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Preface

This book has been devised to offer an overview of currently hot topics related to vitamin C,
which will be very important to people who are interested in biochemistry and biology.

Although vitamin C has been discovered long ago, research into vitamin C still progresses
rapidly. Vitamin C is a simple molecule with a powerful effect. We decided to introduce this
book to highlight the new advances and research related to this very important vitamin.

The authors were selected according to their prospective contribution to the scientific field.
Authors were asked to submit a chapter related to the topic. All submitted chapters were
subjected to a referring procedure including plagiarism check.

The chapters of this book include basic information about vitamin C function, sources, and
analysis. Radioprotective and antioxidant effect of vitamin C is also considered in this book.
Also, the anticarcinogenic effect of vitamin C is introduced. Furthermore, we considered the
encapsulation technique used in vitamin C preparation. Finally, recent advances in vitamin
C transporter are illustrated.

We hope that the book’s readers will find interesting topics that will greatly help support
the scientific research on this powerful vitamin.

Amal H. Hamza
King Abdulaziz University, Jeddah, KSA
Ain Shams University, Cairo, Egypt
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Chapter 1

Vitamin C: Sources, Functions, Sensing and Analysis

Sudha J. Devaki and Reshma Lali Raveendran

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/intechopen.70162

Abstract

Vitamin C is a water-soluble compound found in living organisms. It is an essential nutri-
ent for various metabolism in our body and also serves as a reagent for the prepara-
tion of many materials in the pharmaceutical and food industry. In this perspective, this
chapter can develop interest and curiosity among all practicing scientists and technolo-
gists by expounding the details of its sources, chemistry, multifunctional properties and
applications.

Keywords: vitamin C, biomarker, antioxidant, sensors

1. Introduction

Vitamin C also known as ascorbic acid (AA) is an essential nutrient in many multicellular organ-
isms, especially in humans. Ascorbic acid is a water-soluble vitamin and is found in variable
quantities in fruits and vegetables and organ meats (e.g. liver and kidney). Deficiency of vitamin
C causes scurvy, widespread connective tissue weakness and capillary fragility. Among chem-
ists, it is used as a reagent for the preparation of fine chemicals, enzymatic reagent and nanoma-
terials. Consequently, the detection and quantification of ascorbic acid in food samples, products
and nutraceuticals is receiving overwhelming importance among researchers, medical practitio-
ners and also in the pharmaceutical and food industry. Figure 1 shows the schematic representa-
tion of the sources and multifunctional applications of vitamin C in the metabolism of our body.

2. Sources

Vitamin C (Figure 2) is abundantly available in many natural sources, including fresh fruits
and vegetables. The richest sources of ascorbic acid including Indian gooseberry, citrus fruits

I m EC H © 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
open science | open minds distribution, and reproduction in any medium, provided the original work is properly cited. [{cc) ExgNN
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Figure 1. Sources and multifunctional role of vitamin C in metabolic processes in human body.

such as limes, oranges and lemons, tomatoes, potatoes, papaya, green and red peppers, kiwi-
fruit, strawberries and cantaloupes, green leafy vegetables such as broccoli, fortified cereals
and its juices are also rich sources of vitamin C.

Another source of vitamin C is animals. They usually synthesize their own vitamin C and are
highly concentrated in the liver part [1, 2]. Sources of vitamin C and its content are given in

Figure 3. Average daily recommended amounts of vitamin C for different ages are also given
in Table 1.

Figure 2. Structure of vitamin C.
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Vitamin C (mg/100g)

VitaminC (mg/100g)

Figure 3. Amount of vitamin C in different sources.

Infants

Age Adequate intake (AI) mg/day Upper intake level
(ULD)

0-6 months® 25 -

7-12 months® 30 -

Children and adolescents

Age EAR® RDI¢

mg/day mg/day mg/day

1-3 25 35 400

4-8 25 35 650

9-14 28 40 1200

14-18 28 40 1800

Adults

Men Women Both

Age EAR* RDI¢ EAR* RDI¢

mg/day mg/day mg/day mg/day mg/day

19-30 30 45 30 45 2000

31-50 30 45 30 45 2000

51-70 30 45 30 45 2000

>70 30 45 30 45 2000

5
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Infants

Age Adequate intake (AI) mg/day Upper intake level
(UL)

Motherhood

Pregnancy Lactation Both

Age EAR¢ RDI EARe RDI4

mg/day mg/day mg/day mg/day mg/day

14-18 38 55 58 80 2000

19-30 40 60 60 85 2000

31-50 40 60 60 85 2000

°Calculated as per the average intake of breast milk.
Calculated on a body weight basis of infants.
Estimated average requirement.

9Recommended dietary intake.

Table 1. Dietary intake of vitamin C [3-5].

3. Functions

Vitamin C plays an important role in many physiological processes in humans. It is needed
for the repair of tissues in all parts of the body. The important functions of vitamin C include
the formation of protein used to make skin, tendons, ligaments, and blood vessels for healing
wounds and forming scar tissue, for repairing and maintaining cartilage, bones, and teeth
and aid in the absorption of iron. It can also act as a reducing and capping agent for metal
nanoparticles.

