Introduction: Neutrophil extracellular trap (NET) formation was recently 
identified as a novel mechanism to kill pathogens. However, excessive NET formation in 
sepsis can injure host tissues. We have recently shown that parenteral vitamin C (VitC) is 
protective in sepsis. Whether VitC alters NETosis is unknown. Methods: We used 
Gulo−/− mice as they lack the ability to synthesize VitC. Sepsis was induced by 
intraperitoneal infusion of a fecal stem solution (abdominal peritonitis, FIP). Some VitC 
deficient Gulo−/− mice received an infusion of ascorbic acid (AscA, 200 mg/kg) 30 min 
after induction of FIP. NETosis was assessed histologically and by quantification for 
circulating free DNA (cf-DNA) in serum. Autophagy, histone citrullination, endoplasmic 
reticulum (ER) stress, NFκB activation and apoptosis were investigated in peritoneal 
PMNs. Results: Sepsis produced significant NETs in the lungs of VitC deficient Gulo−/− 
mice and increased circulating cf-DNA. This was attenuated in the VitC sufficient 
Gulo−/− mice and in VitC deficient Gulo−/− mice infused with AscA. Polymorphonuclear 
neutrophils (PMNs) from VitC deficient Gulo−/− mice demonstrated increased activation 
of ER stress, autophagy, histone citrullination, and NFκB activation, while apoptosis was 
inhibited. VitC also significantly attenuated PMA induced NETosis in PMNs from 
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healthy human volunteers. Conclusions: Our in vitro and in vivo findings identify VitC 
as a novel regulator of NET formation in sepsis. This study complements the notion that 
VitC is protective in sepsis settings. 

Keywords: vitamin C; sepsis; neutrophils; NETosis; cell free DNA; nuclear factor κB 
 

1. Introduction 

Polymorphonuclear neutrophils (PMN) play key roles in the host response to pathogens by 
regulating innate host defenses and modulating inflammation. PMN combat pathogens by multiple 
mechanisms including phagocytosis, followed by exposure to reactive oxygen intermediates (short-lived 
and long-lived) in phagolysosomes [1], degranulation, which involves release of anti-bacterial 
peptides and proteases to kill pathogens [2], as well as production of cytokines and other inflammatory 
mediators. Aside from these traditional mechanisms, another mechanism for pathogen killing, the 
formation of neutrophil extracellular traps (NETs) by NETosis, a novel cell death pathway different 
from apoptosis and necrosis, was recently identified [3,4]. Although NETosis plays a crucial role in 
host defense during local infection by trapping and killing pathogens, excessive NET formation 
during systemic infections becomes self-defeating by promoting tissue injury and organ damage [5]. 

Sepsis, a leading cause of death with high mortality rates, is characterized by excessive 
inflammation and exuberant immune responses that lead to increased circulating PMN levels and 
extensive PMN sequestration in the lung. This massive influx of PMNs to the lungs often leads to 
acute lung injury (ALI) [6]. One postulated mechanism by which PMNs cause ALI is NETosis [7]. In 
sepsis, NETs are formed in response to pro-inflammatory stimuli such as lipopolysaccharide (LPS) 
and interleukin-8 (IL-8) [8,9] by expulsion of genomic DNA into web-like extracellular structures 
that display antimicrobial proteins such as histones, neutrophil elastase, and myeloperoxidase [10]. 
During NETosis, various signaling pathways lead to dissolution of nuclear envelope, thus allowing 
the mixing of nuclear chromatin with granular antimicrobial proteins from cytoplasmic granules, and 
then, by releasing the DNA into lattice-like structures, NETs concentrate proteases and antimicrobial 
proteins in the vicinity of trapped pathogens. However, in sepsis, exposure to NETs also produces 
organ injury. Indeed, Dwivedi et al. recently showed that NETosis, as determined by the circulating 
cell free DNA (cf-DNA) content, could predict ICU mortality in severe sepsis better than existing 
severity of illness or organ dysfunction scoring systems and was also better than IL-6, thrombin, and 
protein C [11]. While effective targeting or inhibition of NET structures has been suggested as 
therapy to benefit sepsis [8], identification of agents with the potential to alter NET formation 
remains elusive. 

Vitamin C (VitC) is an essential vitamin for humans. While its role as an endogenous antioxidant 
is well recognized, our recent research suggests that VitC beneficially impacts multiple  
pathways associated with sepsis [12]. Its pleiotropic mechanisms including attenuation of the 
pro-inflammatory response, enhancement of epithelial barrier function, increasing alveolar fluid 
clearance, and prevention of coagulation abnormalities constitute a primary line of defense that is 
protective in sepsis syndromes [13]. Intracellular levels of VitC in various tissues differ significantly 
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from circulating plasma levels with high cellular concentrations considered to be indicative of 
essential metabolic function [14]. In particular, VitC accumulates in millimolar quantities in PMNs 
where it regulates neutrophil apoptosis [14,15]. We recently showed that VitC attenuated 
neutrophiliccapillaritis and improved survival in murine sepsis models [12,13]. However, whether 
VitC alters NETosis in sepsis settings remains unknown. Humans lack functional L-gulono-γ-lactone 
oxidase (Gulo), the final enzyme in the biosynthesis of VitC [16]. In contrast, mice express 
functional Gulo, resulting in tissues generally maintaining high levels of VitC. In order to translate 
data from VitC studies in mice to humans we have examined NETosis in septic mice lacking Gulo 
(Gulo−/−). Our studies show that VitC sufficiency attenuated NETosis in septic mice. Importantly, at 
a cellular level, we show that VitC deficient PMN were more susceptible to undergo NETosis 
through increased activation of endoplasmic reticulum (ER) stress and autophagy, processes 
considered vital for NETosis [17]. VitC deficient PMNs displayed increased expression of 
peptidylargininedeiminase 4 (PAD4), the key enzyme required for hypercitrullination of histones 
and chromatin decondensation [18]. Moreover, our studies show that the pro-survival transcription 
factor nuclear factor kappa B (NFκB) was augmented in the VitC deficient PMNs while apoptosis 
was suppressed. The inhibitory effect of VitC on NETosis was recapitulated in phorbolmyristate 
acetate (PMA) activated human PMN. 

2. Experimental Section 

2.1. Animals 

Gulo−/− mice were bred in-house from an established homozygous colony as previously 
described [19]. Vitamin C sufficient mice were fed ad libitum with regular chow and water 
supplemented with vitamin C (0.330 g/L) renewed twice per week. Vitamin C deficient mice were 
generated by reducing vitamin C supplementation (0.033 g/L) for one week, followed by complete 
removal of dietary vitamin C for an additional two weeks. Others have shown that this reduced 
supplementation significantly decreases the concentration of VitC in immune cells, plasma and 
organs [20,21]. 

2.1.1. Feces Induced Peritonitis 

Polymicrobial sepsis (peritonitis) was induced by intraperitoneal (i.p.) introduction of fecal stem 
solution into the peritoneum as described previously [13,19]. Thirty minutes after fecal challenge 
(45 mg/mL), some mice received i.p. injection of VitC as ascorbic acid (200 mg/kg in saline). 
Untreated mice received i.p. saline instead of VitC. Blood was collected 16 h later by cardiac 
puncture, and lungs harvested. Blood was allowed to coagulate, spun to separate serum, and stored at 
−80 °C for batch analysis of cell-free DNA (see below). 

All animal studies were performed in accordance to the Virginia Commonwealth University Animal 
Care and Use Committee’s approved protocols (Protocol # AM10100, approved 15 March, 2011). 

2.1.2. Gulo−/− Mice Were Divided into Five Groups 

(1) (+): vitamin C sufficient mice received saline alone (0.4 mL, i.p.) 
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(2) FIP(+): vitamin C sufficient mice received fecal stem solution (0.4 mL, i.p.) followed  
30 min later by saline (0.1 mL, i.p.) 

(3) (−): vitamin C deficient mice received saline alone (0.4 mL, i.p.) 
(4) FIP(−): vitamin C deficient mice received fecal stem solution (0.4 mL, i.p.) followed  

30 min later by saline (0.1 mL, i.p.) 
(5) FIP(−) + AscA: vitamin C deficient mice received fecal stem solution (0.4 mL, i.p.) 

followed 30 min later by ascorbic acid (0.1 mL, i.p.) 

2.2. Isolation of Mouse Peritoneal Neutrophils 

Induction of an enriched exudate of leukocytes in the peritoneal cavity of mice was performed by 
i.p. injection of 1 mL of aged, sterile 3% thioglycollate solution [16]. After 16 h, mice were 
euthanized, and the peritoneal cavity was flushed with 5 mL sterile Hanks’ balanced salt solution 
containing 1% BSA (HBSS). The leukocyte pellet containing ~80% neutrophils and ~20% macrophages 
was washed with HBSS and resuspended in RPMI-1640 medium. Total cell counts were determined 
with a hemacytometer. Leukocyte viability was assessed by trypan blue exclusion (>99%). PMNs 
were then purified by adherence to a plastic dish as described by Tsurubuchi et al. [22]. Briefly, cells 
from peritoneal exudate were plated into a 35-mm plastic dish and incubated at 37 °C in 5% CO2 in 
air for 10 min in HBSS. The cells were washed twice with fresh HBSS to remove non-adherent cells. 
Although there was loss of some PMNs, which did not adhere to the dish, this procedure eliminated 
most of the macrophages. Cytochemical staining of adherent cells using HARLECO® Hemacolor® 
Solution (EMD Millipore, EMD Millipore) revealed that >95% of the adherent cells were PMNs. 

2.3. Immunofluorescence and Differential Interference Contrast Imaging of Lung NETs 

Formalin fixed paraffin embedded mouse lung sections (3 μm) were rehydrated and heat induced 
antigen retrieval performed in 0.01 M citrate buffer pH 6.0 for 20 min. Sections were blocked  
with 1% normal swine serum (NSS, DAKO, Carpinteria, CA, USA) and incubated with primary 
antibody #1, rat anti-mouse CD41 (MWReg30, ab33661, Abcam, Cambridge, MA, USA), 1:10 
diluted in 1% NSS/PBS overnight at 4 °C. Sections were then incubated with goat anti-rat Alexa 
Fluor® 488 1:50 (Abcam) in PBS for 4 h followed by incubation with primary antibody #2, rabbit 
anti-myeloperoxidase (ab45977, Abcam) 1:10 diluted in PBS overnight at 4 °C. Sections were then 
incubated with chicken anti-rabbit Alexa Fluor® 647 (Invitrogen, Life Technologies, Grand Island, 
NY, USA) 1:50 in PBS for 4 h followed by incubation with primary antibody #3, mouse anti-histone 
H2A (L88A6, Cell Signaling, Danvers, MA, USA) 1:200 in PBS overnight at 4 °C, and then finally 
incubated with goat anti-mouse IgG1 Alexa Fluor® 594 (Invitrogen) 1:50 in PBS for 4 h. Nuclear 
counterstain was performed with DAPI (Invitrogen) 1:500 for 5 min and sections mounted with Slow 
Fade Gold (Invitrogen). Negative controls were run in parallel with nonspecific IgG or specific 
isotype. Confocal microscopy was performed with a Leica TCS SP2 laser scanning confocal 
microscopy system of the VCU Department of Anatomy and Neurobiology Microscope Facility. 
Separate images of optical sections were acquired with filters for Alexa Fluor® (AF) 488, 594, 647 
and DAPI. Images were assembled with ImageJ software. 
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2.4. RNA Isolation and Real-Time Quantitative PCR (QPCR) Analysis 

Isolation of total RNA and real-time QPCR analyses were performed as described previously [12]. 
Primers used for QPCR are listed in Table 1. 

Table 1. Murine primers used for Quantitative PCR (QPCR). 

Name Sequence 5′ to 3′ 
ATF4 forward CCTAGGTCTCTTAGATGACTATCTGGAGG 
ATF4 reverse CCAGGTCATCCATTCGAAACAGAGCATCG 
BiP forward GTGCAGCAGGACATCAAGTTCTTGCC 
BiP reverse TTCCCAAATACGCCTCAGCAGTCTCC 

CHOP forward CACCTATATCTCATCCCCAGGAAACG 
CHOP reverse TTCCTTGCTCTTCCTCCTCTTCCTCC 
EDEM forward GCCCTTTGGTGACATGACAATTGAGG 
EDEM reverse TCATTATTGCTGTCAGGAGGAACACC 

XBP-1s forward TGAGTCCGCAGCAGGTGC 
XBP-1s reverse CAACTTGTCCAGAATGCCCAAAAGG 

XBP-1un forward AAGAACACGCTTGGGAATGGACACGC 
XBP-1un reverse ACCTGCTGCAGAGGTGCACATAGTC 

PAD4 forward ACAGGTGAAAGCAGCCAGC 
PAD4 reverse AGTGATGTAGATCAGGGCTTGG 
ATG3 forward CACCACTGTCCAACATGGC 
ATG3 reverse GTTTACACCGCTTGTAGCATGG 
ATG5 forward ACAAGCAGCTCTGGATGGG 
ATG5 reverse GGAGGATATTCCATGAGTTTCCG 
ATG6 forward CACGAGCTTCAAGATCCTGG 
ATG6 reverse TCCTGAGTTAGCCTCTTCCTCC 
ATG7 forward ACGATGACGACACTGTTCTGG 
ATG7 reverse AGGTTACAGGGATCGTACACACC 
ATG8 forward ACAAAGAGTGGAAGATGTCCG 
ATG8 reverse GGAACTTGGTCTTGTCCAGG 
TNFα forward GATGAGAAGTTCCCAAATGGC 
TNFα reverse TTGGTGGTTTGCTACGACG 
IL-1β forward CTGAACTCAACTGTGAAATGCC 
IL-1β reverse CAGGTCAAAGGTTTGGAAGC 
18S forward GATAGCTCTTTCTCGATTCCG 
18S reverse AGAGTCTCGTTCGTTATCGG 

2.5. Western Blot Analysis 

Neutrophil whole-cell and nuclear extracts were isolated for Western blot analysis as described 
previously [13]. Nuclear extracts were isolated using the NE-PER kit (Pierce Biotechnology, 
Rockford, IL, USA). Proteins were resolved by SDS polyacrylamide gel electrophoresis (4%–20%) 
and electrophoretically transferred to polyvinylidene fluoride membranes (0.2 μm pore size). 
Immunodetection was performed using chemiluminescent detection with the Renaissance Western 
Blot Chemiluminescence Reagent Plus (Perkin Elmer Life Sciences Inc., Boston, MA, USA). Blots 
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were stripped using the Restore™ Western Blot Stripping Buffer (Pierce Biotechnology Inc., 
Rockford, IL, USA) as described by the manufacturer. Purified rabbit polyclonal antibodies to LC3B 
(L7543, Sigma-Aldrich), cleaved caspase-3 (#9661, Cell Signaling), caspase-3 (#9662, Cell 
Signaling), p62/SQSTM1 (NBP1-48320, Novus Biologicals), NFκB p65 (sc-109, Santa Cruz 
Biotechnology), Lamin B (sc-6216, Santa Cruz Biotechnology), and actin (sc-1616, Santa Cruz 
Biotechnology) were used in this study. Optical densities of antibody-specific bands were 
determined using Quantity One acquisition and analysis software (Bio-Rad, Hercules, CA, USA). 

2.6. Isolation of Human Neutrophils and NETs Release 

Human neutrophils were isolated by density gradient centrifugation and hypotonic lysis [23]. 
Cells were adjusted to 2 × 106/mL in RPMI-1640, seeded onto 8-well IbiTreat μ-slides (Ibidi 
#80826), 0.3 mL per well, and allowed to adhere for 15 min. PMNs were VitC loaded by incubating 
for 1 h with 0.3 mM or 3 mM buffered ascorbic acid (Mylan Institutional LLC, Rockville, IL, USA). 
Neutrophils were stimulated with 50 nM PMA for three hours at 37 °C. Neutrophil conditioned media 
were centrifuged at 400× g for 5 min and the supernatants used for quantification of cf-DNA [24]. 

2.7. Immunofluorescence Staining of Human NETs 

PMNs were fixed with 4% paraformaldehyde, permeabilized with 0.15% Triton X-100 in PBS, 
and blocked with 5% normal chicken serum (Sigma) in PBS. To stain NETs, slides were incubated 
with a mouse monoclonal anti-myeloperoxidase antibody (1:200; Santa Cruz sc-52707) and a 
secondary Alexa Fluor® 488-conjugated chicken anti-mouse IgG antibody (1:200; Molecular Probes 
A-21200). After staining of DNA with DAPI, neutrophil-derived NET formation was visualized by 
immunofluorescence microscopy performed on an Olympus model IX70 inverted microscope 
outfitted with an IX-FLA fluorescence observation system equipped with a FITC and DAPI filter 
cubes (Chroma Technology, Brattleboro, VT, USA) through Uplan FI objectives (20×, 60×). Images 
were captured by an Olympus XM10 digital camera using CellSens imaging software (Olympus 
America, Melville, NY, USA). 

2.8. Quantification of Cell Free DNA 

The levels of cf-DNA in human neutrophil supernatants and mouse serum were quantified using 
the Invitrogen Quant-iTPicoGreendsDNA assay kit according to the manufacturer’s instructions 
(Life Technologies, Grand Island, NY, USA). Fluorescence intensity was measured on a SpectraMax 
Gemini XPS microplate reader with excitation at 490 nm and emission at 525 nm, with a 515 nm 
emission cutoff filter (Molecular Devices, Sunnyvale, CA, USA). 

2.9. Statistical Analysis 

Statistical analysis was performed using SAS 9.3 and GraphPad Prism 6.0 (GraphPad Software,  
San Diego, CA, USA). Data are expressed as mean ± SE. Results were compared using  
Student-Newman-Keuls test or one-way ANOVA and the post hoc Tukey test to identify specific 
differences between groups. Statistical significance was confirmed at a p value of <0.05. 
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Figure 1. Vitamin C sufficient Gulo−/− mice demonstrate reduced lung NETs and lower  
cf-DNA following peritonitis-induced sepsis. Representative immunofluorescence and 
differential interference contrast imaging of lung NETs (A–E): (A) VitC sufficient 
Gulo−/− mice (+) received saline alone (0.4 mL, i.p.); (B) FIP exposed VitC sufficient 
Gulo−/− mice [FIP(+)] received fecal stem solution (45 mg/mL, i.p.) followed 30 min 
later by saline (0.1 mL, i.p.); (C) VitC deficient Gulo−/− mice (−) received saline alone 
(0.4 mL, i.p.); (D) FIP exposed VitC deficient Gulo−/− mice [FIP(−)] mice received fecal 
stem solution (45 mg/mL, i.p.) followed 30 min later by saline (0.1 mL, i.p.). (E) AscA 
treated FIP exposed VitC deficient Gulo−/− mice [FIP(−) + AscA] mice received fecal 
stem solution (45 mg/mL, i.p.) followed 30 min later by AscA (200 mg/kg, i.p.). Platelet 
CD-41 (green), histones (red), and myeloperoxidase (grey) are seen in the merged images. 
Arrowheads indicate NET formation shown by co-staining for platelet CD-41 (green), 
histones (red), myeloperoxidase (grey), and DAPI (blue) in the vascular and alveolar 
spaces. Arrows indicate extensive extra-nuclear histones (red); (10× magnification, N = 3 
for each group). (F) Serum levels of cf-DNA were quantified using the 
Quant-iTPicoGreen dsDNA assay kit (N = 5–11 for each group, p < 0.05). 
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3. Results 

3.1. Vitamin C Sufficient Mice Demonstrate Reduced Lung NETs and Lower cf-DNA Following 
Peritonitis-Induced Sepsis 

We have previously shown that fecal peritonitis promotes PMN infiltration of the lungs in VitC 
deficient mice [19]. Here we used immunofluorescence staining and DIC microscopy to examine the 
extent of NETs in lungs of mice following FIP induced sepsis. Immuno-positive staining for platelet 
CD-41 (green), nuclear histones (red), and myeloperoxidase (grey) are visible in the lungs of saline 
exposed mice (Figure 1A). No appreciable immuno-positive staining differences were seen in the 
lungs of saline exposed VitC deficient mice (Figure 1C). FIP induced a mild increase in CD-41 
immuno-positivity as well as some cytosolic histone staining (Figure 1B). However, no significant 
histological changes were evident in the VitC sufficient septic mice. In contrast, FIP induced 
significant NETs in VitC deficient mice as evidenced by dramatically increased co-staining for 
platelet CD-41 (green), histones (red), and myeloperoxidase (grey) in the vascular and alveolar 
spaces of septic mice (arrowheads, Figure 1D). Moreover, extensive extra-nuclear staining of 
histones (arrows) is also evident in this representative section along with thickened alveolar walls. 
Importantly, FIP exposed vitamin C deficient mice treated with ascorbic acid exhibited significant 
attenuation of NETs (Figure 1E). 

In order to quantify NETs we determined levels of cf-DNA in the serum of VitC sufficient and 
deficient mice 16 h after sham treatment or FIP. Levels of serum cf-DNA were significantly elevated 
in the FIP exposed VitC deficient mice (Figure 1F, 5-fold, p < 0.05). Treatment of septic VitC 
deficient mice with ascorbic acid significantly lowered the cf-DNA values to control levels  
(p < 0.05). In addition peritoneal neutrophils from vitamin C deficient mice were more susceptible to 
NETosis than those from vitamin C deficient mice (Supplementary Material, Figure S1). 

3.2. Vitamin C Deficient Neutrophils Show Increased PAD4 mRNA 

Unlike apoptosis, rapid intracellular decondensation of nuclear chromatin is a hallmark of 
NETosis [19,25]. Decondensation of nuclear chromatin requires the removal of positively charged 
arginine residues on histones by deimination or citrullination, which is carried out by a family of 
peptidylargininedeiminases (PAD). Of these, only PAD4 is expressed by neutrophils [26] and 
possesses a classical nuclear localization signal [27]. Importantly Wang et al. have shown that PAD4 
is indispensable for NETosis [18]. Therefore, we examined mRNA expression of PAD4 in PMNs 
from VitC sufficient and deficient mice. As seen in Figure 2, PAD4 mRNA expression was 
significantly higher in thioglycollate elicited peritoneal PMNs from VitC deficient mice (p < 0.05). 

3.3. Autophagy Signaling Is Induced in Vitamin C Deficient Neutrophils 

Autophagy is a vital process for the catabolism of cytosolic proteins and organelles, but has also 
been shown to be required for NETosis [17,28]. To examine whether VitC regulates autophagy in 
PMNs we assessed the expression of several autophagy genes in thioglycollate elicited PMNs from 
VitC sufficient and deficient mice. As seen in Figure 3A, the expression of autophagy related signaling 
molecules (except for ATG6) were significantly elevated in the VitC deficient PMNs (p < 0.05). 
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Figure 2. Vitamin C deficient neutrophils show increased PAD4 mRNA. Real time 
QPCR for PAD4 shows two-fold increase in mRNA expression from peritoneal PMNs of 
VitC deficient Gulo−/− mice when compared to PMNs from VitC sufficient Gulo−/− mice 
(N = 6 for each group, * p < 0.05). 

 

Activation of the autophagic process causes lipidation of ATG8/LC3B (LC3B-I to LC3B-II 
conversion) and the lipid-modified LC3B-II translocates to autophagosomes. This LC3B-I to 
LC3B-II conversion is considered a critical marker of autophagy activation [29]. We observed 
significantly enhanced LC3B-I to LC3B-II conversion in cell lysates of VitC deficient PMNs by 
immunoblotting (Figure 3B, p < 0.05). 

Figure 3. Autophagy signaling is induced in Vitamin C deficient neutrophils. (A) Real 
time QPCR for ATG3, ATG5, ATG6, ATG7, and ATG8 mRNA from peritoneal PMNs 
of VitC sufficient and deficient Gulo−/− mice, (N = 6 for each group, * p < 0.05).  
(B) Representative Western blot for expression of LC3B-I and LC3B-II from peritoneal 
PMNs of VitC sufficient and deficient Gulo−/− mice. Densitometry of LC3B-II/actin 
from peritoneal PMNs of VitC sufficient and deficient Gulo−/− mice (N = 6 for each 
group, * p < 0.05). (C) Representative Western blot for expression of p62 and actin from 
peritoneal PMNs of VitC sufficient and deficient Gulo−/− mice. Densitometry of 
normalized p62 expression from peritoneal PMNs of VitC sufficient and deficient 
Gulo−/− mice (N = 6 for each group, ns p = 0.3). 
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Figure 3. Cont. 

 

To further investigate the regulation of autophagy signaling by VitC in PMNs we examined the 
accumulation of p62/sequestosome I in these cell lysates. The loss of p62 in cells is typically 
indicative of increased autophagic activity [30]. Detection of p62 by immunoblotting showed a trend 
towards decreases p62 levels in the VitC deficient PMNs (Figure 3C). However this decline did not 
reach statistical significance (p = 0.3). 

Figure 4. Endoplasmic reticulum stress associated gene expression in up-regulated in 
vitamin C deficient neutrophils. Real time QPCR for activating transcription factor 4 
(ATF4), glucose-regulated protein 78 (Grp78, BiP), C/EBP homologous protein (CHOP), 
ER degradation-enhancing α-mannosidase-like protein (EDEM), X-box binding protein-1 
spliced (XBP-1s), and unspliced (XBP-1un) mRNA from peritoneal PMNs of VitC 
sufficient and deficient Gulo−/− mice, (N = 6 for each group, * p < 0.05). 
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3.4. Endoplasmic Reticulum Stress Associated Gene Expression Is Up-Regulated in Vitamin C 
Deficient Neutrophils 

Signaling initiated by the ER stress response (unfolded protein response, UPR) actively 
participates in autophagy and ultimately contributes to the cell fate decision [31]. Since autophagy 
signaling was induced in the VitC deficient PMNs, we next examined ER stress gene expression in 
the PMNs. As seen in Figure 4, all the UPR genes examined except for CHOP were significantly 
up-regulated in PMNs from VitC deficient mice (p < 0.05). 

3.5. Vitamin C Deficient Neutrophils Undergo Attenuated Apoptosis 

To determine the extent of apoptosis in peritoneal PMNs from VitC sufficient and VitC deficient 
mice, we examined a well characterized marker of apoptosis, cleaved caspase-3, by immunoblotting 
of PMN cell lysates. As seen in Figure 5, caspase-3 activation was significantly lower in VitC 
deficient PMNs (p < 0.05). 

Figure 5. Vitamin C deficient neutrophils undergo attenuated apoptosis. Representative 
Western blot for expression of caspase-3 and cleaved caspase-3 from peritoneal PMNs of 
VitC sufficient and deficient Gulo−/− mice. Densitometry of cleaved caspase-3/caspase-3 
from peritoneal PMNs of VitC sufficient and deficient Gulo−/− mice (N = 6 for each 
group, * p < 0.05). 

 

3.6. Vitamin C Deficient Neutrophils Exhibit Increased NFκB Activation 

The transcription factor NFκB modulates the expression of many immuno-regulatory mediators 
in the acute inflammatory response in sepsis. Yang et al. found that diminished nuclear translocation 
of NFκB in peripheral PMNs was associated with less time on the ventilator and improved survival 
in critically ill patients [32]. NFκB activation is also associated with increased ROS production and 
endoplasmic reticulum stress signaling [33]. Therefore, we examined nuclear translocation of NFκB 
in peritoneal PMNs isolated from VitC sufficient and deficient mice. As seen in Figure 6A, 
significantly increased NFκB translocation was observed in nuclei of VitC deficient PMNs (p < 0.05). 



72 

Increased nuclear NFκB translocation was associated with induction of the NFκB dependent 
pro-inflammatory genes for TNFα and IL-1β (Figure 6B, p < 0.05). 

Figure 6. Vitamin C deficient neutrophils exhibit increased NFκB activation. 
(A) Representative Western blot for nuclear expression of NFκBp65 and Lamin B from 
peritoneal PMNs of VitC sufficient and deficient Gulo−/− mice. Densitometry of 
NFκBp65/Lamin B from peritoneal PMNs of VitC sufficient and deficient Gulo−/− mice  
(N = 4 for each group, * p < 0.05). (B) Real time QPCR for TNFα and IL-1β mRNA from 
peritoneal PMNs of VitC sufficient and deficient Gulo−/− mice, (N = 6 for each group,  
* p < 0.05). 

 

3.7. Vitamin C Attenuates NET Formation in Activated Human Neutrophils 

Freshly isolated human PMNs formed NETs following activation by PMA (50 nM) for three 
hours as seen by immunofluorescence staining (Figure 7B,E). Loading the cells with VitC (3 mM) 
prior to PMA stimulation greatly reduced NET formation by human PMN (Figure 7C,F). Further, 
quantification of cf-DNA from the supernatants showed VitC (3 mM) loading significantly reduced 
NETs release from activated PMN (Figure 7G, p < 0.05). 

4. Discussion 

In this study we show that VitC could play a critical role in regulating the ultimate fate of PMNs in 
sepsis. Activated PMNs undergo extensive NETosis in septic mice lungs, resulting in potential 
damage to lung alveolar and endothelial cells. This effect was predominant in PMNs from VitC 
deficient mice and could be rescued by VitC infusion after the onset of sepsis. In contradistinction, 
PMNs from VitC sufficient mice underwent attenuated NETosis. Importantly, at a molecular level, 
VitC deficient peritoneal PMNs were likely to be more pro-inflammatory, to resist apoptosis, and to 
preferentially undergo NETosis. 
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Figure 7. Vitamin C attenuates NET formation in activated human neutrophils. 
Representative image of immunofluorescent staining for NETs in human neutrophils: 
DNA (blue); myeloperoxidase (green). Upper Panels: Control PMNs (A, 20×); PMNs 
exposed to PMA (50 nM) for 3 h (B, 20×); PMNs loaded with VitC (3 mM) for 1 h and 
then exposed to PMA (50 nM) for 3 h (C, 20×). Lower Panels: Control PMNs (D, 60×); 
PMNs exposed to PMA (50 nM) for 3 h (E, 60×); PMNs loaded with VitC (3 mM) for  
1 h and then exposed to PMA (50 nM) for 3 h (F, 60×). (N = 3 for each group, 
Magnification: upper panel 20×, lower panel 60×). (G) Quantification of cf-DNA in the 
supernatants above (N = 3 for each group, p < 0.05). 

 

 

Although several signaling mechanisms responsible for NET formation have been reported, critical 
regulatory elements remain unidentified. This study advances our understanding of PMN function 
and NET biology by identifying a novel regulatory mechanism for NET formation in both murine 
and human PMNs. Using our previously well-characterized model of abdominal peritonitis induced 
sepsis we show that sepsis promotes NET formation in lungs of VitC deficient mice (Figure 1). 
NETosis in this model was accompanied by increased circulating cf-DNA (Figure 1F). VitC 



74 

sufficiency or infusion of VitC after initiation of sepsis significantly decreased NETosis in lungs and 
circulating cf-DNA content (Figure 1). NET formation in VitC deficient peritoneal PMNs required 
activation of well characterized signaling pathways including ROS generation (data not shown), 
activation of the peptidylargininedeiminase PAD4 (Figure 2), autophagy (Figure 3), endoplasmic 
reticulum stress (Figure 4), and inhibition of apoptosis (Figure 5). NFκB, a pro-inflammatory, 
pro-survival transcription factor was activated in the VitC deficient peritoneal PMNs (Figure 6). 
VitC sufficiency or treatment with VitC attenuated these signaling pathways in PMNs. 

Intracellular chromatin decondensation is essential for NET formation. Chromatin 
decondensation is brought about by peptidylargininedeiminase 4 (PAD4), a nuclear enzyme that 
deiminates arginine residues on histone tails thereby converting positively charged arginines to 
uncharged citrullines [17,18]. The importance of PAD4 is that many NET forming stimuli including 
PMA, LPS, and IL-8 as well as various bacterial and fungal species converge to its activation. While 
PAD4 is expressed in PMNs and is localized to the nucleus [26,27], little is known about its 
mechanism of action or its transcriptional regulation. Ying et al. have shown that PAD1, which 
belongs to the same family of enzymes as PAD4, is transcriptionally regulated by NFκB [34]. We 
have previously shown that VitC blocks NFκB activation in septic mouse lungs [12]. Cárcamo et al. 
also demonstrated that VitC blocks IκB kinase activity and NFκB activation [35]. In this study we 
observed that nuclear NFκB levels were higher in the VitC deficient PMNs (Figure 6A). Further, 
PAD4 mRNA expression was also significantly higher in PMNs from VitC deficient mice (Figure 2). 
Therefore, we hypothesize that VitC decreases PAD4 expression by suppressing NFκB activation in 
PMNs. Further, by decreasing PAD4 expression VitC could decrease histone citrullination activity 
and therefore chromatin decondensation in VitC sufficient PMNs. 

Autophagy has been identified as a well-conserved, homeostatic mechanism that clears damaged 
organelles or proteins and plays an essential role in cell survival during periods of nutrient 
depletion [36]. Despite the view that it might not occur in neutrophils, autophagy was recently shown 
to occur both in murine and human PMNs [37,38]. While Mitroulis et al. reported that autophagy 
occurs in human PMNs in response to PMA activation [39]. Remijsen et al. have shown that 
autophagy is necessary for the induction of intracellular chromatin decondensation during PMA-induced 
NETosis [17]. In our study, we found increased expression of autophagy genes (Figure 3A) as well 
as significantly enhanced LC3B-I to LC3B-II conversion in VitC deficient PMNs (Figure 3B) 
indicative of the presence of more autophagosomes in VitC deficient PMNs. However, LC3B-I to 
LC3B-II conversion is a static measure of autophagosome number, and does not measure the actual 
activity of the pathway. The increased LC3B-II could be interpreted as either high autophagic 
activity or a downstream block in the system that results in an accumulation of LC3B-II protein, even 
though autophagic degradation itself is diminished. To supplement our observations we examined 
levels of p62/sequestosome I, a cytosolic chaperone protein with an LC3B binding domain [40]. The 
normal function of p62 protein is to carry polyubiquitinated proteins to the autphagolysosome where 
it binds to LC3B before getting degraded. Thus, the loss of p62 protein is a measure of the flux of 
autophagy and indicative of increased autophagy [41]. In our studies we found a trend towards 
decreased p62 levels in the VitC deficient PMNs (Figure 3C). While this decline did not reach 
statistical significance, in combination with the increased autophagy gene expression and increased 
LC3B conversion, our data imply increased autophagy in VitC deficient PMNs. 
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The unfolded protein response (UPR) and autophagic machinery have been shown to be critically 
linked to each other. It is well established that activation of the UPR genes transcriptionally 
up-regulates several autophagy related genes required for induction and construction of the 
autophagy machinery [42]. However, it is not known whether activation of the UPR drives 
autophagy and eventually leads to NET formation in PMNs. Our study shows that most of the UPR 
genes examined except for CHOP were significantly up-regulated in PMNs from VitC deficient mice 
(Figure 4). This implies that VitC deficient PMNs could be actively undergoing ER stress, which in 
turn could drive autophagy genes and increase their susceptibility to undergo NETosis. 

