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A B S T R A C T   

Vitamin C is unbeatable - at least when it comes to sales. Of all the vitamin preparations, those containing vitamin C sell best. This is surprising because vitamin C 
deficiency is extremely rare. Nevertheless, there is still controversy about whether the additional intake of vitamin C supplements is essential for our health. In this 
context, the possible additional benefit is in most cases merely reduced to the known effect as an antioxidant. However, new findings in recent years on the 
mechanisms of oxygen-sensing and epigenetic control underpin the multifaceted role of vitamin C in a biological context and have therefore renewed interest in it. In 
the present article, therefore, known facts are linked to these new key data. In addition, available clinical data on vitamin C use of cancer therapy are summarized.   

1. Introduction 

The terminus vitamin is commonly used to describe organic mole
cules, or their derivatives, that are essential for the proper life and 
functioning of an organism. Such essential molecules cannot be syn
thesized by the organism itself, or not in sufficient quantity, and need 
therefore to be ingested via the diet. In humans, a general distinction is 
made between the group of fat-soluble and water-soluble vitamins. 

With the term vitamin C we refer commonly to a water-soluble 
organic compound known as ascorbic acid (IUPAC name; (5 R)-5- 
[(1S)-1,2-Dihydroxyethyl]-3,4-dihydroxyfuran-2(5H)-one) or its 
oxidized form dehydro ascorbic acid (DHA). When the term vitamin C or 
ascorbic acid is used, it usually refers to only one of four stereoisomers, 
namely L-(+)-ascorbic acid, since only this isomer possesses the bio
logical activity typical of vitamin C. 

In humans both ascorbic acid and its oxidized form DHA are co
factors for many biochemical reactions which it plays the role of an 
electron donor. Due to its “a-scorbic” or anti-scurvy activity, it is well 
known to be necessary for formation of connective tissue (collagen), 
bones, skin, gums, and teeth where vitamin C is an important cofactor 
for hydroxylation of prolyl and lysyl residues in collagen. Vitamin C also 
contributes to the normal functioning of cholesterol metabolism, the 
synthesis of carnitine, and hydroxylation of steroids [1]. In addition, it is 
required for the synthesis of serotonin, and conversion of dopamine to 
norepinephrine, making it contributing to the reduction of fatigue and 
exhaustion, and to normal mental function. Further, vitamin C improves 
ingestion of iron especially from plant foods and appears to contribute to 
improve the immune system after heavy exercise. 

Through its electron-transferring action, vitamin C first became 
famous as an antioxidant. In the meantime, it is known that very high 

pharmacological doses of vitamin C also seem to have a prooxidative 
effect. As an antioxidant vitamin C can scavenge free radicals such as 
reactive oxygen species (ROS) and reactive nitrogen species (RNS). 
Accordingly, vitamin C is considered one of the most important anti
oxidants in plants and animals. In addition to direct ROS neutralization, 
ascorbic acid is crucial for regeneration of other antioxidant food sub
stances, e.g., vitamin E. This makes vitamin C an important redox node, 
particularly in conjunction with glutathione [2]. In line with its anti
oxidant capabilities, vitamin C has also been demonstrated to influence 
important intracellular signal transduction pathways. Thereby, vitamin 
C appears to be an important cofactor for enzymes that regulate the 
activity of transcription factors such as hypoxia-inducible factor-1α 
(HIF-1α) or nuclear factor kappa-light-chain-enhancer of activated B 
cells (NF-κB) that are activated in the context of physiological or path
ological environmental conditions such as oxygen deprivation or 
inflammation [3]. Recent evidence also indicates that vitamin C can 
influence the epigenetic program of cells by participating in enzyme 
reactions that modify histone and DNA methylation patterns in response 
to external influences such as stress, disease, or diet. 

Therefore, the aim of this review is to shed light on the role of 
vitamin C in the context of human nutrition and its molecular aspects up 
to gene regulation and epigenetics. 

2. Discovery 

In the 16th to 19th centuries, scurvy (latin, scorbutus) was a 
dangerous disease that occurred primarily in sailors who were at sea for 
months at a time and whose diet did not contain fresh fruits and vege
tables. In 1747, James Lind conducted an experiment to treat scurvy 
with lemon and orange, which is considered the first clinical trial in 
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history [4]. Later, citrus juice was used by British sailors to avoid scurvy. 
In 1907, Holt and Frølich made a major advance by successfully 

producing scurvy in guinea pigs [5]. As a result, the guinea pig became a 
common animal model in scurvy research. Using the guinea pig model, it 
was found that the cause of scurvy was a deficiency of a “vitamin” [6]. 
The corresponding causal vitaminic agent was first isolated in 1927 and 
named “hexuronic acid” by Albert Szent-Györgyi [7,8]. The actual 
structure of “hexuronic acid” was then presented by Norman Haworth in 
1933. Alluding to the antiscorbutic properties of the compound, 
Haworth and Szent-Györgyi proposed renaming it into “a-scorbic acid” 
and later more specifically to L-ascorbic acid. For their research on 
vitamin C, Haworth and Szent-Györgyi received the Nobel Prize in 
Chemistry and in Medicine or Physiology in 1937, respectively. 

3. Synthesis 

The chemical synthesis of ascorbic acid from glucose was successful 
for the first time in 1933. In this process, D(+)-glucose is first reduced to 
sorbitol and then oxidized in bacteria, e.g., Acetobacter suboxidans, to L 

(− )-sorbose. The latter is further oxidized to diacetone-L-sorbose with 
the addition of acetone. After the subsequent cleavage of the acetone, 2- 
keto-L-gulonic acid is formed from which ascorbic acid is generated after 
cleavage with water. With some minor modifications the same method 
has been used to produce vitamin C on an industrial scale for several 
decades [9]. Recently, the production of vitamin C by one-step 
fermentation with the help of genetically modified organisms has 
become attractive due to its simplification [10,11]. 

The biosynthetic pathways contributing to ascorbate biosynthesis in 
plants, animals, photosynthetic protists and fungi have been extensively 
reviewed elsewhere [12–15]. As plants are the major vitamin C source 
for humans its synthesis is briefly reflected below. 

Plant vitamin C biosynthesis occurs enzymatically by using D- 
mannose and L-galactose also called the Smirnoff-Wheeler pathway [14, 
16,17]. The pathway starts by converting glucose into D-glucose-6-
phosphate into GDP-D-mannose through the reaction of hexose phos
phate isomerase, phospho-mannose isomerase, phospho-mannose 
mutase, and GDP-D-mannose phosphorylase. GDP-D-mannose is trans
formed into GDP-L-galactose by GDP-mannose-3′,5′-epimerase. 

Thereafter, the sequential action of GDP-L-galactose phosphorylase, 
L-galactose-1-phosphate phosphatase, L-galactose dehydrogenase, and 
finally L-galactono-1,4-lactone dehydrogenase led to formation of 
ascorbic acid. Interestingly, the GDP-mannose 3′,5′-epimerase also cat
alyzes a reaction converting GDP-D-mannose into GDP-L-gulose, making 
a branch of L-ascorbic acid synthesis in plants by using L-gulose as in
termediate [18]. Ascorbic acid can also be synthesized from D-gal
acturonic acid in rotten strawberry with D-galacturonate reductase as 
the key step [19]. 

In plants and other photosynthesizing organisms, ascorbate’s major 
role is to protect photosynthetic cells against ROS derived from the 
chloroplasts [20]. 

While primates (including humans), guinea pigs and teleost fishes, as 
well as some families in the orders of fruit bats and passerine birds, are 
not capable of biosynthesizing ascorbic acid, those vertebrates that 
produce ascorbic acid, do it mostly in liver and kidney. Thereby the 
synthesis of ascorbic acid starts with the oxidation of UDP-D-glucose to 
UDP-D-glucuronic acid by the enzyme UDP-glucose dehydrogenase. The 
oxidizing agent in this process is NAD+. After hydrolytic cleavage of 
UDP, D-glucuronic acid is formed, which is converted to L-gulonic acid 
by regioselective reduction by glucuronate reductase and NADPH+H+. 
Lactonization, i.e., formation of L-gulano-1,4-lacton is achieved by 
gluconolactonase. Thereafter, L-gulonolactone oxidase in the presence of 
oxygen and FAD as a cofactor performs a selective oxidation and forms 
H2O2 and 2-keto-L-gulonlacton that spontaneously isomerizes to L- 
ascorbic acid [21]. 