3.1. As reducing and capping agent

Ascorbic acid acts as a reducing and capping agent for the synthesis of metal nanoparticles
such as silver, gold, copper, etc. Ascorbic acid molecules can cap or surround the particle
and prevent the uncontrolled growth of the particles to micron-sized dimensions. A study
by Khan et al., in 2016 reported the synthesis of copper nanoparticle by using ascorbic acid
as both the reducing agent [6]. Sun et al. reported in Journal of Materials Science in 2009 that
gold nanoparticles can be synthesised in reverse micelles without the addition or introduc-
tion of any other reducing or capping reagent [7]. In analytical methods in 2014, D’souza
et al. reported the use of AA-Au NPs as a colorimetric probe for detection of dichlorvos in
water and wheat samples. The influence of AA concentration on the aggregation induced by
dichlorvos in AA-AuNPs (Figure 4) and the optical property of the AA-Au NPs was investi-
gated by UV-Vis spectroscopy [8].
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Figure 4. Analytical process for detecting dichlorvos using AA-Au NPs as a colorimetric probe [8].

3.2. Antioxidant activity

One of the important properties of vitamin C is its antioxidant activity. Antioxidant activity of
vitamin C helps to prevent certain diseases such as cancer, cardiovascular diseases, common
cold, age-related muscular degeneration and cataract.

3.3. In cancer treatment

Since 1970, it has been known that high dose of vitamin C has beneficial effects on the sur-
vival time in patients with terminal cancer, which was reported by Cameron, Campbell, and
Pauling. Research is undergoing in detail for using vitamin C in cancer treatment [9-11]. One
of the studies suggests that pharmacologic doses of vitamin C might show promising effects
on the treatment of tumours [12]. Vitamin C can act as pro-oxidant and it can generate hydro-
gen peroxide [13, 14]. Administration of high dose of vitamin C gives long survival times for
patients with advanced cancers.

The continuing attack of DNA by unquenched reactive oxygen species is believed to cause
cancer. As a physiological antioxidant, ascorbic acid plays a role in the prevention of oxida-
tive damage to DNA, which is elevated in cells at sites of chronic inflammation and in many
pre-neoplastic lesions. Most DNA damage is repaired metabolically; however, the frequency
of elevated steady-state levels of oxidized DNA bases is estimated to be sufficient to cause
mutational events. The base damage product 8-hydroxy-2'-deoxyguanosine has been found
to be elevated in individuals with severe vitamin C deficiency and to be reduced by supple-
mentation with vitamins C and E [15].
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Oxidative stress, arising as a result of an imbalance between free radical production and anti-
oxidant defences, causes damage to a wide range of molecular species including lipids, pro-
teins and nucleic acids. Oxidative stress caused by free radicals is shown in Figure 5. The best
way to ensure adequate intake of the antioxidant nutrients, such as vitamins C and E and
various kinds of minerals, is through a balanced diet consisting of 5-8 servings of fruits and
vegetables per day.

3.4. In cardiovascular diseases

The antioxidant property of vitamin C helps for the treatment of cardiovascular diseases.
Vitamin C has the capability for reducing monocyte adherence to the endothelium, improv-
ing endothelium-dependent nitric oxide production and vasodilation and reducing vascular
smooth-muscle-cell apoptosis, which prevents plaque instability in atherosclerosis [15]. The
oxidative damage including the oxidative modification of low-density lipoproteins is a major
cause of cardiovascular disease. The antioxidant property of vitamin C helps to reduce this to
a certain extent [16, 17].

3.5. In common cold

Pauling in 1970 suggested that vitamin C can be used for the treatment of common cold [18].
There are so many reports in Cochrane Database Syst. Review showing the use of prophylactic
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Figure 5. Oxidative stress by free radicals.
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vitamin C reduces the cold duration in adults and children [19]. The use of vitamin C might
reduce the duration of common cold due to its anti-histamine effect of high dose of vitamin C
[20]. However, the results are inconsistent and still research is undergoing in this field. There
are Database Syst. Review showing the use of prophylactic vitamin C reduces the cold dura-
tion in adults and children [19]. The use of vitamin C might reduce the duration of common
cold due to its anti-histamine effect of high dose of vitamin C [20].

3.6. In age-related macular degeneration (AMD) and cataract

Age-related macular degeneration (AMD) and cataracts are two of the main causes of vision
loss in older. Oxidative stress might contribute to the aetiology of both conditions. Thus,
researchers have taken interest in the role of vitamin C and other antioxidants in the develop-
ment and treatment of these diseases. There are many reports to study the role of vitamin C
in AMD and cataract [21-23]. Results from two studies indicate that vitamin C intakes greater
than 300 mg/day reduce the risk of cataract formation by 75% [16, 24, 25].