The transcription factor NFκB is central to pro-inflammatory/pro-survival responses in sepsis. It 
is normally sequestered to IκB in the cytosol. Upon appropriate stimulation, IκB is degraded 
allowing NFκB to migrate to the nucleus and drives transcription of numerous genes that regulate the 
immune response in sepsis. Moine et al. have demonstrated increased NFκB translocation in the 
lungs of patients with ALI [43]. Yang et al. found that increased nuclear levels of NFκB in 
unstimulated neutrophils were associated with a worse clinical outcome [32]. As discussed above, 
NFκB likely drives expression of PAD4 in PMNs. NFκB activation also drives expression of 
pro-survival genes [44]. In this study we found that nuclear NFκB translocation was higher in VitC 
deficient PMNs (Figure 6A). Further, NFκB translocation in these VitC deficient PMNs increased 
expression of the pro-inflammatory genes TNFα and IL-1β (Figure 6). NFκB activation also 
inhibited apoptosis as seen by the reduced activation of caspase 3 in VitC deficient PMNs (Figure 5). 
These results suggest that NFκB may play a critical role in modulating cell signaling pathways that 
eventually regulate the fate of PMNs. By activating PAD4 (chromatin decondensation), inducing ER 
stress and subsequent autophagy, and inhibiting apoptosis, NFκB may drive the cellular machinery 
of VitC deficient PMNs towards NET formation (Figure 8). VitC sufficiency or infusion of VitC 
allows PMNs to increase intracellular levels of VitC and attenuate NFκB activation. This could 
dampen the pathways required for NETosis and may allow PMNs to undergo apoptosis instead. 
While the decreased apoptosis rate in VitC deficient PMNs may benefit the host by giving more time 
for PMNs to perform their innate immune functions, studies show that it could also be detrimental in 
sepsis due to the PMN-dependent inflammation and tissue damage that could be heightened by a 
prolonged lifespan. Recent reports in the literature have implicated NETs in transfusion-related acute 
lung injury (TRALI), the leading cause of death after transfusion therapy [45,46]. NETs were shown 
to be present during TRALI both in mice and humans and so it was suggested that targeting NET 
formation may be a new approach for the treatment of acute lung injury. While we did not examine 
TRALI in our studies, it is conceivable that VitC infusion could be a useful adjunct for the 
prevention/treatment of TRALI or other disease states involving exuberant formation of NETs 
particularly in the lungs. 

Our study has several limitations: (1) It is possible that the PMNs isolated within the peritoneal 
cavity by thioglycollate could be partially activated; (2) We examined PMN function ex vivo. Further 
in vivo studies are needed to characterize the fate of PMNs; (3) others have performed studies with 
PMNs isolated from bone marrow instead of thioglycollate elicitation. These PMNs would be less 
“activated” when compared to thioglycollate elicited PMNs, but would also have a large component 
of immature PMNs which have been shown to behave somewhat differently from mature PMNs [47]. 
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Figure 8. Schematic hypothesis of regulation of signaling pathways that leads to 
NETosis by VitC. Septic stimuli activate NFκB in PMNs with increased activation 
observed in VitC deficient PMNs. NFκB nuclear translocation drives expression of 
PAD4, ER stress and autophagy signaling genes while inhibiting caspase 3 in activated 
PMNs. This drives the fate of activated PMN away from apoptosis and enhances 
NETosis. VitC likely blocks up-regulation of PAD4, ER stress and autophagy signaling 
genes by decreasing NFκB activation. Activated PMNs now undergo apoptosis while 
NETosis is attenuated. 

 

5. Conclusions 

In the past few years circulating cf-DNA has been identified as a prognostic marker in severe 
sepsis [11,48,49]. Indeed cf-DNA was shown to have better discriminatory power than IL-6, 
thrombin or protein C to predict ICU mortality in sepsis [11]. The cellular origin of cf-DNA from 
host cells was shown by Dwivedi et al. [11] who confirmed that the release of cf-DNA was 
independent of the infecting organism and was likely mediated by inflammatory mediators generated 
during the exacerbated host immune response. Our study showed attenuated NET formation and 
reduced cf-DNA in the serum of septic VitC sufficient mice and in VitC deficient mice treated with 
ascorbic acid (Figure 1). Our study did not examine the origin of cf-DNA in the serum of these mice. 
It is possible that some of this DNA could be non-neutrophilic in origin since mast cells, eosinophils, 
and basophils have also been shown to expel their DNA in a manner similar to PMNs [50]. However, 
a detailed examination of the origin of cf-DNA in these septic mice is beyond the scope of this study. 
Nevertheless, data from our study implies that attenuation of NETs maybe crucial for resolution of 
sepsis in mice. 

Overall, our in vitro and in vivo findings identify a novel regulatory mechanism that limits NET 
formation in sepsis. These findings implicate VitC as a previously unrecognized layer of regulation 
that prevents generation of excessive NETs. 
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Abstract: This review is focused upon the role of ascorbic acid (AA, vitamin C) in the 
promotion of healthy brain aging. Particular attention is attributed to the biochemistry 
and neuronal metabolism interface, transport across tissues, animal models that are 
useful for this area of research, and the human studies that implicate AA in the 
continuum between normal cognitive aging and age-related cognitive decline up to 
Alzheimer’s disease. Vascular risk factors and comorbidity relationships with cognitive 
decline and AA are discussed to facilitate strategies for advancing AA research in the 
area of brain health and neurodegeneration. 
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1. Introduction 

Ascorbic acid (AA; Vitamin C) is a remarkable water-soluble antioxidant concentrated 
predominately in citrus fruits, strawberries and vegetables (e.g., spinach and broccoli) and found in 
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many supplement formulations (LPI Micronutrient Information Center). The adequate functioning of 
the human organism in general, and of the brain in particular, is highly dependent on AA, but humans 
are completely dependent on dietary sources due to the evolutionary process leaving us a gene 
incapable of producing the enzyme gulonolactone oxidase needed to yield AA from glucose [1].  
Thus, humans require a constant stream of AA from the diet and rely on robust “carrier” transport 
and “barrier” integrity mechanisms to meet the brain’s demand. AA is the most powerful 
water-soluble antioxidant of the organism, and key to preventing oxidative lipid damage in 
biological systems [2]. It forms the first line of antioxidant defence under many types of oxidizing 
conditions. It can rapidly intercept free radicals in the aqueous phase before they attack lipids [3]. As 
an antioxidant, AA also provides protection against oxidative stress-induced cellular damage by 
neutralization of lipid hydroperoxyl (LHP) radicals and by protecting proteins from alkylation by 
electrophilic lipid peroxidation activity [4]. 

Several pathological processes can involve the production of free radicals, antioxidant depletion, 
oxidative and nitrosative stress including vascular disease and cognitive impairments seen in aging 
older adults (Dementia of Alzheimer’s type). Dementia, with its most prevalent form, Alzheimer’s 
disease (AD), is characterized by an insidious progressive nature that usually begins with memory 
deficits followed by disturbances in other cognitive domains that eventually reach a level that 
impacts functions of daily life. Age–related dementias also disrupt the family unit, which must often 
scramble to meet day-to-day care requirements to compensate for loss of independence. The 
economic conditions associated with this phenomenon of disability and dependence is an enormous 
and pressing threat to public health. The major risk factor for dementia and AD remains to be 
advanced age; therefore the projected impact of AD can be estimated by frequency in strata of the 
population. For example, in the US about 14% of the older adult population age 65 and older carry a 
diagnosis of dementia and age 85 and older is about 47%. In either case, these cohort effects will 
stress the value of anti-AD strategies while general practitioners, geriatricians, neurologists and 
health care professionals all around the globe are projected to face over 115 million people with 
dementia from all causes by 2050 [5]. 

The pathological hallmarks of AD include a loss in synaptic function and accumulation of 
extracellular amyloid-β plaques and intraneuronal neurofibrillary tangles. Oxidative stress displays 
chronological primacy in the onset of AD, and in its prephase, mild cognitive impairment  
(MCI) [6–9]. Thus, preventive therapy that is safe and effective for reducing oxidative damage seen 
early in neurodegenerative disorders and applied before the onset of dementia is a public health priority.  

This overview will focus on the biological rationale for the avoidance of AA deficiency in the 
promotion of healthy brain aging. We include discussion on the biochemistry and transport of AA, 
much of which has been clarified through basic research using genetically modified mouse models, 
and also the clinical studies designed to better understand the influence over cognitive health in our 
aging populations. 

2. Ascorbic Acid Biochemistry and Transport 

AA concentration is higher in the brain than almost all other organs, and in fact may only be 
equaled in concentration in the adrenal glands. Scurvy, the classical clinical syndrome of AA 
deficiency, is rare, although not unheard of, in developed populations, but sub-clinical deficiency is 
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still widespread, particularly in at-risk populations such as the elderly, hospitalized and those with 
poor access to good nutrition. One or more symptoms of scurvy were observed in 18 out of 145 
(12%) of elderly patients on admission to hospital, and all but one of this group were classed as being 
AA deficient as confirmed from plasma levels [10]. Interestingly, 7 of the 23 (30%) controls (no 
signs of clinical scurvy) also had AA deficiency according to plasma levels, and all of the patients 
included in the study were classed as having depleted serum AA. Animal studies have shown that 
brain preferentially retains AA at the expense of other organs with cerebellar, hippocampal and 
cortical areas appearing to retain AA the most effectively under conditions of depletion which may 
have a bearing on diseases that target specific areas of the brain [11]. However, the brain is unable to 
hold maximal or optimal or even sufficient levels in the face of chronic insufficiency, which may 
have important effects on pathological aging and neurodegenerative diseases. Some populations, 
such as the elderly and smokers likely require even higher intakes of AA [12]. Roles for AA are 
widespread and include its vital role as an antioxidant as well as action as a cofactor for a number of 
dioxygenase enzymes involved in the synthesis of carnitine, collagen, and neurotransmitters 
including dopamine, norepinephrine and serotonin (reviewed [13]). AA can inhibit LDL oxidation 
and increase resistance of LDL to oxidation (for review, see [4,14]). AA also plays a role in the 
function of endothelial nitric oxide synthase (eNOS) by recycling the eNOS cofactor, 
tetrahydrobiopterin, which is relevant for arterial elasticity and blood pressure regulation [4,15]. 
Each of these roles plus atherogenic factors may contribute to the preventative role of AA in the 
development of cognitive impairment. 

Evidence of altered glutamate transport (e.g., changes in EAAT2 and EAAT3 transporters) is seen 
in human AD postmortem samples, particularly in patients with hippocampal sclerosis [16]. AA is 
released from astrocytes as glutamate is taken up, and this relationship is termed a hetero-exchange 
although this does not fully represent how the two processes are tethered [17,18]. It is presumed that 
AA moderates the oxidative stress induced by glutamate [19] and so is protective against 
overstimulation and cell death. This relationship has been more closely investigated in relation to 
Huntington’s disease [20–22], which also involves cell death. GLT-1 is a high affinity transporter 
that relies on Na-dependent transport across an electrochemical gradient for rapid removal of 
glutamate from the synapse. It is sensitive to oxidative stress, and disruption of the transporter leads 
to glutamate accumulation and hyperstimulation of receptors. Memantine is the first of a new class of 
drugs for AD that blocks NMDA receptors and its efficacy suggests that further research into 
glutamatergic signaling and AD is warranted. Therefore, as the role of glutamate transport and 
NMDA receptors in AD becomes clearer, this may be revealed as another key area where high 
intracellular AA levels are critical for brain health. 

Further excitement has recently been generated in the field of epigenetics with a potential new 
answer for why AA is concentrated so strongly in CSF and brain parenchyma (reviewed in [23]). 
Nutrition is perhaps the quintessential example of environmental modification of the genome, and 
recent work has highlighted a direct role for AA that cannot be replicated with other antioxidants. 
5-mc (5-methylcytosine) is oxidized to 5-hmc (5-hydroxymethylcytosine) as part of dynamic DNA 
demethylation. This reaction, and further oxidation of 5-hmc, are both catalyzed by the activity of 
TET (ten-eleven translocation) dioxygenase enzymes, for which AA is a critical co-factor (needed 
for the reduction of iron Fe3+ to its active form Fe2+) [24–26]. Thus AA is vital for neuronal repair as 
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well as new cell generation and here may play a direct role in the transcription and expression of 
hundreds of different genes. 5-hmc and Tet proteins are abundant in brain and knockout of Tet1 in 
mice indicated that it may be involved in synaptic plasticity and memory extinction in addition to DNA 
methylation [27]. The specific relation to AD and other degenerative disorders is not yet clear, but this 
exciting field may provide new clues. 

AA is a one-electron donor that readily reacts with a range of reactive oxygen species (ROS) to 
neutralize or decrease their reactivity. Loss of the electron leads to formation of the ascorbate free 
radical, which can be efficiently recycled to ascorbic acid through enzymatic means (summarized in 
Figure 1). Ascorbate radicals react preferentially with themselves forming ascorbic acid and 
dehydroascorbate. This oxidized form of AA can also be recycled back to ascorbic acid, although in 
some cases it undergoes irreversible ring opening and may be lost. AA also supports the regeneration 
of other antioxidants, such as vitamin E and glutathione (GSH), in biological tissues, thus combatting 
oxidative stress through various pathways. This close relationship between GSH and AA is such that 
AA has often been observed to “take the first hit” for GSH in response to oxidative stressors, and 
GSH is involved in reduction of dehydroascorbate to ascorbate [28]. 

Figure 1. Summary of ascorbic acid oxidation and recycling. Adapted from [13]. 

 

It should also be considered that AA and some of its degradation products may be involved in 
some potentially damaging functions [29]. For example, the Maillard reaction, most commonly 
studied in relation to food, is also a step in the formation of advanced glycation end products (AGEs). 
Evidence from a mouse model that selectively over-expressed the vitamin C transporter SVCT2 in 
the eye [30] implicated AA in age-related damage to crystalline proteins in the lens. There is also 
some debate as to the potential pro-oxidant role of AA via the Fenton reaction. AA reacts with metal 
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ions in enzymes (e.g., hydroxylases, oxygenases) that require them to be in a reduced state for 
optimal enzyme function. In vitro, reactions with these ions can lead to the production of hydroxyl 
radicals and other reactive molecules. In vivo, catalytic metal ions are less available as their levels are 
typically kept in check in healthy individuals by metal binding proteins (e.g., ferritin, transferrin). 
Thus, in vivo, the evidence typically supports the antioxidant roles of AA (reviewed in detail [31,32]). 
One exception may be in the case of iron overload. A limited pro-oxidant effect of increased dietary 
AA, seen as elevated liver malondialdehyde in combination with decreased glutathione peroxidase, 
was found in mice fed supplemental dietary iron (although only in the lower and not the high iron 
diet group) [33]. It should be noted though that this study was performed under conditions of AA 
sufficiency, in wild-type mice that synthesize their own AA. Such an effect of pro-oxidation 
reactions was not found in plasma from adults or pre-term infants [3], or in AA- and iron-supplemented 
guinea pigs [34] and in general AA is not considered a risk factor even in patients with hereditary 
hemochromatosis [35]. High iron is thought to be a risk factor for AD [36] although the data are 
equivocal. In a study of 116 AD patients compared to 89 healthy controls, dysregulated iron 
homeostasis (lower serum iron, ferritin and transferrin, combined with several genetic markers for 
altered iron metabolism) was associated with AD [37]. The full relationship between AA, iron and 
AD may warrant further investigation. A further indication of the complexity of the relationships 
between AA, amyloid and oxidative damage is that in isolated rat brain mitochondria, and in the 
presence of AA and iron, amyloid-β1–42 was actually found to have an antioxidant effect and prevent 
formation of hydrogen peroxide, presumably through metal chelation [38]. Although aggregated 
amyloid-β1–42 cannot be argued to be healthy in brain tissue, this finding certainly raises interest for 
researchers in this field who have typically considered amyloid-β to be solely detrimental and an 
inducer of ROS. 

Details of the complexity of the transport of AA within the central nervous system have been 
understood for almost half a century. Seminal work by Hammarström [39] using radio-labeled AA in 
guinea pigs first showed that peripherally-administered AA did indeed reach the brain, but that it 
appeared to travel via the choroid plexus and not traverse the blood brain barrier directly. Reports 
that AA levels in the CSF exceeded those found in blood, and were less affected by variations in 
plasma AA, suggested the existence of an active and saturable transporter for AA in the choroid 
plexus, which was then determined to be the case [40]. The sodium dependent vitamin C transporter 
2 (SVCT2) itself was not described until much later but is responsible for transport both at the 
choroid plexus and in the neurons. There are two sodium-dependent vitamin C transporters, SVCT1 
and SVCT2, which are responsible for transport of AA. Distribution of the two transporters varies 
across organs [41–43], but SVCT2 is the only transporter expressed in the brain. Regulation of the 
active transport of AA by these transporters may also vary across organs and in particular disease 
states (reviewed [44]). It allows for accumulation of AA in cells against the concentration gradient in 
SVCT2-dependent tissues. Following characterization of SVCT1 [43,45] single nucleotide 
polymorphisms (SNPs) were identified in both SVCT1 and SVCT2 and some studies are now  
being performed to ascertain how they alter AA status and whether they confer additional risk for 
diseases [46,47]. Several SNPs have been identified in the SLC23A1 gene coding for SVCT1, and it 
is argued that this may be less constrained than the SLC23A2 gene [45,48]. Altered function of the 
SVCT1 would have important effects on AA absorption and excretion and so would impact 
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nutritional requirements. One synonymous and three nonsynonymous SNPs resulted in diminished 
vitamin C uptake in Xenopus laevis oocytes [49]. One of these SNPs led to an 80% decrease in 
uptake, and was found to have a relative occurrence of 6%–17% in African-Americans [49]. These 
studies are of interest to brain research because it is presumed that such SNPs could cause chronically 
lower circulating AA levels, which would also potentially affect brain levels. Although fewer 
SVCT2 SNPs have been identified, these could have an even greater effect on brain AA levels and 
impact disease progression. 

Expression of SVCT2 mRNA and protein varies in brain and other organs during development, 
presumably directly linked to very high, and changing AA levels during this critical period 
Nevertheless developmental regulation appears to be particularly specialized and AA regulation of 
SVCT2 is not common to all cell types, nor to all ages. Thus, SVCT1 and SVCT2 expression, 
including in brain, is regulated by several disease states associated with oxidative stress  
(e.g., streptozotocin-induced diabetes and middle cerebral artery occlusion) [50,51] supporting the 
idea of potential for change in neurodegenerative disorders such as AD. Brain levels of AA in 
humans are dependent on the SVCT2 (see Figure 2) but also on dietary intake and intestinal 
absorption via SVCT1. Given that AA can also mediate the permeability of endothelial cell layers in 
culture [52,53], it can be seen that individual variability in either SVCT1 or SVCT2 transporter 
function could directly impact brain levels and vasculature in a similar manner to dietary deficiency. 
One particularly interesting question that may yet be answered with animal studies is the question of 
how SVCT2 transporter function may change with age and disease status and what impact this would 
have on AA levels. SVCT2 mRNA and protein both vary during development showing an inverse 
correlation with brain AA levels, whereas no such changes were seen in brain during AA deficiency 
in gulo-/- mice indicating that adult brain is unable to respond to long periods of deficiency by altering 
transport [54–56]. Changes in transporter function have not, to our knowledge, been studied in 
normally aging or AD mouse models, but if transporter function varied among groups, this could 
lower both CSF and intraneuronal AA levels independently of dietary intake and circulating AA levels. 

There are several animals that, like humans, do not synthesize their own AA including guinea 
pigs, primates and some fish [57]. Nevertheless, transport is conserved across species and study of 
AA transporters in situ can be conducted in most animal models. Cell lines and primary culture 
techniques are available to study different organs and tissues, which have yielded useful information 
on expression, membrane location and transport kinetics of SVCT1 and SVCT2 in, for example, 
intestinal CaCo-2 cells, epithelial cells, endothelial cells, hepatocytes, muscle, intervertebral discs, 
Schwann cells and others [58–65]. An important consideration is that SVCT2 is regulated to some 
degree both by AA levels and by oxidative stress and can therefore develop in culture, as seen in 
astrocytes [66,67], which renders this approach potentially problematic. Other weaknesses of culture 
systems include the difficulties of maintaining a constant AA level in the media because it is so 
readily oxidized to dehydroascorbate. Dehydroascorbate can be lost reasonably quickly and can be 
transported into cells via glucose transporters and then recycled back to ascorbate within the cell. 
HPLC methods for measuring AA are very accurate if care is taken with sample preparation to 
minimize loss, and radiolabeled AA is available for assays for quantification in culture. Nevertheless 
to accurately model human in vivo situations, particularly in reference to specific diseases such as 
AD, animal models are also needed. 
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Different AA levels across brain regions have been reported in human and rodent brains [11,68,69]. 
Figure 2 shows a schematic representation of the distribution of SVCT2 (red, solid line) in the brain, 
and SVCT1 in intestines (green, dotted line). SVCT2 is highly, but not necessarily regularly, 
distributed throughout the brain. Figure components are not drawn to scale. 

Figure 2. Location and distribution of SVCT1 and SVCT2 transporters and their 
importance in maintaining optimal brain ascorbic acid levels. 

 
Inset 1. Cortex and lining of lateral ventricle. It was originally proposed that AA might follow a pattern of 
decreasing concentration with increasing distance from the ventricles following a pattern of diffusion [68]. 
It has since been shown that SVCT2 and AA distribution (indicated by red coloring) depend on cell type 
and correlate with neuronal density [70,71]. In situ hybridization in adult rat showed SVCT2 distribution 
throughout the brain, with highest expression in olfactory bulbs, hippocampus, cerebellum, cortex and 
choroid plexus [42]. High SVCT2 expression is seen in the ependymal cells lining the ventricular walls, 
with decreasing concentration in more external areas of the cortex by in situ hybridization and 
immunohistochemistry techniques [71]; Neurons. Primary culture of embryonic (E17) neurons shows 
SVCT2 in soma and cell processes [71]. Primary culture of mouse hippocampal cultures (E16–17) showed 
punctate staining of SVCT2 in axons [72]. Using immunohistochemical techniques in hippocampus, 
SVCT2 was observed in cell bodies but not processes by immunohistochemistry [73]; Astrocytes take up 
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dehydroascorbate via glucose transporters (GLUTS) and recycle it to ascorbic acid, which can be taken up 
by neurons. SVCT2 was not observed in astrocytes by in situ hybridization in adult rat brain, even 
following excitotoxic stimulation with quinolinic acid, although SVCT2 was observed through Northern 
blot technique in cultured astrocytes from rat embryo [66,74]; Inset 2. Cortex and lining of lateral 
ventricle. Panels A–C show cortex and ventricle. In panel A, AA is stained with silver stain [75] and can 
be seen at its most concentrated closest to the ventricle lining. In panel B, fluorescent stain for the S19 
antibody staining for SVCT2 shows high expression in cells along the ventricle lining. Panel C shows 
DAPI stain for cell bodies. (Images courtesy of J.M. May); Inset 3. Cross-section of Cerebral blood 
vessel. There is no SVCT2 present in blood vessels in the brain. Glucose transporters (GLUTS) are found 
in endothelial cells and may transport dehydroascorbate. This contributes a negligible amount to brain AA 
stores under normal circumstances because there is typically competitive inhibition by glucose. An 
exception to this state may be after transient ischemia in which case SVCT2 has been shown to develop in 
mice [76]; Inset 4. Choroid plexus. SVCT2 is located throughout the choroid plexus for transfer of AA 
from blood to CSF. High expression of SVCT2 in choroid plexus cells has been shown by in situ 
hybridization in several studies [42,71,74]; Inset 5. Tanycytes associated with the hypothalamus in the 
wall of the third ventricle. Tanycytes are highly specialized hypothalamic glial cells that are capable of 
forming tight junctions and participate in the formation of the barrier between CSF and brain tissue. 
SVCT2 has been shown by in situ hybridization and immunohistochemistry in different subtypes of 
tanycytes in mouse brain [75]; Inset 6. SVCT1 and SVCT2 expression in the intestine. Expression of 
both transporters allows for uptake of AA from food and distribution around the body (and to brain). 
SVCT1 is located on the apical side of the enterocytes and is responsible for taking up AA as it passes 
through the intestinal lumen. SVCT2 is located on the basolateral side of cells. This is thought to be more 
important in animals that can synthesize their own AA, but do not consume an AA rich diet, and must still 
supply enterocytes with AA from blood [60]. Similar localization of SVCT1 on the apical membrane with 
SVCT2 found on the basolateral membrane is also seen in kidney cells. How AA passes out of the cells into 
the interstitial fluid and blood supply is still not confirmed, and is a conundrum given the typical direction 
of the SVCT2 for uptake into cells. 

3. Ascorbic Acid Transport and Synthesis: Animal Models 

Early work on AA and the effects of deficiency was accomplished using guinea pigs that are 
among the few non-primate mammals that naturally lack a functional gulo gene [77]. These studies 
on the course and effects of scurvy were conducted even before the identification of ascorbic acid as 
vitamin C [78,79] with inclusion of “the antiscorbutic factor” [80], (such as in fresh raw cabbage). 
Guinea pigs are particularly sensitive to AA (and other) deficiencies [81,82], and are still a highly 
utilized model for a number of human disease states, for example in relation to dyslipidemia 
(reviewed in [83]). The recent (since 2000) increased focus on mouse models results from the ability 
to use genetically altered mouse lines to impact both transport and synthesis in the same animals. 
Much more is known about the mouse genome than guinea pig and in many cases the models have 
been also bred to the same background strain making experiments directly comparable. Data can thus 
be interpreted, and experiments planned, with reference to the huge literature of biomedical and 
pharmaceutical research that has already taken place in mice making disease and treatment-relevant 
findings much more likely. Brief descriptions of the relevant mouse models, including gulo knockout 
mice, and SVCT1/2 knockout models and SVCT2 transgenic mice are reported hereafter. 

Gulo knockout mice: Gulo knockout mice carry an inactivated form of the gene L-gulono-γ-lactone 
oxidase and are thus completely dependent on dietary AA [84]. These mice, when maintained on 
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sub-optimal supplementation levels, are the closest to the human state of lifetime AA dietary 
deficiency. Knockout mice fed low levels of AA have decreased antioxidant capacity and also 
altered cholesterol metabolism and exhibit profound changes in vasculature. Oxidative stress has 
since been confirmed in these mice in adults and during development [11,85,86]. These mice also 
have an aberrant behavioral phenotype including poorer sensorimotor skills, and altered response  
to activity-inducing effects of cholinergic and dopaminergic compounds scopolamine and 
methamphetamine even when adequately supplemented as adults [86–88]. It is proposed that these 
changes result from low AA during some part of the developmental process. AA deficient gulo mice 
have been the subject of metabolomics profiling which has identified metabolic shifts as a response 
to oxidative stress of AA deficiency (e.g., upregulation of glutathione production, decreased carnitine 
production) [89]. Neutrophils from AA deficient gulo mice are more likely to undergo necrosis than 
normal apoptosis. They are not recognized by macrophages and thus clearance is also affected [90]. 
Such responses are important in any disease where inflammation is a factor, such as AD. Senescence 
marker protein 30 (SMP30) was first identified as a protein that decreased with age. Sequencing and 
creation of an SMP30 knockout mouse later identified this protein as the gulo enzyme [91,92]. These 
mice are likewise dependent on dietary AA and under conditions of deficiency their brains are 
susceptible to oxidative stress (generation of superoxide) [93,94]. A further mouse line exhibiting 
spontaneous bone fracture derived from in-bred balb/c mice [95] does not synthesize AA [96]. These 
mice die at an early age if not supplemented, and have been used for studies of AA level and gene 
transcription [97], however, this line is much less well-described. Disruption to catecholamine levels 
in brain and adrenal glands has been shown in each of these mouse lines [98,99]. Such data that 
follow a consistent pattern across the different mouse models are a strong support for the role of AA 
in any particular area and also of the validity of the models themselves. 

SVCT1 knockout mice: SVCT1 knockout mice are viable and fertile [49]. They excrete 
significantly more AA in the urine than wild type and heterozygous littermates and have lower 
circulating blood levels. In addition to this loss of renal reabsorption of AA, uptake into liver was 
also dramatically decreased. Also of interest is the lower brain levels in these mice, presumably 
linked to lower circulating levels because SVCT1 is not expressed in brain and so should not have a 
direct effect (Figure 3). 

SVCT2 knockout mice: The first report of the SVCT2 knockout mouse described homozygous 
mice that did not survive past birth (newborns never take a first breath) and had almost undetectable 
AA levels in all organs measured (brain, liver, adrenal glands, kidney, pituitary glands, pancreas and 
muscle) [100]. Subsequent studies found that AA levels were also decreased in placenta and lung as 
well as brain and other organs reported previously [101]. These low AA levels were associated with 
increased oxidative stress and cell death. Hemorrhaging, initially only reported in cortical areas [100] 
was also seen in the brain stem area which may contribute to the lack of breathing in the newborn 
mice, particularly because no obvious problems were identified in the lung in the earlier study. 
Primary cultured cells from hippocampi of embryonic SVCT2 knockout mice showed decreased 
neuronal activity, stunted neurite outgrowth and were much more sensitive to exogenously administered 
oxidative stress [72]. Investigation into catecholamine systems in these mice has yielded mixed data. 
One report showed large decreases (50%) of norepinephrine in the adrenal glands with no change in 
dopamine levels, whereas smaller changes in the brain (decrease of 20%–25%) were not significant 
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for either dopamine or norepinephrine in SVCT2 knockout mice [102]. Additionally, morphological 
differences in the chromaffin cells of the adrenal glands were also noted in this study. Other reports 
have shown significant alteration to dopamine and norepinephrine systems, including metabolites, in 
embryonic SVCT2 knockout and SVCT2 transgenic (described below) brains [103]. 

Figure 3. Direct comparison of cortex levels of ascorbic acid in different mouse lines run 
concurrently. All mice used were male, aged 9–12 months (retired breeders). 

 
Increase in AA in SVCT2-Tg mice is dependent on level of over-expression, which varies among mice and 
in this small sample was only 1.3-2.0-fold compared to wild-type (not shown). Brain levels did not differ 
between supplemented (black triangles) and non-supplemented (grey triangles) SVCT1 knockout mice so 
combined average is shown. Normal brain levels can be achieved in gulo knockout mice with 
supplementation of at least 0.33 g/L, (shown here at supplementation with 1.0 g/L). Mean AA levels that 
share a superscript do not differ. Differing superscripts indicate significant difference (a, b) p < 0.05,  
(c, d) p < 0.001 by Univariate ANOVA with Tukey post-hoc comparisons (overall group effect F (4,18) = 13.0, 
p < 0.001). 

SVCT2 transgenic mice: Recently, a new mouse line has been created that expresses additional 
copies of the SVCT2 [104]. This mouse has increased SVCT2 mRNA expression in all organs 
measured and a related increase in AA level in all organs except the liver, with up to two-fold 
increases in the brain, depending on mRNA expression. These mice were otherwise phenotypically 
indistinguishable from wild type but were more resistant to a severe oxidative stress in lung induced 
by paraquat. Although not designed to represent an attainable human situation, these mice may be 
able to inform on SVCT2 regulation and the role of vitamin C in high oxidative stress situations such 
as neurodegenerative disease. 

4. Relation of Mice Models to Human Studies 

A number of shortcomings exist to studies of AA in humans, such as accurate assessment of 
intake and determination of tissue levels of AA (discussed below). Thus, information from animal 
models can be critical to understanding changes in the brains of humans under AA deficiency. The 
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gulo and SVCT2 knockout models have already been used to model long-term AA deficiency in 
disease states such as Alzheimer’s disease, diabetes and atherosclerosis [88,105–107] by crossing 
them with other mouse models of disease (e.g., APP/PSEN1, ApoE). These models can even be 
crossed together to create in vivo models of extreme deficiency [108], although these may be less 
directly applicable to the human case. One key advantage to such models is the ability to investigate 
numerous biochemical correlates to disease and nutritional deficiency, including behavioral and 
cognition changes. Of course there are weaknesses to any animal model, particularly when genetic 
changes are artificially manufactured, and follow an all-or-none approach rather than the gradations 
of functional change from mutations seen in the general population. Nevertheless, the availability of 
models to study all aspects of transport and synthesis together provides a very strong future for 
pre-clinical AA research. It is important to note, however, that the changes reported in these models, 
particularly oxidative damage, or changes in neurotransmitter function, are not specific to 
Alzheimer’s disease, and in fact are relevant to many types of neurodegenerative diseases, and to an 
extent in normal as well as pathological aging. For example, none of these mouse models exhibits 
robust cognitive deficits from AA deficiency alone. Future research must identify exact roles for AA 
in disease pathology, and how this can be applied specifically to Alzheimer’s disease process as well 
as other disease states where applicable. This includes studying the impact of chronic deficiency 
resulting in sub-optimal brain levels, without clinical signs associated with scurvy. Knowledge of 
how AA transport and accumulation is regulated in specific brain areas, and how this may be affected 
by specific SNPs or disease states may permit better understanding of when and how best to 
intervene to correct levels, or how to identify populations that may be more at risk of deficiency. 

5. Dietary Intake of Ascorbic Acid, Cognition and Alzheimer’s Disease 

Associations between risk for AD and AA intake have been investigated in several large 
population studies, both in the US and also in one large European sample. One early study appeared 
very promising when data was reported from the Chicago Healthy Aging Project (CHAP) showing 
that none of the 633 > 65 years old, dementia-free participants that supplemented with AA, 
developed AD over the follow up period (mean 4 years) [109]. Study of dietary intakes in the same 
cohort did not support the same protective effect of AA [110]. It may be that even the dietary levels 
ingested were insufficient for the protective effect and that supplements are necessary to maintain 
optimal levels. In the earlier study only supplementation was considered, as single nutrient, 
multi-vitamin or no supplement, without comment as to dose. In the latter study, while the median 
all-source intake was 124.7 mg/day, with 16.1% of population taking supplements of some kind, the 
intake ranges were very large. In the lowest quintile intake from food and supplements was estimated 
at below 93 mg/day and the highest quintile was between 310 and 2530 mg/day. In neither case are 
blood AA levels reported and thus it is difficult to accurately determine AA status in the different 
populations. The differences between dietary and synthetic AA intake, and their comparable 
bioavailability in humans, are discussed in this issue [111]. Self-reported AA intakes (alone or in 
combination with vitamin E) were not predictive of AD diagnosis in a cohort of nearly 5,000 
participants aged 65 and older over the course of 5 years [112]. Nor were beneficial effects of AA 
intake observed in a study of 980 dementia-free men and women of the Washington Heights-Inwood 
Columbia Aging Project [113]. 
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A more complex pattern of effects was reported in the Honolulu Asia Aging Study which 
comprised men aged 71 to 93 years [114]. In cognitively intact individuals, AA intake was associated 
with a higher likelihood for enhanced cognitive function. High AA and vitamin E intake were 
associated with lower likelihood for vascular dementia. In contrast, there was no relationship 
between AD diagnoses and AA intake. Findings from the Cache County Study [115] suggest that AA 
and vitamin E supplementation may have some synergistic effects in reducing risk for AD, but AA 
alone did not decrease risk for AD. Self reported intake questionnaires and telephone assessments of 
cognitive ability were used in the very large cohort of nearly 15,000 women in the Nurses health 
study. No consistent associations were found between AA and cognitive ability in this group [116,117]. 