In all animals whose lives depend on exogenous vitamin C supple
mentation, expression of the GULO gene encoding L-gulonolactone oxi
dase is lost due to several loss-of-function mutations. To date, there is no 
satisfactory evolutionary explanation for the apparently random loss of 
vitamin C synthesizing ability. However, several hypotheses exist which 
try to explain the evolutionary lack of ascorbate synthesis with benefits 
to these species [22–24]. Although no clear evidence has been pre
sented, one sensible explanation could be that lack of GULO activity 
reduces formation of H2O2 and other subsequently formed ROS that 
could harm the organism. At the same time, the GULO lack would in
crease the pool of available UDP-D-glucuronic acid that serves as a 
precursor in proteoglycan formation and glucuronidation reactions that 

Fig. 1. Cellular uptake and use of ascorbate. Ascor
bate (Asc) is taken up by human cells with the help of 
the sodium-dependent vitamin C transporters SVCT1 
and SVCT2. Dehydroascorbate (DHA) can be trans
ported by different glucose (GLUT) transporters 
depending on cell type. Within cells ascorbate can 
serve as antioxidant, as enzyme substrate in reactions 
generating peptides and hormones such as dopamine. 
As cosubstrate in 2-oxoglutarate-dependent dioxyge
nase (2ODDs) reactions it takes part in ECM regula
tion via e.g., collagen synthesis as well as gene 
regulation by modulating HIF prolyl hydroxylases 
and histone demethylases. DHA catabolism can, via 
the pentose phosphate pathway, contribute to nucle
otide synthesis by generating xylulose 5-phosphate. 
(See text for details).   
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eliminate lipophilic xeno- and endobiotics [12]. Another loss of vitamin 
C synthesis could have been caused by genetic drift, in which mutations 
in the GULO gene were passed on because they were overlooked during 
natural selection. Interestingly, the animals that lack the ability to 
synthesize vitamin C are phylogenetically unrelated, suggesting that no 
changes in human lifestyle (e.g., long voyages at sea) made it a vitamin, 
but rather that species-independent mutations occurred that all resulted 
in the same phenotype. This was apparently favoured by the fact that the 
diet of the species in question was rich in vitamin C for a long time, 
which compensated for the enzyme loss [25,26]. 

4. Absorption, transport, metabolism 

Vitamin C is ingested in jejunum and ileum. Human cells seem to 
store and to reabsorb vitamin C to a certain extent, so that the body’s 
own reserves are sufficient for about 2–6 weeks. In the blood, about 24% 
of vitamin C is bound to protein. 

The uptake of ascorbate into the interior of human cells occurs along 
with two sodium ions each by the sodium-dependent vitamin C trans
porters SVCT1 and SVCT2 [27–29], respectively (Fig. 1). Both SVCT1 
and SVCT2 seem to transport only ascorbate [30,31], and differ in their 
affinity and capacity towards ascorbate. Thereby, SVCT1 seems to 
represent a high-capacity system with low affinity whereas SVCT2 is a 
low-capacity transporter with high affinity [30,31]. 

The main excretion of ascorbate occurs via the kidney through the 
urine. Again, SVCT1 appears to be crucial in excretion and reabsorption 
as knockout of the SVCT1 encoding Slc23a1 gene in mice causes loss of 
about 70% ascorbate in tissues via urinary elimination [32]. Interest
ingly, mice lacking SVCT2 died almost immediately after birth due to 
brain hemorrhage [33]] suggesting SCVT2 being important for brain 
ascorbate supply and vascular development. However, genome wide 
association studies with single nucleotide polymorphisms in the human 
SLC23A1 and SLC23A2 genes did neither reveal clinical significant 
disease associations nor alterations in the vitamin C status [34]. 

In contrast to ascorbate, the oxidized derivative DHA appears to be 
transported by glucose transporters GLUT2 and GLUT8 from intestine 
into blood [35], and by GLUT-1, GLUT-3, and GLUT-4 [28,36] from 
blood to tissues as intestinal cells do not express these transporters. 
During this process, excess glucose can competitively prevent the uptake 
of DHA. Within cells, ascorbate is quickly regenerated from DHA with 
the help of glutathione and NADPH [12]. This process both maintains a 
substantial DHA gradient for GLUTs and generates a compound that is 
no longer a GLUT substrate [28]. Although many details about the 
involvement of GLUTs in DHA transport are lacking, their role may 
contribute to a “bystander effect” in which extracellular DHA can be 
taken up instead of ascorbate when the latter has been oxidized, e.g., by 
superoxide released from neighboring cells in an oxidative burst [37]. In 
addition, at physiological conditions DHA undergoes rapidly hydrolysis 
into 2,3-diketo-gulono acid that has a half-life of 6–7 min and gives rise 
to the formation of L-xylonate and L-lyxonate or L-erythrulose and oxa
late. While L-xylonate and L-lyxonate can enter the pentose phosphate 

pathway, L-erythrulose is supposed to participate in glycation of lens 
proteins [38,39] whereas oxalate is eliminated via the urine. Interest
ingly, when humans where injected with labeled ascorbate, oxalate 
appeared to be the major urinary metabolite (~44%), followed by 2, 
3–diketo-gulono acid (~20%), ascorbate (~20%), and DHA (<2%) [40] 
which led to the suggestion that oxalate may have potential to crystallize 
as calcium oxalate in kidneys and urine of susceptible people [41]. 

5. Nutrition facts 

The recommended intake of vitamin C depends on age and, from 
puberty onwards, also on gender. For infants and children under 4 years 
of age, the recommended intake is 20 mg per day, for 13- to 15-year-olds 
85 mg per day. In male 15- to 25-year-olds, the recommended daily 
intake is 105 mg, and in females 90 mg. In later adult life (25 to < 51 
years) the recommended daily vitamin C intake is 95 mg (women) and 
110 mg (men). From the fourth month onwards, pregnant women 
should have a daily intake of 105 mg, and breastfeeding women a daily 
intake of 125 mg of vitamin C. Due to increased cigarette smoking 
caused formation of free radicals, female smokers are recommended to 
take 135 mg per day and male smokers 155 mg per day [42]. 

Foods containing vitamin C are mainly fruits and vegetables and 
their juices or smoothies. Good sources of vitamin C are, for example, 
sweet peppers, black currants, sea buckthorn, parsley, kale, broccoli, 
fennel, citrus fruits, rose hips or garden cress [43]. 

In the food industry, ascorbic acid is used as antioxidant and color 
stabilizer in canned fruit and vegetables, frozen or dried potato prod
ucts, fruit juices and nectars, jams, meat, sausage, and fish products, as 
well as bread and baking mixes. For example, apple juice should not turn 
brown, and sausage should remain beautifully red. Furthermore, 
ascorbic acid inhibits the formation of nitrosamines in cured products 
and improves the dough properties of flours [44]. 

The vitamin C content of foods varies depending on several factors. 
For example, the time of harvest, transport, type and duration of storage, 
and preparation in the kitchen are decisive factors. Improper storage (e. 
g., air) as well as processing in the kitchen (e.g., leaching by water) can 
lead to high vitamin C losses. Likewise, enzymatic processes in fruits and 
vegetables can reduce vitamin C content. Blanching (brief boiling in 
water) counteracts enzymatic vitamin C loss [44]. 

In industrialized countries, vitamin C deficiency practically does no 
longer occur. Classic clinical vitamin C deficiency states are Moeller- 
Barlow disease in infants and scurvy in adults (in the past described as 
"sailor’s disease”). In these cases, bone formation and growth are 
disturbed in the infant and child. In later stages of life, symptoms include 
tooth loss, joint pain, infections, poor wound healing, and bleeding 
tendencies in skin, muscles, internal organs, and mucous membranes. 
These disorders occur in adults only in the event of a permanent lack of 
vitamin C intake. Already daily provision of 10 mg vitamin C prevents 
scurvy [42,44,45]. 

No hypervitaminoses are known for vitamin C. Extremely high doses 
(from 3 to 4 g per day) can lead to gastrointestinal complaints (e.g., 

Fig. 2. The three vitamin C redox states. At physiological pH vitamin C exists as ascorbate anion in its fully reduced form. Donation of an electron yields SDA•
(semidehydroascorbate) which represents the monooxidized radical form; donation of another electron generates DHA (dehydroascorbate), the fully oxidized form). 
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diarrhea). There are some types of people who are at increased risk for 
harmful vitamin C side effects. These include persons with kidney 
damage, persons with a predisposition to urinary or kidney stones, 
G6PDH deficiency, or with disorders in the utilization of dietary iron 
(hemochromatosis, hemosiderosis, thalassaemia major). However, even 
for them an intake of up to 1 g per day can be tolerated without harmful 
side effects [46–48]. 

6. Ascorbate and reactive oxygen species (ROS) 

With two pKa’s, at 4.25 and 11.6 [49], ascorbic acid is strongly acidic 
and therefore exists under physiological pH conditions as ascorbate 
anion. The protons are released at the two OH groups of the ring system, 
with the hydroxyl group at the third carbon atom of the ring releasing its 
proton more easily than the neighboring hydroxyl group at the second 
carbon atom. 

Ascorbate is able to neutralize/reduce free radicals which frequently 
occurs in a process where ascorbate donates first an electron to reduce 
the radical and becomes itself oxidized to an ascorbyl radical (mono- or 
semidehydroascorbate; SDA); e.g., 2 L-ascorbate + H2O2 + 2 H+ → 2 
SDA• + 2H2O, or 2 L-ascorbate + an oxidized electron carrier + 2 H+ → 
2 SDA• + a reduced two electron carrier. 

Then, when SDA is donating an electron again, DHA is formed [50] 
(Fig. 2). Further, it is also possible for two ascorbyl radical molecules to 
disproportionate into ascorbic acid and DHA. Overall, vitamin C is 
supposed to contribute to up to 30% of the “total antioxidant power” in 
blood [51] (see Fig. 3). 

Despite its ability to reduce radicals, ascorbate can be also a pro- 
oxidant. This occurs usually in a very slow autooxidative process of 
ascorbate at neutral pH, or in a rapid process catalyzed by metals [52]. 
In either case, oxidation of ascorbate forms H2O2, which can affect cells 
by altering their intracellular redox homeostasis [49,52]. The respective 
effect of acting as a reducing or oxidizing factor is dependent on the 
vitamin C concentration in plasma. 