All the studies indicate that the vitamin C formulations might slow AMD progression and
reduce the high risk of developing advanced AMD. AMD is shown in Figure 6.

3.7. Antioxidant mechanism

Vitamins C can protect the body against the destructive effects of free radicals. Antioxidants
neutralize free radicals by donating one of their own electrons, ending the electron-stealing
reaction, as shown in Figure 7. The antioxidant nutrients themselves do not become free radi-
cals by donating an electron because they are stable in either form or act as scavengers, help-
ing to prevent cell and tissue damage that could lead to cellular damage and disease.

Ascorbic acid reacts with free radicals undergoing single-electron oxidation to produce a rela-
tively poor reactive intermediate, the ascorbyl radical, which disproportionates to ascorbate
and dehydroascorbate. Thus, ascorbic acid can reduce toxic, reactive oxygen species superox-
ide anion (O,") and hydroxyl radical (OH*), as well as organic (RO,) and nitrogen (NO,") oxy

Macular degeneration
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Figure 6. Age-related macular degeneration.
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Figure 7. Antioxidant mechanism.

radicals. Those reactions are likely to be of fundamental importance in all aerobic cells. This
reaction is the basis of most of the biological functions of ascorbic acid. The mechanism of free
radical action on DNA is shown in Figure 8.

Vitamin C also has role in protecting other vitamins (vitamin A and vitamin E) from the harm-
ful effects of oxidation. Vitamin C helps in protecting gums and retards ageing. It strengthens
the general physical condition by removing toxic metals from the body. Vitamin C reduces
the formation of cataract and hence useful in the treatment of glaucoma.
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Figure 8. Mechanism of free radical action on DNA.
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3.8. Synthesis of protein

Another important function of vitamin C is its role in the synthesis of protein. Vitamin C helps
in the synthesis of collagen. Collagen protects our skin from wrinkling and makes our skin
firm and strong. Collagen also protects and supports organs and other soft tissues. One of the
amino acids used to build collagen—hydroxyproline—is only synthesized when vitamin C is
available. Functions of vitamin C on skin.

3.9. Functions of vitamin C on skin
3.9.1. Photoprotection

Vitamin C reduces the damage caused by UV-light exposure. It cannot act as a sunscreen
since it cannot absorb UV light. But the antioxidant activity of vitamin C helps to protect UV
damage caused by free radicals [26]. In response to UV light, vitamin C transport proteins are
increased, suggesting an increased need for vitamin C uptake for adequate protection [27, 28].
Addition of keratinocytes on vitamin C reduces damages caused by UV light and lipid peroxi-
dation, limits the release of pro-inflammatory cytokines and protects against apoptosis [29].
Many studies have suggested that vitamin C consumption alone will not reduce the effect of
UV exposure; however, a combination of vitamin C and E effectively increases minimal ery-
themal dose (MED) (the lowest dose of ultraviolet radiation (UVR) that will produce a detect-
able erythema 24 hours after UVR exposure) and decreases erythema-induced blood flow
to damaged areas of skin [30]. Thus, interactions between the two antioxidant vitamins may
be necessary to achieve UV protection. The topical application of vitamin C also reduces the
effect of UV exposure and skin wrinkling and skin tumour [31]. Vitamin C reduced the num-
ber of sunburned cells, decreased erythema response and reduced DNA damage induced by
UV exposure [27]. The combination of antioxidant vitamins decreased the immunosuppres-
sive effects of UV exposure, increased MED and decreased cell damage [32, 33].

3.9.2. Wound healing

Vitamin C plays a key role in healing wound by the formation of collagen, connective tissue
[34-36]. The new tissue is rebuilt with the help of collagen framework. This function is sup-
ported by its co-factor vitamin C. Besides this, vitamin C performs as a strong antioxidant and
immune system modulator [37, 38].

3.10. Deficiency of vitamin C

Deficiency of vitamin C in humans causes a major disease called scurvy. The major signs
of the disease occur primarily in mesenchymal tissues. It leads to impaired wound healing;
oedema; haemorrhage (due to deficient formation of intercellular substance) in the skin,
mucous membranes, internal organs, and muscles; and weakening of collagenous struc-
tures in bone, cartilage, teeth and connective tissues. Those who suffer from scurvy have
swollen, bleeding gums with tooth loss. They also show lethargy, fatigue, rheumatic pains
in the legs, muscular atrophy and skin lesions, massive sheet hematomas in the thighs,



12 Vitamin C

and ecchymoses and haemorrhages in many organs, including the intestines, sub-periosteal
tissues and eyes. All these features are accompanied by psychological changes: hysteria,
hypochondria and depression. In children, the syndrome is called Moeller-Barlow disease;
it is seen in non-breastfed infants usually at about 6 months of age and is characterized
by widening of bone-cartilage boundaries, stressed epiphyseal cartilage of the extremities,
severe joint pain and frequently, anaemia and fever. Children having this disease present
with a limp or inability to walk, tenderness of the lower limbs, bleeding of the gums and
petechial haemorrhages.