Perhaps one of the most interesting results came from the Rotterdam Scan Study [118]. This large 
study of over 5000 participants reported an 18% reduced relative risk for AD with higher AA intake. 
Most revealing was that the most dramatic protective effects were seen in smokers. Smoking leads to 
rapid depletion of AA in plasma in addition to additional ROS generated following inhalation of 
smoke. It therefore seems likely that rescuing AA deficiency in this group may have been more 
useful than supplementing AA on top of dietary in healthier individuals. 

If AA deficiency really is a key factor in the development of AD, then it might be expected that 
populations with poorer intake would be more prone to developing dementia, or follow a faster path 
of deterioration once diagnosed. For the most part these studies draw strength from the large sample 
sizes used, numbering in the thousands. On the other hand, reliance on dietary intake questionnaires 
may be problematic, particularly in a study of cognitive ability where reliability may be acutely 
affected by even mild changes in recall ability [119]. Current intake may not reflect lifetime dietary 
habits and given data that suggest that amyloid plaque burden begins to form well before middle  
age [120], intakes during younger adulthood may be equally as important as supplements taken by 
older adults, perhaps contributing to a biological buffer against disease pathogenesis. Overall, the 
two promising positive results are outweighed by the seven studies that did not confirm a link 
between AA and AD. Ideally, reliable biomarkers of diet should be employed instead, or preferably 
in addition to study of dietary intake [121]. Measurement of AA levels, preferably over several time 
points, permits determination of whether participants have deficient or depleted AA levels, and more 
importantly allow grouping according to AA level. In this way dietary versus supplemental intake is 
not as important as the resulting AA levels, and high level supplements, which, due to the limitations 
of the SVCT1 transporter in the intestines, may not functionally provide more AA than lower 
supplements or good diet, are not weighted more heavily and biasing results. 

6. Blood Ascorbic Acid, Cognition and Alzheimer’s Disease 

For studies that have made measurements of biological AA levels in blood and/or CSF, the sample 
sizes are typically much lower than the population based studies described above (see Table 1). The 
logistics and cost of so many measurements may be prohibitive, and even in studies that have a 
prospective aspect, true control groups are not possible. It would be unethical to maintain one group 
of participants at low AA levels, and it is also not possible to control for lifetime dietary habits in 
these studies. Nevertheless, these cross sectional studies can certainly provide an accurate and useful 
picture of typical nutrition profiles in various populations, alongside cognitive analyses. 
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An early study by Goodwin et al. [123] used the revealing method of dividing participants into 
percentiles according to AA status. Using these methods verbal memory recall and calculations were 
indeed associated with higher plasma AA. In contrast, and in support of the idea that deficiency can 
impact development of AD and other dementias Gale et al. [124] report a significantly increased risk 
for cognitive impairment in those with depleted (<12 μM) plasma AA or very low intake  
(<28 mg/day). Higher plasma AA was associated with better free recall, recognition and vocabulary, 
but not working memory in a prospective sample of older men (>65 years) [129]. In general, plasma 
levels of AA in the above studies have been consistently observed to be around 20 μM in patients 
with AD, i.e., about the half of those measured in controls [7,125,127]. In agreement with studies 
showing that plasma AA levels are depleted in AD independent of dietary intake, peripheral AA 
depletion in AD patients with respect to controls has been repeatedly confirmed after correction for 
age, gender, fruit and vegetable intake, and comorbidities [7,125,127]. Another element strongly 
suggestive of low AA levels as a co-causal factor for neurodegeneration and AD rather than 
epiphenomenon of AD is the observation of similarly depleted plasma AA levels in both MCI 
patients and AD patients compared to controls [7]. Comparison of all these studies where effects are 
on particular subtypes of memory of cognition, versus disease risk, may indicate that avoiding 
deficiency, and optimally supplementing with AA may benefit different facets of cognitive health. 
Nevertheless, the directions of effect seem to be in the same direction. 

7. Cerebrospinal Fluid Ascorbic Acid, Cognition, and Alzheimer’s Disease 

Examination of the AA in the CSF reflects nutrient content with direct access to the brain 
parenchyma. This proximal representation should be considered the gold standard of brain nutrition 
in living subjects [130]. Presumably owing to the more intrusive nature of the testing far fewer 
studies have reported CSF AA (Table 2). 

Paraskevas et al. [131] report high variation in plasma AA levels in hospitalized groups of 17 AD,  
19 amyotrophic lateral sclerosis and 15 control patients, but reasonably stable CSF levels. They 
conclude that maintenance of the plasma:CSF ratio must be due to appropriate action of the SVCT2 
at the choroid plexus. Lack of data on dietary intakes and case classifications limit the full utility of 
this study. Quinn et al. [132] examined the cross-sectional differences in CSF and plasma AA between 
10 AD cases versus 10 healthy controls. Another cross-sectional study conducted by Glaso et al. [133] 
examined the mean differences between plasma and CSF AA in women with and without dementia 
of AD type. In both of these studies mean plasma and CSF AA were less (although not significantly 
in [132]) and the CSF-to-plasma AA ratio was higher in AD versus controls. 
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Ideally, such studies would be prospective, with baseline and later AA levels taken of both plasma 
and CSF AA across at least one year, in addition to cognitive assessment. One such prospective 
analysis also included CSF Albumin Index to reflect blood-brain barrier integrity in living probable 
mild to moderate AD patients over a year [134]. However, a higher CSF-to-plasma AA ratio was 
associated with a slower rate of decline although neither plasma nor CSF AA alone was predictive. 
The relationship between CSF AA ratio and rate of decline was attenuated when CSF Albumin Index 
(a validated measure of BBB integrity) was added to the regression model. These findings suggest 
that maintenance of high CSF-to-plasma AA ratio may be important to preventing cognitive decline 
in AD and that BBB impairment unfavorably alters this ratio. This study was unable to distinguish 
whether transport mechanisms for AA (i.e., SVCT2) were disturbed as well as the integrity of  
the BBB since the CSF albumin index reflects only barrier disturbances to our knowledge. How 
much of this “barrier” impairment is accompanied by “carrier” dysfunction is one area for future 
research interest. 

A recent study on dietary supplements examined the antioxidant effect of 1000 mg AA per day  
(two × 500 mg) plus 400 IU vitamin E in mild to moderate AD patients who were also taking 
cholinesterase inhibitors [135]. In this relatively small, open label study, one year of supplements did 
not have a direct effect on cognition. Nevertheless, the authors were able to successfully demonstrate 
that supplements led to higher AA and vitamin E in the CSF and also decreased lipid peroxidation in 
the CSF. Greater levels of oxidation were also associated with faster cognitive decline. 
Unfortunately CSF was only measured in the supplement group, and dietary intake, or baseline group 
differences were not accounted for (although none of the subjects was taking supplements at the start 
of the study). In an additional study supplementation for 16 weeks with 500 mg/d AA with 800 IU/d 
vitamin E and 900 mg/day alpha-lipoic acid in 24 mild to moderately affected AD patients screened 
to exclude cases of vascular disease, were compared to 18 controls [136]. The antioxidant mix was 
also found to decrease oxidative stress in the CSF (F2-isoprostanes), however, no effects were seen 
on CSF Aβ1-42, tau or p-tau. No improvements were seen in cognition, in fact this group appeared to 
suffer faster cognitive decline. Critically, all subjects in the study were allowed to continue taking 
their own vitamin supplements up to 200 mg/day AA, this included 52% of the antioxidant group and 
43% of controls. AA levels at baseline or following treatment are not reported, and thus it is not 
possible to assess whether groups truly differ; 200 mg/day in a supplement plus a reasonable diet 
could permit AA repletion in the placebo group and mitigate the chance of seeing differences in 
cognition although the oxidative stress data clearly indicates benefits of the antioxidant cocktail. A 
recent review of several studies above concluded that CSF levels within normal range for AA (and 
folate and additional CSF proteins), despite lower plasma levels indicated preservation of choroid 
plexus function and AA transport into CSF [137]. However, they also discuss the lack of definitive 
data on potential for change in CSF volume or turnover. 

8. Ascorbic Acid and Vascular Cognitive Aging 

The primary focus of this review is on AD, both with and without a vascular component. The 
main pathological hallmarks of AD (amyloid and tau deposits, neuronal death, neurotransmitter 
signaling, synaptic density) are shared across cases because the nature of AD is multifactorial. 
However, in the same way that many of these symptoms are also found in other cases of dementia, 
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e.g., pure vascular dementia, frontotemporal dementia, dementia with lewy bodies, it can easily be 
argued that many of the findings described are related to neurodegeneration in general and are thus 
applicable to many dementias and even normal aging. Previous schools of thought have considered 
vascular- versus AD-type dementia cases as separate entities, however accumulating evidence 
suggests that vascular pathology plays a central role in AD onset and development [138–140]. In a 
community sample of older adults (75+ years) almost 50% of the clinically diagnosed AD cases 
showed a possible vascular component [141]. Similarly, the next most prevalent dementia form, 
vascular dementia, presents overlapping traditional hallmarks of AD including amyloid-β 
accumulation. As a direct consequence of this complexity, a cure is difficult to find, and prevention 
becomes even more critical. The role of AA has recently been reviewed in relation to endothelial 
cell function, which may explain importance in its role in vascular health. In addition to the more 
well-known functions of AA such as synthesis and deposition of collagen in the basement 
membrane and antioxidant defense against ROS, other roles include stimulating endothelial 
proliferation, inhibiting apoptosis, and sparing endothelial cell-derived nitric oxide to help 
modulate blood flow [15]. 

The ability of AA to prevent age-associated cognitive decline and dementia risk may require a 
population with high vascular risk. AA has demonstrated some ability to reduce vascular risk factors 
and more recently vascular comorbidities are being acknowledged as important factors to reduce for 
prevention of age related dementias [138,139,142–147]. Some of the “vascular” mechanisms include: 
(1) reducing carotid intima-media-thickness [2,148]; (2) reducing lipid peroxidation [3,4,149–151]; 
and (3) reducing endothelial dysfunction [15]. 

We recently observed healthy elderly in the lowest plasma AA tertile at higher risk of carotid 
intima-media thickness >1.2 mm; a threshold established as pathologic by the European Society of 
Hypertension and the European Society of Cardiology 2007. It should be noted that this relationship 
was not appreciated with other antioxidants that include: uric acid, vitamins A and E, and enzymatic 
enzymes superoxide dismutase and glutathione oxidase activity. Another study of 8453 participants 
in NHANES II concluded that individuals with plasma AA ≥ 45.4 μM had a 21%–25% reduced risk 
for CVD-related death and a 25%–29% reduced risk of all-cause mortality compared to the participants 
with plasma AA < 23 μM [152]. In the European Prospective Investigation into Cancer and Nutrition 
(EPIC)-Norfolk study [153] a 33% lower risk of developing coronary heart disease was shown in 
subjects with the highest plasma AA compared to the lowest (mean, 27.6 μM) over six years of 
follow up. Long in advance to these results, the EPIC-Norfolk study had found that plasma AA 
concentrations in 8860 men and 10,636 women were inversely correlated to mortality from all causes 
and CVD. In this study, each 20 μmol/liter increase in plasma AA was associated with a 20%–30% 
reduction in risk for all-cause and CVD mortality [154]. When 563 elderly men were randomly 
allocated to one of four treatment groups in a clinical trial that included dietary intervention, omega-3 
supplementation, both or neither, carotid intima-media thickness progression over a three-year term 
was reduced in those undergoing dietary intervention that included daily AA intake [155].  
Vitamin E [156] or combined antioxidants [157] in the dietary intervention groups were not successful. 

These data suggest that AA has a role in modifying vascular risk factors and vascular disease, 
which could represent mechanisms by which AA might reduce dementia risk in people carrying this 
vascular risk profile [158]. 
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Recent research has demonstrated that it is now possible to non-invasively measure AA  
(and GSH) levels in the human brain using MEGA-PRESS MRI (a type of spectroscopic MRI 
imaging) [159]. These techniques were used to compare AA, GSH and lactate in brain in 22 young 
(20 years) versus 22 normally aging (76.6 years) subjects [160]. The study reported decreased GSH 
and increased lactate with age, indicating oxidative damage, but no change in AA between the 
groups. The authors recruited candidates that ate less than five fruits and vegetables per day and did 
not take supplements, then provided food calculated to contain 30 mg/1000 kcal in an attempt to 
provide all subjects with the recommended daily intake. Thus, potential group differences were 
already minimized, and at ~60 mg/day circulating and brain AA levels may still have been 
sub-optimal in all subjects, reflected by the estimated brain levels of 0.4–1.2 μmol/g (their  
Figure 3 [160]) tissue wet weight. It is reported that brain AA content was not associated with AA in 
blood, however these data are not recorded. So although this study does not provide a definitive 
statement of AA in brain in the elderly, development of this fascinating and ingenious technique to 
measure AA in brain may add a critical factor to future studies of the role of AA in the brain. 

9. Conclusion 

This review highlights several key points relating to the role of AA in healthy brain aging:  
(1) both human and animal studies demonstrate AA deficiency in association with oxidative stress 
markers, and oxidative stress is a consistent observation in AD; (2) there is inconsistency among the 
large observational studies relating dietary intake of AA to cognition. However, it remains unclear 
whether this inconsistency is methodological in nature (e.g., the subjective dietary surveys used to 
capture AA intake) since biomarkers of both AA (and oxidative stress) present more consistent 
results favouring an important role for AA in cognitive health; (3) there are genetic (SVCT1 and 
SVCT2 SNPs) and non-genetic (e.g., age) factors that modulate AA absorption and assimilation, 
which could indicate an increased demand for AA in subsets of the population such as the elderly and 
those with an AD diagnosis. Thus, we do not suggest that AA deficiency in isolation can explain AD 
neuro- and psycho-pathology, however, we do propose more research focused on investigating the 
specific role of AA in AD pathogenesis with meticulous attention to the study design (e.g., people 
with low AA and high vascular risk may be best suited for intervention). This activity should provide 
more conclusive data on this remarkable micronutrient highly concentrated in the brain. 
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Abstract: Diabetes mellitus is known to exacerbate cerebral ischemic injury. In the 
present study, we investigated antiapoptotic and anti-inflammatory effects of oral 
supplementation of ascorbic acid (AA) on cerebral injury caused by middle cerebral 
artery occlusion and reperfusion (MCAO/Re) in rats with streptozotocin-induced 
diabetes. We also evaluated the effects of AA on expression of sodium-dependent 
vitamin C transporter 2 (SVCT2) and glucose transporter 1 (GLUT1) after MCAO/Re 
in the brain. The diabetic state markedly aggravated MCAO/Re-induced cerebral damage, 
as assessed by infarct volume and edema. Pretreatment with AA (100 mg/kg, p.o.) for 
two weeks significantly suppressed the exacerbation of damage in the brain of diabetic 
rats. AA also suppressed the production of superoxide radical, activation of caspase-3, 
and expression of proinflammatory cytokines (tumor necrosis factor-α and 
interleukin-1β) in the ischemic penumbra. Immunohistochemical staining revealed that 
expression of SVCT2 was upregulated primarily in neurons and capillary endothelial 
cells after MCAO/Re in the nondiabetic cortex, accompanied by an increase in total AA 
(AA + dehydroascorbic acid) in the tissue, and that these responses were suppressed in 
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the diabetic rats. AA supplementation to the diabetic rats restored these responses to the 
levels of the nondiabetic rats. Furthermore, AA markedly upregulated the basal 
expression of GLUT1 in endothelial cells of nondiabetic and diabetic cortex, which did 
not affect total AA levels in the cortex. These results suggest that daily intake of AA 
attenuates the exacerbation of cerebral ischemic injury in a diabetic state, which may be 
attributed to anti-apoptotic and anti-inflammatory effects via the improvement of 
augmented oxidative stress in the brain. AA supplementation may protect endothelial 
function against the exacerbated ischemic oxidative injury in the diabetic state and 
improve AA transport through SVCT2 in the cortex. 

Keywords: ascorbic acid; diabetes mellitus; oxidative stress; apoptosis; proinflammatory; 
cytokine; sodium-dependent vitamin C transporter 2 (SVCT2); glucose transporter 1 
(GLUT1); rat; streptozotocin; middle cerebral artery occlusion and reperfusion 

 

1. Introduction 

Diabetes mellitus is a metabolic disorder associated with chronic hyperglycemia, which is 
known to enhance systemic oxidative stress, predisposing to diabetic complications. Diabetes is a 
major risk factor for atherosclerotic diseases such as acute brain ischemia [1,2]. Moreover, it 
increases the risks of morbidity and mortality after stroke [3,4]. Oxidative stress plays an essential 
role in the pathogenesis of transient cerebral ischemic injury [3–5]. In particular, reperfusion after a 
long period of vessel occlusion triggers the explosive generation of reactive oxygen species (ROS), 
such as superoxide radical (O2

–), hydroxyl radical, hydrogen peroxide, etc., which causes apoptosis 
and delayed death of cells through oxidative damage to lipids, proteins, and DNA in the ischemic 
penumbral region [6–9]. In addition to apoptotic cell death, inflammatory neurodegeneration is 
another crucial process contributing to cerebral damage after ischemia and reperfusion [10]. ROS 
have been shown to activate nuclear factor-κB, which enhances the transcription of the genes 
encoding proinflammatory cytokines such as tumor necrosis factor-α (TNF-α) and interleukin-1β 
(IL-1β), leading to inflammatory responses [11]. Myeloperoxidase (MPO) expressed by microglia, a 
histopathological marker of inflammation, generates cytotoxic ROS and leads to further 
inflammatory damage in the ischemic tissue [12]. Accumulating evidence indicates that 
hyperglycemia in diabetes is associated with a decrease in the antioxidant potential and an increase 
in ROS generation [13–15]. In addition, diabetes has been shown to be a proinflammatory state that 
increases the risk of vascular complications [16,17]. Thus, the enhanced oxidative stress and 
inflammatory responses in the diabetic state may substantially contribute to the aggravation of 
cerebral injury caused by transient ischemia and subsequent reperfusion. 

L-ascorbic acid (AA) is an essential antioxidant for scavenging free radicals in the brain.  
AA participates not only in sustaining the normal function of the central nervous system (CNS) but 
in ameliorating the damage induced by pathological conditions that increase the generation of  
ROS [18]. The CNS maintains relatively high concentrations of AA, indicating a neuroprotective 
role for AA [19]. The transport of AA from the plasma to the CNS is mainly mediated by 
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sodium-dependent vitamin C transporter 2 (SVCT2). In addition, glucose transporter 1 (GLUT1) is 
located in the endothelial cells of the blood–brain barrier (BBB) and transports oxidized AA 
([dehydroascorbic acid (DHA)) as another source of AA to the brain. Upregulation of SVCT2 [20] 
and GLUT1 [21] expression has been demonstrated in rats with cerebral ischemic injury, which 
suggests that AA is necessary for protection against oxidative neuronal injury. The concentration of 
AA is considered to reflect oxidative stress in animal tissues sensitively [22]. Patients with 
ischemic stroke or diabetes have lower concentrations of AA in the plasma, suggesting that a 
systemic decrease in AA is a consequence of enhanced consumption of AA by elevated oxidative 
stress [23,24]. In a previous study, we demonstrated that chronic supplementation with AA 
attenuates oxidative stress in both the plasma and the brain and alleviates cerebral injury induced 
by middle cerebral artery occlusion and reperfusion (MCAO/Re) in rats with streptozotocin 
(STZ)-induced diabetes [25]. We showed that the activity of antioxidant enzymes (superoxide 
dismutase, catalase, and glutathione peroxidase) is decreased, and lipid peroxidation is accelerated 
in the brain of diabetic rats; those detrimental oxidative processes are inhibited by AA 
supplementation. These data suggest that the enhanced oxidative stress in the diabetic state causes 
the functional impairment of antioxidant enzymes, and the resulting diminution in antioxidative 
defense can cause further enhancement of the generation of ROS and subsequent neuronal 
apoptosis and inflammatory neurodegeneration in the ischemic brain. Nonetheless, there is a 
shortage of studies so far on the antiapoptotic and anti-inflammatory effects of AA in cerebral 
ischemia with diabetes. 

In the present study, we evaluated the effects of chronic oral pretreatment with AA on the 
production of O2

– and on apoptosis in the brain after MCAO/Re in rats with STZ-induced diabetes. 
To test whether AA suppresses inflammatory responses induced by MCAO/Re, we also examined 
the effects of AA on the expression of TNF-α, IL-1β, and MPO in the brain. Although the transport 
of AA to the CNS is an important factor for its neuroprotection, changes in expression of SVCT2 
and GLUT1 proteins in response to AA supplementation and/or cerebral ischemia in diabetic state 
have not been reported. Therefore, we investigated the effects of AA supplementation on the 
expression of SVCT2 and GLUT1 after MCAO/Re in the brain of diabetic rats. 

2. Experimental Section 

2.1. Experimental Animals 

Animal care and surgical procedures were performed in accordance with guidelines approved by 
the National Institutes of Health (Bethesda, MD, USA) and the Josai University Animal Research 
Committee. Male Sprague-Dawley rats (4 weeks old, weight 120–140 g) were purchased from Japan 
SLC (Shizuoka, Japan) and were housed under standard conditions with a temperature-controlled 
environment (23 °C ± 0.5 °C) and a 12 h light/dark cycle. The animals were allowed free access to 
rodent chow (CE-2, CLEA Japan, Tokyo, Japan) and water. Type 1 diabetes was induced in the rats 
(diabetic group) by a single intraperitoneal injection of STZ (50 mg/kg of body weight) dissolved in 
0.1 mM sodium citrate, pH 4.5, while the normal control rats (nondiabetic group) were injected with 
the buffer only [26]. Seven days after the injection of STZ, a blood sample was collected by tail vein 
paracentesis, following which plasma glucose was measured using a glucose analyzer (Ascensia, 
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Bayer Yakuhin, Osaka, Japan). Diabetes was defined as a blood glucose level greater than 300 mg/dL. 
Then, the diabetic and nondiabetic groups were divided into 2 groups and were housed for an 
additional 6 weeks until stroke was induced by MCAO/Re. AA (L-Ascorbic acid, Wako Pure 
Chemicals Industries, Osaka, Japan) (100 mg/kg; nondiabetic and diabetic AA-supplemented 
groups) or distilled water (nondiabetic and diabetic control groups) was orally administered 
through nasogastric tube once daily for the last 2 weeks. AA was stored at +4 °C, and dissolved in 
distilled water fresh each time just before administration. 

2.2. MCAO/Re 

The experimental MCAO/Re rat model was prepared as described previously [25]. The rats 
were anesthetized with halothane (4% for induction and 1.5% for maintenance) under spontaneous 
respiration. After a midline incision on the neck, the right common carotid artery was isolated 
under an operating microscope. All branches of the external carotid artery were ligated. The tip of a 
4–0 surgical nylon monofilament rounded by flame heating was inserted through the internal 
carotid artery and advanced to occlude the origin of MCA. The rectal temperature was maintained 
at 37 °C with a heat lamp and a heating pad during the operation. After 2 h of occlusion, the 
filament was withdrawn to enable reperfusion. The distance from bifurcation of the common 
carotid artery to the tip of the suture was approximately 20 mm in all rats. Cerebral blood flow was 
detected using a Laser Doppler flowmetry (ATBF-LC1, Unique Medical, Tokyo, Japan), and 
approximately 50% reduction of its baseline associated with MCAO was ascertained in the rats. 
Then, the rats were allowed to recover from anesthesia at room temperature and were killed after 
24 h of reperfusion. Sham operation involved the same manipulations but insertion of the filament. 

2.3. Infarct and Edema Assessment 

After 24 h of reperfusion, the rats were subjected to general halothane anesthesia and 
decapitated. The brain was immediately removed and placed in ice-cold saline. Each brain was 
then cut into 2 mm coronal slices in a rat brain matrix. The brain slices were immediately 
immersed in 2% 2,3,5-triphenyl tetrazolium chloride (TTC, Wako Pure Chemicals Industries, 
Osaka, Japan) at 37 °C for 15 min and then in 4% formaldehyde [26,27]. Infarct areas were 
identified using an image analysis system (Scion Image 1.62, Frederick, MD, USA) and were 
combined to obtain the infarct volumes per brain according to the following formula: corrected 
infarct volume (%) = (left hemisphere volume − (right hemisphere volume − the infarct volume)) × 
100/left hemisphere volume. Edema in the ischemic hemisphere was also calculated as follows: 
edema (%) = (right hemisphere volume − the infarct volume)/left hemisphere volume × 100. 

2.4. Neurological Evaluation 

Postischemic neurological deficits were evaluated after 24 h of reperfusion on a 5-point scale as 
follows: grade 0, no deficit; grade 1, failure to fully extend the right forepaw; grade 2, spontaneous 
circling or walking to a contralateral side; grade 3, walking only when stimulated; grade 4, 
unresponsive to stimulation and a depressed level of consciousness; and grade 5, death [25,27]. 
Before MCAO, the neurological score was zero in all the rats. The rats that did not exhibit 
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neurological deficits after MCAO/Re were excluded from the study. Grades of the neurological 
score were evaluated by an investigator blinded to the treatment protocol. 

2.5. Detection of O2
− Production in the Brain 

Detection of intracellular O2
− production in the ischemic penumbral region of the cortex after 

MCAO/Re was performed by histochemical staining of freshly frozen brain sections (8 μm thick) 
with the fluorescent probe dihydroethidium (DHE). The brain sections were immediately incubated 
with DHE (10 μmol/L, Sigma-Aldrich Japan, Tokyo, Japan) in phosphate-buffered saline for  
30 min at 37 °C [28,29]. To determine the fluorescence intensity of oxidized DHE, 3 visual fields 
within the penumbral cortex regions of each hemisphere were photographed using a confocal laser 
scanning microscope (Fluoview FV1000, OLYMPUS, Tokyo, Japan) with excitation at 510 nm and 
emission at 580 nm. Fluorescence intensity of oxidized DHE was quantified using imaging software  
(FV10-ASW 1.7, OLYMPUS, Tokyo, Japan). Analyses of immunohistochemistry were performed 
by an investigator blinded to the treatment protocol. 

2.6. Immunohistochemistry 

Immunohistochemical staining was performed as described previously [20,30,31]. The brain was 
fixed with 4% phosphate-buffered paraformaldehyde. Coronal brain sections (8 μm thick) were 
incubated with 3% hydrogen peroxide for 40 min at room temperature to inhibit endogenous 
peroxidase and then incubated with blocking buffer (4% Block Ace, Dainippon Sumitomo Pharma, 
Osaka, Japan) for 2 h. Then, the slices were incubated with polyclonal rabbit anti-IL-1β antibody 
(1:300, Santa Cruz Biotechnology, Dallas, TX, USA), polyclonal rabbit anti-TNF-α antibody 
(1:200, Rabbit mAb, Hycult Biotech, Uden, The Netherlands), polyclonal rabbit anti-cleaved 
caspase-3 antibody (1:100, Cell Signaling Technology, Danvers, MA, USA), or monoclonal mouse 
anti-MPO (1:100, Hycult Biotech, Uden, The Netherlands), polyclonal rabbit anti-SVCT2 antibody 
(1:100, Santa Cruz Biotechnology, Dallas, TX, USA), polyclonal rabbit anti-GLUT1 antibody 
(1:100, Santa Cruz Biotechnology, Dallas, TX, USA) in 0.01 mol/L phosphate-buffered saline 
overnight at 4 °C. In a double-immunohistchemical study for determination of the cell types of 
expressing SVCT2 or GLUT1, monoclonal mouse anti-neuronal nuclei (NeuN) antibody (1:300, 
Millipore, Billerica, MA, USA) and monoclonal mouse anti-rat endothelial cell antigen (RECA1) 
antibody (1:200, Abcom, Cambridge, UK) were used. After washing with phosphate-buffered 
saline, the slices were incubated with either Cy3- or FITC-conjugated secondary antibody (1:200, 
Millipore, Billerica, MA, USA) for 2 h at room temperature. Finally, the sections were incubated 
with the nuclear stain TO-PRO-3 (1:10,000, Invitrogen, Carlsbad, CA, USA) in phosphate-buffered 
saline for 10 min at room temperature with gentle agitation. Immunofluorescence was visualized 
using the laser scanning confocal microscope and the intensity was measured using the imaging 
software. Three sections per rat and 3–4 rats per group were used for the analyses. 

2.7. Real-Time Polymerase Chain Reaction (PCR) Analysis 

The expression levels of SVCT2 (Slc23a2) and GLUT1 (Slc2a1) mRNA were assessed by 
quantitative real-time polymerase chain reaction (PCR) as described previously [32]. The rats 
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subjected to MCAO were killed after 24 h of reperfusion, and total RNA samples were prepared 
from the ischemic penumbral cortex of each rat. Total RNA was extracted using the RNeasy Mini 
Kit (QIAGEN, Hilden, Germany) according to the manufacturer’s protocol. Total RNA (500 pg) 
from each sample was reverse-transcribed with oligo-dT and random hexamer primers using 
reverse transcriptase (PrimeScript RT Enzyme Mix I; Takara RNA PCR Kit, Takara Biomedicals, 
Shiga, Japan). Real-time PCR was performed with 10 ng of cDNA and a pair of gene-specific 
primers (Takara Biomedicals, Shiga, Japan) that were added to the SYBR Premix EX Taq (Takara 
Biomedicals, Shiga, Japan) and subjected to PCR amplification on the iCycler iQ Real-Time 
Detection System (Bio-Rad Laboratories, Hercules, CA, USA) (1 cycle at 95 °C for 10 s and 50 
cycles at 95 °C for 5 s and 60 °C for 34 s). β-Actin expression was used to normalize the cDNA 
levels. The PCR products were analyzed using a melting curve to ascertain specificity of the 
amplification. The data were expressed as mean ± SD relative to the sham-operated nondiabetic group. 

2.8. Measurement of Total AA Level 

Total AA (AA + DHA) levels in the plasma and cortex have been determined by 
spectrophotometric method using Vitamin C Assay kit (ROIK02, Shima Laboratories, Tokyo, 
Japan) which is based on 2,4-dinitrophenylhydrazine method [33]. Briefly, plasma was mixed with 
an equal volume of 10% metaphosphoric acid solution. Cortex tissue was mixed with 14 times 
volume of 5.4% metaphosphoric acid solution and homogenized. After centrifugation of the 
solutions at 10,000× g for 15 min at 4 °C, the supernatants were used to the assay. 

2.9. Statistical Analysis 

Two-way ANOVA, followed by post hoc Tukey’s multiple-comparison test, was used for statistical 
analysis. Neurological deficit scores were analyzed using the Kruskal-Wallis test, followed by the 
Mann-Whitney U test. In all cases, a p value of <0.05 was assumed to denote statistical significance. 

3. Results 

3.1. Blood Glucose and Body Weight 

Body weight and blood glucose data from the experimental rats were obtained throughout the 
study period (Table 1). Similar to our previous study [25], the diabetic control group of rats had a 
significantly decreased body weight and an increased blood glucose level compared with the 
nondiabetic control group. There were no significant differences in those parameters between the 
AA-supplemented groups and their controls. 

Table 1. Effects of oral supplementation with AA on body weight and blood glucose 
levels in nondiabetic (non-DM) and diabetic (DM) groups of rats. 

Groups Body Weight (g) Blood Glucose (mg/dL) 
Non-DM 335 ± 16 112 ± 11 

Non-DM + AA 340 ± 23 135 ± 9 
DM 255 ± 32 * 485 ± 42 * 

DM + AA 269 ± 36 * 469 ± 71 * 
The data are shown as mean ± SD. * p < 0.01 vs. the nondiabetic group (n = 6–7). 



117 

3.2. Ischemic Brain Injury and Neurological Deficits 

Figure 1 shows MCAO/Re-induced brain injury in the nondiabetic control, nondiabetic + AA, 
diabetic control, and diabetic + AA groups of rats. Examples of TTC staining in the coronal brain 
sections at 24 h after MCAO/Re are shown in Figure 1A. The infarct developed in the corpus 
striatum and cortex of the nondiabetic control rats. In the diabetic rats, the infarction zone was 
remarkably enlarged and extended to a large part of the left striatum and cortex. In contrast, the 
infarcts in the AA-supplemented groups were smaller than those in their respective controls. 
Quantitative assays revealed that the infarct volume and edema in the diabetic control group were 
significantly increased by approximately 2.5-fold and 2-fold, respectively, compared with those in 
the nondiabetic control group (Figure 1B,C). AA supplementation in the nondiabetic group 
significantly decreased infarction and edema. Furthermore, AA almost completely suppressed the 
exacerbation of brain damage by diabetes. 

Figure 1. Effects of AA supplementation on infarction induced by MCAO/Re in the 
brain of nondiabetic and diabetic rats. (A) Representative photographs of staining of 
coronal brain sections from the rats of the nondiabetic + sham operation group and from 
distilled water-administered (Control) or AA (100 mg/kg)-supplemented nondiabetic or 
diabetic groups with MCAO with reperfusion (MCAO/Re). AA or water was orally 
administered once daily for 2 weeks; (B) Infarct volume in ischemic hemispheres of the 
diabetic and nondiabetic groups after MCAO/Re by TTC staining; (C) Edema volume in 
ischemic hemispheres of the diabetic and nondiabetic groups after MCAO/Re. Data are 
presented as means ± SD (n = 6–7). ** p < 0.01 compared with the nondiabetic control 
group. ## p < 0.01 compared with the diabetic control group. DM in the figure denotes 
diabetic, while non-DM denotes nondiabetic. 
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Consistent with the aforementioned results of the brain injury experiments, neurological deficits 
were exacerbated in the diabetic control group of rats (Figure 2). Compared with the diabetic control 
group, the diabetic + AA group showed significant alleviation of the neurological deficits. 

Figure 2. Effects of AA supplementation on neurological deficits induced by MCAO/Re 
in nondiabetic and diabetic rats. Postischemic neurological deficits were evaluated on a  
5-point scale at 24 h of reperfusion after 2 h of MCAO. Data are mean ± SD of 6–7 rats 
per group. ** p < 0.01 compared with the nondiabetic control group. ## p < 0.01 
compared with the diabetic control group. DM in the figure denotes diabetic, while 
non-DM denotes nondiabetic. 

 

3.3. O2
– Production after Ischemia with Reperfusion 

Figure 3 shows fluorescence intensity of DHE in the penumbral cortex, which depends on 
intracellular O2

– production. Representative histological images of DHE staining in the nondiabetic 
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Figure 3. Effects of AA supplementation on production of O2
– after MCAO/Re in the 

brain of nondiabetic and diabetic rats. (A) Representative photographs of superoxide 
production detected by DHE staining in coronal sections of the cortex from the nondiabetic 
and diabetic rats; (B) Quantitative analysis of DHE fluorescence intensity in the cortex. 
The data are presented as mean ± SD (n = 3–4). * p < 0.05, ** p < 0.01 compared with the 
nondiabetic control group. # p < 0.05, ## p < 0.01 compared with the diabetic control 
group. DM in the figure denotes diabetic, while non-DM denotes nondiabetic. 