Physiological concentrations of ascorbic acid have mainly antioxi
dant effects, while very high concentrations are associated with proox
idant actions [49]. 

7. Enzymes using ascorbate as substrate 

Although ascorbate’s role today is more associated with its proper 
role as an antioxidant, it participates at the same time with this role in 
enzyme reactions. In this context, reactions in which ascorbate, semi
dehydroascorbate, or DHA itself act as substrates (Table 1) can be 
distinguished from those in which ascorbate is an essential cofactor. 

The mechanisms and enzymes used to reconstitute ascorbate from 
semidehydroascorbate, or DHA appear to depend on the cell type, and 
the cellular compartment. Enzymes such as the outer mitochondrial 
membrane located NADH-cytochrome b5 reductase (EC 1.6.2.2) or 
cytoplasmic thioredoxin reductase (EC 1.8.1.9.) are able to convert 
semidehydroascorbate back to ascorbate in one-electron donating steps 
[53,54]. Likewise, DHA can be reduced back to ascorbate in 
two-electron donating steps by various enzymes such as glutaredoxin-1 
(EC 1.8.5.1), protein disulfide isomerase (EC 5.3.4.1) [55,56], omega 
class glutathione transferase (EC 2.5.1.18) [57,58], 3α-hydroxysteroid 
dehydrogenase (EC 1.1.1.213) [57], or NADPH thioredoxin reductase 
(EC 1.8.1.9) [59]. Other enzymes where ascorbate or its derivatives are 
used as a substrate are monodehydroascorbate reductase (NADH) (EC 
1.6.5.4) [60], glutathione dehydrogenase (ascorbate) (EC 1.8.5.1), 
L-ascorbate oxidase (EC 1.10.3.3), and transmembrane ascorbate fer
rireductase (EC 7.2.1.3) as well as spontaneous reaction with GSH 
[61–63]. 

In addition to the above-mentioned reactions, which are mainly 
recycling ascorbate, ascorbate also participates as substrate in several 
other reactions that are important for human life (Table 1). 

For example, ascorbate functions as a physiological reductant for the 
Cu2+-dependent dopamine β-hydroxylase- (1.14.17.1 dopamine beta- 
monooxygenase) enzyme. The enzyme, that is mainly found in the 
chromaffin granules of the adrenal medulla, generates norepinephrine 
from dopamine. In the reaction, one oxygen atom from molecular O2 is 
added to the beta-carbon in dopamine, and the second oxygen atom goes 
into water. The required two electrons are provided by two ascorbates 
that become oxidized to SDA• [64,65]. 

Likewise, the peptidyl glycine α-amidating monooxygenase 
(EC1.14.17.3 peptidylglycine monooxygenase) is also a Cu2+-depen
dent monooxygenase that resides in the pituitary glands. The enzyme 
catalyzes the amidation of carboxyl-terminal glycine residues in various 
peptides of which the best substrates are peptidylglycines with a neutral 
amino acid residue at the penultimate position. To execute its function, 
the enzyme requires high concentrations of ascorbate. The product of 
the reaction undergoes immediate peptidylamidoglycolate lyase (EC 
4.3.2.5) catalyzed dismutation into the corresponding desglycine pep
tide amide and glyoxylate. In mammals, the two activities of 
EC1.14.17.3 and EC 4.3.2.5 reside in a bifunctional protein that also 
participates in alpha-melanotropin synthesis [66,67]. 

Fig. 3. Scheme of myeloperoxidase (MPO) reaction cycles. In the halogenation 
cycle NADPH oxidase derived H2O2 oxidizes MPO to generate MPO-I. MPO-I in 
turn will be reduced by the electrons from the halides that are at the same time 
converted into hypohalous acids, e.g., hypochlorous acid. In addition to halides, 
the MPO-I compound also oxidizes nitrite (NO2

− ), nitric oxide (NO), thiocyanate 
(SCN-). In the peroxidase cycle MPO-I undergoes two subsequent one-electron 
reductions in order to regenerate the native ferric enzyme; vitamin C, i.e., 
ascorbate among others can act as electron donor. For further details see text. 

Table 1 
Human enzymes using ascorbate derivatives as substrate.  

EC 
number 

Enzyme name Reaction 

1.6.5.4 monodehydroascorbate 
reductase (NADH) 

NADH + H+ + 2 SDA• → NAD+ + 2 
ascorbate 

1.8.5.1 glutathione dehydrogenase 
(ascorbate) 

2 glutathione + dehydroascorbate → 
glutathione disulfide + ascorbate 

1.11.2.2 Myeloperoxidase Halogenation: Cl- + H2O2 + H+ → 
HOCl + H2O 
Peroxidase: H2O2 + 2AH2 (ascorbate) 
→ 2SDA• + 2H2O 

1.14.17.1 dopamine beta- 
monooxygenase 

Dopamine + 2 ascorbate + O2 → 
noradrenaline + 2 SDA• + H2O 

1.14.17.3 peptidylglycine 
monooxygenase 

[peptide]-glycine + 2 ascorbate + O2 

→ [peptide]-(2S)-2-hydroxyglycine +
2 SDA• + H2O 

7.2.1.3 ascorbate ferrireductase 
(transmembrane) 

Ascorbate [side 1] + Fe(III) [side 2] → 
SDA• [side 1] + Fe(II) [side 2]  
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Another enzyme of importance is the myeloperoxidase (MPO; EC 
1.11.2.2) which belongs to the family of mammalian heme peroxidases. 
It is a calcium containing complex that exists as heterotetramer cova
lently bound to heme; the tetramer is composed of two light chains and 
two heavy chains. 

MPO is expressed in neutrophil granulocytes, monocytes, various 
tissue macrophages such as Kupffer cells and cells of microglia, and in 
Alzheimer’s patients also in neurons [68]. In neutrophil granulocytes 
and monocytes, MPO is found in azurophilic granules where it can ac
count for about five percent of the total cell protein. After phagocyte 
activation, i.e., the oxidative burst, MPO is secreted into phagolysosomal 
compartments and then into the extracellular space where the absorp
tion properties of MPO contribute significantly to the greenish-yellow 
color of the pus. Hence, MPO activity is linked with various inflamma
tory conditions such as oxLDL formation, cardiovascular disease and 
atherosclerosis as well as thyroiditis [69–77]. 

MPO is unusual as it oxidizes several substrates by various mecha
nisms [78] that involve formation of at least two, sometimes three 
intermediary compounds (MPO-I, MPO-II, and MPO-III). It catalyzes 
generation of hypochlorous-, hypobromous, or hypoiodous acid from 
chloride, bromide or iodine in the presence of H2O2 [79]. The H2O2 for 
the MPO reaction is generated by dismutation of superoxide (O2•-) that 
is formed during the oxidative burst by the concurrently activated 
NADPH-oxidase (NOX). In the so-called halogenation reaction, MPO 
becomes first “oxidized/activated” by H2O2 and forms MPO-I, i.e., the 
initial Fe3+ in the heme is converted into a oxoiron(IV) species and a 
porphyrin radical-cation. A following two-electron reduction of MPO-I 
by halides will result in the production of the afore mentioned hypoh
alous acids and reconstitution of the resting ferric state in MPO. In 
addition to halides, the MPO-I compound also oxidizes nitrite (NO2

− ), 
nitric oxide (NO), thiocyanate (SCN-), and tyrosine [75,76,80]. Further, 
MPO-I can act as a classical peroxidase [78] where a first one-electron 
reaction reduces MPO-I to MPO-II, which is reduced in a second reac
tion again donating one-electron. As a result, the native ferric enzyme is 
regenerated. Each step in the reaction is accompanied by the release of a 
substrate radical. In addition to ascorbate, substrates for peroxidation 
may include serotonin, tyrosine, and exogenous aromatic amines and 
phenols [80–83]. Moreover, superoxide formed during the oxidative 
burst may give rise to generation of MPO-III; a complex of 
ferrous-dioxygen in resonance with ferric superoxide [68,84].  

Overall, it catalyzes the reaction: Cl− + H2O2 + H+ → HOCl + H2O in the 
halogenation cycle and as a peroxidase it can catalyze: H2O2 + 2AH2 (ascor
bate) → 2SDA• + 2H2O                                                                         

8. 2-Oxoglutarate-dependent dioxygenases (2ODDs) 

The initial understanding of ascorbate function in humans stems 
from the various symptoms of scurvy associated with a deficiency of 
collagen. Collagens constitute the major components of the extracellular 
matrix (ECM). From the 28 currently known collagens, type I collagen 
appears to be the major structural protein of the interstitial matrix, 
whereas type IV predominates in basal membranes [85]. 

Although several posttranslational modifications contribute to the 
assembly of collagen molecules, its proper formation is strictly depen
dent on the collagen prolyl-4-, and prolyl-3-hydroxylases as well as lysyl 
hydroxylases 1 and -2 which are located in the lumen of the endoplasmic 
reticulum [86–88]. The resulting hydroxyprolines function to form 
hydrogen bonds between adjacent collagen polypeptide chains which 
strengthens the triple helical collagen molecule, while hydroxylysines 
are the prerequisite for covalent cross-links between collagen molecules. 
Subsequent studies then revealed that the hydroxylases belong to the 
group of Fe2+-2-oxoglutarate-dependent dioxygenases (2ODDs) [89, 
90]. Importance of this enzyme family is underlined by the fact that it is 

closely linked to intermediary metabolism as 2-oxoglutarate, that is 
equivalent to α-ketoglutarate, is a key intermediate in the tricarboxylic 
acid (TCA)/citric acid/Krebs cycle, where it is formed from isocitrate 
and gives rise to generation of succinyl CoA. 