4. Detection and sensing

Many analytical techniques are used for the determination of vitamin C in different matrices,
such as titrimetric [39], fluorimetric [40], spectrophotometric [41], high-performance liquid
chromatography [42], enzymatic [43], kinetic [44, 45] and electrochemical, etc.

4.1. High-performance liquid chromatography (HPLC)

High-performance liquid chromatography (HPLC) methods are preferred earlier because
they are faster and more effective than spectrophotometric, titration or enzymatic methods,
and they do not usually need derivatization [46]. In pharmaceutical and cosmetic industries,
HPLC is used, which is considered as a sensitive and selective method.

Detection of vitamin C through HPLC has been done by many groups. Racz et al. in 1990
reported that HPLC used the HPLC method for the determination of ascorbic acid in fruits
and vegetables. The method has been used to deep-frozen raspberry cream analysis together
with three commonly used chemical methods of vitamin C analysis. The HPLC method has
been compared with the chemical methods from several aspects, and the superiority of HPLC
method has been concluded [47].

Snezana et al. reported the HPLC method for the determination of vitamin C in pharmaceu-
tical samples in Tropical Journal of Pharmaceutical Research in 2011 [48]. The simplicity of this
low-cost, rapid technique and its high specificity to ascorbic acid, even in the presence of a
variety of excipients, demonstrate that this HPLC method would be particularly suitable for
the determination of ascorbic acid (Figure 9). It can be used in pharmaceutical/veterinary
formulations without prior sample preparation.

Another work carried out by Franco et al., which was to optimize and validate a new analytic
strategy for the determination of vitamin C in strawberries by UV-HPLC [49].

For the accurate and reliable measurement of ascorbic acid and dehydroascorbic acid, HPLC
can be used in combination with electrochemical or ultraviolet detection. Line and Hoffer
have reported a method for the determination of vitamin C in plasma. It can be analysed
by HPLC in connection with electrochemical or ultraviolet light detection. Electrochemical
HPLC has advantages over UV-HPLC for plasma total vitamin C analysis [50].
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Figure 9. HPLC plot of ascorbic acid detection.

4.2. Spectrophotometric method

Among many analytical methods, spectrophotometric methods are very simple and low-cost.
Several studies used the spectrophotometric method for the determination of ascorbic acid.
Giiglii et al. [51] have proposed a spectrophotometric method based on ascorbic acid oxida-
tion to dehydroascorbic acid, by using the Cu(II)-neocuproine complex, which is reduced to
Cu(I)-bis(neocuproine), the absorbance of the latter being determined at 450 nm. Other opti-
cal methods for vitamin C estimation include spectrophotometrical determination of iodine
reacted with ascorbic acid [52] and chemiluminescence [53].

A sensitive, simple and low-cost spectrophotometric method was introduced by Kobra and
Somayye in 2015. The present method was successfully applied to determine the ascorbic acid
in food and pharmaceutical samples. The samples were multivitamin tablet, effervescent tab-
let, vitamin C injection, natural orange juice, orange syrup powdered and commercial orange
liquid. The method is based on the reaction of AgNO, with ascorbic acid in the presence of
polyvinyl pyrrolidone (PVP) and slightly basic medium to prepare silver nanoparticles [54].

Kapur et al. in 2015 reported a method that is based on the oxidation of ascorbic acid to
dehydroascorbic acid by bromine water in the presence of acetic acid. In this method, the
total ascorbic acid (ascorbic acid + dehydroascorbic acid) has been determined in 21 different
samples of fruits and vegetables by the spectrophotometric method [55]. Mohammed and
Hazim in 2016 reported a UV-spectrophotometric method for the determination of ascorbic
acid in fruits and vegetables from hill region with 2,4-dinitrophenylhydrazine [56].

A new sensitive colorimetric method for the determination of ascorbic acid tablet in aqueous
solution was reported by Ahmed and Mohamed in 2013. The method is based on the forma-
tion of coloured azo dye by diazotization of 2,4-dichloroaniline, followed by azo-coupling
reaction between the resulting product and ascorbic acid [57].

13
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4.3. Electrochemical sensing

Electrochemical sensing methods are more widely applied as they are simple, sensitive and
moderate methods. Ascorbic acid (AA), dopamine and catecholamine are important neu-
rotransmitters in the human body. Hence, the low-level detection of ascorbic acid is very
important. All the methods mentioned above involve complicated pretreatment techniques
and expensive instruments. Hence, researchers have developed a more simple, sensitive
and accurate electrochemical method for the detection of ascorbic acid. Several studies have
reported the electrochemical sensing methods for detection of ascorbic acid. Attempts to sim-
plify such methods have resulted in the development of new methods such as the nickel
hexacyanoferrate film-modified aluminium electrode [58] and graphite epoxy electrode [59].
These methods use specific and modified working electrode systems that are complicated
[60]. These electrochemical methods are widely used to monitor AA metabolites in vivo or
in vitro [61, 62]. For example, batch injection amperometric methods can achieve a detection
limit as low as 450 mg/L [63]. The metallic nickel electrode (2610-6 M), chemiluminometric
flow method (51 M) [64], carbon paste mixed electrode (1.08610-5 M) [65], polyviologen-mod-
ified technique (0.381 M) [66] and NiGCNF plating-modified electrode (2610-6 M) [67] achieve
very sensitive detection ranges.