 

3.4. Apoptosis Induced by Ischemia with Reperfusion 

Activation of caspase-3, a key mediator of the execution phase of apoptosis, was determined by 
immunostaining for cleaved caspase-3, which is an activated form of this enzyme, in the ischemic 
penumbral cortex of the four experimental groups after MCAO/Re (Figure 4). Compared with the 
nondiabetic control group, the number of cleaved caspase-3 positive cells was remarkably increased 
by MCAO/Re in the diabetic control group. AA significantly attenuated the MCAO/Re-induced 
activation of caspase-3 in the nondiabetic and diabetic groups. 

(A)

0

1

2

3

4

Fl
uo

re
sc

en
ce

 o
f D

H
E 

re
la

tiv
e 

to
 

sh
am

-o
pe

ra
te

d 
no

n-
D

M

Sham MCAO/Re

non-DM control
non-DM + AA
DM control
DM + AA

*

**

#

**

##

(B)

non-DM DM
MCAO/ReSham

non-DM DM

AA

Control

50 �m

(A)

0

1

2

3

4

Fl
uo

re
sc

en
ce

 o
f D

H
E 

re
la

tiv
e 

to
 

sh
am

-o
pe

ra
te

d 
no

n-
D

M

Sham MCAO/Re

non-DM control
non-DM + AA
DM control
DM + AA

*

**

#

**

##

(B)

non-DM DM
MCAO/ReSham

non-DM DM

AA

Control

50 �m



120 

Figure 4. Effects of AA supplementation on cleaved caspase-3 after MCAO/Re in the 
brain of nondiabetic and diabetic rats. (A) Representative photographs of cleaved 
caspase-3 immunostaining in the cortex coronal sections of nondiabetic and diabetic rats;  
(B) Quantitative analysis of cleaved caspase-3 positive cells (fluorescence intensity in 
the cortex). The data are presented as mean ± SD (n = 3–4). * p < 0.05, ** p < 0.01 
compared with the nondiabetic control group. ## p < 0.01 compared with the diabetic 
control group. DM in the figure denotes diabetic, while non-DM denotes nondiabetic. 

 

3.5. Expression of IL-1β, TNF-α, and MPO in the Cortex 

To assess the effects of AA supplementation on the expression of proinflammatory cytokines, 
we performed immunohistochemical staining for IL-1β and TNF-α. This experiment confirmed 
upregulation of the protein level of these cytokines as a result of MCAO/Re and diabetes (Figures 5 
and 6). Quantification of the immunostaining data showed that the sham-operated diabetic control 
group had a significant increase in IL-1β and TNF-α expression compared with the sham-operated 
nondiabetic control group, suggesting basal augmentation of the inflammatory response in the 
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diabetic brain. MCAO/Re significantly increased the expression levels of those proinflammatory 
cytokines in the nondiabetic cortex. The ischemia-induced upregulation of those cytokines was 
markedly accelerated by diabetes: the diabetic control group showed a 15.9- and 21.0-fold increase 
in IL-1β and TNF-α expression, respectively, compared with the nondiabetic control group. AA 
supplementation significantly suppressed the basal and ischemia-enhanced expression of these 
cytokines in diabetic rats. 

Figure 5. Effects of AA supplementation on expression of IL-1β in the penumbral cortex 
after MCAO/Re in the brain of nondiabetic and diabetic rats. (A) Representative 
photographs of IL-1β immunostaining (red fluorescence) and staining of nuclei by 
TO-PRO-3 (blue fluorescence) in the cortex coronal sections of nondiabetic and diabetic 
rats; (B) Quantitative analysis of IL-1β fluorescence intensity in the cortex. The data are 
presented as mean ± SD (n = 3–4). ** p < 0.01 compared with the nondiabetic control 
group. # p < 0.05 compared with the diabetic control group. DM in the figure denotes 
diabetic, while non-DM denotes nondiabetic. 
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Figure 6. Effects of AA supplementation on expression of TNF-α in the penumbral 
cortex after MCAO/Re in the brain of nondiabetic and diabetic rats. (A) Representative 
photographs of TNF-α immunostaining (red fluorescence) and staining of nuclei by 
TOPRO-3 (blue fluorescence) in the cortex coronal sections of nondiabetic and diabetic 
rats; (B) Quantitative analysis of TNF-α fluorescence intensity in the cortex. The data are 
presented as mean ± SD (n = 3–4). ** p < 0.01 compared with the nondiabetic control 
group. # p < 0.05 compared with the diabetic control group. DM in the figure denotes 
diabetic, while non-DM denotes nondiabetic. 

 

In the nondiabetic rat cortex, the protein expression of MPO was markedly upregulated after 
MCAO/Re (Figure 7). AA supplementation abrogated the ischemia-induced increase in MPO 
expression. Compared with the nondiabetic rats, the basal level of MPO expression increased only 
slightly in the diabetic rats. MCAO/Re upregulated the expression of MPO to the level similar to 
that in the nondiabetic group. AA supplementation had no effect on the ischemia-induced increase 
in the MPO level in the diabetic rats. 
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Figure 7. Effects of AA supplementation on MPO expression after MCAO/Re in the 
brain of nondiabetic and diabetic rats. (A) Representative photographs of MPO 
immunostaining in the cortex coronal sections of nondiabetic and diabetic rats;  
(B) Quantitative analysis of MPO fluorescence intensity in the cortex. The data are 
presented as mean ± SD (n = 3–4). * p < 0.05 compared with the nondiabetic control 
group. DM in the figure denotes diabetic, while non-DM denotes nondiabetic. 

 

3.6. Expression of SVCT2 and GLUT1 in the Cortex 

The expression and transport activity of SVCT2 as a specific transporter of AA in the CNS have 
been reported to be enhanced after MCAO/Re in mice [20]. In addition, DHA is known to be 
transported across the BBB via GLUT1 [19]; thus, we investigated effects of AA supplementation 
on changes in the expression of SVCT2 and GLUT1 mRNA in diabetic animals with or without 
MCAO/Re (Figure 8). There was no significant difference in the basal expression levels of SVCT2 
mRNA between the nondiabetic and diabetic groups or between each of them and their 
AA-supplemented groups. In the nondiabetic and nondiabetic + AA groups, the expression level of 
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SVCT2 mRNA was equally upregulated at 24 h after MCAO/Re. In contrast, the upregulation of 
ischemia-induced SVCT2 mRNA expression was not observed in the diabetic control group, 
whereas it was observed in the diabetic + AA group. Compared with the nondiabetic control group, 
the diabetic state significantly downregulated the expression of GLUT1 mRNA in the cortex. AA 
supplementation increased the expression of GLUT1 in the nondiabetic and diabetic rats. In the 
nondiabetic and diabetic control groups, MCAO/Re had a stimulating effect on the expression of 
GLUT1 mRNA that was similar to the effect of AA supplementation. Further enhancement by 
ischemia was not detected in the AA-supplemented groups. 

Figure 8. Effects of AA supplementation on SVCT2 and GLUT1 mRNA expression in 
the ischemic penumbral cortex of nondiabetic and diabetic rats. Expression levels of 
SVCT2 mRNA (Slc23a2) (A) and GLUT1 mRNA (Slc2a1) (B) were assessed using 
real-time PCR analysis of the penumbral cortex of nondiabetic and diabetic rats after 
MCAO/Re. The data are presented as mean ± SD (n = 3–6). † p < 0.05, †† p < 0.01 
compared with the respective sham-operated controls. * p < 0.05, ** p < 0.01. 

 

To assess the effects of AA supplementation on the expression of SVCT2 protein after 
MCAO/Re in detail, the localization and the expression levels of SVCT2 in the penumbral cortex 
were examined by immunohistochemical staining (Figure 9A). Double immunofluorescence 
staining with antibodies of anti-SVCT2 and anti-NeuN, a biomarker for neurons, revealed that 
majority of the cells exhibiting SVCT2 expressed NeuN in the sham-operated nondiabetic and 
diabetic rat cortex (Figure 9A). In addition, the cells exhibiting the endothelial cell maker RECA1 
showed a low level of SVCT2-immunoreactivity (Figure 9B). These expression levels in the 
neurons and capillary endothelial cells of SVCT2 were upregulated by MCAO/Re in the 
nondiabetic rats, but not in the diabetic rats. In agreement with the results from the mRNA 
measurement, quantification of the immunofluorescence revealed that the expression levels of 
SVCT2 immunoreactivity were significantly increased in response to MCAO/Re both in the 
nondiabetic control and AA-supplemented nondiabetic groups (Figure 9C). This reaction against 
MCAO/Re was abrogated in the diabetic control group, whereas the AA-supplemented diabetic rats 
showed an increased expression of SVCT2 in the cortex after MCAO/Re. 
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Figure 9. Effects of AA supplementation on SVCT2 and GLUT1 expression in the 
ischemic penumbral cortex of nondiabetic and diabetic rats. Expression levels of SVCT2 
(A–C) and GLUT1 (D,E) were assessed using immunohistostaining of the penumbral 
cortex of nondiabetic and diabetic rats after MCAO/Re. Immunohistochemical 
expression of SVCT2 (red fluorescence) merged with NeuN (A) or with RECA1  
(B) (green fluorescence); (C) Quantitative analysis of SVCT2 fluorescence intensity in 
the cortex. # p < 0.05, ## p <  0.01. * p < 0.05, ** p < 0.01 compared with the respective 
sham-operated nondiabetic controls; (D) Immunohistochemical expression of GLUT1 
(red fluorescence) merged with RECA1 (green fluorescence); (E) Quantitative analysis 
of SVCT2 fluorescence intensity in the cortex. * p < 0.05, ** p < 0.01 compared with the 
respective sham-operated nondiabetic controls. † p < 0.05, †† p < 0.01 compared with the 
respective sham-operated diabetic controls. 

 

(A) SVCT2

Merge

Sham
Merge

MCAO/Re
non-DM

DM

Control

AA

Control

AA

20 �m

SVCT2 NeuN SVCT2 NeuN

(C)

non-DM control
non-DM + AA

DM control
DM + AA

0

0.5

1.0

1.5

2.0

Sham MCAO/Re

Fl
uo

re
sc

en
ce

 o
f S

VC
T2

/N
eu

N
 re

la
tiv

e 
to

 s
ha

m
-o

pe
ra

te
d 

no
n-

D
M

** ##
**

**

##

(B)
non-DM

DM

Control

Control

AA

sham

MCAO/Re

AA

MergeSVCT2 RECA1

Control

50 �m

(A) SVCT2

Merge

Sham
Merge

MCAO/Re
non-DM

DM

Control

AA

Control

AA

20 �m

SVCT2 NeuN SVCT2 NeuN

(C)

non-DM control
non-DM + AA

DM control
DM + AA

0

0.5

1.0

1.5

2.0

Sham MCAO/Re

Fl
uo

re
sc

en
ce

 o
f S

VC
T2

/N
eu

N
 re

la
tiv

e 
to

 s
ha

m
-o

pe
ra

te
d 

no
n-

D
M

** ##
**

**

##

(B)
non-DM

DM

Control

Control

AA

sham

MCAO/Re

AA

MergeSVCT2 RECA1

Control

50 �m



126 

Figure 9. Cont. 

 

On the other hand, GLUT1 immunoreactivity was predominantly colocalized with RECA1  
(Figure 9D). Some of the cells exhibiting NeuN showed a weak GLUT1-immunoreactivity (data not 
shown). In the sham-operated nondiabetic and diabetic groups with AA supplementation, the 
expression levels of GLUT1 in the capillary endothelial cells were remarkably upregulated. 
Additionally, MCAO/Re showed a stimulating effect on the GLUT1 expression both in the 
nondiabetic and diabetic cortex. Quantitative analyses of immunofluorescence in the sections 
revealed that the sham-operated diabetic control rat cortex had a lower expression level of GLUT1 
compared with the nondiabetic rat cortex, and AA supplementation or MCAO/Re caused a 
significant increase in the expression of GLUT1 (Figure 9E). 
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AA (AA + DHA) levels in the plasma and cortex of the experimental groups (Figure 10). It has been 
indicated that reduction of DHA to AA or decomposition of DHA to 2,3-diketo-1-gulonic acid is 
rapid in the plasma and brain, and that the concentrations of DHA in these tissues are 0%–2% of  
AA [19]. Therefore, total AA levels are considered to almost equal to the AA levels. The plasma of 
the sham-operated diabetic control rats had a significant smaller amount of total AA levels compared 
with the nondiabetic rats (Figure 10A). AA supplementation restored the decrement of the total AA 
levels in the diabetic rats to almost the same levels as those in the nondiabetic control rats. 
MCAO/Re had little effect on the total AA levels in the plasma of all groups. In contrast, neither 
diabetic state nor AA supplementation affected the total AA levels in the cortex of sham-operated 
groups. MCAO/Re significantly decreased the total AA levels both in the nondiabetic and diabetic 
cortex. AA supplementation to the diabetic rats caused a significant increase in the total AA levels in 
the cortex in response to MCAO/Re. 

Figure 10. Effects of AA supplementation on levels of total AA (AA + DHA) in the 
plasma and cortex of nondiabetic and diabetic rats. Total AA (AA + DHA) levels in the 
plasma (A) and cortex (B) measured in nondiabetic and diabetic rats after MCAO/Re. 
The data are presented as mean ± SD (n = 3–6). * p < 0.05, ** p < 0.01. 

 

4. Discussion 

The present study confirmed that the STZ-evoked diabetic state aggravates neuronal damage 
caused by a transient cerebral ischemia and subsequent reperfusion in rats. We found that diabetes 
enhances the production of O2

−, activates caspase-3, and induces the expression of proinflammatory 
cytokines (TNF-α and IL-1β) in the brain. These detrimental effects are markedly potentiated by 
cerebral ischemia and reperfusion, leading to greater infarct growth and aggravation of apoptosis 
and inflammation. Our results show that chronic supplementation with AA inhibits the apoptotic 
changes and proinflammatory responses, and attenuates the exacerbation of cerebral injury and 
neurological deficits in the diabetic state. These beneficial effects of AA could be attributed to its 
antioxidant and anti-inflammatory properties. We observed that the expression level of SVCT2 
increases in response to MCAO/Re in the nondiabetic cortex, which is accompanied by an increase 
in the total AA (AA + DHA) in the tissues, and that these responses are abolished in the diabetic 
rats. AA supplementation to the diabetic rats restored these responses to the levels of the 
nondiabetic rats. Therefore, supplementation with AA may enhance the transport of AA into 
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neuronal cells, resulting in reinforcement of the antioxidant defense and alleviation of oxidative 
ischemic injury in the brain of diabetic rats. 

Because rats can synthesize their own AA, unlike humans, they seem to hardly suffer from low 
levels of internal AA [19]. However, there is experimental evidence that STZ-induced type 1 
diabetic rats have low levels of AA in the plasma, liver, kidney, and other tissues [23,34,35]. It is 
conceivable that the enhanced oxidative stress in diabetes consumes the circulating AA and that the 
resulting diminution in the AA concentration leads to further enhancement of the reactions 
mediated by free radicals. This study indicates that the diabetic rats have low levels of AA in the 
plasma, and that chronic oral pretreatment with AA in diabetic rats decreases the cerebral O2

− 
generation, apoptosis, and infarction induced by MCAO/Re; all of these effects could be a result of 
improved antioxidant status in the diabetic brain. Indeed, we observed that AA supplementation to 
the diabetic rats prevents the diminution of the total AA levels in the cortex associated with 
ischemia-reperfusion. On the other hand, we found that AA supplementation causes insufficient 
downregulation of proinflammatory cytokines and has no effect on MPO expression in diabetic rats 
after MCAO/Re. The relative low dose of AA (100 mg/kg) which we used in this study might  
not be efficacious against the severe inflammatory responses induced by the combination of stroke 
and diabetes. 

Concentrations of AA in plasma and peripheral extracellular fluid after ingestion are strictly 
controlled by intestinal absorption, tissue transport, and renal excretion. Chen et al. [36] shows that 
orally administrated AA at doses >200 mg/kg is declined to ≈60 μM in plasma and extracellular fluid 
of femoral muscle in rats. In the brain, concentration of AA is relatively high compared with that in 
the plasma [24]. Two mechanisms of AA recruitment into the brain are known: the transport of AA 
through SVCT2, a specific transporter for AA, and the transport of DHA across the BBB through 
GLUT1 with subsequent immediate reduction in the brain. The gradation of AA concentrations 
between the plasma and the CNS is thought to be maintained by SVCT2, because AA is mainly 
present in the reduced form in the plasma. On the other hand, the cerebroprotective effects of AA 
supplementation remain controversial, whereas beneficial effects of DHA administration for 
neuronal oxidative stress and inflammation seem to be well established [37–39]. Previous studies 
do not support acute cerebroprotective effects of treatment with AA under normal conditions 
because AA is not transported into the brain rapidly, owing to the high affinity and low ability for 
AA transport by SVCT2. Ahn and colleagues [40] reported that chronic AA supplementation has 
little or no effect on elevated oxidative stress in STZ-induced diabetic brain, whereas it is 
efficacious in the liver and kidneys. This phenomenon can be attributed to a lack of SVCT2 
expression in endothelial cells of the BBB [41,42]. Recently, the evidence indicating that AA 
supplementation suppresses diabetes or ischemia-induced oxidative damage in the hippocampus 
and cortex of experimental animals has been accumulated [43–45]. These regions are not only 
vulnerable to oxidative stress but abundant in SVCT2 compared to other regions in the brain, 
namely, there may be some kinds of differences in sensitivity for AA supplementation depending 
on brain regions. Therefore, it seems possible that previous experiments using whole-brain samples 
might have not been adequate to detect the cerebroprotective effects of AA supplementation. 

The system of DHA transport through GLUT1 in the BBB may not substantially contribute to 
total brain AA concentrations under normal conditions, because DHA concentrations in the plasma 
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are usually only 0%–2% of AA concentrations [19,46]. Nonetheless, during oxidative stress in the 
CNS such as stroke and/or treatment with DHA, this route could play a significant role in the 
recruitment of AA [39,47]. Our study demonstrated that diabetes downregulates the expression of 
GLUT1 in the cortex, in line with previous studies [21,25]. AA supplementation to the diabetic rats 
markedly upregulated the basal expression of GLUT1; however, it exerted no significant increase 
in the total AA levels in the cortex of the rats. Taken together, contribution of the DHA transport 
system through GLUT1 to the cerebroprotection seems to be limited in the diabetic rats. The 
upregulation of GLUT1 expression by AA supplementation was observed also in the cortex of 
nondiabetic sham-operated group, despite that there were little changes in the total AA levels in the 
plasma of the rats. These results may indicate that orally supplemented AA has no direct enhancing 
effect on the expression of GLUT1 in the nondiabetic rats. However, AA concentration in the 
plasma is considered to increase within several hours after oral administration and decline to the basal 
level 24 h after the administration by excretion of the excess of AA, at which we collected the plasma 
samples from the experimental animals. Therefore, one possibility is that intermittent increases in 
AA concentration in the plasma repeated for two weeks could stimulate expression of GLUT1 in the 
cortex. Future research needs to be done with regard to the detailed mechanism underlying the 
upregulation of GLUT1 expression by AA supplementation. 

SVCT2 has been shown to be crucial for maintaining AA for protection against oxidative stress 
in the CNS. It has been shown that cultured cells lacking this protein are vulnerable to oxidative  
stress [18]. In the present study, diabetes itself caused no apparent changes in the expression of 
SVCT2 in the cortex. On the other hand, after MCAO/Re, the expression of SVCT2 in the 
penumbral cortex, of which the majority seems to be localized in neurons, is upregulated in the 
nondiabetic rats. Gess and colleagues [20] have demonstrated that SVCT2 is specifically expressed 
in brain capillary endothelial cells and transports AA across the BBB during the subacute phase after 
MCAO/Re in mice. We also observed that expression levels of SVCT2 in capillary endothelial 
cells are increased after MCAO/Re in the nondiabetic rat cortex. This has been proposed as one of 
the mechanisms that protect the brain against oxidative injury under pathological conditions such as 
stroke and neurodegeneration. In contrast, we found that the upregulation of SVCT2 expression was 
abrogated in the diabetic rats, suggesting that the cerebroprotective mechanism via AA recruitment 
may be disrupted in the diabetic state. The abnormality of endothelial cell function in STZ-diabetic 
rats has been indicated to be related to the ROS generation in microvascular walls [17]. Seno and 
coworkers [48] demonstrated that the inflammatory cytokines TNF-α and IL-1β suppress the 
transport of AA through SVCT2 in human umbilical vein endothelial cells. Indeed, we detected a 
robust increase in the expression these cytokines in the brain of diabetic rats after MCAO/Re, 
which may reverse the upregulation of SVCT2 by MCAO/Re itself. AA supplementation to the 
diabetic rats upregulated the expression of SVCT2 in the cortex and restored the total AA levels to 
the nondiabetic levels. The antioxidative properties of AA may protect endothelial functions 
including the transcriptional regulation of SVCT2 against the exacerbated ischemic oxidative injury 
and the enhanced proinflammatory responses in the diabetic state, and may improve AA transport 
through SVCT2 in the BBB. Further experiments using radiolabeled tracers or other rodent models 
such as SVCT2+/− mice are needed to elucidate these cerebroprotective mechanisms of AA, 
including its effects on the specific transport of AA into the diabetic brain. 
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5. Conclusions 

In the present study, we found that chronic AA supplementation inhibits the apoptotic and 
proinflammatory changes and attenuates the exacerbation of cerebral injury and neurological 
deficits in the diabetic state. These phenomena could be attributed to the antioxidant activity and  
anti-inflammatory effects of AA. Diabetes repressed the enhancement of SVCT2 expression 
induced by ischemia-reperfusion in the neurons and capillary endothelial cells, whereas the 
downregulated expression of SVCT2 was restored to control levels by AA supplementation. 
Therefore, chronic AA supplementation may enhance and normalize the transport of AA into the 
CNS and may thus reinforce the antioxidant defense and alleviate oxidative ischemic injury in the 
brain of diabetic rats. 
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Abstract: Vitamin C (ascorbate) is an essential water-soluble micronutrient in humans 
and is obtained through the diet, primarily from fruits and vegetables. In vivo, vitamin C 
acts as a cofactor for numerous biosynthetic enzymes required for the synthesis of amino 
acid-derived macromolecules, neurotransmitters, and neuropeptide hormones, and is also 
a cofactor for various hydroxylases involved in the regulation of gene transcription and 
epigenetics. Vitamin C was first chemically synthesized in the early 1930s and since then 
researchers have been investigating the comparative bioavailability of synthetic versus 
natural, food-derived vitamin C. Although synthetic and food-derived vitamin C is 
chemically identical, fruit and vegetables are rich in numerous nutrients and 
phytochemicals which may influence its bioavailability. The physiological interactions 
of vitamin C with various bioflavonoids have been the most intensively studied to date. 
Here, we review animal and human studies, comprising both pharmacokinetic and 
steady-state designs, which have been carried out to investigate the comparative 
bioavailability of synthetic and food-derived vitamin C, or vitamin C in the presence of 
isolated bioflavonoids. Overall, a majority of animal studies have shown differences in 
the comparative bioavailability of synthetic versus natural vitamin C, although the results 
varied depending on the animal model, study design and body compartments measured. 
In contrast, all steady state comparative bioavailability studies in humans have shown no 
differences between synthetic and natural vitamin C, regardless of the subject 
population, study design or intervention used. Some pharmacokinetic studies in humans 
have shown transient and small comparative differences between synthetic and natural 
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vitamin C, although these differences are likely to have minimal physiological impact. 
Study design issues and future research directions are discussed. 

Keywords: ascorbate; dietary vitamin C; bioavailability; animal studies; human studies; 
bioflavonoids 

 

1. Introduction 

Vitamin C (ascorbate) is an essential water-soluble micronutrient in humans and is obtained 
through the diet primarily from fruits and vegetables [1]. In vivo, it acts as a cofactor for numerous 
biosynthetic enzymes required for the synthesis of amino acid-derived macromolecules, 
neurotransmitters and neuropeptide hormones [2], and for various hydroxylases involved in the 
regulation of gene transcription and epigenetics [3,4]. Vitamin C is concentrated from the plasma 
into the body’s organs and is found in particularly high concentrations in the pituitary and adrenal 
glands and in the corpus luteum [5], although skeletal muscle, brain, and liver comprise the largest 
body pools [6]. Most animals can synthesize vitamin C from glucose in the liver [7]; however, 
humans and a small selection of animal species have lost the ability to synthesize vitamin C due to 
mutations in the gene encoding L-gulono-γ-lactone oxidase, the terminal enzyme in the vitamin C 
biosynthetic pathway [8]. Therefore, an adequate and regular dietary intake is essential to prevent 
hypovitaminosis C and the potentially fatal deficiency disease, scurvy [9]. 

In the mid 1700s the Royal Navy surgeon James Lind carried out controlled dietary trials and 
determined that citrus fruit could cure individuals with scurvy (reviewed in [10]). However, it wasn’t 
until the early 1900s that experimental scurvy was first produced in guinea pigs through dietary 
restriction and shown to be prevented by feeding the animals fresh fruits and vegetables. In the  
early 1930s vitamin C was isolated from fruit and vegetables and adrenal cortex and was named  
“hexuronic acid”, which was shown to cure scurvy in guinea pigs and was subsequently renamed 
ascorbic acid to reflect its anti-scorbutic properties. Vitamin C was first chemically synthesized in 
1933 [10] and, since the mid 1930s, the question of the comparative bioavailability of synthetic 
versus natural, food-derived vitamin C in animal models and human subjects has been a point  
of consideration. 

The bioavailability of dietary vitamin C represents the proportion of the micronutrient that is 
absorbed by the intestines and is available for metabolic processes within the body. In vivo vitamin C 
levels are a function of uptake, metabolism, and excretion (see [11] for an excellent review of these 
processes). Vitamin C is actively transported into the body via two sodium-dependent vitamin C 
transporters, SVCT1 and SVCT2 [12,13]. These transporters exhibit different tissue distributions 
and uptake kinetics. SVCT1 is expressed in epithelial tissues and is primarily responsible for 
intestinal uptake and renal reabsorption of vitamin C, the latter helping to maintain whole body 
homeostasis [13]. SVCT2 is expressed in specialized and metabolically active tissues and is  
required for delivery of vitamin C to tissues with a high demand for the vitamin either for enzymatic 
reactions [2] and/or to help protect these tissues from oxidative stress [13]. Both of these transporters 
show significantly more affinity for the L- versus D-isoform of vitamin C (Figure 1) [12,14], and this 
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selectivity likely explains earlier observations of significantly lower tissue accumulation and 
anti-scorbutic activity of D-ascorbic acid in guinea pigs [15,16]. Although D-ascorbic acid is a 
commonly added food preservative [17], administration of D- and L-ascorbic acid together does not 
affect the bioavailability of the latter in humans [18]. 

Through its action as a reducing agent and antioxidant, ascorbate undergoes one and two  
electron oxidations to produce the ascorbyl radical and dehydroascorbic acid (DHA) (Figure 1).  
Recent research has shown that DHA can be taken up by the facilitative glucose transporters  
GLUT2 and GLUT8 in the small intestine [19]. Cells are also able to transport DHA via GLUT1 and 
GLUT3 [20,21], followed by intracellular reduction to ascorbate [22,23]. However, transport via the 
GLUTs is in competition with glucose which is at relatively high concentrations throughout the body 
and although different fruits and vegetables have been shown to contain relatively high amounts of 
DHA [24], the in vivo contribution of DHA is uncertain due to its minimal circulating and organ  
levels [25,26] (although white blood cells may be an exception to this) [27,28]. 

Figure 1. Vitamin C in its reduced form (ascorbic acid), shown as both its L- and  
D-isomers, and its two electron oxidation form (dehydroascorbic acid, DHA). DHA can 
be readily reduced back to ascorbic acid in vivo via both chemical and enzymatic 
pathways [23]. 

 

Synthetic and food-derived vitamin C is chemically identical. However, fruit and vegetables are 
rich in numerous micronutrients (vitamins and minerals), dietary fiber, and phytochemicals  
(e.g., bioflavonoids), and the presence of some of these may affect the bioavailability of vitamin C. 
Vitamin C has long been known to interact with vitamin E by reducing the tocopheroxyl radical and 
regenerating native tocopherol [29]. Some fruit, such as kiwifruit, contain relatively high amounts of 
vitamin E and one animal study has indicated that vitamin E is able to preserve vitamin C  
in vivo [30]. Food-derived (and synthetic) vitamin C is well known to increase non-heme iron uptake 
and body status, likely via its ability to reduce iron from its ferric to ferrous state [31,32]. However, 
whether iron can affect vitamin C bioavailability is less clear [33–35]. Although iron has been shown 
to increase the uptake of vitamin C in cultured intestinal cells [33], human intervention studies have 
shown no effect of iron intake on vitamin C bioavailability [34,35]. One study has indicated that 
specific dietary fibers, such as hemicellulose and pectin, may affect the excretion of vitamin C [36], 
however, their influence on vitamin C uptake was not determined. 

Plant-derived flavonoids have been of interest since the mid 1930s, when they were initially 
referred to as “vitamin P”, primarily due to their effect on vascular permeability [37]. At the time, 
there was much debate in the literature regarding the role of “vitamin P” in experimental [38–42]  
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and human scurvy [37,43–45]. Flavonoids can act as antioxidants via direct scavenging of free  
radicals [46,47] and/or chelation of redox-active metal ions [48,49]. As a result, it has been suggested 
that flavonoids may “spare” vitamin C and, thus, increase its bioavailability. Flavonoids have been 
shown to inhibit the in vitro oxidation of vitamin C [48–51], however, the in vivo relevance of  
metal-ion mediated oxidation of vitamin C is likely to be minimal as free metal ions are largely 
sequestered in the body [52]. Whether flavonoids can affect vitamin C uptake in vivo is uncertain due 
to the low plasma bioavailability of these compounds [53]. Thus, any interaction of flavonoids with 
vitamin C would be expected to occur primarily in the intestinal lumen prior to active uptake. 

Of note, several in vitro studies have shown that various flavonoids can inhibit vitamin C and  
DHA uptake by their respective transporters. The flavonoid quercetin can reversibly inhibit SVCT1 
expressed in Xenopus oocytes [54] and limited data from an animal model indicates that this may 
occur in vivo [54]. Quercetin and myricetin can inhibit the uptake of vitamin C and DHA into 
cultured monocytic (HL-60 and U937) and lymphocytic (Jurkat) cells via inhibition of GLUT1 and 
GLUT3 [55] and possibly also SVCT2, which is expressed in leukocytes [56]. Quercetin and 
phloretin can also inhibit the intestinal GLUT2 and GLUT8 transporters [19]. Thus, based on the 
above in vitro studies, it is unclear whether flavonoids will enhance in vivo vitamin C bioavailability 
through a sparing action, or decrease its bioavailability through inhibiting vitamin C transporters. 

The effect of various purified flavonoids or flavonoid-rich fruits and vegetables on vitamin C 
bioavailability in different animal models and human subjects is discussed below. To test 
comparative vitamin C bioavailability, both steady-state and pharmacokinetic models have been 
used. The former monitors ascorbate levels in blood and/or urine following a number of weeks of 
supplementation, while the latter monitors transient changes in plasma levels and/or urinary 
excretion over the hours following ingestion of the vitamin C-containing test substance. The gold 
standard for analysis of vitamin C is HPLC with coulometric electrochemical detection due to its 
sensitivity and specificity [57]. Early studies, however, were limited primarily to colourimetric 
methods based on reduction of ferric iron compounds and are prone to interference by numerous 
other substances [57]. 

2. Vitamin C Bioavailability Studies Using Animal Models 

There are a number of benefits to the use of animal models to investigate vitamin C bioavailability, 
particularly the ease of diet control and the ability to obtain tissues not normally accessible in human 
studies. However, results can vary widely depending on the animal model used and the different 
treatment and analytical methodologies employed. It should also be noted that not all of the animal 
models that have been used are naturally vitamin C deficient. The animal models of choice are the 
naturally vitamin C deficient guinea pig, and genetically scorbutic animal models, such as the 
Osteogenic Disorder Shionogi (ODS) rat [58], the L-gulono-γ-lactone oxidase (Gulo−/−) knockout 
mouse [59], and the spontaneous bone fracture (sfx) mouse [60]. Although animal studies can provide 
useful information, translation of the findings to humans should always proceed with caution. 

Studies investigating the comparative bioavailability of synthetic versus natural vitamin C in 
animal models are shown in Table 1. Studies carried out in guinea pigs showed enhanced uptake of 
vitamin C into specific organs (e.g., adrenals and spleen) in the presence of flavonoid-rich juices/extracts 
or purified plant flavonoids (e.g., hesperidin, rutin, and catechin) [42,61–64]. Vinson and Bose [65] 
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carried out a pharmacokinetic study in guinea pigs and found a 148% increase in the area under the 
plasma ascorbate concentration-time curve when administered as citrus fruit media. They also noted 
that the citrus fruit group demonstrated delayed plasma vitamin C uptake compared with the 
synthetic vitamin C group [65]. Cotereau et al. [42] reported that animals given both vitmain C and 
catechin not only had four to eight-fold more vitamin C in the organs measured, but they were also 
the only group without scorbutic-type lesions. The latter finding was supported by a similar study 
showing fewer fresh hemorrhages in scorbutic guinea pigs receiving vitamin C with rutin or 
querceitin compared with vitamin C alone [66]. 

Several of the studies in Table 1, however, showed no differences in vitamin C accumulation in 
some organs (e.g., liver) [61–63,67]. Hughes et al. noted that the acerola cherry preparation they 
used was virtually flavonoid free due to dilution of the high vitamin C fruit extract, which they 
suggested may have accounted for its reduced efficacy compared with blackcurrant juice, which is 
flavonoid rich [64]. To account for the flavonoid-dependent differences in vitamin C uptake 
observed between the adrenals and livers of guinea pigs [62,63], Douglass and Kamp [62] noted that 
flavonols such as rutin are rapidly destroyed in liver tissue, but are relatively stable in adrenal 
homogenates. Papageorge et al. [63] also noted that when epinephrine oxidizes it can contribute to 
the destruction of vitamin C and thus the antioxidant effects of rutin may result in “sparing” of 
vitamin C in adrenals. A study by Levine’s group [54] showed that the flavonoid quercetin can 
reversibly inhibit vitamin C intestinal transport and decrease plasma levels of the vitamin in the CD 
(Sprague-Dawley) rat, although it should be noted that this is not a vitamin C deficient animal model. 
Some of the variability observed in these different animal studies (Table 1) may be due to the varying 
ratios of flavonoid to vitamin C employed. 