In addition to collagen, the members of this dioxygenase family have 
manifold substrates including, but not limited to, e.g., DNA, RNA, and 
fatty acids. In humans ~70 family members having different subcellular 
locations are known [91–93]. Apart from the different substrates, they 
all require divalent non-heme iron (Fe2+) and use oxygen (O2) and 
2-oxoglutarate as co-substrates as well as ascorbate as cofactor. In the 
overall reaction, these enzymes incorporate one oxygen atom from O2 
into the product while the other helps to form succinate that is released 
together with CO2 (Fig. 4).  

Substrate + 2-oxoglutarate + O2 → Hydroxyl-substrate + succinate + CO2    

Although the general chemical mechanism of 2ODD reactions in 
terms of hydroxylation is quite well understood, several mechanistic 
details with respect to complex kinetics and dynamics in the entire world 
of 2ODDs are still to be discovered (please see several excellent recent 

Fig. 4. Role of ascorbate in 2-oxoglutarate-dependent dioxygenase (2ODDs) 
reactions along with functional consequences mediated by key 2ODD family 
members. The various 2ODDs have multiple different substrates but all require 
divalent non-heme iron (Fe2+) and use oxygen (O2) and 2-oxoglutarate (2-OG) 
also known as α-ketoglutarate (α-KG) as co-substrates as well as ascorbate as 
cofactor. In the overall reaction, these enzymes incorporate one oxygen atom 
from O2 into the product while the other helps to form succinate that is released 
together with CO2. Note, the hydroxymethyl group generated during oxidative 
demethylation is spontaneously converted into formaldehyde to liberate the 
methyl carbon group (not shown). P4HAs, Procollagen prolyl 4-hydroxylase 
alpha subunits; PLODs (Procollagen-Lysine, 2-Oxoglutarate 5-Dioxygenases); 
HIF-PHDs, HIF-prolyl hydroxylases; FIH, Factor inhibiting HIF; TETs, ten- 
eleven translocation proteins; JHDMs, Jumonji-C domain-containing histone 
demethylases; ALKHs, mammalian AlkB homologs of DNA oxidative demethy
lases. For further details see text. 
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reviews [91,92,94–97]. 
The consensus catalytic mechanism of 2ODDs appears to occur in an 

ordered sequence. Although the processes by which divalent iron is 
incorporated to the active site of the 2ODDs are not well understood, 
Fe2+ coordinates 2-oxoglutarate binding in the first reaction step. In 
turn, 2-oxoglutarate binding results in release of two water molecules as 
the iron coordinates binding of three water molecules in addition to 
binding the enzyme; commonly to a motif consisting of two histidines 
and one carboxylate (E/D) amino acid. Next, binding of the primary 
substrate to a site discrete from the metallocentre weakens binding of 
the third Fe2+-ligated water, and its release enables binding of O2. 
Subsequently, oxidative decarboxylation of 2-oxoglutarate forms suc
cinate, CO2, and leaves a ferryl (Fe4+=O) species in the active center of 
the enzyme that reacts with the substrate’s C–H bond to hydroxylate it. 
Interestingly, in the absence of substrate binding, the enzyme may un
dergo an uncoupled reaction in which the iron would be locked in the 
high oxidation state [92,98]. 

Ascorbate’s function in the 2ODD reactions is to reduce iron back to 
maintain its divalent state, thereby maintaining the full activity of this 
class of enzymes [91,92,94,95]. Although ascorbate is supposed to be 
the main reductant in these enzyme reactions that usually cannot be 
replaced [99,100] there are some members with which glutathione was 
able to maintain activity [101]. However, the mechanistic details about 
ascorbate’s exact role, in relation to Fe4+=O intermediate generation 
and reduction as well as O2 activation, oxidative rearrangements, are so 
far unknown. 

The recent discoveries that 2ODD members participate in vital pro
cesses such as oxygen-dependent transcriptional regulation and epige
netics has also led to a renaissance in the interest of ascorbate. 

8.1. 2ODDs that control oxygen-dependent transcription 

Oxygen deficiencies trigger adaptation responses that enable long- 
term adaptation through an altered gene expression profile. This is 
regulated by hypoxia-inducible transcription factors (HIFs). HIFs are 
αβ-heterodimeric transcription factors that regulate more than 300 
genes whose products balance oxygen supply and demand. There are 
three α-subunits, HIF-1α, HIF-2α, HIF3α, that are susceptible to pro
teasomal degradation under normoxia, while the β-subunit (HIF-1β/ 
ARNT) is stable [102–105]. 

The normoxic degradation of the HIF α-subunits can be triggered by 
three HIF-proline 4 hydroxylase isozymes (known as HIF–P4H, PHDs, or 
EglNs; EC 1.14.11.29) that hydroxylate one or two proline residues 
within HIFαs which earmark them for ubiquitinylation by the von 
Hippel-Lindau (pVHL) tumor suppressor protein complex and subse
quent proteasomal degradation. 

In addition to the HIF-proline 4 hydroxylases, the asparagine hy
droxylase factor inhibiting HIF (FIH; EC 1.14.11.30) hydroxylates an 
asparagine residue in HIF-1α and HIF-2α. As a result, under normoxic 
conditions binding of the coactivators CBP/p300 is inhibited along with 
HIF target gene transcription [106–108]. 

As the catalytic activity of HIF-proline 4 hydroxylases and the 
asparagine hydroxylase is oxygen-dependent, they are inactivated by 
hypoxia, leading to HIFα stabilization cofactor recruitment and target 
gene activation. This includes, e.g., enhanced erythropoiesis and 
angiogenesis, modulation of inflammation, and reprogramming of 
metabolism [104,109–111]. 

Despite basic similarities, there are also specific differences between 
HIF–P4H and HIF isoforms in cells or organs. For example, the HIF- 
proline 4 hydroxylase 2 (HIF–P4H-2/PHD2/EglN1) is the major 
contributor for HIFα stability. Further, there is an N-terminal and C- 
terminal proline hydroxylation site in the HIF proteins (e.g., P402 and 
P564 in HIF-1α), of which the C-terminal can be hydroxylated equally by 
all HIF-proline 4 hydroxylases, whereas HIF-proline 4 hydroxylase-3 is 
more selective for the N-terminal proline [112]. Moreover, HIF-proline 4 
hydroxylase-1 and HIF-proline 4 hydroxylase-3 appear to prefer HIF-2α 

over HIF-1α as a substrate [113]. 
As mentioned above, HIF-proline 4 hydroxylases also require 

ascorbate as a reducing factor. The concentrations of ascorbate allowing 
HIF prolyl hydroxylase regulation are in range of 140–300 μM [114], 
which is less than the millimolar cellular concentrations of ascorbate 
[115]. Further, while ascorbate appears to be particularly important for 
iron reduction, it was recently found that absence of cysteine is causing 
oxidative self-inactivation of HIF-proline 4 hydroxylase 1 
(EglN1/PHD2) [116]. In line, ascorbate was dispensable for oxygen 
sensing in vitamin C synthesis-deficient mice and could be substituted by 
glutathione. In this context, it was described that a pair of cysteine 
residues in HIF-proline 4 hydroxylase 1 modulates its redox sensitivity 
[101]. 

Interestingly, treatment of endothelial cells with ascorbate reduced 
the thrombin-dependent HIF-1α and HIF-2α induction [117–119]. 
Similarly, treatment of cancer cells with ascorbate downregulated 
HIF-1α levels [120,121] via HIF hydroxylases [122]. Moreover, it was 
found that low-grade endometrial tumors presented higher ascorbate 
levels and low HIF-1α levels, while high-grade tumors with aggressive 
characteristics had lower ascorbate but high HIF-1α levels [123]. In line, 
when physiological levels of ascorbate were restored in mice deficient 
for endogenous vitamin C synthesis, tumor growth and HIF-1α activity 
were reduced, [124]. Similar characteristics were found in a lymphoma 
cell model in SCID mice where ascorbate supplementation reduced 
HIF-1α and tumor proliferation [125]. In relation to that, treatment of 
endothelial cells with ascorbate doses that were higher than 100 mg/dl 
suppressed capillary-like tube formation [126] that is usually stimulated 
by the HIF-target VEGF. 

8.2. 2ODDs that control epigenetics 

One of the first epigenetic changes discovered was the methylation of 
DNA bases. These methylations occur mainly as 5-methylcytosine (5 
mC), but adenine residues can also be methylated. 

These methylations also form the basis for further modifications, 
which are mediated by ten-eleven translocation proteins (TET). In this 
process, 5 mC is oxidized to 5-hydroxymethylcytosine (5hmC). In 
humans, three TET proteins are known to catalyze not only the con
version of 5 mC to 5hmC, but also the further conversion to 5-formylcy
tosine and 5-carboxylcytosine. The latter two can subsequently be 
eliminated via thymine DNA glycosylase-mediated base excision and the 
DNA base excision repair (BER) program, ultimately leading to incor
poration of demethylated cytosines into DNA [127,128]. 