Suw et al. in 2004 developed a stripping voltammetric technique that manifests faster response,
more cost-effective and sensitive preconcentration techniques, which was used along with a
simpler glassy carbon electrode [68]. In this method, low ascorbic acid concentrations were
detected by the square wave stripping voltammetry and a glassy carbon electrode. The lower
detection limit reported as 0.301 g/L (5/N = 3). This method can be used to detect biological
materials, pharmaceuticals, food and drugs.

Many reports are there for the simultaneous electrochemical detection of ascorbic acid in the
presence of dopamine and uric acid on the glassy carbon electrode. From our own group,
we have synthesized electrically conducting poly (3,4-ethylenedioxythiophene) nanospindles
(PEDOTSs) and used for the electrochemical sensing of ascorbic acid [69] (Figure 10).
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Figure 10. Cyclic voltammogram of electrochemical sensing of ascorbic acid using a polyaniline-modified platinum
electrode [70].
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In another study, our group developed a low-cost electrochemical sensor based on a platinum
electrode for ascorbic acid conductive polyaniline-based composite. This unique low-cost and
user-friendly sensor was validated for the nanomolar detection of AA. The lower detection
limit for AA was observed at 0.1 nm. The aqueous PPICS/Pt electrode could serve as a pro-
spective low-cost and efficient electrochemical sensor and provide promising and outstand-
ing contributions to the food, beverage and medical industries [70].

Electrochemical methods have attracted much attention from clinical diagnostic perspectives
because of their easy operation, low cost, rapid response, high sensitivity and good selectivity.

5. Conclusion

Vitamin C plays a pivotal role in body-building process and in disease prevention. The
various functions of vitamin C, including the antioxidant activity, formation of protein,
tendons, ligaments and blood vessels, for healing wounds and form scar tissue, for repair-
ing and maintaining cartilage, bone, and teeth, and aiding in the absorption of iron, were
discussed. This chapter will definitely benefit the students, researchers and technologists
globally.
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Abstract

Vitamin C or ascorbic acid (AsA) is a naturally occurring organic compound with anti-
oxidant properties, found in both animals and plants. It functions as a redox buffer which
can reduce, and thereby neutralize, reactive oxygen species. It is a cofactor for enzymes
involved in regulating photosynthesis, hormone biosynthesis, and regenerating other
antioxidants; which also regulates cell division and growth, is involved in signal trans-
duction, and has roles in several physiological processes, such as immune stimulation,
synthesis of collagen, hormones, neurotransmitters, and iron absorption, has also roles
in detoxifying the body of heavy metals. Severe deficiency of vitamin C causes scurvy,
whereas limited vitamin C intake causes symptoms, such as increased susceptibility to
infections, loosening of teeth, dryness of the mouth and eyes, loss of hair, dry itchy skin,
fatigue, and insomnia. In contrast, vitamin C can also act as a prooxidant, especially in the
presence of transition metals, such as iron and copper, starting different hazardous radi-
cal reactions. Vitamin C can both act as a strong, efficient, and cheap antioxidant agent
and, at the same time, behave as a radical promoter. Further investigations are needed to
illuminate the dual roles of vitamin C

Keywords: vitamin C, antioxidant, ascorbic acid metabolism, prooxidant

1. Introduction

Vitamin C (r-ascorbic acid) is a water-soluble micronutrient required for multiple biological
functions. It is necessary for normal growth and development, and is an essential enzyme
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cofactor for several enzymes in the post-translational hydroxylation of collagen, biosynthe-
sis of carnitine, conversion of the neurotransmitter dopamine to norepinephrine, peptide
amidation, and in tyrosine metabolism. It is also an antioxidant that helps protection against
infection and iron absorption. Some animal species have lost the capacity for r-ascorbate
synthesis, for that reason, they are dependent upon diet to ensure adequate levels of vitamin
C for metabolism and oxidative protection. The high 1-ascorbate contents found in plants
make them the primary source of vitamin C intake for humans [1-3]. Vitamin C is one of
the potent reducing agents and scavenger of free radicals in biological systems, working as
a scavenger of oxidizing free radicals and harmful oxygen-derived species, such as hydroxyl
radical, hydrogen peroxide (H,0,), and singlet oxygen [3, 4]. Many uses for vitamin C have
been proposed, such as its antiscorbutic action, but few have been found to be beneficial in
scientific studies [1-4]. In particular, research in stomach cancer, and other cancers, asthma,
diabetes, cataracts, or heart disease remains inconclusive. In plants, vitamin C has roles in
processes such as growth, programmed cell death, pathogen responses, hormone responses,
flowering, and senescence, as well as protection against environmental stresses [1-5].
Vitamin C also plays an important role in abiotic stress tolerance, and considerable interest
has focused on it due to its ability to induce a protective effect on plants under stress. It has
been supported that vitamin C induced increases in the resistance of plants on heavy metal
stress [5]. The role of exogenously applied ascorbic acid (AsA) under heavy metal stress on
the photosynthetic pigments, membrane permeability, and mineral uptake of plants is not
still clear [5, 6].