We recently carried out a comparative bioavailability study, using the Gulo mouse model, 
investigating the uptake of vitamin C from kiwifruit gel compared with synthetic vitamin C [68].  
We found that the kiwifruit extract, which is rich in flavonoids [69,70], provided significantly higher 
serum, leukocyte, heart, liver, and kidney levels of vitamin C than the purified vitamin, suggesting 
some type of synergistic activity of the whole fruit in this model. As with Wilson et al. [61], we did 
not observe any difference between the two interventions with respect to vitamin C uptake into the 
brain. Indeed, there is significant retention of vitamin C in the brain during dietary depletion [64,68], 
suggesting a vital role for vitamin C in the brain. Thus, a significant proportion of animal  
studies show enhanced circulating and organ levels of vitamin C in the presence of food-derived or 
purified flavonoids. 
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3. Steady State Bioavailability Studies in Humans 

An early report of several patients with scurvy whose plasma vitamin C levels did not increase 
with synthetic vitamin C alone, but only in the form of lemon juice [45], initially leant support to the 
“vitamin P”/flavonoid theory. However, in contrast to the animal studies, all steady state human 
studies (summarized in Table 2) have shown little difference in plasma and/or urine bioavailability 
between synthetic vitamin C and that from different fruits, fruit juices, and vegetables [35,71–76]. 
Mangels et al. [35] did observe a 20% lower plasma bioavailability of vitamin C from raw broccoli 
compared with cooked broccoli, however, this may have been due to differences in mechanical 
homogenization (chewing), a similar effect to that observed for carotenoid absorption from raw 
versus cooked carrots. 

We recently carried out a steady state bioavailability study in young non-smoking men 
supplemented for six weeks with 50 mg/day vitamin C, in the form of a chewable vitamin C tablet or 
half a gold kiwifruit [77]. This dose was chosen as it lies on the steep part of the sigmoidal plasma 
uptake curve [78], thus enhancing the likelihood of detecting a difference between the two 
interventions. Although most steady state studies have used sequential or crossover study designs, 
we chose a randomized parallel arms design for a number of reasons. Block et al. [79] have 
previously observed a lower plasma vitamin C response to supplemental vitamin C in the second 
phase of a multiple depletion/repletion study. Furthermore, although washout of vitamin C could be 
monitored between the two phases of a cross-over study, it would not be possible to monitor washout 
of other kiwifruit-derived components, e.g., vitamin E, which may affect the second phase of a 
cross-over study due to potential in vivo interactions with the supplemental vitamin C [30]. 

Only one previous study has investigated the comparative bioavailability of synthetic versus 
natural vitamin C in leukocytes [71]. These investigators found no difference in leukocyte vitamin C 
uptake between synthetic vitamin C (in the presence or absence of rutin) and that in orange juice two 
hours after a single 75 mg dose [71]. Therefore, in addition to plasma, urine, and semen samples, we 
also isolated peripheral blood mononuclear cells and neutrophils before and after intervention. Due 
to ease of accessibility and isolation, peripheral blood leukocytes are often used as a marker for tissue 
vitamin C status, however, whether they are a good model for all organs and tissues is uncertain. In 
support of this premise our animal study indicated that different organs exhibited maximal vitamin C 
uptake at varying doses of the vitamin [68] and we have recently shown that human skeletal muscle 
exhibits greater relative uptake of vitamin C than leukocytes [80]. Therefore, we also carried out 
needle biopsies of skeletal muscle tissue (vastus lateralis), before and after intervention. In contrast 
to our earlier animal study [68], our human study clearly showed no differences in the steady-state 
bioavailability of kiwifruit-derived versus synthetic vitamin C to plasma, semen, peripheral blood 
leukocytes, and skeletal muscle tissue [77]. Thus, other nutrients and phytochemicals present in 
kiwifruit are neither enhancing nor inhibiting the uptake of vitamin C from the whole fruit in humans. 
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4. Pharmacokinetic Bioavailability Studies in Humans 

Pharmacokinetic studies show transient changes in plasma vitamin C levels and urinary excretion 
over the hours following ingestion of the vitamin C-containing test substance (relevant studies are 
shown in Table 3). Supplemental vitamin C typically takes about two hours to reach maximal plasma 
levels following ingestion. An early animal study found that vitamin C provided in citrus fruit media 
took longer to reach peak plasma concentrations compared with a synthetic vitamin C solution and 
also provided a larger area under the plasma vitamin C concentration-time curve [65]. These same 
investigators observed a comparable trend in human subjects supplemented with 500 mg vitamin C 
in the presence or absence of a citrus fruit extract [81]. The citrus fruit extract delayed maximal 
plasma levels by one hour and provided a 35% increase in vitamin C bioavailability. Interestingly, 
the citrus fruit extract increased 24 h urinary vitamin C excretion in participants pre-saturated with 
vitamin C, but decreased excretion in non-saturated participants compared with synthetic vitamin C 
alone. This suggests that the baseline vitamin C status of the individual may affect the comparative 
bioavailability of vitamin C. Although two other studies showed increased urinary excretion in 
vitamin C pre-saturated subjects in the presence of fruit juice [71,82], another pre-saturation  
study showed comparable plasma levels and 24 h urinary excretion in the presence of mixed 
bioflavonoids [83]. It should be noted that doses of 500 mg vitamin C have reduced intestinal 
bioavailability [78] and are significantly higher than would be obtained through a normal daily diet. 

A number of pharmacokinetic studies have shown comparable bioavailability of vitamin C 
supplied in synthetic form or in the presence of foods or fruit juices [84–88]. Nelson et al. [88] used  
an intestinal triple lumen tube perfusion model to investigate the absorption of synthetic vitamin C 
and that from an orange juice solution. This method allows direct measurement of intraluminal 
events and showed no difference in the absorption of vitamin C from the two test solutions. A few 
pharmacokinetic studies have shown transient decreases in plasma vitamin C levels and/or urinary 
excretion at specific time points in the presence of food and fruit juices [34,71,84,85]. The 
physiological relevance of these transient differences is, however, likely minimal. 

We recently carried out a pharmacokinetic bioavailability study of synthetic versus  
kiwifruit-derived vitamin C in nine non-smoking males (aged 18–35 years) who had “healthy” or 
“optimal” (i.e., >50 μmol/L) baseline levels of plasma vitamin C [89]. The participants received  
either a chewable tablet (200 mg vitamin C) or the equivalent dose from gold kiwifruit. Fasting blood 
and urine were collected half hourly to hourly over the eight hours following intervention. Plasma 
ascorbate levels increased from 0.5 h post intervention, although no significant differences in the 
plasma time-concentration curves were observed between the two interventions. An estimate of the 
total increase in plasma ascorbate indicated complete uptake of the ingested vitamin C tablet and 
kiwifruit-derived vitamin C. There was an increase in urinary ascorbate excretion, relative to urinary 
creatinine, from two hours post intervention. There was also a significant difference between the two 
interventions, with enhanced ascorbate excretion observed in the kiwifruit group. Urinary excretion 
was calculated as ~40% and ~50% of the ingested dose from the vitamin C tablet and kiwifruit arms, 
respectively. Overall, our pharmacokinetic study showed comparable relative bioavailability of 
kiwifruit-derived vitamin C and synthetic vitamin C [89]. 
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5. Vitamin C Bioavailability from Different Tablet Formulations 

Doses of vitamin C up to 2000 mg/day are considered safe for general consumption [90]. 
However, pharmacokinetic studies indicate that ingestion of single doses of vitamin C greater than 
200 mg have lower relative bioavailability [78], indicating that ingestion of several smaller doses 
each day is preferable to a single large dose. A number of studies have investigated the relative 
bioavailability of vitamin C from different tablet formulations and have shown that slow-release 
formulations provide superior vitamin bioavailability [91–94]. Salts of vitamin C, such as sodium 
and calcium ascorbate (Ester-C), have also been tested. Animal studies indicated that Ester-C (which 
contains calcium ascorbate, as well as DHA and calcium threonate) was absorbed more readily and 
excreted less rapidly than ascorbic acid [95] and had superior anti-scorbutic activity in ODS rats [96]. 
Johnston and Luo [83], however, found no significant differences between Ester-C and ascorbic acid 
bioavailability in humans. Nevertheless, Ester-C has been shown to be better tolerated in individuals 
sensitive to acidic foods [97]. 

6. Conclusions 

Overall, a majority of animal studies have shown differences in the comparative bioavailability of 
synthetic versus food-derived vitamin C, or vitamin C in the presence of isolated bioflavonoids, 
although the results varied depending on the animal model, study design and body compartments 
measured. In contrast, all steady state comparative bioavailability studies in humans have shown no 
differences between synthetic and natural vitamin C, regardless of the subject population, study 
design or intervention used. Some pharmacokinetic studies in humans have shown transient and 
small comparative differences between synthetic and natural vitamin C, although these differences 
are likely to have minimal physiological impact. Thus, not only do the reviewed studies reiterate the 
injunction that the findings of animal studies should not be directly translated to humans [98,99], but 
it is also apparent that additional comparative bioavailability studies in humans are unwarranted. 

Although synthetic and food-derived vitamin C appear to be equally bioavailable in humans, 
ingesting vitamin C as part of a whole food is considered preferable because of the concomitant 
consumption of numerous other macro- and micronutrients and phytochemicals, which will confer 
additional health benefits. Numerous epidemiological studies have indicated that higher intakes of 
fruit and vegetables are associated with decreased incidence of stroke [100], coronary heart  
disease [101], and cancers at various sites [102,103]. Vitamin C status is one of the best markers for 
fruit and vegetable intake [104], and food-derived vitamin C is associated with decreased incidence 
of numerous chronic diseases [1], however, whether the observed health effects of fruit and 
vegetable ingestion are due to vitamin C and/or other plant-derived components is currently 
unknown. With respect to coronary heart disease, strong evidence exists for a protective effect of 
vegetables, moderate evidence for fruit and dietary vitamin C and insufficient evidence for 
supplemental vitamin C [105]. Some meta-analyses support the premise that dietary vitamin C is 
more protective than supplements [106], while others show reduced disease incidence with 
supplemental but not dietary vitamin C [107]. 

A major limitation with epidemiological studies is that they show only an association between 
dietary vitamin C intake and disease risk and cannot ascertain whether different sources of vitamin C 
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(i.e., food-derived versus supplement) are a cause, consequence, or simply a correlate of the 
particular end-point measured. Interpretations can also vary significantly depending on the input of 
different confounders [108]. Furthermore, epidemiological studies rely predominantly on food 
frequency questionnaires [109,110] and 24 h dietary recalls [111] to ascertain vitamin C intakes from 
foods and/or supplements [112]. This methodology has numerous limitations [113] and correlations 
with vitamin C status can vary depending on the methods employed as well as numerous other 
external factors [114]. Pooled or meta-analyses of epidemiological studies are particularly 
problematic due to the combining of variable study designs, cohorts and endpoints, often resulting in 
dilution or misinterpretation of study findings. 

The gold standard for determining causality is the double-blind randomized placebo controlled 
clinical trial. Although this type of study design works well for comparing the effects of drugs 
against a placebo, it does not work for nutrients, such as vitamin C, which are already in the food 
chain and are required for life, i.e., there is no true placebo. Numerous other methodological issues 
have been identified with the design of many clinical trials investigating the health effects of  
vitamin C [115]. For example, a major flaw with many vitamin C intervention studies is the use of 
study populations with already adequate or even saturating vitamin C levels, which significantly 
decreases the likelihood of observing any effects of the intervention. Thus, it is recommended that 
study populations are comprised of individuals with sub-optimal vitamin C status (i.e., <50 μmol/L 
plasma vitamin C) or that sub-group analysis is carried out on the low vitamin C sub-populations [116]. 
With pharmacokinetic studies, both unsaturated and saturated individuals can be used, but 
comparative bioavailability studies have shown that results may vary depending on the baseline 
vitamin C status of the study subjects. Furthermore, the vitamin C doses chosen for intervention are 
critical since doses above 200 mg have decreased intestinal uptake [78], indicating that if higher 
doses are warranted then these should be provided as multiple doses of ~200 mg each to ensure 
complete bioavailability. 

The comparative health effects of supplemental versus food-derived vitamin C will only be 
determined through the use of appropriate and well-designed studies. Determination of the 
physiological effects or health outcomes of intervention with synthetic versus natural vitamin C will 
depend largely on the endpoints measured. Only a handful of comparative intervention studies have 
been carried out to assess specific physiological or health endpoints. Guarnieri et al. [89] 
investigated potential protection of mononuclear leukocytes from supplemented individuals against 
ex vivo oxidative DNA damage. Although they found comparable vitamin C bioavailability between 
a single portion of orange juice (containing 150 mg vitamin C) and a synthetic vitamin C drink of the 
same dosage, they showed that only the orange juice protected the leukocytes from ex vivo oxidative 
DNA damage [89]. However, how closely ex vivo oxidation of DNA resembles events occurring  
in vivo is debatable and results could also vary significantly depending on the type of oxidative 
stress. Johnston et al. [76] compared plasma lipid peroxidation in individuals who had been 
supplemented with either orange juice or synthetic vitamin C (~70 mg/day) for two weeks. They 
found comparable vitamin C bioavailability and a similar reduction in lipid peroxidation with both 
interventions [76]. Several studies have assessed the effects of synthetic and natural vitamin C, or 
vitamin C in the presence of bioflavonoids, on the common cold. Two earlier studies showed a lack 
of an effect of vitamin C (~200 mg/day), with and without purified bioflavonoids, on the prevention 
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and cure of the common cold [117,118]. Another study indicated that synthetic vitamin C (80 mg/day) 
and orange juice both decreased the symptoms of the common cold compared with placebo, but there 
were no differences between the two interventions [119]. 

As alluded to in the introduction, vitamin C is known to enhance the bioavailability of other 
nutrients, such as vitamin E [30] and non-heme iron [31,32], which may enhance the health effects of 
vitamin C-containing foods. Bioflavonoids are also known to have numerous biological  
activities [120]. Recently vitamin C has been shown to modulate specific biological activities of 
quercetin and tea polyphenols [121,122]. Thus, future studies may elucidate the physiological 
relevance of these interactions. 
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Abstract: Whether vitamin C from wholefoods has equivalent bioavailability to a 
purified supplement remains unclear. We have previously showed that kiwifruit provided 
significantly higher serum and tissue ascorbate levels than synthetic vitamin C in a 
genetically vitamin C-deficient mouse model, suggesting a synergistic activity of the 
whole fruit. To determine if these results are translatable to humans, we carried out a 
randomized human study comparing the bioavailability of vitamin C from kiwifruit with 
that of a vitamin C tablet of equivalent dosage. Thirty-six young non-smoking adult 
males were randomized to receive either half a gold kiwifruit (Actinidia Chinensis var. 
Hort 16A) per day or a comparable vitamin C dose (50 mg) in a chewable tablet for  
six weeks. Ascorbate was monitored weekly in fasting venous blood and in urine, semen, 
leukocytes, and skeletal muscle (vastus lateralis) pre- and post-intervention. Dietary 
intake of vitamin C was monitored using seven day food and beverage records. 
Participant ascorbate levels increased in plasma (P < 0.001), urine (P < 0.05), 
mononuclear cells (P < 0.01), neutrophils (P < 0.01) and muscle tissue (P < 0.001) post 
intervention. There were no significant differences in vitamin C bioavailability between 
the two intervention groups in any of the fluid, cell or tissue samples tested. Overall, our 
study showed comparable bioavailability of synthetic and kiwifruit-derived vitamin C. 
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1. Introduction 

Vitamin C (ascorbate) is an essential water-soluble micronutrient that is obtained through the diet 
primarily from fruits and vegetables [1]. The bioavailability of dietary vitamin C represents the 
proportion absorbed by the intestines and available for metabolic processes within the body. Vitamin 
C is actively transported into the body via two sodium-dependent vitamin C transporters, SVCT1 and 
SVCT2, which exhibit different tissue distributions and uptake kinetics [2,3]. SVCT1 is expressed in 
epithelial tissue and is primarily responsible for intestinal uptake and renal reabsorption of vitamin 
C, the latter maintaining whole body homeostasis [3]. SVCT2 is expressed in specialized and 
metabolically active tissues and is required for delivery of vitamin C to tissues with a high demand 
for the vitamin either for enzymatic reactions [4] and/or to help protect these tissues from oxidative 
stress [3]. 

Kiwifruit are rich in vitamin C [5] and we have previously used a genetically vitamin C-deficient 
mouse model (the Gulo mouse) to investigate the comparative bioavailability of synthetic versus 
kiwifruit-derived vitamin C [6]. Interestingly, we found that kiwifruit gel provided higher serum, 
leukocyte, heart, liver and kidney levels of ascorbate than equivalent amounts of purified vitamin C, 
suggesting a synergistic activity of the whole fruit in this model. Although synthetic and 
food-derived vitamin C are chemically identical, the bioavailability of vitamin C could potentially be 
affected by the numerous micronutrients and phytochemicals with antioxidant properties that are 
present in fruits and vegetables [7,8]. For example, kiwifruit contain reasonable amounts of vitamin 
E [9], which has been shown to spare vitamin C in an animal model [10]. Kiwifruit also contain 
numerous different flavonoids [9,11], some of which can inhibit the in vitro oxidation of vitamin C 
via direct scavenging of free radicals and/or chelation of redox-active metal ions [7,8]. 

To determine if the results of our animal study [6] are translatable to humans, we carried out a 
randomized human study comparing the bioavailability of vitamin C from gold kiwifruit  
(Actinidia Chinensis var. Hort 16A) with a tablet of equivalent dosage. We have previously shown 
that consumption of half a gold kiwifruit per day results in a significant increase in plasma ascorbate 
in individuals with low initial levels (<23 μmol/L) [12]. For this study, we chose a dose of half a 
kiwifruit per day and the equivalent 50 mg/day vitamin C since this dose lies on the steeply rising 
portion of the sigmoidal plasma bioavailability curve [13]. This enhances the likelihood of detecting 
a difference between the two interventions compared with doses >100 mg/day where plasma 
saturation is approached [13]. 

Several previous studies have tested the comparative bioavailability of synthetic versus 
food-derived vitamin C utilizing plasma and/or urine levels [14–18]. However, only one has 
investigated the comparative bioavailability of vitamin C in leukocytes [19]. Therefore, in addition 
to plasma and urine, we have monitored the bioavailability of vitamin C in peripheral blood 
mononuclear cells and neutrophils, seminal fluid and skeletal muscle tissue [20] before and after the 
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six week intervention. We also monitored the participants’ dietary intake of vitamin C using seven 
day food and beverage records. 

2. Study Design and Methods 

2.1. Participants 

This study was conducted according to the guidelines laid down in the Declaration of Helsinki and 
all procedures involving human participants were approved by the Upper South Regional Ethics 
Committee (#URA/11/02/003). The study was registered with the Australian New Zealand Clinical 
Trials Registry (#ACTRN12611000162910). 

Non-smoking males aged 18–35 years from local tertiary institutes were screened to ascertain 
their eligibility for the study. Exclusion criteria included recent smoker (within previous year), 
allergy/intolerance to kiwifruit, taking vitamin C-containing supplements (within past three months), 
taking prescription medication (within past three months), excessive alcohol consumption  
(>21 standard drinks/week), high fruit and vegetable consumption (>5 servings per day), diabetes 
mellitus, bleeding disorders, and fainting due to fear of needles. Anthropometric measurements were 
carried out to determine body mass index (BMI) and a fasting venous blood sample was drawn to 
determine plasma ascorbate levels as described below. 

Sample size calculations indicated that at 80% power and alpha = 0.05, a sample size of  
15 participants per intervention group would detect a minimum difference of 10 μmol/L ascorbate as 
determined using data derived from our previous vitamin C bioavailability study [12]. To allow for 
potential withdrawal during the study, 36 non-smoking participants (18 per group) with below 
average plasma ascorbate levels were enrolled for the study and provided written informed consent. 

2.2. Study Design 

The study employed a parallel arms design and the participants were randomized into a 50 mg 
vitamin C per day group or a half kiwifruit per day group using a random numbers chart. A parallel 
arms rather than cross-over study design was chosen to avoid potential confounding by 
kiwifruit-derived constituents, e.g., vitamin E, which may not wash out prior to the vitamin C 
supplement phase of a cross-over study. A lead-in phase of five weeks allowed the participants time 
to control their dietary vitamin C intake by eliminating juice and substituting high vitamin C foods, 
e.g., citrus and kiwifruit, with low vitamin C foods, e.g., apples and bananas (guidelines were 
provided as to the vitamin C content of common foods). This was followed by an intervention phase 
of six weeks and a washout phase of four weeks (Figure 1). Fasting venous blood samples were 
drawn weekly to monitor plasma ascorbate levels. Twenty four hour urine, semen, and leukocyte 
samples were collected at week five (baseline), week 11 (post-intervention) and week 15 
(post-washout). Muscle biopsies were carried out at baseline and post-intervention. Participants also 
completed four seven-day food and beverage records (at the beginning of the study, pre- and 
post-intervention and post-washout). 
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Figure 1. Parallel groups study design. * Weekly plasma samples; ** urine, semen and 
leukocyte samples; *** urine, semen, leukocyte and skeletal muscle samples. 

 

2.3. Interventions 

Chewable orange-flavored vitamin C tablets were provided by Tishcon Corp., Westbury, NY, 
USA. Analysis of the tablets indicated that they contained 52 mg of vitamin C per tablet. Participants 
in the vitamin C tablet arm of the study were asked to consume one tablet per day. 

Gold kiwifruit (Actinidia chinensis var. Hort. 16A) were provided by Zespri International Ltd., 
Mount Maunganui, New Zealand, and were stored at ≤4 °C. The vitamin C content of the kiwifruit 
was monitored by HPLC with electrochemical detection [12] and indicated that the kiwifruit flesh 
contained 116 ± 10 mg vitamin C per 100 g (mean ± SD, n = 5); this value did not change during cold 
storage of the fruit. Participants in the kiwifruit arm were asked to consume half a fresh kiwifruit 
daily, not including the skin. Therefore, the actual amount of vitamin C consumed was estimated to 
be ~53 mg per half a kiwifruit. 

2.4. Sample Collection and Processing 

2.4.1. Plasma, Urine and Semen 

Peripheral blood was collected into 5 mL K3-EDTA vacutainer tubes and plasma was isolated by 
centrifugation at 4 °C. Urine was collected over 24 h into pre-weighed collection bottles containing 
K2-EDTA. Semen was collected into pre-weighed collection containers containing K2-EDTA and 
kept cold until processed. The plasma, urine and semen samples were extracted with perchloric acid 
containing DTPA, as described previously [12], prior to storage at −80 °C until HPLC analysis. 

2.4.2. Mononuclear Leukocytes and Neutrophils 

White blood cells were purified from heparinized whole blood as described previously [20], the 
cell pellets counted and extracted with perchloric acid containing DTPA, and the supernatants stored 
at −80 °C until HPLC analysis. 
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2.4.3. Skeletal Muscle Tissue 

A small piece of tissue (~14 mg) was removed from the vastus lateralis using a Quick-Core 
biopsy needle (14 gauge, 6 cm long with a 20 mm throw, from Cook Medical Inc., Bloomington, IN, 
USA), and processed as described previously [20], extracted with perchloric acid containing DTPA, 
and stored at −80 °C until HPLC analysis. 

2.5. Analysis of Vitamin C by HPLC 

The ascorbate content of the kiwifruit, plasma, urine, semen, leukocytes and muscle tissue was 
analyzed using reverse-phase HPLC with electrochemical detection as described previously [12]. 
Briefly, samples were separated on a Synergi 4 μ Hydro-RP 80A 150 × 4.6 mm column 
(Phenomenex NZ Ltd., Auckland, New Zealand) using a Waters 600 solvent delivery system with a 
Hitachi L-2200 refrigerated autosampler and an ESA Coulochem II electrochemical detector  
(+200 mV electrode potential and 20 μA sensitivity). The mobile phase comprised 80 mM sodium 
acetate buffer, pH 4.8, containing DTPA (0.54 mmol/L) and freshly added paired-ion reagent 
n-octylamine (1 μmol/L), delivered at a flow rate of 1.2 mL/min. A standard curve of 
sodium-L-ascorbate, standardized spectrophotometrically, was freshly prepared for each HPLC run 
in 77 mmol/L HPLC-grade perchloric acid containing DTPA (100 μmol/L). 

2.6. Analysis of Food and Beverage Records 

The vitamin C content of the food and beverage dietary records was estimated using Diet 
Cruncher software [21], and the New Zealand FOODfiles Food Composition Database (2006) as 
described previously [12]. 

2.7. Statistical Analysis 

Data is represented as mean ± SD for group characteristics and mean ± SEM for comparison of 
group means. The differences between paired and unpaired data were determined by two-tailed 
Students’s t-tests and P values ≤ 0.05 were considered significant. Analysis of variance with Fisher 
pairwise multiple comparison procedure was carried out using SigmaStat software [22]. 

3. Results 

3.1. Participant Characteristics 

One hundred and thirty four non-smoking individuals were screened and their fasting plasma 
ascorbate concentrations determined. The average ± SD plasma ascorbate concentration for these 
individuals was 48 ± 16 μmol/L (Table 1). Thirty six of the individuals with below average plasma 
ascorbate levels, who also satisfied the other inclusion criteria, were enrolled in the study and 
randomized into the vitamin C tablet group or the half kiwifruit per day group. The average ± SD 
fasting plasma ascorbate levels of the enrolled groups were 31 ± 11 μM and 34 ± 10 μM, with a range 
of 3 μM to 44 μM (Table 1). There were no significant differences between the two groups. 
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Table 1. Characteristics of individuals screened and enrolled in the study. 

 
Screened a 
(n = 134) 

Vitamin C Group a 
(n = 18) 

Kiwifruit Group a 
(n = 18) 

Age (years) 21 ± 3 21 ± 3 22 ± 4 
Weight (kg) 81 ± 16 84 ± 19 89 ± 23 
Height (cm) 182 ± 7 181 ± 7 181 ± 7 
BMI (kg/m2) 24 ± 4 26 ± 5 27 ± 6 * 

Ascorbate (μmol/L) 48 ± 16 31 ± 11 ** 34 ± 10 ** 
a Data represent mean ± SD; * P < 0.05, ** P < 0.001 for unpaired t-test of intervention groups versus 
screened group. There were no significant differences between the intervention groups. 

3.2. Dietary Intake of Vitamin C 

Analysis of the food and beverage records indicated a vitamin C intake of ~30 mg/day at baseline 
(Table 2). Addition of the vitamin C tablet or half a kiwifruit per day to the daily diet of the two 
groups resulted in an increase in vitamin C intake, with both groups approaching ~75 mg (Table 2), 
and no difference between the two groups (P = 0.512). Following four weeks washout, the vitamin C 
intake had returned to baseline levels. 

Table 2. Change in vitamin C intake and ascorbate concentration in body fluids, cells 
and tissue following supplementation with 50 mg vitamin C or half a kiwifruit per day for  
six weeks. 

 

Vitamin C group a 

(50 mg/day) 

Kiwifruit group a 

(half/day) 

Between 

group 

Baseline Intervention Washout Baseline Intervention Washout 
Intervention 

P value b 

Intake (mg/day) 31.2 ± 3.1 76.7 ± 2.6 *** 29.1 ± 2.9 28.6 ± 3.1 73.4 ± 4.2 *** 31.4 ± 5.1 0.512 

Plasma (μmol/L) 23.5 ± 2.5 51.3 ± 3.5 *** 34.3 ± 4.4 * 22.7 ± 2.5 45.5 ± 2.5 *** 30.5 ± 3.1 0.860 

Urine (μmol/24 h) 42.8 ± 9.2 104.2 ± 27.6 * 59.5 ± 19.9 32.3 ± 8.1 70.5 ± 17.0 * 64.7 ± 29.8 0.503 

Semen (μmol/L) 284.8 ±27.0 321.0 ± 33.3 264.4 ± 31.1 * 326.3 ± 47.5 378.8 ± 42.7 237.7 ± 19.6 *  0.676 

Mononuclear cells  

(nmol/108 cells) 
38.7 ± 6.2 84.5 ± 6.3 *** 78.5 ± 4.3 ** 60.5 ± 6.1 90.9 ± 6.1 ** 75.2 ± 5.2 0.227 

Neutrophils  

(nmol/108 cells) 
21.9 ± 3.1 39.6 ± 3.8 ** 24.9 ± 2.1 13.7 ± 2.4 30.4 ± 2.5 *** 24.8 ± 1.7 *** 0.798 

Skeletal muscle  

(nmol/g) 
14.5 ± 2.0 61.3 ± 3.5 *** nd 15.1 ± 2.5 52.8 ± 5.0 *** nd 0.429 

a Data represent mean ± SEM; b P values were determined by unpaired t-test of vitamin C group versus 
kiwifruit group post-intervention following subtraction of baseline values; * P < 0.05 and ** P < 0.01 and 
*** P < 0.001 for paired t-test of intervention versus baseline. nd = not determined. 

3.3. Vitamin C Status of Plasma, Urine and Semen 

Plasma ascorbate levels increased significantly during the six week intervention phase, from  
~23 μmol/L to a maximum of ~50 μmol/L (Table 2). There were no significant differences between 
the two groups during this period or during the four week washout phase (Figure 2). Similarly, there 



161 

were no significant differences between the two treatment groups for either urinary ascorbate 
excretion (P = 0.503) or seminal ascorbate levels (P = 0.676) (Table 2). 

Figure 2. Plasma ascorbate concentrations in vitamin C group (50 mg/day, ●) and 
kiwifruit group (0.5/day, ○). Data represent mean ± SEM. Two way analysis of variance 
with Fisher pairwise multiple comparison procedure indicated a significant increase in 
plasma ascorbate from one week post-intervention (week 6) onwards, but no significant 
difference between the two interventions. 

 

3.4. Vitamin C Status of Leukocytes and Skeletal Muscle Tissue 

The ascorbate levels in mononuclear cells and neutrophils in both intervention groups increased 
following the six week intervention (Table 2), but there were no differences between the two 
interventions (P = 0.798). The baseline skeletal muscle tissue ascorbate levels were ~15 nmoL/g wet 
weight, and following intervention there were 3.5- to 4-fold increases in tissue ascorbate levels in 
both treatment groups (Table 2). Once again, there were no significant differences between the two 
intervention groups (P = 0.429). 

4. Discussion 

In direct contrast to our previous Gulo knockout mouse study, which showed clear differences in 
comparative vitamin C bioavailability [6], this investigation has shown no differences in the  
steady-state bioavailability of synthetic versus kiwifruit-derived vitamin C in plasma, semen, 
peripheral blood leukocytes and skeletal muscle of humans. Other comparative bioavailability studies 
in guinea pigs have shown similar results to our animal study [23–27]. Enhanced uptake of vitamin C 
into specific organs of guinea pigs (e.g., adrenals and spleen) was observed when administered with 
flavonoid-rich juices/extracts or purified plant flavonoids [23–27], although comparable vitamin C 
accumulation was observed in some organs (e.g., liver) in several studies [23–25,28], suggesting 
either tissue specific differences or effects of differences in study design. 



162 

In agreement with our current human study, others have shown little difference in steady-state 
plasma and/or urine bioavailability of synthetic vitamin C and that found in different fruits, fruit 
juices and vegetables [14–19]. Only one previous study has investigated the comparative 
bioavailability of synthetic versus natural vitamin C in leukocytes [19]. Although neutrophils 
express SVCT2 [29], when their respiratory burst is activated they primarily transport the oxidized 
form of ascorbate (dehydroascorbic acid) via the glucose transporters GLUT 1 and GLUT 3, 
followed by intracellular reduction [30]. In support of our observations with neutrophils and 
mononuclear cells, Pelletier et al. [19] found no difference in leukocyte ascorbate uptake between 
synthetic vitamin C (in the presence or absence of rutin) and that from orange juice. Interestingly, an 
in vitro study showed that the flavonoids myricetin and quercitin inhibited the uptake of both 
ascorbate and dehydroascorbic acid into monocytic (HL-60 and U937) and lymphocytic (Jurkat) 
cells [31]. Whether this occurs in vivo is, however, uncertain due to the low plasma bioavailability of 
flavonoids [32]. 

Although leukocyte ascorbate status is often used as an indicator of whole body status, whether 
this is an accurate model for other tissues and organs is uncertain. This premise is supported by our 
animal study which indicated that different organs exhibited maximal uptake at varying doses of 
vitamin C [6]. Therefore, we also investigated the previously unreported effects of synthetic versus 
natural vitamin C on skeletal muscle ascorbate status. Ascorbate is transported into muscle cells via 
SVCT2 [33,34]. In our study muscle tissue exhibited a greater relative uptake of ascorbate than 
leukocytes, however, there was again no difference in bioavailability between the synthetic and 
fruit-derived vitamin C. 

We also investigated seminal fluid ascorbate status. Although the baseline seminal fluid ascorbate 
was lower than vitamin C replete and healthy non-smoking men [35–37], little change was observed 
with the low dose vitamin C tablet or half kiwifruit per day dose. Early studies have shown that 
vitamin C intakes of up to 250 mg/day are required to return depleted seminal ascorbate to normal  
levels [35,36,38], indicating that higher intakes of vitamin C, e.g., those that result in plasma 
saturation, are required to increase seminal fluid levels [39]. 

5. Conclusions 

Numerous animal studies have shown differences between the tissue bioavailability of synthetic 
and natural or flavonoid-rich vitamin C. However, more evidence is accumulating to indicate that 
this is not the case in humans. Our current human study showed no difference in bioavailability to 
plasma, semen, peripheral blood leukocytes and skeletal muscle of kiwifruit-derived vitamin C 
compared with a chewable vitamin C tablet of equivalent dosage. Thus, other nutrients and 
phytochemicals present in kiwifruit appear to be neither enhancing nor inhibiting the uptake of 
vitamin C from the whole fruit. However, vitamin C is known to enhance the bioavailability of other 
nutrients, such as non-heme iron [40,41], and kiwifruit also contain numerous micronutrients and 
phytochemicals which will undoubtedly confer considerable health benefits in addition to the 
positive effects of the high levels of vitamin C also delivered by this fruit [42]. 
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Abstract: Kiwifruit are a rich source of vitamin C and also contain numerous 
phytochemicals, such as flavonoids, which may influence the bioavailability of 
kiwifruit-derived vitamin C. The aim of this study was to compare the relative 
bioavailability of synthetic versus kiwifruit-derived vitamin C using a randomised 
cross-over pharmacokinetic study design. Nine non-smoking males (aged 18–35 years) 
received either a chewable tablet (200 mg vitamin C) or the equivalent dose from gold 
kiwifruit (Actinidia chinensis var. Sungold). Fasting blood and urine were collected half 
hourly to hourly over the eight hours following intervention. The ascorbate content of the 
plasma and urine was determined using HPLC with electrochemical detection. Plasma 
ascorbate levels increased from 0.5 h after the intervention (P = 0.008). No significant 
differences in the plasma time-concentration curves were observed between the two 
interventions (P = 0.645). An estimate of the total increase in plasma ascorbate indicated 
complete uptake of the ingested vitamin C tablet and kiwifruit-derived vitamin C. There 
was an increase in urinary ascorbate excretion, relative to urinary creatinine, from two 
hours post intervention (P < 0.001). There was also a significant difference between  
the two interventions, with enhanced ascorbate excretion observed in the kiwifruit group 
(P = 0.016). Urinary excretion was calculated as ~40% and ~50% of the ingested dose 
from the vitamin C tablet and kiwifruit arms, respectively. Overall, our pharmacokinetic 
study has shown comparable relative bioavailability of kiwifruit-derived vitamin C and 
synthetic vitamin C. 
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1. Introduction 

In contrast to most mammals, humans cannot synthesis vitamin C (ascorbate) due to mutation of 
the terminal biosynthetic enzyme [1]. Thus, the micronutrient must be obtained from dietary sources 
in order to prevent hypovitaminosis C and the potentially fatal deficiency disease scurvy [1]. Vitamin 
C was first isolated from fruit and vegetables and the adrenal glands of animals in the early 1930s and 
was chemically synthesized in 1933 [2]. Although synthetic and food-derived vitamin C is 
chemically identical, fruit and vegetables contain numerous nutrients and phytochemicals, e.g., 
flavonoids, which may affect the bioavailability of food-derived vitamin C. Flavonoids can act as 
antioxidants via direct scavenging of free radicals [3] and/or chelation of redox-active metal  
ions [4,5]. Thus, it has been proposed that food-derived flavonoids may “spare” vitamin C and thus 
increase its bioavailability. 