As with the HIF-proline 4 hydroxylases, ascorbate enhances TET 
catalytic activity. For example, ascorbate can globally increase the 
5hmC content in mouse embryonic stem cells [100,129,130]. Similar 
effects were observed in colon, kidney, bladder, breast, and lung cancer 
cells as well as in human leukemia and hematopoietic stem cell (HSC) 
[131–137]. In line, ascorbate deprivation in L-gulonolactone 
oxidase-deficient mice impaired TET function and expanded the HSC 
compartment [100]. Likewise, from the three TETs, TET2 appeared to be 
of utmost importance for differentiation of HSCs in humans and 
L-gulonolactone oxidase-deficient mice. In those studies, it was found, 
that HSCs from mice with ascorbate deficiency and mice with TET2 
deficiency lost their ability to properly differentiate and had more leu
kemia like features with excessive self-renewal [138–140]. The effects of 
ascorbate supplementation on TETs were not limited to HSCs as ascor
bate also improved TET activity and reduced renal cancer cell growth 
[141,142]. In addition to its effects on the TET system, ascorbate also 
appeared to have TET-independent tumor-reducing effects, as this also 
occurred in cells capable of synthesizing ascorbate [139]. 

Hypoxia, similar to HIF-proline 4 hydroxylases, appears to decrease 
TET activity and 5hmC labeling on DNA; resulting in DNA hyper
methylation in hypoxic tumor areas [143–145]. However, unlike 
HIF-proline 4 hydroxylases, TET enzymes seem not to act as oxygen 
sensors, as only oxygen concentrations below 2% O2 resulted in TET 
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inhibition [143]. This, together with the relatively low KM value of 30 
μM for O2 confirms that TET activity is maintained over a wide range of 
oxygen concentrations [143]. Interestingly, there are also paradoxical 
effects, such as hypoxia mediated increases in TET expression and 5hmC 
marks in certain cell lines. This suggests cell type-specific compensatory 
mechanisms that depend on oxygen availability and TET levels [143]. 
The causes of these phenomena are not yet well understood, but such 
upregulation of TET proteins may be sufficient to prevent negative ef
fects on DNA due to substrate and cofactor limitations. 

In addition to modification of DNA bases, methylation of histones is 
another epigenetic modification. The discovery of histone demethylases 
(HDMs) showed that methylation of histones by histone methyl
transferases (HMTs) is reversible and thus dynamic [146,147]. Histone 
methylation usually occurs at lysine (K) and/or arginine (R) residues. 
Histones H3 and H4 are most frequently affected. 

Methylation of histones can be reversed by HDM histone demethy
lases. In principle, two histone Nε-methyllysine demethylase families 
(KDMs) can be distinguished. The first are the lysine-specific type 
demethylases (KDM1s or LSD) and the second are the Jumonji C domain- 
containing histone demethylases (JmjC KDM or JHDM). The latter 
belong to the 2ODD group and require O2, Fe2+, 2-oxolutarate, and 
ascorbate for their catalytic activity [148]; i.e., to hydroxylate the 
methyl group of lysine. Furthermore, oxidative demethylation produces 
formaldehyde, succinate, and CO2. The JmjC-KDMs act on all 3 
Nε-methyllysine methylation states, whereas the KDM1s act only on di- 
and monomethylated histones [147,149]. 

Interestingly, ascorbate was found to cause a CpG demethylation in 
human pluripotent stem cells which coincided with increased expression 
of several KDMs such as KDM3A/JMJD1A, KDM3B/JMJD1B, JMJD1C, 
and KDM4B/JMJD2B [150]. Furthermore, the majority of the human 
JmjC KDM proteins were found to be inducible by hypoxia mainly via 
the HIF pathway (for review see Ref. [151] and references therein). Like 
with HIF-proline 4 hydroxylases, hypoxia, H2O2 or NO have been shown 
to inhibit histone demethylase activity [145,152]. Similarly, histone 
hypermethylation due to hypoxia has been widely described [151,153, 
154] and e.g., increased H3K9me2/me3 and H3K36me3 levels in several 
promoter areas of chemokine encoding genes are indicative for this 
deficit in demethylase activity [155]. By contrast, increases in Fe2+ and 
ascorbate rescued this inhibition [145,152]. In line with the multiple 
factors that can affect 2ODD apart from ascorbate, recent evidence 
indicated that several members of the JmjC KDM family, especially 
KDM5A, and KDM6A are able to act as oxygen sensors that can mediate 
cell differentiation in an HIF independent way [156,157]. 

Another family of 2ODDs involved in epigenetics are homologs of the 
E. coli DNA dealkylation enzyme AlkB. These can function as both DNA, 
and RNA demethylases which repair DNA and RNA bases damaged by S 
(N)2 alkylation reagents [158]. Those reagents attach hydrocarbons to 
endocyclic ring nitrogen atoms (N1 of adenine and guanine and N3 of 
thymine and cytosine). To date, nine AlkB homologs have been found in 
mammals and include ALKBH1-8 and fat mass and obesity associated 
protein (FTO) [158]. 

While the role of AlkB proteins in repairing DNA alkylation damage 
in prokaryotes has long been known, the functions of their nine homo
logs, particularly in mammals, became known essentially only after their 
structures were elucidated [158–161]. Although all Alk homologs have 
different specific substrates, what they have in common is that they 
hydroxylate a methyl group on the substrate, which is thereby first 
converted to an unstable hydroxymethyl intermediate that is subse
quently released as formaldehyde. In the end, the demethylated sub
strate remains, which may include DNA or RNA bases as well as proteins. 

ALKBH1 is found in the nucleus and in mitochondria and is partic
ularly involved in the demethylation of 3-methylcytosine in mRNA 
[162,163], of 5-methylcytosine in mitochondrial tRNA, and of 
N1-methyladenine in tRNA [164] and N6-methyladenine in genomic 
DNA [165]. Further, in mitochondria ALKBH1 has been shown to pro
duce 5-formylcytosine in the wobble position of methionine tRNA to 

expand codon recognition [166]. ALKBH2 and ALKBH3 mainly convert 
N1-methyladenine and N-methylcytosine in single-stranded and 
double-stranded DNA, and N1-methyladenine in mRNA. ALKBH2 is also 
able to repair adducts such as N3-ethylthymidine and etheno-adducts of 
DNA. ALKBH4 is involved in the demethylation of lysine 84 in actin, 
while ALKBH5 acts mainly on N6-methyladenine in mRNA [167] or 
N1-methyladenine in tRNA. The substrates for ALKBH6 and ALKBH7 are 
not yet known, but ALKBH8 methylates 5-carboxymethyluridine in the 
tRNA wobble position together with Trim112 to generate 5-methoxycar
bonylmethyluridine [166,168,169]. Interestingly, FTO was shown to be 
transported between the cytoplasm and the nucleus, a process consistent 
with its action on N6-methyladenine in mRNA, which is first transcribed 
in the nucleus and then further processed in the cytoplasm [164]. 

9. Vitamin C and kinases 

The nuclear factor kappa-light-chain-enhancer of activated B cells 
(NF-κB) comprises a transcription factor protein complex that controls 
many cellular functions including cell growth, survival, and immune 
response often in response to various stimuli such as oxidative stress, 
irradiation, cytokines, heavy metals as well as bacterial and viral anti
gens. NF-kB levels may be enhanced or found with higher-than-normal 
activities in certain cancers. Similarly, increases in NF-kB may 
contribute to inflammatory disorders, such as ulcerative colitis, asthma, 
or rheumatoid arthritis. 

The five NF-κB family members may form various dimers that when 
released from their inhibitors are able to bind to κB enhancer elements of 
target genes to activate transcription. The inhibitors are commonly part 
of a cytosolic complex that can be composed of either RELA, p50 and 
IkBα or RELB and p100. While the latter two proteins are crucial for the 
non-canonical NF-κB activation via NF-κB-inducing kinase (NIK), which 
induces phosphorylation-induced p100 processing, the canonical 
pathway depends on multiple extracellular signals that can activate the 
enzyme IκB kinase (IKK). Activated IKK catalytic subunits, mainly α, 
phosphorylate IκBα which results in its ubiquitination and subsequent 
proteasomal degradation. 

Interestingly treatment of endothelial cells with vitamin C at con
centrations that are found intracellularly in vivo, were reported to 
inhibit NF-kB activation triggered by e.g., IL1, or TNFα. Consequently, 
induction of a NF-kB -dependent gene expression was also inhibited 
[170,171]. Mechanistically, it was proposed that ascorbate scavenges 
free radicals generated during the stimulation and becomes oxidized 
into DHA. DHA, in turn, was found to act as a direct IKK inhibitor [172]. 
As a result, this shows that vitamin C can be engaged also in signal 
transduction by acting as kinase inhibitor. 

In line, a recent nutrigenomic study found that vitamin C triggers 
extensive epigenomic and transcriptomic reprogramming in monocyte- 
derived dendritic cells. Thereby vitamin C caused extensive demethy
lation at NF-κB promoter sequences which was mediated by TET2. This 
was accompanied by enhanced antigen-presentation and an improved 
immune response [173]. 