2. Biosynthesis and molecular structure of vitamin C

In animals, biosynthesis of vitamin C is included in the glucuronic acid metabolic pathway,
which is involved in the metabolism of sugars under normal and disease conditions, and in
regulation of physiological functions (Figure 1a). Glucuronic acid metabolic pathway is also
an important pathway for detoxification processes [3, 4]. While most animals can convert
p-glucose into L-ascorbic acid, humans and other primates, guinea pigs, some fish and birds,
and insects are unable to produce ascorbic acid endogenously. The major plant pathway is dif-
ferent from the animal r-ascorbate synthesis pathway that involves 10 enzymatic steps from
p-glucose to L-ascorbate via the intermediate formation of GDP-p-mannose and 1-galactose [3]
(Figure 1a).

Vitamin C (r-ascorbic acid) is a dibasic acid with an enediol group built into a five-membered
heterocyclic lactone ring (Figure 1b).

The chemical and physical properties of ascorbic acid are related to its structure [7]. The struc-
ture of dehydroascorbic acid, the first oxidation product of ascorbic acid, has been analyzed
by X-ray crystallography to be a dimer (Figure 1c).

Electrochemical studies have indicated that ascorbic acid and dehydroascorbic acid form a
reversible redox couple (Figure 1d).
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Figure 1. (a) Diagram for the vitamin C pathway [6]; (b) molecular structure of r-ascorbic acid (vitamin C); (c) the
equilibrium and redox species in the ascorbic acid-dehydroascorbic acid system; (d) ascorbic acid and dehydroascorbic
acid. The oxidized form, dehydroascorbic acid, can be reduced back to ascorbic acid by glutathione (GSH).

3. Redox metabolism and antioxidant properties of vitamin C

Free radicals and oxidants play a dual role as both toxic and beneficial compounds, in meta-
bolic processes and in response to exogenous stimulations. They are produced either from
normal metabolic activities or from environmental factors (pollution, cigarette smoke, and
radiation). When an overload of free radicals cannot be scavenged, their accumulation in
the body generates oxidative stress [3]. Oxidative stress occurs when free radical forma-
tion exceeds the ability of protection against them. This process leads in the development
of chronic and degenerative illnesses such as cancer, autoimmune disorders, aging, cataract,
rheumatoid arthritis, cardiovascular, and neurodegenerative diseases [8-10]. An antioxidant
is a molecule that prevents the oxidation of other molecules. Oxidation process is a chemical
reaction that produces free radicals, leading to chain reactions that may damage cells. The
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antioxidant effect of vitamin C has been well documented [8, 9, 11]. Vitamin C is a powerful
antioxidant having ability to donate a hydrogen atom and form a relatively stable ascorbyl-
free radical. Vitamin E, vitamin C, and (3-carotene are known as antioxidant vitamins that are
suggested to decrease oxidative damage and lowering the risk of certain chronic diseases.
Diseases, such as cardiovascular disorders, are associated with inadequate concentrations
of 1-ascorbic acid, tocopherol, and [3-carotene [8-10] in epidemiological studies. Vitamin C
also enhances iron absorption by reducing Fe* to Fe* from non-heme iron sources [3, 23]. In
the presence of redox-active ions (iron, copper), vitamin C acts as a prooxidant, contribut-
ing to the formation of hydroxyl radicals, that may lead to lipid, DNA, or protein oxidation
[8-10]. There are different mechanisms to alleviate oxidative stress and repair damaged mac-
romolecules. Enzymatic and nonenzymatic antioxidants have important roles in scavenging
free radicals and reactive oxygen species (ROS). The antioxidant enzymes, catalase (CAT),
superoxide dismutase (SOD), glutathione reductase (GR), glutathione peroxidase (GSHpx)
and, in plants, ascorbate peroxidase (AA-px) and the nonenzymatic antioxidants, including
glutathione (GSH) and ascorbate (ASC), have been shown to be significantly affected by oxi-
dative stress [8, 9]. Antioxidant compounds can prevent the uncontrolled formation of free
radicals or inhibit their reaction with biological sites; also, the destruction of most free radicals
depends on the oxidation of endogenous antioxidants mainly by scavenging and reducing
molecules [8, 9]. Vitamin C is thought to be an important water soluble antioxidant which is
reported to neutralize ROS and reduce the oxidative stress [8, 10].