Due to the low bioavailability of flavonoids [6] and tight sequestration of metal ions in vivo [7], 
this vitamin C “sparing” mechanism may be expected to occur primarily in the intestinal lumen. 
Vitamin C is actively transported through the intestinal epithelium via the sodium-dependent vitamin 
C transporter 1 (SVCT1) [8]. This transporter is also responsible for renal reabsorption of vitamin C, 
which helps to maintain whole body homeostasis [9]. SVCT1 has a higher capacity, but lower 
affinity, for vitamin C than the SCVT2 isoform, which is found in most other metabolically active 
cells and tissues [9]. 

Although food matrix interactions can influence the bioavailability of some nutrients, such as 
carotenoids [10], the bioavailability of vitamin C does not appear to be influenced by the food matrix. 
Kamp et al. [11] found no difference in vitamin C bioavailability from a micronutrient supplement 
administered in the absence or presence of a corn-based porridge. Mangels et al. [12] also found no 
difference between vitamin C bioavailability from oranges compared with orange juice, and although 
there was a difference in bioavailability between raw and cooked broccoli, this was likely due to 
differences in mechanical homogenization (chewing), a similar effect to that observed for carotenoid 
absorption from raw versus cooked carrots.  

Vitamin C bioavailability can be determined using either steady-state or pharmacokinetic study 
designs. The former monitors ascorbate levels in blood, cells, tissues and/or urine following a 
number of weeks of supplementation, while the latter monitors transient changes in plasma levels 
and/or urinary excretion over the hours following ingestion of the test substance. We have carried out 
a steady state bioavailability study comparing synthetic with kiwifruit-derived vitamin C in healthy 
non-smoking males supplemented with a vitamin C tablet or the equivalent dose of vitamin C from 
gold kiwifruit [13]. No differences in steady state bioavailability were observed in plasma, urine, 
semen, leukocytes, or muscle tissue following six weeks of supplementation, despite significant 
differences being observed in our earlier animal model study [14]. 

Transient differences between synthetic vitamin C and that from different fruit juices have been 
observed using pharmacokinetic models [15–18]. Therefore, the aim of the current study was to 
compare the relative bioavailability of synthetic versus kiwifruit-derived vitamin C using a 
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randomised cross-over pharmacokinetic study design to determine whether there are any transient 
differences between the two interventions. Uptake of vitamin C exhibits sigmoidal steady state 
kinetics between doses of 30–400 mg/day, with plasma uptake decreasing at doses of >200 mg/day 
and urinary excretion increasing at doses ≥100 mg/day [19]. Therefore, we chose a dose of 200 mg 
vitamin C and the comparable dose derived from gold kiwifruit (Actinidia chinensis var. Sungold). Our 
study participants were young non-smoking men with “healthy” (i.e., >50 μmol/L) baseline levels of 
plasma vitamin C. 

2. Study Design and Methods 

2.1. Participants 

All procedures involving human participants were approved by the New Zealand Health and 
Disability Ethics Committee (#URA/11/02/003). Non-smoking males aged 18–35 years were 
recruited from our previous vitamin C study databases, and were primarily from local tertiary 
institutes. Exclusion criteria included: recent smoker (within previous year), low plasma vitamin C 
(<50 μmol/L), allergy/intolerance to kiwifruit, taking prescription medication (within past three 
months), and fainting due to fear of needles. Anthropometric measurements were carried out to 
determine body mass index (BMI) and a fasting venous blood sample was drawn to determine 
plasma ascorbate levels as described below. Nine participants with above average plasma ascorbate 
levels were enrolled for the study and provided written informed consent.  

Figure 1. Pharmacokinetic study design. Participants received either 1.5 Sungold 
kiwifruit (containing ~200 mg vitamin C) or chewable vitamin C tablets (total of 200 mg 
vitamin C) in a randomised cross-over design with a three week washout period between 
the two clinic days. 

 

2.2. Study Design 

The randomised cross-over pharmacokinetic study design comprised eight hours of sampling 
after a single dose of 1.5 Sungold kiwifruit (containing ~200 mg vitamin C) or chewable vitamin C 
tablets (total of 200 mg vitamin C) with a three-week washout period between the two clinic days 
(Figure 1) [20]. Following an overnight fast, the participants had a venous cannula inserted and blood 
samples were collected at baseline, and every 30 min post-intervention for the first four hours, then 
every hour for the next four hours. The cannulae were flushed with up to 10 mL sterile saline after 
each sampling. Urine was collected at baseline, after emptying the bladder an hour earlier, and then 
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every hour post-intervention for the next eight hours. Mineral water (75 mL) was provided every 
hour and a cheese sandwich at four hours post-intervention. One of the nine participants did not carry 
out the vitamin C tablet supplementation arm of the study. 

2.3. Interventions 

Chewable orange-flavoured vitamin C tablets were provided by Tishcon Corp., Westbury, NY, 
USA. Analysis of the tablets indicated that they contained 49 mg of vitamin C per tablet. Participants 
received a single dose of four tablets, equivalent to ~196 mg vitamin C. 

Gold kiwifruit (Actinidia chinensis var. Sungold) were provided by Zespri International Ltd., 
Mount Maunganui, New Zealand, and were stored at ≤4 °C. The vitamin C content of the kiwifruit 
was monitored by HPLC with electrochemical detection [21]. HPLC analysis indicated there was 
162 ± 18 mg vitamin C per 100 g fruit (n = 5). Participants consumed 1.5 kiwifruit, without the skin 
(i.e., ~78% of 103 ± 8.4 g fruit); therefore the actual amount of vitamin C consumed was estimated to 
be ~194 mg per 1.5 kiwifruit. 

2.4. Sample Collection and Processing 

Plasma. Peripheral blood was collected into 4 mL K3-EDTA vacutainer tubes, which were kept 
on ice at all times. Samples were centrifuged at 4 °C to pellet cells and the plasma was collected and 
kept on ice for extraction of ascorbate. Plasma samples were treated with an equal volume of ice-cold 
0.54 M perchloric acid containing the metal chelator DTPA (100 μmol/L) to precipitate protein [21]. 
The de-proteinated supernatants were stored at −80 °C until HPLC analysis. 

Urine. Urine was collected into pre-weighed 50 mL sample containers and an aliquot was 
removed for urinary creatinine determinations. Urine samples were treated with an equal volume of 
ice-cold 0.54 M perchloric acid containing the metal chelator DTPA (100 μmol/L) to precipitate 
protein [21]. The de-proteinated supernatants were stored at −80 °C until HPLC analysis. 

2.5. Plasma and Urine Analysis 

Creatinine. Urinary creatinine was determined by the Jaffe reaction using an Abbot c8000 
analyser (Canterbury Health Laboratories, Christchurch, New Zealand). 

Ascorbate. The ascorbate content of the plasma and urine was analysed using reverse-phase 
HPLC, with a Synergi 4 μ Hydro-RP 80A column and an ESA Coulochem II electrochemical 
detector, as previously described in detail [13]. In order to measure total ascorbate (reduced and 
oxidised), duplicate samples were reduced with tris(2-carboxyethyl)phosphine hydrochloride as 
described previously [22].  

2.6. Data and Statistical Analysis 

Area under the plasma and urinary ascorbate time-concentration curve calculations were 
determined using the trapezoidal rule as described previously [23]. The increase in circulating 
ascorbate (by weight) was calculated using Nadler’s formula for estimating total blood volume [24] 
and the increase in urinary ascorbate (by weight) was calculated from the total volume of urine 
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collected. Data are represented as mean ± SD for group characteristics or mean ± SEM for 
comparisons between group means. Analysis of paired data was determined using two-tailed 
Students t-test with P <0.05 indicating statistical difference. Two way analysis of variance with 
Fisher pairwise multiple comparison procedure was carried out using SigmaStat software  
(version 11, Systat Software Inc., San Jose, CA, USA). 

3. Results 

3.1. Participant Characteristics 

At screening, the participants’ mean ± SD age was 24 ± 5 years, weight was 78 ± 10 kg, height 
was 180 ± 8 cm, and BMI was 24 ± 2 kg/m2. The participants selected for this study had “healthy” 
(i.e., >50 μmol/L) fasting plasma ascorbate concentrations, their mean ± SD at screening being  
67 ± 17 μmol/L (n = 9). This was to avoid the potentially confounding effects of preferential tissue 
uptake in individuals with suboptimal ascorbate status at baseline, which could affect the 
comparative ascorbate levels observed in plasma and urine. Urinary ascorbate levels were detectible 
in the subjects at baseline, further indicating that plasma ascorbate levels were at or above  
the renal threshold. 

Figure 2. Change in plasma ascorbate uptake following ingestion of 200 mg vitamin C 
(●) or 1.5 Sungold kiwifruit (○). Data represent mean ± SEM (n = 9). Baseline plasma 
ascorbate concentrations were 61 ± 6 μmol/L and 66 ± 6 μmol/L for the vitamin C and 
kiwifruit groups, respectively. Two way analysis of variance with Fisher pairwise 
multiple comparison procedure indicated a significant increase in plasma ascorbate from 
0.5 h post intervention (P = 0.008), but no significant difference between the two 
interventions (P = 0.645). 

 

3.2. Vitamin C Uptake into Plasma 

Plasma ascorbate levels, following ingestion of either 200 mg vitamin C tablets or 1.5 Sungold 
kiwifruit (providing an equivalent dose of ~200 mg vitamin C), are shown in Figure 2. A statistically 
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significant increase in plasma ascorbate was observed as early as 0.5 h post intervention (P = 0.008).  
No significant differences in the plasma time-concentration curves were observed between the  
two interventions (P = 0.645). Area under the ascorbate time-concentration curves also indicated no 
difference between the two interventions (Table 1). An estimate of the total increase in plasma 
ascorbate indicated that all of the ingested vitamin C tablet and kiwifruit-derived vitamin C 
accumulated in plasma over the eight-hour time course (Table 1). 

Table 1. Area under the plasma and urinary ascorbate time-concentration curves (AUC) 
and total increase in plasma and urinary ascorbate. Subjects were supplemented with  
200 mg vitamin C or 1.5 Sungold kiwifruit and ascorbate concentrations in plasma and 
urine were determined over the eight hours post intervention. 

 Vitamin C (200 mg) a Kiwifruit (1.5 Sungold) a P value b 
Plasma AUC (h × μmol/L) 220 ± 23 237 ± 13 0.483 

Plasma ascorbate (mg) c 211 ± 18 227 ± 16 0.496 
Urinary AUC (h × μmol/mmol creatinine) 618 ± 133 856 ± 118 0.004 

Urinary ascorbate (mg) 74 ± 14 101 ± 10 0.033 
a Data represent mean ± SEM; b P values were determined using paired two-tailed Students t-test. c Total 
blood volumes were estimated using Nadler’s formula [24]. 

Figure 3. Change in urinary ascorbate excretion following ingestion of 200 mg vitamin 
C (●) or 1.5 Sungold kiwifruit (○). Data represent mean ± SEM (n = 9). Baseline urinary 
ascorbate concentrations were 10 ± 4 μmol/mmol creatinine and 14 ± 3 μmol/mmol 
creatinine for the vitamin C and kiwifruit groups, respectively. Two way analysis of 
variance with Fisher pairwise multiple comparison procedure indicated a significant 
increase in plasma vitamin C from two hours post intervention (P < 0.001), as well as a 
significant difference between the two interventions (P = 0.016). 

 

3.3. Vitamin C Excretion in Urine 

Urinary ascorbate excretion was monitored over the eight hours following intervention with 
vitamin C tablets or Sungold kiwifruit and standardised to urinary creatinine concentrations  
(Figure 3). There was a significant increase in ascorbate excretion from two hours post intervention 
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(P < 0.001) and also a significant difference between the two interventions, with enhanced ascorbate 
excretion observed in the kiwifruit group (P = 0.016, Figure 3). This difference was confirmed with 
ascorbate area under the time-concentration curves (Table 1). The total increase in ascorbate 
excretion over the eight hours indicated ~40% and ~50% excretion of the ingested dose from the 
supplement and kiwifruit arms, respectively (Table 1). 

4. Discussion 

Our pharmacokinetic study has shown comparable plasma uptake of synthetic and 
kiwifruit-derived vitamin C in subjects with “healthy” (i.e., >50 μmol/L) baseline ascorbate status. 
Several other pharmacokinetic studies have shown comparable plasma uptake of vitamin C supplied 
in synthetic form versus that in fruit juices [15,23,25]. Nelson et al. [26] used an intestinal triple 
lumen tube perfusion model to investigate the absorption of synthetic vitamin C and that from an 
orange juice solution. This method allowed direct measurement of intraluminal events and showed 
no difference in the absorption of vitamin C from the two test solutions. Some pharmacokinetic 
studies have shown small or transient decreases in plasma ascorbate levels in the presence of  
fruit juices [16,18]. The physiological relevance of these small or transient differences is, however, 
likely minimal. 

Vinson and Bose are the only investigators to have shown increased uptake of vitamin C, in the 
presence of citrus fruit extract, using a pharmacokinetic study design [27,28]. Their initial study, 
carried out in guinea pigs, indicated that vitamin C provided in a citrus fruit medium took longer to 
reach peak plasma concentrations compared with a synthetic vitamin C solution and also provided a 
larger area under the plasma ascorbate concentration-time curve [27]. These investigators also 
observed a comparable trend in human subjects supplemented with 500 mg vitamin C in the presence 
or absence of a citrus fruit extract [28]. The citrus extract delayed maximal plasma levels by one hour 
and provided a 35% increase in vitamin C levels. 

The different outcomes observed in the pharmacokinetic studies discussed above could be 
explained by differences in study design and subjects. For example, the doses of vitamin C used 
varied by more than 10-fold, from 30 mg to 500 mg. Vitamin C bioavailability is non-linear [29] and 
although ~100% bioavailability is observed at a vitamin C dose of 200 mg, doses exceeding this 
exhibit decreased intestinal uptake [19]. Doses of 500 mg vitamin C are also significantly higher than 
would be obtained through a normal daily diet. Furthermore, the participants in these pharmacokinetic 
studies exhibited varying baseline plasma ascorbate levels, from 35 μmol/L to 75 μmol/L, the former 
being non-saturating and the latter being saturating levels of ascorbate [21]. These different baseline 
levels may affect vitamin C uptake and clearance kinetics as it is likely that there will be preferential 
uptake into cells and tissues in individuals with suboptimal vitamin C status [21,30]. Thus, it is 
possible that kiwifruit-derived vitamin C may exhibit different uptake kinetics in individuals with 
sub-optimal ascorbate status at baseline. 

We observed a transient increase in urinary excretion when ascorbate was supplied as kiwifruit 
compared with tablets. Vinson and Bose [28] observed increased excretion of ascorbate when given 
in the presence of citrus fruit extract, but only in individuals who had been saturated with vitamin C 
prior to beginning the study. Similarly, others have shown small or transient increases in ascorbate 
excretion in the presence of fruit juice in pre-saturated subjects [17,18]. In contrast, Uchida et al. [15] 
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recently reported decreased ascorbate excretion when given in the presence of acerola juice. 
Decreased excretion of fruit-derived vitamin C was observed in subjects with low baseline ascorbate 
status [15,28], supporting the premise that baseline ascorbate status may affect comparative  
vitamin C bioavailability.  

The mechanism whereby kiwifruit enhances urinary excretion of ascorbate without affecting 
plasma levels is unkown. Certain dietary fibres, such as hemicellulose, which is present in kiwifruit [31], 
have been shown to increase the excretion of ascorbate [32]. The flavonoid quercetin, found in 
kiwifruit [33], is a reversible, non-competitive inhibitor of ascorbate transport by SVCT1 [34]. Due 
to the low intestinal bioavailabiltiy of flavonoids [6], this mechanism would be expected to occur 
primarily in the intestinal lumen. Although we did not observe an effect of kiwifruit on plasma uptake 
of ascorbate, alternative mechanisms for intestinal uptake have been implicated using SVCT1 
knockout mice [35]. An alternative, hypothetical mechanism may involve a kiwifruit-derived 
metabolite, which is excreted into urine and thus selectively inhibits ascorbate reabsorption via SVCT1 
in the kidney tubules. Urinary excretion of ascorbate may be advantageous with respect to diseases or 
infections of the urinary tract [36,37]. 

5. Conclusions 

Our pharmacokinetic study has shown comparable plasma uptake of synthetic and 
kiwifruit-derived vitamin C and enhanced urinary excretion of kiwifruit-derived vitamin C, although 
the ~10% increase in total excretion is unlikely to be physiologically significant. Of interest, in our 
subjects with >50 μmol/L to saturating baseline plasma ascorbate, ~50%–60% of the ingested ascorbate 
was unaccounted for by urinary excretion, despite complete plasma uptake. This indicates possible 
tissue uptake even in individuals with supposedly “healthy” or “optimal” plasma ascorbate status. 
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Abstract: The view of scurvy being exclusively a nutritional disorder needs to be 
updated. Genetic polymorphisms of HFE and haptoglobin (Hp) may explain the 
geographic variability of mortality caused by the European famine of the mid-19th 
century. In this period, potatoes had fallen victim to the potato blight and Ireland was 
more severely hit than continental Europe. Hereditary hemochromatosis is a genetic 
disorder with mutations in the HFE gene, characterized by iron overload (with a reduced 
vitamin C stability) and with a predominance of affected men. The Irish have the world’s 
highest frequency of the C282Y mutation and the particular iron metabolism of the Irish 
helps to understand the size of the catastrophe and the observed overrepresentation of 
male skeletons showing scurvy. Hp is a plasma α2-glycoprotein characterized by 3 
common phenotypes (Hp 1-1, Hp 2-1 and Hp 2-2). When the antioxidant capacity of Hp 
is insufficient, its role is taken over by hemopexin and vitamin C. The relative number of 
scurvy victims corresponds with the Hp 2-2 frequency, which is associated with iron 
conservation and has an impact on vitamin C stability. As iron is more abundant in males, 
males are overrepresented in the group of skeletons showing scurvy signs. 

Keywords: haptoglobin; iron; polymorphism; scurvy; vitamin C 
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1. Introduction 

In the mid-19th century, Ireland’s potatoes had fallen victim to the potato blight  
(phytophthora infestans). However, the epidemics of the potato late blight in this period were not 
restricted to Ireland. Also in continental Europe, the potato blight caused the Continental Famine 
(1844–1846) and—in the longer term—contributed to the European revolutions of 1848. However, it 
cannot be denied that Ireland was more severely hit than nations of continental Europe [1]. Since 
potatoes were the main source of vitamin C in the diet, scurvy is generally explained by a shortage of 
potatoes. However, the relative decline in potato harvest in 1845 in continental Europe was higher 
than the decline in Ireland [2]. On average, the human body loses ±3% of its vitamin C content per 
day, which severely limits the disease-free and survival time when subjects are on a diet poor in 
vitamin C [3]. Although scurvy is classified as a nutritional disorder or avitaminosis, only about 17% 
of the variance of the serum vitamin C concentration in humans can be explained by vitamin C  
intake [4]. The vitamin C status is not only determined by diet, but also by environment, lifestyle, 
biological and pathological conditions [5,6]. The present paper wants to highlight the impact of the 
particular genetic effects, which helps to understand the geographical distribution of the European 
mid-19th century famine. 

2. Why Was Ireland Struck More than the Continent? 

Geber and Murphy reported on the pronounced gender difference during the mid-19th century 
scurvy epidemic [7]. This finding is remarkable since a shared vitamin C poor diet is assumed. In 
order to better understand the severity of the scurvy outbreak, one should take into account the 
particular population genetics of the Irish. Hemochromatosis is a disease characterized by iron 
overload which has been associated with the C282Y (and H63D) mutation. This mutation has 
probably arisen in either a Celtic or a Viking ancestor some 60 generations ago [8,9]. Clinical 
symptoms of hemochromatosis show a marked gender difference predominantly affecting men. 
Moreover, clinical manifestations occur at an earlier age in men. While the Scandinavians have a 
high C282Y mutation frequency, the Irish have the highest frequency (around 11%) of the C282Y 
mutation in the world. The hemochromatosis associated iron overload reduces vitamin C stability  
in vivo, which explains the Irish population to be more prone to scurvy than other Europeans in times 
of reduced vitamin C supply. The particular iron metabolism of the Irish helps to understand the size 
of the scurvy catastrophe and the observed overrepresentation of male skeletons showing scurvy 
lesions. However, analyzing those data, we have to take into account that diagnostic traits of disease 
in the human skeleton normally only occur in its chronic and advanced stage. The prevalence of 
skeletal indicators of disease is therefore not equal to the true prevalence of the disease, as deceased 
individuals without any evidence of disease may very well have suffered and died as a consequence 
of it before it manifested itself skeletally. This fundamental understanding of the representation of 
disease in skeletal populations is usually referred to as “the osteological paradox” [10]: the healthiest 
and strongest individuals in a population are likely to be those that developed the worst and most 
substantial degree of pathological lesions, as they were strong enough to survive long enough for it to 
be manifested in their skeletal tissues. This is a limitation of using palaeopathological data from 
archaeological populations in direct analogy with modern clinical data. 
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The proportion of observed scurvy cases in mid-19th century Ireland is higher in comparison with 
some well-known documented historical scurvy outbreaks among Europeans. Generally, scurvy 
outbreaks affect 15%–30% of the European population: the French expedition of Cartier in 1536 
counted 25 victims (a rate of ±30%). For the Dutch East Indies Company, typical crew losses for a 
one-way trip between Europe and the Indonesian archipelago in the 17th century were ±20%. The 
Dutch expedition to Novaya Zemlya in 1596 counted only 2 scurvy victims among 17 crew 
members. In the Crimean War (1854–1856), the French Navy counted ±30% of scurvy cases. In 
Perth general prison in Scotland, scurvy occurred at a rate of 50 of 330 inmates during 1845–1846. In 
1819, 160 scurvy victims were counted of 800 soldiers in the US Army outpost at Fort Atkinson 
(Nebraska) [5,11]. Despite the fact that conditions are not completely comparable, these data are 
striking because they were recorded in relative homogeneous populations sharing a uniform diet. The 
prevalence of the haptoglobin (Hp) 2-2 phenotype may partly explain the findings described above, 
as the relative number of scurvy victims roughly corresponds with the relative frequency of the Hp 
2-2 phenotype [12]. 

Human Hp is a plasma α2-glycoprotein characterized by 3 common phenotypes (Hp 1-1, Hp 2-1 and 
Hp 2-2). Its free hemoglobin (Hb)-binding capacity prevents Hb-driven oxidative damage. When the 
antioxidant capacity of Hp is insufficient, its role is taken over by hemopexin (heme-binding protein) 
and by vitamin C (free radical scavenger) [13]. Hp phenotypes show important structural and 
functional differences, which offer a plausible explanation how during the course of human history, 
some populations characterized by a high Hp 1 allele frequency have been able to survive on a vitamin 
C poor diet [6]. In comparison with the other Hp phenotypes, Hp 2-2 is associated with a better iron 
conservation (characterized by a higher serum iron concentration, higher serum ferritin 
concentrations and increased transferrin saturation levels) which may act synergistic in presence of 
hemochromatosis [14,15]. However, the Hp 2-2 phenotype has also a major impact on vitamin C 
stability in vivo [13]. Hp 2-2 subjects are less efficient in removing free Hb from plasma, which may 
favour an iron-mediated vitamin C depletion [13,16]. Iron retention in scurvy-prone Hp 2-2 
individuals results in iron-driven oxidative stress, which is reflected by lower serum vitamin C 
concentrations in healthy Hp 2-2 subjects [3]. 

Furthermore, the iron delocalization pathway, selectively occurring in Hp 2-2 subjects has 
consequences in infections. Iron withholding is an important example of nutritional immunity in the 
defense against infectious diseases [17]. Hp acts as a natural bacteriostat by preventing the utilization 
of Hb by pathogenic bacteria which require iron for their growth. Hp polymorphism plays a role in a 
number of bacterial and viral infections [18]. As Hp 2-2 subjects are more prone to e.g., tuberculosis, 
a relationship between susceptibility for scurvy and the presence of life threatening infections may be 
postulated. In an Irish population, prevalence of the Hp 2-2 phenotype is ±41% [19], which roughly 
corresponds to the proportion of skeletons showing scurvy signs [7]. As iron is more abundant in 
males than in females, it is not surprising that males are overrepresented in the group of skeletons 
showing scurvy signs. 

3. The Situation on the European Continent 

Despite the fact that the potato blight also struck continental Europe and the unfavourable 
climatological circumstances (temperature, humidity) between 1845 and 1847 were comparable 
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among Western European countries, continental Europe was less affected than Ireland. When 
plotting the C282Y allele frequencies of the various European countries (Belgium, The Netherlands, 
France, Switzerland, Germany) against the excess mortality of the years 1845–1847 and the decline 
in potato yields, a good correlation (y (excess mortality per million) = −32.42 + 9.22x (C282Y allele 
frequency, %), r2 = 0.98) was obtained (Table 1). As the Hp phenotype frequency shows more 
limited differences among European countries [11], no significant correlation between the Hp 2 
allele frequency and the excess in mortality was found. 

Also in France, a country with important Celtic influences, a marked correlation between the 
C282Y mutation frequency and mortality was observed for the various departments. When 
comparing the 1846 mortality among the population aged 30–35 years with the C282Y allele 
frequency for the various departments (Figure 1), a marked correlation was found, which resembles 
the one found for Western Europe. Higher C282Y frequencies were associated with higher mortality 
rates. Both in the 1841 and 1851 French census [20], the effect of the C282Y allele frequency on 
mortality of 30 year old subjects was greatly reduced, as evidenced by the regression coefficients 
(1841:0.016; 1846:0.024; 1851:0.016). 

Figure 1. Mortality in 30–35 year old subjects in 1846 according to C282Y allele 
frequencies in a number of French departments. The Y-axis depicts the death 
probabilities q (x) for every age (x) computed for that period. The X-axis represents the 
C282Y allele frequency in the different departments. 
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Table 1. Overview of annual excess mortality, decline in potato yields and C282Y 
mutation frequency in various European countries. 

Country 
Annual Excess 

Mortality [1846–1848 
(per million)] [1] 

Decline in Potato Yields 
(1845) [2] 

C282Y Mutation 
Frequency [9] 

Austria 
Belgium 
France 

Germany 
Ireland 

The Netherlands 
Switzerland 

7 
3 
1 
2 

100 
3 
0 

 
−87% 
−20% 
−55% 
−30% 
−71% 

4.1% 
4.1% 
4% 

2.6% 
14.2% 
4.1% 
4.1% 

4. Conclusions 

In conclusion, the classical view of vitamin C deficiency and scurvy being exclusively nutritional 
disorders needs to be updated. The genetic polymorphism of HFE and (to a lesser extent) Hp may 
have played an important role in explaining the remarkable geographic variability of excess in 
mortality during famine and scurvy episodes in recent European history. The data confirm the 
importance of the interplay between the iron status and vitamin C requirements. In order to further 
elucidate the mechanisms of scurvy, HFE and Hp genotyping of skeletons of scurvy victims could be 
considered in the future. Besides the differential genetic background, cultural, social and economic 
aspects relating to access to food and differential diets in the 19th century should be taken into 
account when interpreting those results. 
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Abstract: Large cross-sectional population studies confirm that vitamin C deficiency is 
common in humans, affecting 5%–10% of adults in the industrialized world. Moreover, 
significant associations between poor vitamin C status and increased morbidity and 
mortality have consistently been observed. However, the absorption, distribution and 
elimination kinetics of vitamin C in vivo are highly complex, due to dose-dependent  
non-linearity, and the specific regulatory mechanisms are not fully understood. 
Particularly, little is known about how adaptive mechanisms during states of deficiency 
affect the overall regulation of vitamin C transport in the body. This review  
discusses mechanisms of vitamin C transport and potential means of regulation with special 
emphasis on capacity and functional properties, such as differences in the Km of  
vitamin C transporters in different target tissues, in some instances demonstrating a 
tissue-specific distribution. 

Keywords: vitamin C transport; sodium-dependent vitamin C transporters, SVCT1 and 
SVCT2; glucose transporters (GLUTs); regulation of transport 

 

1. Introduction 

Several reports have pointed towards a putative link between vitamin C (vitC) deficiency and 
lifestyle-associated disease [1–6]. Moreover, vitC deficiency has also been associated with impaired 
brain development and reduced hippocampal function in experimental animal studies [7–10]. Scurvy 
is the terminal outcome of a prolonged period of severe vitC deficiency (a plasma concentration  
<11 μM [11]) and is rarely encountered, as it can be prevented with as little as 10 mg vitC/day.  



184 

In contrast, marginal vitamin deficiency or hypovitaminosis C, defined as a plasma concentration 
below 23 μM [11], has been estimated to affect as much as 10% of adults in the industrialized  
world [12–14], with subgroups, such as smokers and families with a low socio-economic status, 
displaying an even higher prevalence [15–19]. Adverse effects of marginal vitC deficiency could, 
therefore, potentially affect a substantial amount of people who, unknowingly and devoid of known 
clinical symptoms, are at risk of experiencing negative long-term effects of vitC deficiency, 
including increased mortality associated with a variety of disease complexes [20]. 

The pharmacokinetics of vitC, i.e., the absorption, distribution, metabolism and elimination, is 
quite complex and involves several different active and passive transport mechanisms, as well as 
intracellular reduction permitting the recycling of vitC within specific tissues [18,21]. Furthermore, 
vitC is differentially distributed between tissues, with brain and neurons, in particular, upholding a 
much higher concentration than most other organs [22–24]. However, whereas vitC homeostasis has 
been studied in detail during sufficiency [25–28], less is known about the potential adaptive 
mechanisms during deficiency. Thus, for example, studies of vitC transport activity during deficiency 
have not provided evidence supporting a direct relationship between local tissue-concentration and 
the expression of vitC specific transporters [29–31], prompting suggestions of possible alternative 
transport mechanisms [29]. The present review elaborates on the mechanisms currently known to be 
involved in the regulation of vitC transport and the potential effects during states of deficiency. 

2. Vitamin C Transport 

Most mammals synthesize vitC in the liver by enzymatic conversion of glucose; however, a few 
species, including humans, guinea pigs and bats, lack a functional L-gulono-lactone oxidase enzyme 
catalyzing the final step in the biosynthesis and, therefore, rely completely on a dietary supply of  
vitC [32–34]. After consumption, vitC is absorbed from the intestinal lumen and released into the 
bloodstream. The dose-to-plasma concentration relationship is reflected in a saturation curve, attaining 
an initial steep and non-linear course, until steady-state is reached, defining plasma saturation at 
around 70 μM in humans [25]. At doses above saturation, urinary excretion is increased and oral 
bioavailability decreased, thereby sustaining steady-state equilibrium [25]. In the gastro-intestinal 
tract, the ionized form of vitC, ascorbate (ASC), and its oxidized counterpart, dehydroascorbic acid 
(DHA), are absorbed through different transporter systems with an increased affinity for ASC (Km of 
0.2 mM) compared to DHA (Km 0.8 mM) and following a Michaelis-Menten absorption rate, where 
saturation reflects increases in substrate concentration [21,35]. The distribution from plasma to 
tissues is differentially regulated, and organs and tissues vary considerably in vitC content, as depicted 
in Figure 1. Within the body, the brain has a uniquely high vitC level [22,36] and is able to maintain 
a superior concentration relative to most other organs during periods of vitC deficiency [37–39], 
placing the brain as an organ of particular interest when assessing the effects of vitC deficiency. 

The tight regulation of vitC homeostasis is primarily controlled by four regulatory systems:  
(i) intestinal uptake (bioavailability); (ii) tissue accumulation and distribution; (iii) rate of utilization 
and recycling; and (iv) renal excretion and reabsorption [26] (Figure 1). This is achieved by different 
mechanisms, including passive diffusion, facilitated diffusion, active transport and recycling [40]. 
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Figure 1. Distribution of vitamin C in the body. Vitamin C is ingested, absorbed from the 
intestinal lumen and transported to various peripheral organs with the blood. Finally, 
vitamin C is excreted in the renal glomeruli and reabsorbed through the tubular systems. 
Tissue concentrations are dependent on all of these processes. 

 

2.1. Passive Diffusion 

In solution at physiological pH, vitC predominantly attains its ionized form, ASC. Because of a 
relatively low hydrophobicity, ASC and DHA do not easily cross biological membranes and 
primarily rely on the interaction with transporter molecules anchored in the cell membrane [41,42]. 
However, both ASC and DHA can, to a small extent, move by passive diffusion, and DHA diffuses 
through cellular membranes more willingly than ASC [43]. It has also been suggested that during 
intestinal uptake and in renal reabsorption, ASC leaves the epithelial cells from the basolateral 
membranes down a concentration gradient by passive diffusion [44]. Moreover, being a week acid 
with a pKa of 4.2 [21], the theoretical equilibrium between blood and tissue favors plasma with a 
ratio of 2.5 to one. Regardless, the fraction by which passive diffusion contributes to the overall 
regulation of vitC homeostasis at physiological conditions is believed to be of minor importance [40]. 
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2.2. Facilitated Diffusion 

Transport of DHA occurs by facilitated diffusion, enabling transport along a concentration 
gradient. This gradient is maintained as DHA is reduced to ASC immediately after crossing  
the membrane [21,45–47]. DHA, but not ASC [48,49], is transported by facilitated diffusion  
through four of the 14 glucose transporters (GLUT 1–4), although with varying affinities and 
efficiencies [47–50]. In general, these transporters have 12 transmembrane domains and are 
approximately 500 amino acids-long [51]. The GLUT-transport of DHA is competitively inhibited 
by glucose, e.g., excess glucose in plasma or intestine will block the receptor-binding site and, 
subsequently, decrease GLUT-facilitated DHA transport [21,47,48]. This association is also seen for 
DHA absorption to some specific cell types, whereas in others, glucose has less or even no 
significant effect on DHA absorption (i.e., the luminal surface of absorptive gut epithelium and in 
tubular cells in the kidney) [21,35,47,52,53]. 