10. Vitamin C and diseases 

10.1. Common cold 

For many, vitamin C is the remedy of choice to prevent an impending 
cold. If colds, coughs and the like have already set in, effervescent tab
lets or powders containing the vitamin are supposed to banish the 
annoying symptoms of the common cold again. The idea for this came 
from the Nobel Prize winner in chemistry, Linus Pauling. He began 
advertising oral intake of high vitamin C doses in the 1970s as protection 
against many different diseases - including the common cold [174]. 
Even today, many pharmaceutical manufacturers suggest that vitamin C 
is an effective remedy for colds. For example, it is found as an additive in 
medications that are supposed to combat typical symptoms such as fever 
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and headaches. In addition, the high-dose administration of vitamin C in 
connection with tumor diseases is attributed various effects such as 
cytotoxicity for malignant cells but not for healthy tissue, improvement 
of the quality of life of tumor patients, protection of healthy cells against 
chemotherapy-induced cytotoxicity, and effect enhancement of radia
tion therapy and, in certain cases, chemotherapy. 

The stimulation of the body’s defenses, which is often attributed to 
vitamin C, is explained in part by protection of the phagocyte membrane 
from oxidative self-destruction [175,176]. This oxidative 
self-destruction may otherwise be triggered by the myeloperoxidase 
triggered during phagocytosis (see above). In addition, increased 
interferon generation and activation of the complement system have 
been observed in animal studies after vitamin C administration [177]. In 
general, high ascorbic acid levels have been found in blood leukocytes, 
which play an important role in immune defense [178]. Furthermore, 
vitamin C appears to have an influence on numerous other neutrophil 
functions, such as chemotaxis, uptake of particles by phagocytes, 
lysozyme-influenced nonoxidative immune response, and stimulation of 
the hexose-monophosphate shunt [177]. 

However, the place of vitamin C administration in the control and 
prevention of diseases such as the common cold is scientifically quite 
controversially discussed [179–181]. Larger reviews and therapeutic 
studies see a general trend that vitamin C has no measurable prophy
lactic effect in seasonal colds in general [182,183]. However, under 
certain circumstances such as heavy acute physical stress, or particularly 
low dietary intake a moderate positive prophylactic effect as well as on 
duration and severity of symptoms could be observed [184–186]. 
Although these findings indicate that vitamin C is neither entirely pre
venting nor healing from common cold, its oral supplementation might 
be considered in individual patients to alleviate symptoms. 

10.2. Cancer 

10.2.1. Oral use of vitamin C 
With the widespread availability of vitamin C, numerous individual 

case reports as well as pilot studies were published that attested to a 
greater or lesser clinical benefit of oral vitamin C supplementation in 
tumor diseases [187]. The first two retrospective studies seemed to 
support these statements [188,189]. However, those studies were not 
properly randomized, which called their validity into question. 
Accordingly, the U.S. National Cancer Institute (NCI) commissioned two 
randomized, placebo-controlled, double-blind trials to evaluate the ef
fect of oral vitamin C on symptoms and survival in patients with 
advanced malignancies [190,191]. 

In the first study participated 150 patients with various types of 

advanced cancer [190], and in the second study participated 101 people 
with advanced colorectal cancer [191]. In both studies, participants 
were randomly assigned to one of two groups. While the first group took 
10 g of vitamin C per day orally, the second group took a placebo. 
Twenty-seven people in the vitamin group withdrew their consent and 
did not take their assigned medication. In the second study, this was true 
for one person. Thus, a total of 223 subjects’ data were analyzed in both 
studies. 

At the end of 10 months in the first study [190], and 39 months in the 
second [191], there was no difference in the number of survivors. 

A third randomized-controlled trial [192] enrolled 30 women with 
breast cancer. While one group took oral vitamin C in addition to 
chemotherapy, the control group received only standard chemotherapy. 
The study did not investigate whether the participating women lived 
longer with vitamin C. Instead, in that study the authors only questioned 
whether taking vitamin C inhibits the progression of breast cancer. It 
could not provide evidence for this. 

Overall, it seems that oral intake of vitamin C is of no benefit in the 
treatment of cancer and therefore, conventional oncology abandoned 
the use of vitamin C in tumor therapy in the 1980s [193,194]. 

10.2.2. High dose intravenous use 
In the late 1990s, it was found that the concentrations of vitamin C in 

plasma and tissues are kept within narrow limits by intestinal absorption 
and renal reabsorption and excretion [195–197]. When oral intake of 
vitamin C exceeds 200 mg daily, it is impossible to increase ascorbate 
plasma and tissue levels further via oral administration. However, this is 
possible by intravenous administration, at least until physiological bal
ance is restored by renal excretion. Thus, in healthy volunteers, oral 
administration of vitamin C at the highest tolerated dose of 3 g every 4 h 
resulted in a maximum plasma concentration of only 0.22 mmol/L. In 
contrast, an intravenous (i.v.) dose of 50 g of vitamin C resulted in 
plasma concentrations that reached a maximum of 13.4 mmoL/l [198]. 
Comparable results were also seen in tumor patients [199–201]. This 
knowledge, along with the increased understanding of ascorbate’s 
function in oxygen sensing and epigenetics together with identification 
of different cancers with TET or JHDM mutations, especially hemato
logical ones [202–204], has renewed interest in ascorbate in tumor 
therapies. 

In mice with several aggressive tumor entities, daily application of 
high-dose intravenous vitamin C reduced tumor volumes in the range of 
41–53% [205]. Reduced tumor growth was also observed in xenografted 
mice with human tumors and in human cancer cell lines [206–210]. 

Moreover, the effect of ascorbate in these studies might be based on 
mechanisms other than reactivation of 2ODDs, since the plasma 

Table 2 
Vitamin C, high dose - randomized controlled study results.  

Cancer Patients Control group Intervention group Endpoint Results Notes Reference 

Ovarian cancer 
stage III/IV, 
initial 
diagnosis 

27 Paclitaxel/ 
Carboplatin 

Paclitaxel/Carboplatin 
Vitamin C intravenously (75 or 
100 g, twice weekly, for 12 
weeks) 

Adverse events 
Survival rate after 5 
years 

Reduction in chemotherapy- 
associated toxicity 

The control 
group did not 
receive 
placebo 
No numbers of 
survivors 
reported 

[219] 

AML (>60y) 73 Decitabine, G- 
CSF, Cytarabine, 
Aclarubicin 

Vitamin C 50–80 mg/kg day 0–9 
Decitabine, G-CSF, cytarabine, 
aclarubicin 

No primary 
endpoint stated 

Significantly higher rate of 
complete remission after first 
induction 
Higher 3-year survival (15.3 
vs 9.3 months) 

(low-certainty 
evidence) 

[220] 

Metastatic 
colorectal 
cancer 
RAS mutation 
subgroup 

442 FOLFOX+/ 
Bevacizumab 

1.5 g/kg body weight vitamin C 
intravenously on days 1–3 in 
addition to FOLFOX+/ 
bevacizumab every 2 weeks for 
12 cycles 

Progression-free 
survival (PFS) 
objective response 
rate (ORR) 
Overall survival 
(OS) 

No significant differences in 
PFS, ORR and OS; 
Significant PFS prolongation 
in patients with RAS mutation 
and patients >55 years (9.2 vs 
7.8 months) 
No major adverse effects  

[221]  
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concentrations achieved are far above the ascorbate values needed for 
HIF prolyl hydroxylases, which are reported to be between 100 and 300 
μM. 

As mentioned above, vitamin c is an antioxidant at low, physiological 
plasma concentrations (~0.1 mmoL/l), whereas it can be a prooxidant at 
high pharmacological concentrations (up to 20 mmoL/l). At the latter, 
for example, a high flux of hydrogen peroxide can alter redox homeo
stasis by depriving cells of reduced glutathione and promoting cytotoxic 
effects [49,211] such as damage to cell membranes and impairment of 
DNA and glucose metabolism. Furthermore, hydrogen peroxide seems to 
exert more potent toxic effects in tumor cells because antioxidant en
zymes such as glutathione peroxidase, catalase, and superoxide dis
mutase are present in low or unbalanced concentrations in most human 
tumor entities [50]. 

It is therefore possible that increased redox stress could contribute to 
the antitumor effect described in several case reports, in which patients 
with advanced tumors were treated with high-dose intravenous vitamin 
C [212–218]. In contrast to those case studies, only a few randomized 
controlled clinical trials tested whether high-dose vitamin C is effective 
against cancer and the available current evidence is low (Tables 2–4). 

In the first study, a small randomized controlled phase I/IIa trial was 
conducted with 27 patients with newly diagnosed stage III/IV ovarian 
cancer. These patients were randomized to conventional paclitaxel/ 
carboplatin therapy either alone (control group) or in combination with 
i.v. vitamin C (75–100 g; twice weekly for 12 weeks, treatment group) 
[219]. Although the authors reported a trend for improvement in 5-year 
survival, there were no numerical data provided and 27 participants are 
far too few for a reliable statement. The probability is therefore high that 
the results are merely based on random fluctuations and that in reality 
vitamin C is not acting against ovarian cancer in those patients. How
ever, it was shown that the additional intravenous administration of 
high-dose vitamin C reduced chemotherapy-related toxicities. 