Vitamin C is a potent reducing agent and scavenger of free radicals in biological systems [11].
Itis involved in the first line of antioxidant defense, protecting lipid membranes, and proteins
from oxidative damage. As a water soluble molecule, vitamin C can work both inside and out-
side the cells, and can neutralize free radicals and prevent free radical damage. Vitamin C is
an excellent source of electrons for free radicals that are seeking out an electron to regain their
stability. Vitamin C can donate electrons to free radicals and quench their reactivity [8, 9].

Vitamin C has been shown to be an effective scavenger against oxygen and nitrogen oxide
species, such as superoxide radical ion, hydrogen peroxide, the hydroxyl radical, and singlet
oxygen. This property of vitamin C has vital processes in protection of cellular components
from free radical-induced damage. In addition, vitamin C is effective in regenerating the anti-
oxidant form of vitamin E by reducing tocopheroxyl radicals. This process protects mem-
branes and other compartments of the cell from free radical-induced damage [8, 9] (Figure 2).
Ascorbate peroxidase (APX) is an enzyme reducing H,0, to water by using ascorbate as an
electron donor. Monodehydroascorbate is an oxidized ascorbate that is regenerated by mono-
dehydroascorbate reductase (MDAR). Monodehydroascorbate radical rapidly dispropor-
tionates into ascorbate and dehydroascorbate. Dehydroascorbate is reduced to ascorbate by
dehydroascorbate reductase in the presence of GSH, yielding oxidized glutathione (GSSG). It
is reduced by glutathione reductase (GR) using nicotinamide adenine dinucleotide phosphate
hydrogen (NADPH) as an electron donor. Dehydroascorbate may be reduced nonenzymati-
cally or catalyzed by proteins with dehydroascorbate reductase (DHAR) activity.

Glutathione-ascorbate cycle operates in the cytosol, mitochondria, plastids, and peroxisomes
in plants [8, 9]. It is suggested that the glutathione-ascorbate cycle plays a key role for H,O,
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Figure2. Ascorbateand redox cyclingantioxidants. AA, ascorbate; DHA, dehydroascorbate; DHAR, semidehydroascorbate
reductase; GSH, glutathione; GSSG, semi-glutathione reductase; GR, glutathione reductase; APX, ascorbate peroxidase;
and GPX, glutathione peroxidase [12].

detoxification, because of the high concentrations of glutathione, ascorbate, and NADPH in
plant cells. Other enzymes, such as ascorbate and glutathione peroxidases, which use thio-
redoxins or glutaredoxins as reducing substrates, also take roles in the removal of H,0, in
plants [8, 9] (Figure 2).

Vitamin C also forms the semidehydroascorbyl radical, a relatively long-lived radical, in
regenerating vitamin E from its radical form, as well as in scavenging radicals. Plant and
animal cells contain an NADH-dependent semidehydroascorbate reductase enzyme (EC
1.6.5.4), reducing the radical back to vitamin C by using NADH as a source of reducing
agent (Figure 2). Both enzymatically and nonenzymatically, it can irreversibly decompose
into diketogluconic acid or it can be converted to ascorbate in a glutathione-dependent
reaction [3, 13, 14].

As being a reducing substance and an electron donor, during free radical scavenging, vita-
min C donates high-energy electrons to neutralize free radicals, and it is oxidized to dehy-
droascorbic acid. Dehydroascorbic acid may be converted back into ascorbic acid for reuse
or may be metabolized, further releasing more electrons. Although vitamin C is absorbed
from the gut via a sodium-dependent vitamin C transporter, most cells transport vitamin
C in an oxidized form (dehydroascorbic acid) via glucose transporter 1. Dehydroascorbic
acid is reduced to generate ascorbic acid inside the cell, protecting mitochondria from free
radical-induced oxidative damage (Figures 2 and 3). Highly reactive free radicals (e.g.,
RO, RO*, OH,, NO,) are reduced by ascorbate, and the newly generated ascorbyl radical
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Figure 3. Synthesis and degradation of r-ascorbic acid in plant tissues [18].

is poorly reactive. Ascorbate can also scavenge nonradical reactive species, derived from
peroxynitrite, such as hypochlorous acid, ozone, and nitrating agents. Vitamin C is a mono-
saccharide oxidation-reduction (redox) catalyst found in both animals and plants. The anti-
oxidant effect of vitamin C is due to its ability to donate electrons from both the second
and third carbon. During primate evolution, one of the enzymes needed to make ascorbic
acid has been lost by mutation, humans must obtain it from the diet [15]; most animals can
synthesize this vitamin in their bodies and do not require it in their diets [16]. Vitamin C
is needed in the conversion of the procollagen to collagen by oxidizing proline residues to
hydroxyproline. In other cells, it is maintained in its reduced form by reaction with gluta-
thione [17]. As shown in Figures 2 and 3, ascorbic acid is a redox catalyst which can reduce,
and thereby neutralize, ROS such as hydrogen peroxide (H,O,) (Figures 2 and 3).