The distribution and transport properties vary among the different GLUTs. Thus, GLUT1 is 
expressed in a broad variety of cells throughout the body [48,51]; GLUT2 is primarily expressed in 
liver, spleen and the basolateral membrane of intestinal and renal epithelial cells [50,51]; GLUT3 is 
found particularly in the brain and in neurons [48,51] and GLUT4 in skeletal and cardiac muscle 
cells, as well as in adipose tissues [47,51]. 

2.3. Recycling 

Following uptake across the intestinal epithelium, vitC is released into the bloodstream as ASC 
(>95% of vitC in human plasma is in the form of ASC [52,54]). Here, ASC is easily oxidized and the 
produced DHA rapidly taken up through GLUT1 transporters on the erythrocytes [55–57]. May and 
co-workers have demonstrated that DHA is rapidly recycled in erythrocytes predominantly via 
glutathione-dependent DHA reductases and with small contributions from reduced nicotinamide 
adenine dinucleotide phosphate (NADPH)-dependent DHA reductases, such as thioredoxin  
reductase [58–66]. The resulting ASC may subsequently be released to the bloodstream [65]. During 
oxidizing conditions in the extracellular space, the generated DHA is absorbed by the surrounding 
cells and immediately reduced [45,55]. This reduction of DHA to ASC is either by chemical 
reduction by glutathione (GSH) [67] or by enzymatic reduction by glutaredoxin [68–70], protein 
disulfide isomerase (PDI) [69,70] or 3-α-hydroxysteroid dehydrogenase [71]. The mechanism by 
which DHA is reduced to ASC is a continuous process within the cellular cytoplasm, sustaining 
adequate levels of ASC to quench free radicals, such as superoxide, and/or reduce other antioxidants, 
such as vitamin E, maintaining redox homeostasis [56,72,73]. The rapid intracellular recycling of 
DHA also drives the efficient facilitated diffusion of DHA through the GLUTs, as the intracellular 
concentration is kept sufficiently low to allow DHA to move along a concentration gradient. 

2.4. Active Transport of ASC 

The existence of specific vitC transporters were proposed long before the actual transporters 
could be identified [42,74–82]. The transport was found to be concentration-, energy-, temperature- 
and sodium-dependent, satiable and mediated by two different components [42,74–82]. Two specific 
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transporters were defined by Tsukaguchi and co-workers as sodium-dependent vitamin C transporter 
(SVCT) 1 and SVCT2 [83]. These enable the active transport of ASC against a concentration 
gradient, allowing an accumulation in cells of concentrations more than 50-fold that of extracellular 
fluids [76,77]. The sodium-dependency of the transport has been shown to have a stoichiometry of 
two Na+-ions to one ASC anion [84–86], demonstrating the transport as a secondary active transport, 
with the sodium gradient driving the transport of ASC, which, in turn, is maintained by the 
sodium/potassium-ATPase. 

In humans, SVCT1 is a 598 amino acid protein, while SVCT2 measures 650 amino acids [87]. 
The proteins are encoded by the genes, SLC23A1 (located at chromosome 5q31.2–31.3) and 
SLC23A2 (at 20p12.2–12.3), respectively [88–91]. The transporters share 65% identity [83] and are 
differentially distributed within the body. The SVCT1 is primarily expressed in epithelial  
cells [90,92,93]. It has a relatively high Km of 65–252 μM [52,87,94–97] and a Vmax of approximately 
15 pmol/min/cell [87,90], establishing SVCT1 as a low affinity/high capacity transporter and 
corresponding well to its function believed to be maintaining whole-body homeostasis [52,87,96–98]. 
The SVCT2 is expressed in various organ systems [83]. SVCT2 has high affinity (Km-values of  
8–69 μM [52,87,94–97]), but low capacity (approximately 1 pmol/min/cell [87,90]) for vitC 
transport [52,87,96,98], enabling cells of peripheral organs to take up ASC from the extracellular 
fluid [40,97]. The SVCT2 transporter is believed to be the primary transporter of ASC to the brain, 
enabling this organ to obtain and preserve a strikingly high vitC concentration, even during states of 
(severe) deficiency [37–39]. The distribution of the two transporters taken together with their kinetic 
properties suggests a distinct polarity of expression with SVCT1 expressed on the apical side of the 
epithelial cell membrane, while SVCT2 is suggested to be located in the basolateral membrane [52]. 
This has been confirmed by in vitro studies displaying apical SVCT1 expression and SVCT2 
expression in the basolateral membrane of enterocytes and renal tubule cells [99,100], supporting the 
distinctive roles of the two transporters in regulating overall vitC concentration; SVCT1 adhering to 
luminal surfaces in the intestinal tract and kidney and SVCT2 being associated with the further 
distribution and/or re-uptake of ASC [97,101]. Findings in Caco-2 cells, an in vitro model of human 
enterocytes, suggest that the basolateral SVCT2 primarily transports ASC into the enterocytes from 
the blood stream, while not contributing to the absorption of dietary vitC as such [99]. 

Importantly, recent knowledge of human genetic variation in the SVCTs and its impact on vitC 
homeostasis has complicated the interpretation of the existing clinical literature (for a comprehensive 
review, see [102]. Using pooled human genotype data, Corpe and coworkers calculated average 
population prevalences of SLC23A1 polymorphisms, and following an extensive experimental  
in vivo study in mice, they modeled dose vs. plasma concentrations in an attempt to predict human  
steady-state levels as a function of known allelic genotypes [103]. Their results surprisingly suggest 
that, e.g., the A772G allele results in a vitC deficient phenotype regardless of the vitC intake (up to 
2500 mg/day). Genetic variation is also well known in SLC23A2, with about 2200 identified  
single-nucleotide polymorphisms (SNPs) [102]. However, changes in SLC23A2 can be expected to 
primarily influence tissue rather than plasma levels of ASC, and indeed, little is known about their 
impact on vitC homeostasis in general. Future human studies of vitC homeostasis should preferably 
include genotyping, as well as assessment of tissue/cellular concentrations through biopsy or 
leukocyte analysis, in addition to that of plasma. 
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2.5. Vitamin C Distribution 

The absorption of both ASC and DHA takes place in all segments of the small intestine 
(duodenum, jejunum and ileum) [35,82,104]. The release of vitC from intestinal and renal epithelial 
cells after luminal absorption has not yet been conclusively determined, although both passive diffusion 
and facilitated diffusion through volume-sensitive anion-channels has been suggested [44]. Enterocytes 
express GLUT1, GLUT2 and GLUT3, although they have distinct cellular locations [105–107]. 
GLUT3 is found on the apical brush-border membrane, while GLUT1 is found on the basolateral 
membrane, and GLUT2 has been localized on both sides of the membrane. It is possible that vitC 
enters the blood stream by diffusion through discontinuities in the endothelial wall and circulates in 
the body with the blood, where it is primarily found as the ASC anion [40] (Figure 2). 

The entry of ASC into the brain is hampered by the blood-brain barrier, which is impermeable to 
ASC and lacks the expression of SVCT2 [108–110]. Instead, ASC is thought to enter the cerebrospinal 
fluid of the brain through SVCT2 transporters in the choroid plexus [110,111]. DHA, on the other 
hand, readily crosses the barrier, due to the expression of GLUT1 [108,112]. However, due to the 
limited amounts of circulating DHA compared to the very high ASC concentrations maintained by 
the brain, this mechanism is generally believed to be of little significance [25,54]. From the 
extracellular space in the brain, ASC is taken up by neurons through SVCT2 [83,89,113,114]. Inside 
the neurons, ASC is oxidized to DHA, which is then recycled to ASC or transported out of the 
neurons as DHA by GLUT3 within the neuronal membrane [113]. The DHA now present in the 
extracellular space can then be transported to the blood stream by GLUT1 in the blood-brain barrier 
or taken up by astrocytes expressing GLUT1, recycled back to ASC and, concomitantly, released to 
the extracellular space by a yet undisclosed mechanism or possibly by diffusion [36,113]. 

In the renal glomeruli, ASC in the blood is filtered into the urine [115]. However, depending on 
the vitC status of the individual, a large proportion is reabsorbed along the proximal tubules [116,117]. 
This reabsorption primarily takes place at the apical side of the epithelial membrane through  
SVCT1 [40,118–120]. It is assumed that DHA is also reabsorbed from the glomerular filtrate, 
although it has not been confirmed in vivo, most likely due to the negligible amounts of DHA 
commonly found in plasma [55]. In early in vitro studies, DHA transport in kidney cells was found to 
have all the characteristics of the facilitated diffusion through the GLUTs [121,122]. In spite of this, 
the transport of DHA seems to have an insignificant role in the renal reabsorption, as Slc23a1−/− 
mice, unable to reabsorb ASC from the urine, showed an 18-fold increased fractional excretion of 
ASC that could not be replaced by the uptake of DHA [103]. 

A recent study in mice further revealed SVCT2 as the functional transporter in the kidney during 
fetal development, whereas SVCT1 expression rapidly increased in early postnatal life to become the 
dominant transporter in adult life [123]. The results were supported by findings of SVCT2, but not 
SVCT1, being expressed in human embryonic kidney cells [123]. These findings demonstrate a 
developmental shift in both expression and cellular localization of the SVCT transporters, with 
SVCT2 primarily located at the apical membrane during embryonic development, only to be 
translocated to the cytoplasm and the basolateral membrane within the first days of postnatal life, 
following which, the SVCT2 was cleared and replaced by SVCT1 [123]. A shift in SVCT-expression 
patterns has also been shown for other tissues. In an in vivo study in mice, an altered expression of 
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SVCT2 during fetal and postnatal development was found [29]. A marked increase in SVCT2 
mRNA and protein occurred from embryonic day E15 to postnatal day P32 in both cortex and 
cerebellum. In liver, the increase occurred already at P1 for mRNA and P10 for protein. The changes 
in SVCT2 expression appeared to be directly related to the tissue content of ASC in liver, but 
inversely related in brain [29]. 

Figure 2. Transport mechanisms between intestines, blood and kidney. Ingested vitC is 
absorbed across the intestinal epithelium primarily by membrane transporters in the 
apical brush border membrane, either as ascorbate by sodium-coupled active transport 
via the sodium-dependent vitamin C transporter (SVCT) 1 transporter or as dehydroascorbic 
acid (DHA) through facilitated diffusion via glucose transporter (GLUT) 2 or GLUT3 
transporters. Once inside the cell, DHA is efficiently converted to ascorbate (ASC) or 
transported to the blood-stream by GLUT1 and GLUT2 in the basolateral membrane, 
thereby maintaining a low intracellular concentration and facilitating further DHA 
uptake. ASC is conveyed to plasma by diffusion, possibly also by facilitated diffusion 
through volume-sensitive anion channels. SVCT2 located in the basolateral membrane 
enables re-uptake of ASC from plasma to the intestinal epithelium. In the kidney, ASC is 
excreted by glomerular filtration to the renal tubule lumen. Reabsorption is primarily 
achieved by SVCT1 transporters in the apical membrane, although diffusion from the 
luminal surface may also contribute to the overall uptake. While not confirmed in vivo, 
DHA is presumably re-absorbed in the renal tubule cells; however, the availability of 
DHA for re-absorption is thought to be negligible, due to the very low DHA 
concentrations in plasma. As in the intestinal epithelium, ASC can be released to the 
blood-stream through both passive and facilitated diffusion. GLUT2 transporters are 
located in the basolateral membrane, enabling transport of DHA to plasma. 
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3. Regulation of VitC Transport by Substrate Concentrations 

VitC transport can potentially be regulated by the amount of the various transporters or by their 
state of activity, thus relying on the rate of de novo synthesis (and degradation) and on activation of 
non-functional transporters, putatively also involving cellular translocation. Translational regulation 
of SVCT2 has been demonstrated in vitro in human platelets [124], and both SVCT1 and SVCT2 
contain potential sites for glycosylation and phosphorylation as putative targets for post-translational 
regulation (Table 1). N-linked glycosylation sites are located in the second and third extracellular 
loop, and a single protein kinase A-dependent and several protein kinase C-dependent phosphorylation 
sites have been described in the amino acid sequence [52]. In humans, enzymatic activity of protein 
kinase C elicits different responses of SVCT1 and SVCT2. For SVCT1, the cytoplasm-to-membrane 
translocation is reduced, whereas the phosphorylation elicits a conformational alteration of the  
SVCT2 [97]. An association between the availability of vitC and an effect on transport mechanisms 
has been suggested, displaying the characteristics of a substrate-dependent regulation [124–130]. 

Table 1. Overview of in vitro studies regarding the regulation of the transport of vitamin 
C (vitC) during deficiency. 

Cell Line Deficiency Regimen Principal Findings 

Human intestinal 
cell line (Caco-2 
TC7) [125] 

Culture medium was 
supplemented with ASC at 
concentrations of 45 μg/mL, 
450 μg/mL or 4.5 mg/mL. 

Exposure to 4.5 mg/mL ASC significantly reduced the ASC 
uptake by 50% and expression of SVCT1 mRNA by 77% 
compared to control conditions. 

Primary human 
platelets [124] 

Culture medium’s ASC 
concentration was reduced to 
30% of standard levels. 

Vmax increased by 240% in response to the reduction of ASC 
concentration. A subsequent increase in SVCT2 protein 
level was reported. An ASC supplement of 500 μM only 
slightly decreased SVCT2 levels. 

Human hepatic 
cell line  
(HepG2) [127] 

Cells were incubated with 10% 
fetal bovine serum containing 
10 mM ASC (supplemented),  
0.7 μM ASC (control),  
0 μM ASC (depleted). 

ASC-supplemented cells responded with a reduced 
transport of ASC and a coherent reduced SVCT1 
expression (mRNA and protein). Depleted cells displayed 
increased ASC transport and increased SVCT1 expression. 
No changes were found for SVCT2. 

Primary rat 
astrocytes [131] 

Astrocytes were incubated with 
ASC (from 0 to 300 μM) in 
culture medium prior to 
measurements of uptake rates. 

ASC depletion of culture medium increased the Vmax by 
15% after one hour and 20% after 6 h. ASC repletion 
resulted in a 20% decrease after one hour and 30%  
after 18 h. 

Rat osteosarcoma 
cell line (ROS 
17/2.8) [132] 

Cells were incubated with ASC 
(from 0 to 300 μM) in culture 
medium prior to measurements 
of uptake rates. 

ASC depletion of culture medium increased the Vmax by 
41% after six hours. ASC repletion resulted in a 40% 
decrease after six hours. 

Porcine proximal 
tubule cell line 
(LLC-PK1) [128] 

Cells were incubated with 
increasing concentrations of 
ASC in culture medium  
(10, 25, 50 and 100 μM). 

Increasing concentrations in ASC reduced apical SVCT1 
expression and induced translocation of SVCT1 to the 
cytoplasm before the signal was diminished. 

Findings in vitro have shown a significant decrease in ASC uptake and concurrent mRNA 
expression-reduction following high-dose ASC culture, suggesting a putative feed-back mechanism 
and the association of transcriptional repressor elements in the regulation of ASC uptake [125,126] 
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(Table 1). This has been further supported by studies in human hepatic cells, in which ASC depletion 
significantly increased SVCT1 expression [127]. The involvement of a transcriptional regulatory 
mechanism was confirmed by the finding of an altered promoter activity associated to the Hepatic 
Nuclear Factor 1 (HNF-1) binding sites on the SVCT1 promoter region [127]. The involvement of 
translational regulation has been shown for the SVCT2 transporter in human platelets [124].  
A reduction of the ASC concentration in the surrounding medium to 30% increased the Vmax-value by 
almost 240%, whereas the Km-value remained unchanged, indicating a responsive increased 
transport rate [124]. This was later confirmed by a marked increase in SVCT2 protein expression 
compared to platelets prior to deprivation of ASC [124]. In renal proximal tubule cells, increasing 
concentrations of ASC led to a signal translocation from the apical membrane to the cytoplasm 
before the signal was diminished [128]. The effect was a 50% reduction in transport by cells 
pretreated with amounts of ASC corresponding to plasma saturation (50–100 μM), suggesting that 
apical levels play a pivotal role in the regulation of ASC uptake in vitro. 

A substrate-dependent differential regulation has also been supported by in vivo studies (Table 2). 
Almost four decades ago, Rose and Nahrwold showed that guinea pigs receiving diets containing 
five or 25 times the vitC of a standard diet reduced the rate of ASC uptake by 32%–52% compared to 
control animals [129]. Daily intramuscular injections of 300 mg ASC reduced ASC influx into the 
intestinal mucosa by 16%, suggesting that high circulating ASC levels may inhibit transport across 
the intestinal epithelium, but not ruling out that ASC concentrations in the intestinal lumen or 
cytoplasm of epithelial cells contribute to the regulation [129]. In guinea pigs, a diet containing high 
amounts of vitC (5000 mg/kg feed) reduced ASC uptake across isolated ileac mucosa by 25%–50% 
in both adult male, lactating female and juvenile animals compared to controls (200 mg vitC/kg  
feed) [130]. The observed decrease in uptake did not result in alterations of Km-values, indicating that 
the reduced absorption rate was due to either reduced abundance or increased degradation of the 
transporting molecules [130]. However, guinea pig counterparts receiving low levels of vitC  
(3.5 mg/week) did not show an increased rate of ASC uptake in response to deficiency [130]. The 
authors suggested that transporters have a nearly complete extraction efficiency, even under standard 
conditions (control animals) [130]. Likewise, an absence of up-regulation of SVCT-transporters 
following long-term vitC deficiency (100 mg vitC/kg feed) in guinea pigs has been shown [31]. 

In humans, plasma concentrations following oral dosing of vitC are tightly regulated with peak 
plasma levels of around 200 μmol/L and a steady-state of 70–85 μmol/L, even when excessive 
amounts (3 g) vitC are ingested [25,133]. A steep decline in ASC bioavailability following increased 
oral doses suggests that intestinal transport is a key factor in maintaining whole body vitC 
homeostasis. This regulation may, however, be bypassed by intravenous dosage, achieving plasma 
concentrations well beyond the threshold of oral administration levels [26,133]. Concentrations in 
plasma have been shown to pose a direct effect on the tissue accumulation of ASC. Oral 
supplementation of mice unable to synthesize vitC due to a mutation in the L-gulono-γ-lactone gene 
(gulo−/−) has shown that increased plasma levels are required to achieve optimal concentration  
in several tissues (liver, heart and kidney) compared to levels necessary to obtain saturation in the 
brain [134]. This confirms the brain as being particularly efficient in retaining ASC, but also points 
towards a direct association between differences in plasma concentration and tissue-specific  
uptake [134]. In a recent intervention study in humans, the bioavailability of vitC in skeletal muscle 
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relative to dietary intake was shown to correspond to plasma concentrations, whereas the same close 
correlation could not be found in leukocytes [135]. This could indicate an increased sensitivity in 
muscle towards alterations in plasma concentration or/and a differential uptake in leukocyte cells, 
possibly linked to differences in SVCT2 expression between the two cell types [135]. 

Table 2. Overview of in vivo studies regarding the regulation of vitC transport in 
response to vitC levels. 

Animals species Vitamin C regimen Principal findings 

Guinea pig [129] 

ASC content in diet was 
increased by five- and 
25-times compared to 
standard diets. 

A reduction in ASC influx across the ileum by  
32%–52% in animals fed high ASC diet compared  
to controls (standard). 

Guinea pig [130] 

Animals received either high 
(5000 mg/kg diet), low  
(0 mg/kg diet) or control 
(maintenance) (200 mg/kg 
diet) levels of vitC. 

A high vitC level (hypervitaminosis) reduced the ASC 
rate of uptake across the intestinal brush border by 
25%–50% compared to controls. Hypovitaminotic 
animals were not found to be different from controls. 

Guinea pig [31] 

Young and old animals,  
long-term on either control  
(325 mg vitC/kg) or deficient 
(100 mg vitC/kg) diets. 

No effect of dietary vitC regimen on the expression of 
SVCT1 or SVCT2 mRNA in liver or brain. 

Knockout mice 
(smp30/gnl−/−) 
[30] 

Effects of vitC depletion vs. 
control (1.5 g vitC/L water) 
in wild-type (WT) and 
knockout (KO) mice. 

In KO, mice vitC depletion increased SVCT1 and 
SVCT2 mRNA expression in the liver (by 21 and 55%, 
respectively) and increased SVCT1 by 55% in the 
small intestine compared to control counterparts.  
No changes were found in the kidney or cerebellum.  
In WT-mice, depletion increased SVCT2 expression  
in the small intestine by 43%. 

Knockout mice 
(gulo−/−) [29] 

Gulo−/− mice exposed to 
different ASC levels (drinking 
water): high 3.33 g/L; 
standard 0.33 g/L; low  
0.033 g/L and depletion  
0 g/L. WT mice were 
included as controls. 

Depletion resulted in an increased mRNA expression 
of SVCT2 in the liver compared to WT controls.  
A trend towards increased protein levels of SVCT2 in 
liver and cerebellum was reported, although it did not 
reach a statistical level of significance. 

An increase in SVCT-expression as a response to a reduction in ASC, followed by a decrease in 
SVCT mRNA when ASC levels increased, has been reported in developing teleost fish, which 
naturally are unable to synthesize vitC [136]. Although this could be part of a normal developmental 
sequence of events, it may also be a substrate-dependent response on SVCT-expression by which 
ASC uptake is regulated [136]. Studies of senescence marker protein-30 (SMP30)/gluconolactonase 
(GNL) knockout mice has revealed that vitC depletion increases SVCT1 mRNA levels in liver and 
small intestine and SVCT2 mRNA in liver [30]. VitC sufficient wild-type (WT) mice had 43%  
less SVCT2 mRNA compared to ASC-depleted WT mice, suggesting a deficiency associated  
mRNA upregulation. No changes were found in kidney or cerebellum of either WT or smp30/gnl−/− 
groups [30]. The study did not find any significant changes in the expression of GLUT-transporters 
(1, 3 and 4, respectively) [30]. In another study, Meredith et al. reported a significant increase in liver 
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SVCT2 mRNA during vitC deficiency in the gulo−/− mice, whereas no effect was found in either 
cortex or cerebellum of the brain [29]. These findings may indicate the existence of an alternative 
transport mechanism involved in the regulation of vitC during deficiency [29]. In a study of fetal vs. 
maternal vitC status in guinea pigs, it was recently found that an inadequate maternal vitC intake 
during pregnancy resulted in reduced plasma vitC in newborn deficient pups, compared with their  
mothers [137]. The authors interpreted their findings as an indication that preferential transport of 
vitC from the mother to the fetus is overridden during a prolonged maternal vitC deficiency, thereby 
maintaining a basal maternal vitC concentration at the expense of the offspring [137]. Thus, several 
studies suggest that the exact mechanisms controlling the substrate-mediated regulation of vitC 
homeostasis in the body remains to be fully disclosed, but it appears likely that there are different 
mechanisms involved and that regulatory control may vary within specific tissues. Other regulatory 
mechanisms have also been suggested to contribute to vitC regulation, i.e., feed-back sensing and 
hormonal regulation [26]. 

4. Concluding Remarks 

VitC homeostasis is tightly regulated by a variety of more or less specific transport mechanisms, 
some of which may remain to be established. Several in vitro and in vivo studies have reported  
dose- and concentration-dependent rates of transport, both during ASC depletion and following 
supplementation, and these changes in transport activity apparently occur without change in affinity 
for the substrate. However, conflicting evidence has also been put forward in which the resulting 
changes in tissue compartment concentrations cannot be explained by alterations in the abundance of 
known vitC transporters. Moreover, as genetic variation has been shown to significantly influence  
vitC homeostasis per se, such information needs to be taken into consideration in future studies.  
Thus, continued efforts are required to establish the mechanisms by which the body efficiently 
adapts to declining vitC intakes. 
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Abstract: Vitamin C serves as a cofactor in the synthesis of collagen needed to support 
cardiovascular function, maintenance of cartilage, bones, and teeth, as well as being 
required in wound healing. Although vitamin C is essential, humans are one of the few 
mammalian species unable to synthesize the vitamin and must obtain it through dietary 
sources. Only low levels of the vitamin are required to prevent scurvy but subclinical 
vitamin C deficiency can cause less obvious symptoms such as cardiovascular 
impairment. Up to a third of the adult population in the U.S. obtains less than the 
recommended amount of vitamin C from dietary sources of which plant-based foods 
constitute the major source. Consequently, strategies to increase vitamin C content in 
plants have been developed over the last decade and include increasing its synthesis as 
well as its recycling, i.e., the reduction of the oxidized form of ascorbic acid that is 
produced in reactions back into its reduced form. Increasing vitamin C levels in plants, 
however, is not without consequences. This review provides an overview of the 
approaches used to increase vitamin C content in plants and the successes achieved. Also 
discussed are some of the potential limitations of increasing vitamin C and how these 
may be overcome. 

Keywords: L-ascorbic acid; ascorbate; photosynthesis; DHAR; MDAR; reactive oxygen 
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Asc, ascorbate; 
CaMV, cauliflower mosaic virus; 
CAT, catalase; 
chl, chlorophyll; 
DHA, dehydroascorbate; 
DHAR, dehydroascorbate reductase; 
ETR, electron transport rate; 
Fd, ferredoxin; 
GalLDH, L-galactono-1,4-lactone dehydrogenase; 
GulLO, L-gulono-1,4-lactone oxidase; 
GalUR, D-galacturonic acid reductase; 
GR, glutathione reductase; 
GSH, glutathione; 
GST, glutathione-S-transferase; 
MDA, monodehydroascorbate reductase; 
MDAR, monodehydroascorbate reductase; 
NPQ, non-photochemical quenching; 
φPSII, quantum yield of PSII; 
qE, energy-dependent NPQ; 
qI, photoinhibition; 
RbcL, ribulose bisphosphate carboxylase/oxygenase large subunit; 
QC, quiescent center; 
PSI, photosystem I; 
PSII, photosystem II; 
ROS, reactive oxygen species; 
SOD, superoxide dismutase; 
TBARS, thiobarbituric acid reactive substance; 
VDE, violaxanthin de-epoxidase 

1. Introduction 

In addition to its roles in cardiovascular function, immune cell development, and iron utilization, 
vitamin C (L-ascorbic acid) serves as a water-soluble antioxidant in animals [1–3]. Despite the fact 
that most mammals can synthesize ascorbic acid (Asc), humans are an exception as a result of a 
mutation to L-gulono-1,4-lactone oxidase, the last enzyme in the animal Asc biosynthetic  
pathway [4]. Because Asc is water-soluble, it is not stored and is readily excreted from the body. 
Therefore, Asc must be obtained regularly from dietary sources. The National Academy of Sciences 
has recommend 90 mg/day of the vitamin for adult males and 75 mg/day for adult females. Although 
vitamin C can be obtained from the consumption of fresh meat, it is destroyed by heating and is more 
typically obtained from plant sources. Asc is present in high amounts generally in fruits and leafy 
vegetables whereas grains typically have much lower levels of the vitamin, particularly in dried 
grain. Moreover, the diet of a significant portion of the global population consists largely of 
plant-based foods. Although post-harvest reductions in Asc can occur, particularly in leafy vegetables, 
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increasing Asc content would help to preserve the nutritional quality of stored foods. As a result, 
much research has focused on developing strategies to increase vitamin C content in plant foods to 
improve their nutritional value including strategies to increase the biosynthetic capacity of plants and 
to increase the recycling of Asc once it has been used in a reaction [5–7]. 

Figure 1. Plants and animals employ distinct pathways for the synthesis of L-ascorbic 
acid. The pathway in animals is represented by reactions 1-8 whereas the pathways in 
plants are represented by reactions 9–24. Enzymes catalyzing the reactions are: 1, 
phosphoglucomutase; 2, UDP-glucose pyrophosphorylase; 3, UDP-glucose dehydrogenase; 
4, glucuronate-1-phosphate uridylyltransferase; 5, glucuronate 1-kinase; 6, glucuronate 
reductase; 7, aldonolactonase (gluconolactonase); 8, gulono-1,4-lactone oxidase or 
dehydrogenase; 9, glucose-6-phosphate isomerase; 10, mannose-6-phosphate isomerase; 
11, phosphomannose mutase; 12, GDP-mannose pyrophosphorylase (mannose-1-phosphate 
guanylyltransferase) (VTC1); 13, GDP-mannose-3′,5′-epimerase; 14, GDP-L-galactose 
phosphorylase (VTC2 and VTC5); 15, L-galactose-1-phosphate phosphatase (VTC4); 16, 
L-galactose dehydrogenase; 17, L-galactono-1,4-lactone dehydrogenase; 18, methylesterase; 
19, D-galacturonate reductase; 20, aldonolactonase; 21, phosphodiesterase; 22, sugar 
phosphatase; 23, L-gulose dehydrogenase; 24, myo-inositol oxygenase. 

 

2. Increasing Vitamin C Content through Improved Biosynthesis 

The pathway of vitamin C synthesis in mammals begins with D-glucose and proceeds through  
D-glucose-1-P, UDP-glucose, UDP-D-glucuronic acid, UDP-D-glucuronic acid-1-P, D-glucuronic 
acid, L-gulonic acid, and finally gulono-1,4-lactone (Figure 1). Gulono-1,4-lactone oxidase then 
converts gulono-1,4-lactone into 2-keto-gulono-γ-lactone which spontaneously converts to 
L-ascorbic acid [8]. 
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In contrast to this single pathway, there are at least four biosynthetic pathways suggested to date in 
plants. The first discovered was the Smirnoff-Wheeler pathway in which Asc synthesis originates 
with L-galactose [9] (Figure 1). L-Galactose is produced from mannose-1-phosphate through the 
intermediates guanosine diphosphate (GDP)-mannose and GDP-L-galactose [10]. L-Galactose then 
undergoes oxidation to L-galactono-1,4-lactone catalyzed by the NAD-dependent L-galactose 
dehydrogenase followed by oxidation to L-ascorbic acid by the mitochondrial-localized 
L-galactono-1,4-lactone dehydrogenase [11,12]. 

Feeding experiments provided support for the Smirnoff-Wheeler pathway. For example, feeding 
leaf tissue with the Asc precursors L-galactose or L-galactono-1,4-lactone resulted in their 
conversion to Asc and therefore increased Asc content [9,13,14]. In another study, exogenous 
application of L-galactono-1,4-lactone to Arabidopsis or Medicago sativa leaves increased foliar Asc 
content up to 8-fold and was proportional to the amount applied [15]. Application of 
L-galactono-1,4-lactone or L-galactose to source potato leaves also increased the Asc content of these 
leaves as well as in sink organs, e.g., flowers and developing tubers [16]. 

Arabidopsis mutants affected at different steps in the Smirnoff-Wheeler pathway resulted in 
substantial reductions in Asc content, supporting the conclusion that this pathway is responsible for 
much of the Asc biosynthetic capacity in this species. For example, the vtc1 mutant lacks 
GDP-mannose pyrophosphorylase expression whereas the vtc2 and vtc5 mutants lack GDP-L-galactose 
phosphorylase expression. The vtc1 mutant exhibits a 70%–75% reduction in Asc content while the 
vtc2 mutant contains just 10%–20% of the wild-type level of Asc, vtc5 contains 80% of the wild-type 
level, and the vtc2/vtc5 double mutant bleaches in the absence of exogenous Asc or L-galactose 
which overcomes the block in the pathway [13,17,18]. The vtc4 mutant results from a mutation in 
L-galactose-1-P phosphatase [19,20]. 

Attempts to increase Asc content through increasing its biosynthesis have achieved some success. 
Overexpression of GDP-L-galactose phosphorylase from kiwifruit (Actinidia chinensis) increased 
Asc content in tobacco leaves by more than 3-fold with an accompanying 50-fold increase in enzyme 
activity [21]. Although the agroinfection approach employed resulted in only a transient increase in 
enzyme expression, up to a 4-fold increase in Asc content was observed in stably-transformed 
Arabidopsis where the enzyme was overexpressed [21,22]. Stable transformation of GDP-L-galactose 
phosphorylase into potato, tomato, and strawberry resulted in up to a 3, 6, and 2-fold increase in Asc, 
respectively, in tubers and fruits, although some loss of seed and the jelly of locular tissue 
surrounding the seed were observed in tomato and an increase in polyphenolic content was observed 
in strawberry and tomato [23]. A combinatorial approach in which kiwifruit GDP-L-galactose 
phosphorylase and GDP-mannose-3′,5′-epimerase were transiently overexpressed in agroinfected 
tobacco leaves increased Asc content up to 7-fold [22]. Overexpression of L-galactose 
dehydrogenase, which catalyzes the conversion of L-galactose to L-galactono-1,4-lactone (Figure 1), 
however, failed to increase foliar Asc content in tobacco despite a 3.5-fold increase in the activity of 
the enzyme [24], suggesting that the endogenous level of L-galactose dehydrogenase is not 
rate-limiting. Transformation of Arabidopsis with GDP-galactose guanylyltransferase resulted in a 
2.9-fold increase in Asc and co-transformation with either L-galactose-1-phosphate phosphatase or 
L-galactono-1,4-lactone dehydrogenase increased Asc content up to 4.1-fold [25]. Overexpressing 
multiple enzymes within the Smirnoff–Wheeler pathway, particularly those whose endogenous level 
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is closest to being rate-limiting, may offer more promise to achieving substantial increases in Asc 
rather than the overexpression of any one enzyme. The choice of which enzymes to overexpress  
may be species-dependent as the level of expression for each enzyme in the pathway may differ 
among species. 

Evidence for other biosynthetic pathways has suggested three alternative routes for the synthesis 
of Asc. In the first of these alternative pathways, D-galacturonic acid, generated from the breakdown 
of pectin during fruit ripening, serves as the starting point for Asc synthesis and is reduced to 
L-galactonic acid as catalyzed by the NADPH-dependent D-galacturonic acid reductase  
(GalUR) [26] (Figure 1). L-Galactonic acid spontaneously converts to L-galactono-1,4 lactone which  
L-galactono-1,4-lactone dehydrogenase converts to Asc [26]. Early support for this pathway came 
from the observation that D-galacturonic acid-1-14C was metabolized to L-ascorbic acid-6-14C 
through an inversion pathway in detached ripening strawberry fruit [27]. Supplying a methyl ester of  
D-galacturonic acid to cress seedlings and Arabidopsis cell cultures also increased Asc [28,29], 
suggesting that GalUR expression was not confined to fruits. Expression of the GalUR gene from 
strawberry increased whole-plant Asc content 2- to 3-fold in Arabidopsis [30], supporting the 
existence of this pathway. Demonstration that GalUR can increase foliar Asc biosynthesis through  
D-galactonic acid and D-galacturonic acid suggests that the substrates for this pathway are present in 
leaves. The potential for manipulating this pathway to achieve increased Asc content will depend on 
whether the enzymes of the pathway are expressed and whether D-galacturonic acid is present, e.g., 
following pectin degradation. 