Another randomized trial evaluated the efficacy of intravenous 
vitamin C on remission rates and overall survival in 73 patients aged 60 
years and older with acute myeloid leukemia (AML) receiving chemo
therapy [220]. During chemotherapy, the control group received deci
tabine, cytarabine, aclarubicin, and G-CSF whereas the intervention 
group received additional i.v. vitamin C (50–80 mg/kg on day 0–9). The 
authors reported a significantly higher rate of complete remission in the 
intervention group after the first chemotherapy induction and a similar 
trend after the second induction. Furthermore, there was also a signifi
cantly higher 3-year survival rate in the vitamin C group at 15.3 versus 
9.3 months in the control group, however, there was low certainty ev
idence [220]. 

In the largest randomized, multicenter phase III study to date, the i.v. 
administration of vitamin C in addition to chemotherapy was investi
gated in 442 patients with metastatic colorectal cancer (mCRC). As 
chemotherapy the patients control group received FOLFOX+/bev
acizumab and the intervention group received in addition to chemo
therapy vitamin C (1.5 g/kg i.v.) on days 1–3 of the chemotherapy cycle. 
The cycle was repeated every 2 weeks and ended after a maximum of 12 
cycles. The progression-free and overall survival based on radiological 
response (RECIST) was measured [221]. Compared with the control 
group, there were no significant differences in progression-free survival, 
overall response rate, and overall survival. However, in a subgroup of 
patients that were older than 55 years and where tumors displayed RAS 
mutation, progression-free survival was significantly prolonged 
compared with the control group (9.2 vs. 7.8 months, p = 0,01). Overall 
survival was not improved in this subgroup, showing only a trend. 
However, the authors believe that the true effect of the vitamin C 
infusion is underestimated, because it was administered only every 
fourteen days and ended after six months before most of the disease 
progression had occurred [221]. 

For healthy individuals, high-dose intravenous vitamin C is generally 
unproblematic. The main side effects during infusion are thirst and 
increased urine flow. Adverse events following the intravenous Ta
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administration of vitamin C are minor and correspond to the side effects 
to be expected with rapid infusion of highly osmolar solutions. In iso
lated cases, nausea/vomiting, chills, and/or headache may occur. After 
infusion, some people report drowsiness or leg edema, which may last 
for several days. They can be avoided by drinking fluids before and 
during infusion [199,201,222]. Caution should be exercised in patients 
with a tendency to kidney stones, with renal insufficiency, and with 
erythrocytic glucose-6-phosphate dehydrogenase deficiency; Patients 
with iron storage disorders should not receive high-dose vitamin C at all. 

Overall, the results of the randomized controlled trials suggest 
(partly in subgroup analyses) that high-dose intravenous vitamin C 
administered in addition to chemotherapy could have an antineoplastic 
effect in patients with advanced ovarian cancer, AML of advanced age 
(>60y.), metastatic colorectal cancer of advanced age (>55y.) and, in
dependent of age, with RAS mutation. 

11. Conclusion 

Vitamin C is undoubtedly necessary for the maintenance of the 
general homeostasis of cells and tissues. This becomes mechanistically 
visible mainly through its role as a reducing agent, which contributes in 
particular to the maintenance of the full functionality of a number of 
enzymes. However, the focus on the antioxidant properties of ascorbate 
has largely ignored the potential prooxidant effects and associated 
functional changes. 

The data from high dose intravenous ascorbate clinical trials suggest 
that more trials and research as well as clinical insight is required to 
reach a concise view. For example, it is necessary to identify those 
cancer patients that would benefit from high dose i.v. ascorbate sup
plementation. Further, it may well be that different cancers would 
require different dosing regiments, hence, finding the optimal level of 
ascorbate supplementations is necessary. Thereby, new findings ob
tained by in-depth research on vitamin C transporters, functional im
pairments and possible interactions/competitions with glucose and 
other molecules could be of benefit. The latter may be especially 
important in cancers that are based on mutations in ascorbate requiring 

enzymes such as 2ODDs as seen in leukemias with JHDM or TET2 
mutations. 

Further studies, especially controlled randomized clinical trials as 
well as on research on appropriate in vivo models, are needed to assess 
the actual association between vitamin C, cancer risk and incidence as 
well as the pathogenesis of various stress-induced diseases in the context 
of altered nutrition. 
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ascorbate in oxidative protein folding, Biofactors 17 (2003) 37–46, https://doi. 
org/10.1002/BIOF.5520170105. 

[57] B. Del Bello, E. Maellaro, L. Sugherini, A. Santucci, M. Comporti, A.F. Casini, 
Purification of NADPH-dependent dehydroascorbate reductase from rat liver and 
its identification with 3 alpha-hydroxysteroid dehydrogenase, Biochem. J. 304 
(Pt 2) (1994) 385–390, https://doi.org/10.1042/BJ3040385. 

[58] A.K. Whitbread, A. Masoumi, N. Tetlow, E. Schmuck, M. Coggan, P.G. Board, 
Characterization of the omega class of glutathione transferases, Methods 
Enzymol. 401 (2005) 78–99, https://doi.org/10.1016/S0076-6879(05)01005-0. 

[59] J.M. May, S. Mendiratta, K.E. Hill, R.F. Burk, Reduction of dehydroascorbate to 
ascorbate by the selenoenzyme thioredoxin reductase, J. Biol. Chem. 272 (1997) 
22607–22610, https://doi.org/10.1074/JBC.272.36.22607. 

[60] L. Stankova, R. Bigley, S.R. Wyss, H. Aebi, Catalase and dehydroascorbate 
reductase in human polymorphonuclear leukocytes (PMN): possible functional 
relationship, Experientia 35 (1979) 852–853, https://doi.org/10.1007/ 
BF01955106. 

[61] A. Meister, On the antioxidant effects of ascorbic acid and glutathione, Biochem. 
Pharmacol. 44 (1992) 1905–1915, https://doi.org/10.1016/0006-2952(92) 
90091-V. 

[62] J. Mrtensson, A. Meister, Glutathione deficiency decreases tissue ascorbate levels 
in newborn rats: ascorbate spares glutathione and protects, Proc. Natl. Acad. Sci. 
U. S. A. 88 (1991) 4656–4660, https://doi.org/10.1073/PNAS.88.11.4656. 

[63] M. Coassin, A. Tomasi, V. Vannini, F. Ursini, Enzymatic recycling of oxidized 
ascorbate in pig heart: one-electron vs two-electron pathway, Arch. Biochem. 
Biophys. 290 (1991) 458–462, https://doi.org/10.1016/0003-9861(91)90566-2. 

[64] S. Friedman, S. Kaufman, An electron paramagnetic resonance study of 3,4- 
dihydroxyphenylethylamine β-hydroxylase, J. Biol. Chem. 241 (1966) 
2256–2259, https://doi.org/10.1016/S0021-9258(18)96614-7. 

[65] S. Kaufman, W.F. Bridgers, J. Baron, The Mechanism of Action of Dopamine 
β-Hydroxylase, 1968, pp. 172–176, https://doi.org/10.1021/BA-1968-0077. 
CH073. 

[66] A.G. Katopodis, D. Ping, S.W. May, A novel enzyme from bovine 
neurointermediate pituitary catalyzes dealkylation of α-hydroxyglycine 
derivatives, thereby functioning sequentially with peptidylglycine α-amidating 
monooxygenase in peptide amidation, Biochemistry 29 (1990) 6115–6120, 
https://doi.org/10.1021/BI00478A001/ASSET/BI00478A001.FP.PNG_V03. 

[67] A.F. Bradbury, D.G. Smyth, Enzyme-catalysed peptide amidation, Eur. J. 
Biochem. 169 (1987) 579–584, https://doi.org/10.1111/J.1432-1033.1987. 
TB13648.X. 

[68] M.G. Simic, S.V. Jovanovic, Antioxidation mechanisms of uric acid, J. Am. Chem. 
Soc. 111 (1989) 5778–5782, https://doi.org/10.1021/JA00197A042. 

[69] S.J. Nicholls, S.L. Hazen, Myeloperoxidase and cardiovascular disease, 
Arterioscler. Thromb. Vasc. Biol. 25 (2005) 1102–1111, https://doi.org/ 
10.1161/01.ATV.0000163262.83456.6D. 

[70] M.C. Meuwese, E.S.G. Stroes, S.L. Hazen, J.N. van Miert, J.A. Kuivenhoven, R. 
G. Schaub, N.J. Wareham, R. Luben, J.J.P. Kastelein, K.T. Khaw, S.M. Boekholdt, 
Serum myeloperoxidase levels are associated with the future risk of coronary 
artery disease in apparently healthy individuals: the EPIC-Norfolk Prospective 
Population Study, J. Am. Coll. Cardiol. 50 (2007) 159–165, https://doi.org/ 
10.1016/J.JACC.2007.03.033. 

[71] J.A. Vita, M.L. Brennan, N. Gokce, S.A. Mann, M. Goormastic, M.H. Shishehbor, 
M.S. Penn, J.F. Keaney, S.L. Hazen, Serum myeloperoxidase levels independently 
predict endothelial dysfunction in humans, Circulation 110 (2004) 1134–1139, 
https://doi.org/10.1161/01.CIR.0000140262.20831.8F. 