An example of the contingent basis of this pathway was observed in developing tomato fruit. 
Feeding tomato plants with D-galacturonate failed to increase Asc content in immature green tomato 
fruit while feeding with L-galactose, representing the D-mannose/L-galactose (or Smirnoff–Wheeler) 
pathway, did increase Asc content [31]. In contrast, feeding of either precursor increased Asc content 
of red ripened fruits, correlating with the increase in activity of D-galacturonate reductase and 
aldonolactonase, the last two enzymes of the D-galacturonate pathway in ripe fruits [31]. These 
observations suggest that the D-galacturonate pathway is not operative prior to ripening during which 
pectin is degraded. Thus, the contribution that the D-galacturonate pathway makes to Asc 
biosynthesis in tomato fruit may be limited to the ripening stage while the Smirnoff-Wheeler 
pathway is operative throughout fruit development (e.g., [23]). In addition, tracer studies have 
suggested that the D-galacturonate pathway may contribute only moderately to fruit Asc content [32] 
while its contribution in other organs has not been examined. In the second alternative pathway, 
GDP-mannose 3′,5′-epimerase, which catalyzes conversion of GDP-D-mannose to GDP-L-galactose 
in the L-galactose pathway [10], also catalyzes the 5′-epimerization of GDP-D-mannose to produce 
GDP-L-gulose [33] (Figure 1). Conversion of GDP-L-gulose to L-gulonic acid allows Asc synthesis 
essentially as described in the animal pathway although evidence for this is still lacking. The 
presence of L-gulonic acid and L-gulono-1,4-lactone dehydrogenase activity [33,34] supports the 
existence of this pathway in plants. The expression of L-gulono-1,4-lactone oxidase (GulLO) from 
rat in lettuce and tobacco increased Asc content up to 7-fold [35] and reversed the reduction in Asc 
content in Arabidopsis mutants affected in the Smirnoff–Wheeler pathway [36] although it is not 
known whether L-gulono-1,4-lactone or L-galactono-1,4-lactone served as the substrate as the 
possibility that L-galactono-1,4-lactone served as the substrate was not examined. Although feeding 
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with L-gulono-1,4-lactone did not increase the Asc content of tomato fruit at any developmental 
stage [31], its conversion to Asc has been reported for several plant species [28,37,38], supporting 
the presence of this pathway in plants. Expression of a foreign gene, however, can result in the 
ectopic expression of a pathway or the introduction of a novel pathway. Therefore, the degree to 
which this pathway functions in plants remains to be determined. Demonstrating that a labeled 
precursor directly labels Asc or that mutating a specific enzyme decreases Asc would provide more 
compelling evidence for such pathways. 

The third alternative pathway involves D-glucuronic acid, an intermediate of the animal pathway 
which in plants can be generated by myo-inositol oxygenase (Figure 1). Support for this pathway in 
plants comes from the observation that overexpressing an Arabidopsis gene having homology to a 
porcine myo-inositol oxygenase increased Asc content [39]. As myo-inositol does not function as a 
precursor of Asc in strawberry fruit or in parsley leaves [32], this raises the question of the extent to 
which this pathway contributes to Asc content in plants. Nevertheless, the ability to increase Asc 
through the overexpression of this putative myo-inositol oxygenase gene may provide another 
strategy for increasing Asc biosynthesis. 

Although multiple Asc biosynthetic pathways may exist in plants, the observation that mutants 
affected in the Smirnoff–Wheeler pathway result in substantial reductions in Asc content does 
indicate that the alternative pathways are unable to compensate for the loss in Asc biosynthetic 
capacity in Smirnoff–Wheeler pathway mutants. Thus, these alternative pathways may make only 
minor contributions to Asc biosynthesis and strategies focusing on these other pathways may be 
limited to increasing Asc in specific organs or at specific developmental stages. 

3. Increasing Vitamin C Content through Improved Asc Recycling 

3.1. Targeting MDAR Expression to Increase Ascorbic Acid 

Once used in enzymatic or non-enzymatic reactions, Asc is oxidized to monodehydroascorbate 
(MDHA). Asc can be regenerated from MDHA through reduction by several means. If MDHA is 
produced in the chloroplast stroma, it can be recycled to Asc by ferredoxin (Fd), which is part of the 
photosynthetic electron transport chain, or by monodehydroascorbate reductase (MDAR) in the  
stroma [40]. Other MDAR isoforms are present in the cytosol, peroxisome, and mitochondria which 
reduce MDHA produced in those compartments. As no MDAR isoform is in the thylakoid lumen, 
MDHA cannot be reduced by MDAR or by Fd, which lies on the stromal side of the thylakoid 
membrane. As a result, this short-lived radical spontaneously disproportionates rapidly to Asc and 
DHA, particularly when the pH of the thylakoid lumen is low which occurs during the light driven 
transport of protons across the thylakoid membrane from the stroma into the lumen [40,41]. Under 
these conditions, the high pH of the stroma slows the disproportionation of MDHA and it undergoes 
reduction primarily through Fd or MDAR. Once photoreduced by PsaC in the PSI complex, Fd 
reduces MDHA directly or alternatively reduces NADP+ to NADPH as catalyzed by Fd-NADP+ 
reductase (FNR) which MDAR uses (or NADH instead of NADPH) to reduce MDHA to Asc [42,43]. 
Fd reduces MDHA at a rate that is 34-fold greater than the rate of photoreduction of NADP+ so that 
MDHA is likely reduced through Fd as part of the thylakoid scavenging system rather than by 
stromal MDAR when it is produced proximal to the thylakoid membrane [42]. MDAR, however, is 
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available to reduce any stromal MDHA produced distal to the thylakoid membrane as part of the 
stromal scavenging system. 

The multiple isoforms of MDAR are encoded by a five member nuclear gene family in 
Arabidopsis (referred to as AtMDAR1 through AtMDAR5) that are targeted to the cytosol, 
chloroplast, mitochondria, and peroxisomes [44]. Dual targeting of MDAR to chloroplasts and 
mitochondria results from the use of at least two transcription start sites which produce a seven 
amino acid extension in the mitochondrial-targeted form of the protein [45]. The 47-kDa AtMDAR1 
and 54-kDa AtMDAR4 isoforms contain a C-terminal sequence that targets them to the peroxisomal 
matrix (PTS1) and peroxisomal membrane, respectively [46]. MDAR isoforms targeted to 
peroxisomes, chloroplasts, or mitochondria typically function together with ascorbate peroxidase 
(APX) to scavenge H2O2 [47] through the transfer of electrons from two molecules of Asc to H2O2 to 
form water and two molecules of MDHA. Disproportionation of H2O2 is also catalyzed by catalase 
(CAT) when present, e.g., in the peroxisome. 

Increasing Asc content by targeting MDAR expression has achieved only limited success. 
Expression of a cytosolic tomato MDAR from a constitutive promoter in tomato (var. Micro-Tom) 
resulted in a reduction in Asc in mature green tomato fruits but unaltered foliar Asc content [48] 
although it may improve the chilling tolerance of fruit [49]. Improved tolerance against salt and 
osmotic stresses was also observed following an increase in MDAR expression in tobacco [50]. 
Increasing expression of a tomato chloroplast-targeted MDAR in tomato increased Asc marginally 
(1.2-fold) but was accompanied by a decrease in DHA, resulting in an approximate doubling of the 
Asc redox state [51]. Similar results were obtained following the expression of an Arabidopsis 
cytosolic MDAR in tobacco [52]. The little work that has been reported to date suggests that 
increasing MDAR expression may achieve only minor increases in Asc content. 

3.2. Targeting DHAR Expression to Increase Ascorbic Acid 

If MDHA is not enzymatically reduced by Fd or MDAR, it will undergo spontaneous 
disproportionation to Asc and DHA, the rate of which is dependent on the pH, such as in the 
thylakoid lumen where Fd and MDAR are absent and the pH is low during light exposure. 
Disproportionation of MDHA can also occur in other cellular compartments if not enzymatically 
reduced. The DHA produced can be reduced to Asc by dehydroascorbate reductase (DHAR) using 
glutathione (GSH) as the reductant [53,54] (Figure 2). If it is not rapidly reduced, DHA undergoes 
irreversible hydrolysis to 2,3-diketogulonic acid and, as this is unable to be converted to Asc, it is lost 
to the Asc pool. Increasing the level of DHAR activity, therefore, limits DHA degradation by 
improving its recycling back into Asc before it is lost. As DHAR activity determines the relative 
levels of DHA and Asc and the enzyme is expressed in rate-limiting amounts in plants, it serves as a 
major regulator of the Asc redox state [5,55–57]. 
  



210 

Figure 2. L-Ascorbic acid recycling through DHAR and MDAR. Following Asc 
synthesis from L-galactono-1,4-lactone by L-galactono-1,4-lactone dehydrogenase 
(GLDH) and oxidization to monodehydroascorbate (MDHA), monodehydroascorbate 
reductase (MDAR) can reduce MDHA to Asc. Alternatively, two MDHA molecules can 
disproportionate non-enzymatically to Asc and dehydroascorbate (DHA). 
Dehydroascorbate reductase (DHAR) can reduce DHA to Asc using glutathione (GSH) 
as the reductant. Oxidized glutathione (GSSG) is reduced by glutathione reductase (GR) 
to GSH using NADPH as the reductant. DHA will spontaneously hydrolyze to 
2,3-diketogulonic acid if not reduced by DHAR. 

 

DHAR is encoded by three gene members in Arabidopsis: (AtDHAR1; At5g16710), (AtDHAR3; 
At1g75270), and (AtDHAR5; At1g19570) [44]. Microarray expression analysis suggests another 
gene, At5g36270 (AtDHAR2), is likely a pseudogene as it may not be expressed [44]. A fifth gene, 
At1g19550 (AtDHAR4), is smaller than other DHAR paralogs due to multiple deletions throughout 
the polypeptide. AtDHAR3 is likely cytoplasmic while AtDHAR5 and AtDHAR1 are targeted to the 
mitochondria and chloroplast, respectively [58]. No DHAR isoform is transported to the apoplast. 
Consequently, any Asc transported to the apoplast is quickly oxidized, disproportionates, and the 
resulting DHA is either degraded or transported to the cytoplasm for recycling into Asc. 

Because DHAR is a major recycler of Asc, a number of studies have focused on increasing the 
expression of this enzyme as a means to increase Asc content in plants, which has achieved success 
in several species. Although ectopic expression of a human DHAR in tobacco chloroplasts failed to 
increase Asc despite a 2-fold increase in DHAR activity [59,60], expression of a cytosolic wheat 
DHAR in tobacco did increase Asc content up to 4-fold as well as the redox state (i.e., an increase in 
the Asc to DHA ratio) with a simultaneous increase in Asc and a decrease in DHA [5]. Similar results 
were obtained when this cytosolic wheat DHAR was expressed in leaves and developing kernels of 
maize [5], demonstrating that changes in Asc can be made in photosynthetic and non-photosynthetic 
organs. Because Asc is transported from the cytoplasm to the apoplast and apoplastic DHA is 
transported back to the cytoplasm, expression of the cytosolic wheat DHAR not only increased the 
Asc content of the cytosol but the apoplast as well when measured from the apoplastic fluid [55], 
demonstrating that cytosolic DHAR regulates the symplastic and apoplastic Asc pool size and redox 



211 

state. No change in Asc biosynthesis was observed following the increase in DHAR expression 
indicating that the synthesis of Asc and its recycling are independently controlled. The increase in 
DHAR expression and Asc recycling was accompanied by an increase in the GSH pool size and 
redox state [5]. As GSH is used by DHAR as the reductant, this suggests that the GSH pool size is 
affected by changes in DHAR activity. The extent to which the increase in GSH contributed to any 
physiological changes in these plants was not examined. 

As the Asc pool size is determined by the rate of its synthesis and decay, the ability of DHAR to 
increase Asc content is a consequence of its recycling function that reduces DHA before it is lost 
through decay. As increasing DHAR expression results in improved Asc recycling and higher Asc 
levels, the endogenous level of DHAR is likely rate-limiting. Whether this is generally true 
throughout plant species is unknown. Consequently, the potential to increase Asc through increased 
DHAR expression will be greatest for species in which DHAR expression is rate-limiting. The 
strategy of increasing Asc content through increased DHAR expression, however, has been validated 
by subsequent studies that increased DHAR expression in the cytosol or in the chloroplast of a 
variety of species. Two studies that expressed a cytosolic DHAR from Arabidopsis in tobacco 
reported increases in Asc content by nearly 2-fold [52,61] whereas expression of an Arabidopsis 
cytosolic DHAR in Arabidopsis increased foliar Asc by 2 to 4.25-fold [62]. Expression of a rice 
cytosolic DHAR in Arabidopsis resulted in a slight increase in Asc content [63] as did expression of 
a rice DHAR in transformed tobacco chloroplasts [64]. Further increases in Asc content were 
observed when chloroplasts were transformed with glutathione reductase (GR) and DHAR [64]. 

Grains represent the most important food group supporting the global population either directly or 
indirectly as use in animal feed. Improving the nutritional value of grains offers the greatest potential 
for improving the diet of many and recent research has focused on engineering increasing multiple 
vitamins and micronutrients in grains as an efficient delivery mechanism for those whose diets are 
deficient in several vitamins. Although Asc content in grains is typically low, it is present during 
grain development but undergoes progressive oxidation during late development and is largely 
present as DHA by maturity [65]. The relationship between increased DHAR expression and 
increased Asc content in cereals was first shown in developing maize grain [5]. This was followed by 
a combinatorial approach to increase the levels of Asc, folate and β-carotene in maize grain using a 
barley D-hordein promoter to drive expression of a rice DHAR and an E. coli GTP cyclohydrolase 
(folE) to increase the level of Asc and folate, respectively, and a wheat LMW glutenin promoter to 
drive expression of maize phytoene synthase (psy1) and the D-hordein promoter to drive expression 
of Pantoea ananatis carotene desaturase (crtI) in order to increase β-carotene content [7]. These 
transgenes resulted in a 6-fold increase in Asc, a 2-fold increase in folate, and a 169-fold increase in 
β-carotene [7], demonstrating that an increase in Asc content can be combined with increases in the 
level of other vitamins to improve substantially the nutritional value of a fundamentally important 
staple. Increasing Asc content in other important, non-grain foods has been reported. Expression of a 
potato cytosolic DHAR from the CaMV 35S promoter increased foliar Asc content by more than 
1.6-fold and in tubers by more than 1.2-fold which correlated with its expression where it is 
expressed higher in tubers than in leaves [66]. Expression of a chloroplast-localized potato DHAR 
increased foliar Asc content up to 1.5-fold but not in tubers which also correlated with its expression 
in leaves but a lack of expression in tubers [66]. Therefore, the strategy of increasing Asc content 
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through increased Asc recycling through chloroplast-targeting of DHAR expression is likely to be 
limited to photosynthetically active tissues whereas increasing Asc content in non-photosynthetic 
organs will likely require expression of a cytosolic isoform of DHAR. Supporting this conclusion 
were results from the expression of a sesame DHAR under the control of a patatin promoter in potato. 
Just as the patatin promoter is active in tubers but not in leaves, expression of the sesame DHAR 
increased Asc 1.1 to 1.3-fold in tubers but no increase was observed in leaves. In contrast, expression 
of sesame DHAR under the constitutively active CaMV 35S promoter increased Asc content in 
leaves by 1.5-fold and 1.6-fold in tubers [67]. Overexpressing a cytosolic tomato DHAR from a 
constitutive promoter in tomato (var. Micro-Tom) increased Asc content in mature green and red ripe 
fruit by 1.6-fold in plants grown under low light [48]. In this example, however, no increase in foliar 
Asc was observed. The increase in Asc and GSH observed during the initial phases of embryogeny in 
Norway spruce following overexpression of the class I homeobox of knox 3 gene, HBK3, was 
attributed to increased activities of DHAR, GR, and ascorbate free radical reductase [68], suggesting 
that DHAR may also contribute to regulating Asc content in gymnosperm species. 

4. Consequences of Increasing Asc Content in Plants 

4.1. Effects on Other Antioxidants and ROS-Detoxifying Enzymes 

As a major antioxidant in plants, changes in Asc content may well affect other antioxidant pools. 
Moreover, different approaches used for increasing Asc might be expected to affect specific 
antioxidants disproportionately. For example, increasing Asc by increasing biosynthetic activity 
would impact different antioxidant pools than would increasing Asc through improved Asc recycling 
which requires GSH and NADPH (or NADH) for the reduction of DHA or MDHA by DHAR or 
MDAR, respectively. Although most reports have observed increases in Asc content and/or in the 
Asc redox state following an increase in DHAR expression, the impact of this increase of DHAR 
activity on other antioxidants is less clear. Increases in GSH were observed in tobacco and maize 
expressing wheat DHAR with no change in glutathione reductase (GR), superoxide dismutase 
(SOD), APX, or CAT activities [5], suggesting coordinate regulation between DHAR and GSH. A 
similar increase in GSH content was reported for Arabidopsis overexpressing DHAR [62]. In 
contrast, expression of human DHAR in tobacco chloroplasts resulted in a reduction in GSH that was 
accompanied by a 1.43-fold increase in GR activity [59]. Whether this was a consequence of 
expression of DHAR in chloroplasts remains to be determined. 

4.2. Increasing Ascorbic Acid Improves Tolerance to Many Environmental Stresses 

Although oxygen is essential to plants, it can be highly damaging, particularly as singlet oxygen 
(1O2) or in its reactive forms such as the superoxide anion (O2

•−), hydroxyl radical (•OH), or 
hydrogen peroxide (H2O2). ROS are detoxified through the action of antioxidants such as Asc and 
GSH either directly or in reactions catalyzed by SOD, APX, and CAT [69,70]. Under conditions of 
excess light, O2

•− is produced during photosynthesis and is converted by SOD to H2O2 which is 
reduced to H2O by APX as one means to maintain electron flow through the photosystems [71]. 
Abiotic stresses such as cold, drought, or high light increase ROS production by creating conditions 
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of light stress at lower light levels. H2O2 rapidly inactivates APX if Asc is limiting [72] and inhibits 
CO2 assimilation by inhibiting several Calvin cycle enzymes [40]. ROS can invade a plant in the 
form of environmental pollutants, e.g., ozone [73,74], which damages cell membranes or induces 
programmed cell death [75–77]. As a defense mechanism, H2O2 produced from ozone functions as a 
signaling intermediate in guard cells to promote stomatal closure thus limiting ozone entry into the 
leaf interior [78,79]. 

As an antioxidant, Asc would be expected to affect tolerance to environmental stress. This was 
first demonstrated using vtc mutants of Arabidopsis in which their reduced Asc content correlated 
with a reduction in tolerance to environmental ROS. With 70%–75% less Asc, the vtc1 mutant is 
hypersensitive to ozone and sulfur dioxide [13,19,80] and contains a higher oxidative load relative to 
wild-type plants when exposed to stress conditions such as salt despite its increased GSH content [81]. 
The expression level of regulators of Asc biosynthesis can also affect the degree of ozone tolerance. 
Knockout mutants of AMR1 (for ascorbic acid mannose pathway regulator 1) resulted in up to 3-fold 
greater foliar Asc content in Arabidopsis and increased ozone tolerance [82]. In contrast, plants with 
increased expression of AMR1 through activation-tagging exhibited a 60% reduction in Asc and 
greater ozone sensitivity [82]. As AMR1 coordinately regulates transcript expression of six 
Smirnoff–Wheeler pathway enzyme genes to negatively regulate Asc biosynthesis, targeting 
regulators of biosynthetic pathways offers yet another promising approach to alter Asc content. In a 
second study, overexpression of the Arabidopsis ethylene response factor gene AtERF98 increased 
Asc content up to approximately 1.6-fold which was attributed primarily to an increase in the 
expression of genes in the Smirnoff–Wheeler pathway [83]. As AtERF98 binds to the promoter of 
VTC1, AtERF98 likely functions as a transcriptional activator of one or more genes in the 
Smirnoff–Wheeler pathway [83]. Increasing AtERF98 expression resulted in enhanced salt tolerance, 
demonstrating that increasing Asc biosynthesis improves tolerance to this abiotic stress [83]. 

That the endogenous level of apoplastic Asc is important in detoxifying ozone was shown in 
tobacco in which the level of apoplastic Asc was specifically altered [84]. Overexpressing an 
apoplastic-localized cucumber ascorbate oxidase (AO), which oxidizes apoplastic Asc, increased the 
ozone sensitivity of transgenic tobacco, correlating with the conversion of virtually all apoplastic 
Asc to DHA and depriving the apoplast of its ability to detoxify ozone entering the leaf interior [84]. 
A decrease in the cytosolic Asc redox state was also observed which would compromise the ability of 
a cell to detoxify ozone entering the cytosol. 

Increased sensitivity to ozone following a reduction in Asc recycling was observed following loss 
of cytosolic DHAR expression in the Arabidopsis AtDHAR3 mutant [58]. The lower redox state but 
not pool size of Asc in this mutant indicates that Asc recycling is important in preventing oxidative 
damage. Consistent with its role in ozone tolerance, AtDHAR3 expression is induced by ozone [58]. 

If decreasing Asc content reduces tolerance to environmental ROS, increasing Asc content would 
be predicted to have the opposite effect, a notion supported by several studies published to date. 
Increasing Asc content in tobacco by increasing DHAR expression increased the Asc content of the 
apoplast and symplast and thus increased tolerance to ozone by reducing the oxidative load of the 
plant (i.e., a lower level of foliar and apoplastic H2O2) which was accompanied by a lower induction 
of antioxidant-related enzyme activities, more chlorophyll, and a higher level of photosynthetic 
activity following ozone exposure [56]. This increase in tolerance occurred despite the guard cells 
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being less responsive to ozone as a consequence of their higher Asc content which reduces H2O2 
levels [73,85]. Thus, increasing Asc content throughout a plant reduces guard cell responsiveness 
which permits more ozone to enter the leaf interior. The increased ozone tolerance can be 
understood, however, by the increased ability of every cell to detoxify ozone invading the leaf 
interior. Consistent with these findings, increasing Asc content 2-fold in tobacco through the 
expression of a cytosolic Arabidopsis DHAR enhanced its tolerance to ozone as well as drought, salt, 
or polyethylene glycol [61]. 

Conversely, a reduction in Asc recycling through the suppression of DHAR expression increased 
the responsiveness of guard cells to ozone thereby limiting ozone diffusion into the leaf interior [56]. 
At the same time, however, the decrease in DHAR activity lowered the Asc content of leaf cells and 
thus reduced their ability to detoxify any ozone that did invade [56]. Thus, increasing Asc content 
provides greater protection against environmental oxidative damage without compromising 
photosynthetic activity than does increasing guard cell responsiveness through decreasing Asc which 
reduces ozone entry but also reduces photosynthetic activity. 

In addition to ozone, increasing Asc content provides greater tolerance to other environmental 
stresses. Arabidopsis with increased Asc content and redox state resulting from an increase in DHAR 
expression retained more Asc and chlorophyll with less membrane damage following exposure to 
high light and temperature or following treatment with paraquat [62]. Arabidopsis expressing a rice 
DHAR had greater tolerance to salt stress despite the small increases in DHAR activity and Asc 
achieved although no difference in cold tolerance was observed [63]. Although tobacco expressing a 
chloroplast-targeted human DHAR failed to increase Asc, it did increase the Asc redox state and the 
plants experienced less membrane damage following exposure to methyl viologen or H2O2 and had 
improved tolerance to low temperature and salt [60]. Combining expression of a chloroplast-localized 
DHAR with the expression of a chloroplast-localized CuZnSOD and APX increased the Asc and 
GSH redox states and the plants exhibited greater tolerance to paraquat and salt [86]. Greater tolerance 
to salt and cold was also observed in tobacco following the simultaneous expression of two pairs of 
chloroplast-localized enzymes, i.e., an E. coli GR with either an E. coli glutathione-S-transferase 
(GST) or a rice DHAR, that increased Asc and GSH content and their redox states [64]. 

Because fewer studies on increasing Asc through MDAR expression have been reported and those 
that have been carried out have observed smaller increases in Asc content, much less is known about 
the effects of MDAR-mediated increases in Asc on plant growth and plant responses. However, the 
results to date suggest that increasing Asc through MDAR expression has similar effects to those 
following an increase in DHAR expression. The slight increase in Asc content and decrease in DHA 
content that resulted in an approximate doubling of the Asc redox state in tomato seedlings 
overexpressing a chloroplast-targeted tomato MDAR resulted in a reduced oxidative load (as 
measured by H2O2), lower thiobarbituric acid reactive substance (TBARS) content (a measure of 
membrane damage), a higher net photosynthetic rate, higher maximal photochemical efficiency of 
PSII and greater fresh weight when subjected to low or high temperature stress [51]. Reducing Asc 
and its redox state through the suppression of MDAR expression resulted in largely opposite 
phenotypes [51]. In agreement with these results, greater tolerance to ozone, reduced H2O2 levels, 
and increased photosynthetic activity were observed in tobacco expressing an Arabidopsis MDAR 
following salt stress [50]. 
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ROS can also be generated during development. For example, H2O2 is produced in the 
peroxisome of oilseeds as a by-product of fatty acid β-oxidation during lipid catabolism that 
accompanies seedling growth [87,88]. Catalase in the peroxisomal matrix detoxifies H2O2 and a 
membrane-bound APX3 and MDAR4, encoded by SUGAR-DEPENDENT2 (SDP2), together 
detoxify H2O2 using Asc [87,89–91]. Loss of MDAR4 expression in the Arabidopsis sdp2 mutant is 
conditionally seedling-lethal as MDAR activity is needed to reduce leakage of H2O2 from peroxisomes 
that protects SDP1-encoded triacylglycerol (TAG) lipase activity and storage oil hydrolysis in the 
closely associated oil bodies during seedling growth [92]. Loss of MDAR4 activity results in 
inactivation of TAG lipase by H2O2 and a reduced ability to catabolize storage oil needed to support 
seedling growth [92]. Whether increasing Asc through increasing MDAR4 expression might improve 
seedling growth has not been examined. However, increasing APX3 expression increases tolerance 
against oxidative stress [93], suggesting an increase in Asc and the peroxisomal-associated APX3 
and MDAR4 that use and recycle Asc may improve seedling tolerance against oxidative stress. 

4.3. Increasing Ascorbic Acid Improves Tolerance to High Light 

As mentioned above, in addition to environmental sources, ROS is generated during exposure to 
high light. Excess light energy can generate triplet state chlorophyll (3Chl) which transfers its energy 
to ground-state O2 to produce 1O2. Photosystem over reduction also produces ROS such as O2

•− and  
H2O2 [94] which can damage proteins, membranes, and pigments of photosystem I (PSI) and 
photosystem II (PSII), resulting in the inactivation of reaction centers as well as compromise their 
repair [95,96]. An increase in DHAR expression in tobacco resulted in less photoinhibition following 
exposure to high light that was likely due to an increase in the foliar levels of xanthophyll pigments 
and chlorophyll as well as in the electron transport rate (ETR) and CO2 assimilation, particularly at 
high light intensities, while ROS were reduced [97]. Thus, an increase in Asc maintains 
photosynthetic functioning by limiting ROS-mediated damage. Conversely, reducing Asc through 
suppression of DHAR results in elevated ROS and photoinhibition that is accompanied by reductions 
in the quantum yield of PSII and ETR [97]. 

4.4. Increasing Ascorbic Acid Decreases Tolerance to Drought Stress 

While ROS are generally detrimental they also serve as important signaling cues about the 
external environment, e.g., the role of H2O2 in guard cells in regulating gas exchange and 
transpiration in response to water availability [98]. Abscisic acid (ABA) can promote H2O2 
production during periods of water limitation which signals for stomatal closure [99]. Although 
tobacco overexpressing DHAR grew normally under well-watered conditions, the higher Asc 
content in guard cells not only reduced their responsiveness to ozone but also their responsiveness to 
the onset of water stress which normally triggers stomatal closure to prevent further water loss [55]. 
The reduction in responsiveness can be understood through the role of Asc as a scavenger of H2O2 
and the balance between H2O2 production and Asc establishes whether H2O2 rises to a level that 
triggers stomatal closure. As a consequence, increasing Asc in DHAR-overexpressing tobacco 
maintains H2O2 at a lower level which delays stomatal closure upon onset of water stress, resulting in 
greater open stomatal area, increased transpiration and water loss, and ultimately decreased tolerance 
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to water stress [55]. Reducing Asc content through suppressing DHAR expression results in an 
elevated accumulation of H2O2 in guard cells and a greater degree of stomatal closure even under 
non-stress conditions [55]. This hyperresponsiveness enables such plants to reduce transpiration 
during drought conditions resulting in up to 30% less water loss [55]. Thus, increasing Asc content 
throughout a plant confers protection against environmental ROS while reducing drought tolerance 
whereas reducing Asc content reduces CO2 assimilation under normal growth conditions as a 
consequence of the reduction in the open stomatal area but also reduces water loss resulting in 
improved drought tolerance. A strategy to increase foliar Asc content while maintaining normal levels 
of Asc in guard cells may improve nutritional value and tolerance to environmental ROS without 
increasing sensitivity to drought conditions. 

4.5. Increasing Ascorbic Acid Prolongs Leaf Function 

Increasing Asc through increasing DHAR expression resulted in higher levels of ribulose 
bisphosphate carboxylase/oxygenase large subunit (RbcL), chlorophyll, and CO2 assimilation but 
this had no effect on plant growth under normal conditions [57]. In contrast, reducing Asc content 
through reduced biosynthesis resulted in slower shoot growth, smaller leaves, and reduced shoot 
fresh weight and dry weight [80] while plants with lower Asc content following suppression of 
DHAR expression exhibited a slower rate of leaf expansion, slower shoot growth, delayed flowering 
time, and reduced foliar dry weight [57]. These phenotypes correlated with reduced leaf function as 
measured by a disproportionate loss in chlorophyll a, a reduction in RbcL, and a lower rate of CO2 
assimilation [57]. The lower rate of CO2 assimilation was not due to a limitation in CO2 diffusion 
into DHAR-suppressed leaves as the sub-stomatal CO2 concentration was actually higher [57]. 
Rather, the reduced growth likely resulted from a premature loss of leaf function and early onset of 
senescence in mature leaves that may have reduced photosynthate available to young leaves. 

4.6. Increasing Ascorbic Acid Can Alter Pathogen Defense Responses 

The role of Asc in pathogen defense has received only limited attention. In an early study, the 
reduced Asc content of Arabidopsis vtc1 or vtc2 mutants resulted in reduced growth of the bacterial 
pathogen Pseudomonas syringae pv maculicola ES4326 and hyphal growth of the fungal pathogen 
Peronospora parasitica pv Noco [100]. The reduction in growth of P. syringae in vtc1 plants 
correlated with a greater induction of the pathogenesis-related proteins PR-1 and PR-5, increased 
expression from some senescence-associated gene (SAG) genes and higher levels of salicylic acid. 
The reduced Asc content in these mutants resulted in the premature senescence of uninfected plants 
with an accompanying increase in salicylic acid [100]. These observations suggest that reducing Asc 
content predisposed Arabidopsis to induce defense responses faster upon pathogen attack. Whether 
an increase in Asc content would have had the opposite effect on these pathogens was not examined 
in this study. Quite different results were observed in a more recent study that also employed the 
same mutants. In this study, Arabidopsis vtc1 and vtc2 were more susceptible to the pathogenic 
ascomycete Alternaria brassicicola and Asc strongly inhibited growth of fungal cultures [101]. Asc 
levels decreased following A. brassicicola infection with an increase in DHA, suggesting that Asc is 
being consumed during infection [101]. Given the limited number of studies focusing on the 
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relationship between Asc content and pathogen defense, it is not possible at this point to conclude 
how increasing Asc content will affect defense responses. These two studies do suggest, however, 
that changes in Asc content may affect defense responses in a very pathogen-specific manner. 

4.7. Increasing Ascorbic Acid Induces Twinning 

In addition to being an antioxidant, Asc regulates the cell cycle by promoting G1 to S progression 
of cells, e.g., in the quiescent center of onion roots [102–106]. Repression of L-galactono-1,4-lactone 
dehydrogenase (GalLDH) expression in tobacco BY-2 cell lines resulted in 30% less Asc and a 
reduction in the rate of cell division and growth [107]. The ability of Asc to promote cell division had 
dramatic consequences when its level was elevated during early embryo development. Embryo 
development initiates with a transverse zygotic division to produce an apical, proembryo cell and a 
basal cell that gives rise to the suspensor and in most species, a single embryo develops in each seed. 
Increasing Asc content in tobacco by increasing DHAR expression, however, resulted in 
monozygotic twinning and polycotyly [108]. The twin zygotes resulted from a longitudinal instead 
of transverse cell division and these twin zygotes developed into embryos of equal size. Direct 
injection of Asc into tobacco ovaries was sufficient to induce twinning but only if delivered within 
the first two days after pollination during which the zygote undergoes its first division. The twinning 
can be understood as an Asc-induced alteration in the normal transverse division of the zygote that 
results in a loss of the positional cues needed for the normal differentiation of the apical cell into the 
embryo and the basal cell into the suspensor. 

Polycotyly (i.e., the development of more than two cotelydons) was also induced by Asc, either 
following an increase in DHAR expression or when Asc was injected at the globular stage of embryo 
development prior to the initiation of cotyledon development [108]. As in zygotic division, an  
Asc-induced alteration in cell division during the specification of cotyledon-forming fields likely  
is responsible for the observed polycotyly. Although Asc likely affects cell division in other  
tissues [102–106], the lack of a readily observable phenotype may make the effect of increased Asc 
content in other aspects of plant development less apparent. 

5. Conclusions 

From its role as an antioxidant essential for photosynthesis and for detoxifying ROS from 
endogenous and exogenous sources, to its role in regulating cell division and flowering, to its 
function as a co-factor in multiple enzymatic reactions, ascorbic acid has fundamentally enabled the 
colonization of land by plant species. This is likely due to the challenge that the rise in atmospheric 
oxygen during Earth’s past presented to multicellular organisms, which required limiting the harmful 
consequences of increased exposure to oxygen that a land-based existence entails. Vitamin C is 
critical to plants as it is unlikely they could tolerate a single day of exposure to sunlight without 
ascorbic acid detoxifying the ROS generated by photosynthetic activity. In contrast, animals unable 
to synthesize ascorbic acid, such as humans, can survive the absence of the vitamin for weeks or even 
months before succumbing to disease and death. Despite the importance of its role in detoxifying 
ROS, ascorbic acid’s functions are now so integrated into plant growth and development that its 
importance cannot be underestimated. Because of the complexity of its many roles, any attempts to 
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engineer changes in ascorbic acid content in plants that improves one aspect, such as nutritional 
content, will require close examination of how such changes impact the overall health and 
performance of the plant under field conditions. In addition to the engineering approaches described 
above, genetic diversity within plants offers another means to increase Asc content through standard 
breeding approaches [109], although whether changes in Asc content through these means may limit 
any deleterious effects on plant growth and development is unknown at this time. The most 
successful strategies will undoubtedly involve highly targeted approaches to alter ascorbic acid 
content in specific cell types or tissues to achieve a desired end while limiting possible unintended 
consequences in other aspects of growth, development, and responses to biotic and abiotic stresses. 
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