[72] T.J. Mocatta, A.P. Pilbrow, V.A. Cameron, R. Senthilmohan, C.M. Frampton, A. 
M. Richards, C.C. Winterbourn, Plasma concentrations of myeloperoxidase 
predict mortality after myocardial infarction, J. Am. Coll. Cardiol. 49 (2007) 
1993, https://doi.org/10.1016/J.JACC.2007.02.040. –2000. 

[73] L.J. Hazell, R. Stocker, Oxidation of low-density lipoprotein with hypochlorite 
causes transformation of the lipoprotein into a high-uptake form for 
macrophages, Biochem. J. 290 (Pt 1) (1993) 165–172, https://doi.org/10.1042/ 
BJ2900165. 

[74] C. Zhang, R. Pate, J.P. Eiserich, F. Zhou, S. Kelpke, W. Ma, D.A. Parks, V. Darley- 
Usmar, C.R. White, Endothelial dysfunction is induced by proinflammatory 
oxidant hypochlorous acid, Am. J. Physiol. Heart Circ. Physiol. 281 (2001), 
https://doi.org/10.1152/AJPHEART.2001.281.4.H1469. 

[75] H.M. Abu-Soud, S.L. Hazen, Nitric oxide is a physiological substrate for 
mammalian peroxidases, J. Biol. Chem. 275 (2000) 37524–37532, https://doi. 
org/10.1074/JBC.275.48.37524. 

[76] J.P. Eiserich, S. Baldus, M.L. Brennan, W. Ma, C. Zhang, A. Tousson, L. Castro, A. 
J. Lusis, W.M. Nauseef, C.R. White, B.A. Freeman, Myeloperoxidase, a leukocyte- 
derived vascular NO oxidase, Science 296 (2002) 2391–2394, https://doi.org/ 
10.1126/SCIENCE.1106830. 

[77] S. Sugiyama, Y. Okada, G.K. Sukhova, R. Virmani, J.W. Heinecke, P. Libby, 
Macrophage myeloperoxidase regulation by granulocyte macrophage colony- 
stimulating factor in human atherosclerosis and implications in acute coronary 
syndromes, Am. J. Pathol. 158 (2001) 879–891, https://doi.org/10.1016/S0002- 
9440(10)64036-9. 

[78] A.J. Kettle, C.C. Winterbourn, Myeloperoxidase: a key regulator of neutrophil 
oxidant production, Redox Rep. 3 (1997) 3–15, https://doi.org/10.1080/ 
13510002.1997.11747085. 

[79] S.J. Klebanoff, Myeloperoxidase-halide-hydrogen peroxide antibacterial system, 
J. Bacteriol. 95 (1968) 2131–2138, https://doi.org/10.1128/JB.95.6.2131- 
2138.1968. 

[80] V.F. Ximenes, G.J. Maghzal, R. Turner, Y. Kato, C.C. Winterbourn, A.J. Kettle, 
Serotonin as a physiological substrate for myeloperoxidase and its superoxide- 
dependent oxidation to cytotoxic tryptamine-4,5-dione, Biochem. J. 425 (2009) 
285–293, https://doi.org/10.1042/BJ20090776. 

[81] L.A. Marquez, H.B. Dunford, H. Van Wart, Kinetic studies on the reaction of 
compound II of myeloperoxidase with ascorbic acid. Role of ascorbic acid in 
myeloperoxidase function, J. Biol. Chem. 265 (1990) 5666–5670, https://doi. 
org/10.1016/S0021-9258(19)39414-1. 

[82] L.A. Marquez, H.B. Dunford, Kinetics of oxidation of tyrosine and dityrosine by 
myeloperoxidase compounds I and II. Implications for lipoprotein peroxidation 
studies, J. Biol. Chem. 270 (1995) 30434–30440, https://doi.org/10.1074/ 
JBC.270.51.30434. 

[83] F.C. Meotti, R. Senthilmohan, D.T. Harwood, F.C. Missau, M.G. Pizzolatti, A. 
J. Kettle, Myricitrin as a substrate and inhibitor of myeloperoxidase: implications 
for the pharmacological effects of flavonoids, Free Radic. Biol. Med. 44 (2008) 
109–120, https://doi.org/10.1016/J.FREERADBIOMED.2007.09.017. 

[84] H. Kono, C.J. Chen, F. Ontiveros, K.L. Rock, Uric acid promotes an acute 
inflammatory response to sterile cell death in mice, J. Clin. Invest. 120 (2010) 
1939, https://doi.org/10.1172/JCI40124. –1949. 

[85] K. Richter, T. Kietzmann, Reactive oxygen species and fibrosis: further evidence 
of a significant liaison, Cell Tissue Res. 365 (2016) 591–605, https://doi.org/ 
10.1007/S00441-016-2445-3. 

[86] K.I. Kivirikko, D.J. Prockop, Enzymatic hydroxylation of proline and lysine in 
PROTOCOLLAGEN, Proc. Natl. Acad. Sci. USA 57 (1967) 782–789, https://doi. 
org/10.1073/PNAS.57.3.782. 

[87] G. Bánhegyi, A. Benedetti, É. Margittai, P. Marcolongo, R. Fulceri, C.E. Németh, 
A. Szarka, Subcellular compartmentation of ascorbate and its variation in disease 
states, Biochim. Biophys. Acta Mol. Cell Res. 1843 (2014) 1909, https://doi.org/ 
10.1016/J.BBAMCR.2014.05.016. –1916. 

[88] D. Mennerich, S. Kellokumpu, T. Kietzmann, Hypoxia and reactive oxygen species 
as modulators of endoplasmic reticulum and golgi homeostasis, Antioxidants 
Redox Signal. 30 (2019) 113–137, https://doi.org/10.1089/ars.2018.7523. 

[89] R. Myllyla, K. Majamaa, V. Gunzler, Ascorbate is consumed stoichiometrically in 
the uncoupled reactions catalyzed by prolyl 4-hydroxylase and lysyl hydroxylase, 
J. Biol. Chem. 259 (1984) 5403–5405, https://doi.org/10.1016/S0021-9258(18) 
91023-9. 

[90] J. Myllyharju, K.I. Kivirikko, Characterization of the iron- and 2-oxoglutarate- 
binding sites of human prolyl 4-hydroxylase, EMBO J. 16 (1997) 1173–1180, 
https://doi.org/10.1093/EMBOJ/16.6.1173. 

[91] S.C. Fletcher, M.L. Coleman, Human 2-oxoglutarate-dependent oxygenases: 
nutrient sensors, stress responders, and disease mediators, Biochem. Soc. Trans. 
48 (2020) 1843–1858, https://doi.org/10.1042/BST20190333. 

[92] M.S. Islam, T.M. Leissing, R. Chowdhury, R.J. Hopkinson, C.J. Schofield, 2- 
Oxoglutarate-Dependent Oxygenases, 2018, pp. 585–620, https://doi.org/ 
10.1146/ANNUREV-BIOCHEM-061516-044724, 10.1146/Annurev-Biochem- 
061516-044724. 87. 

[93] R.P. Hausinger, Biochemical Diversity of 2-oxoglutarate-dependent Oxygenases, 
2015, pp. 1–58. 

[94] C.J. Schofield, Z. Zhang, Structural and mechanistic studies on 2-oxoglutarate- 
dependent oxygenases and related enzymes, Curr. Opin. Struct. Biol. 9 (1999) 
722–731, https://doi.org/10.1016/S0959-440X(99)00036-6. 

[95] R.P. Hausinger, Fe(II)/α-ketoglutarate-dependent hydroxylases and related 
enzymes, Crit. Rev. Biochem. Mol. Biol. 39 (2004) 21–68. 

[96] S. Martinez, R.P. Hausinger, Catalytic mechanisms of Fe(II)- and 2-Oxoglutarate- 
dependent oxygenases, J. Biol. Chem. 290 (2015) 20702–20711, https://doi.org/ 
10.1074/JBC.R115.648691. 

[97] B. Jia, K. Tang, B.H. Chun, C.O. Jeon, Large-scale examination of functional and 
sequence diversity of 2-oxoglutarate/Fe(II)-dependent oxygenases in Metazoa, 
Biochim. Biophys. Acta Gen. Subj. 1861 (2017) 2922–2933, https://doi.org/ 
10.1016/J.BBAGEN.2017.08.019. 

[98] C.Q. Herr, R.P. Hausinger, Amazing diversity in biochemical roles of Fe(II)/2- 
Oxoglutarate oxygenases, Trends Biochem. Sci. 43 (2018) 517–532, https://doi. 
org/10.1016/J.TIBS.2018.04.002. 

[99] E. Flashman, S.L. Davies, K.K. Yeoh, C.J. Schofield, Investigating the dependence 
of the hypoxia-inducible factor hydroxylases (factor inhibiting HIF and prolyl 
hydroxylase domain 2) on ascorbate and other reducing agents, Biochem. J. 427 
(2010) 135–142, https://doi.org/10.1042/BJ20091609. 

[100] K. Blaschke, K.T. Ebata, M.M. Karimi, J.A. Zepeda-Martínez, P. Goyal, 
S. Mahapatra, A. Tam, D.J. Laird, M. Hirst, A. Rao, M.C. Lorincz, M. Ramalho- 
Santos, Vitamin C induces Tet-dependent DNA demethylation and a blastocyst- 
like state in ES cells, Nature 500 (7461) (2013) 222–226, https://doi.org/ 
10.1038/nature12362, 500 (2013). 
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