Ascorbic acid has direct antioxidant effects, and also it is a substrate for the redox enzyme
ascorbate peroxidase, that is particularly important in stress resistance in plants. Ascorbic
acid is present at high levels in all parts of plants, especially in chloroplasts that reach concen-
trations of 20 mM there [19]. Dehydroascorbate (DHA) and ascorbate free radical (AFR), as an
intermediate, the ascorbate free radical (AFR), that are reversible, one-electron oxidations are
generated from ascorbate (Figure 4). According to the generally assumed model of enzymatic
removal of ROS, SOD catalyzes superoxide anion to H,0, and oxygen; then H,O, is reduced
into water and molecular oxygen by CAT. CAT turnover number is very high, but its affinity
for H,0, is relatively low, and consequently a certain amount of H,O, remains in the cell.

H,O, can react with superoxide anion formed in oxidative metabolism generating the highly
reactive hydroxyl radical. GSH peroxidases (GSH-px) and AA peroxidases (AA-px) are capable
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Figure 4. The role of AA in the detoxification of ROS. Blue dotted lines indicate nonenzymatic reactions.
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Figure 5. Foyer-Halliwell-Asada cycle [20].

of scavenging H,O, due to their high affinity for H,O,. The cooperativity of SOD, CAT, and per-
oxidases ensures low amounts of superoxide anion and H,O, and limiting the risk of hydroxyl
radical formation (Figure 5).

4. Role of vitamin C in lipid peroxidation

The chemical and biological properties of L-ascorbic acid suggest that it can act as an anti-
oxidant in vivo [21]. Vitamin C is a primary antioxidant in that it directly neutralizes radical
species. It is not very reactive with prevalent cellular oxidants such as hydrogen peroxide
and probably reacts mostly with hydrogen peroxide breakdown products [22]. Vitamin C
has the ability to protect against lipid peroxidation by acting as a scavenger of ROS and
by one-electron reduction of lipid hydroperoxyl radicals via the vitamin E redox cycle [23]
(Figure 6).
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Figure 6. Schematic presentation of ROS-mediated lipid peroxidation chain reaction. Vitamin C serves dual role of a
prooxidant and an antioxidant [23].

LPO* radical can damage the macromolecules (DNA, RNA, and proteins) and can initiate
cytotoxic, genotoxic, and inflammatory reactions. Vitamin C converts lipid peroxidation
products into unreactive vitamin C-LPO products. This helps to prevent the interaction of
macromolecules (DNA, RNA, and proteins) with LPO* radicals. Vitamin C plays role in
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the regeneration of vitamin E; it donates electron to tocopheryl radical (vitamin-E-O®) and
reduces it to tocopherol.

5. Prooxidant effect of vitamin C

The reducing agents, antioxidants, can also act as prooxidants. Vitamin C is also known to
act as a prooxidant in vitro. Antioxidant vitamin C reduces oxidizing substances, such as
hydrogen peroxide; however, it also reduces metal ions that generate free radicals through
the Fenton reaction [25].

2Fe® +ascorbate — 2Fe* + dehydroascorbate (1)
2Fe*+2H,0, — 2Fe*+20H ++20H" (2)

Vitamin C is a reducing agent and antioxidant, and reacts with reactive oxygen species, such
as the hydroxyl radical. Oxidative modifications of lipids, proteins, and DNA are induced by
mixtures of ascorbic acid and copper or iron for decades [24, 25], contributing to oxidative
damage formation by reducing ferric Fe* to ferrous Fe?" ions (and Cu* to Cu*), which in turn
can reduce hydrogen peroxide (H,0,) to hydroxyl radicals. Therefore, vitamin C-mediated
Fenton reactions should be controlled in the human body due to efficient iron sequestra-
tion by metal-binding proteins such as ferritin and transferrin. It has been suggested that the
prooxidant effect may not be relevant in vivo [26]. Such radicals damaged macromolecules
interacting with nucleic acids, proteins, and lipids, and initiating chain reactions. Ascorbate
can terminate these chain radical reactions by electron transfer. The net reaction is

RO« +C

6H

70" 3)
6 - RO+CH,O-

6 - ROH+CHO,

The oxidized forms of ascorbate are relatively unreactive and do not cause cellular damage.

In the presence of free metal ions, excess ascorbate promotes and initiates free radical reactions.
This is a potentially dangerous prooxidative compound; thus, vitamin C supplements are not
recommended in people with high iron levels [3, 27]. It is provided a mechanism which, vitamin
C induces the decomposition of lipid hydroperoxides to genotoxic bifunctional electrophiles
in vitro without the need for free transition metal ions [3, 27].

6. Vitamin C in human disease

As an electron donor, vitamin C could be involved in several disease processes. Vitamin C is
present in almost all foods of plant origin. The minimal vitamin C requirement for humans
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is defined as 40-60 mg/day to combat dietary deficiency [28]. However, vitamin C status
decreases with both age and smoking, and is associated with chronic diseases such as rheu-
matoid arthritis and cancer [28]. Vitamin C might be consumed by preventing free radical-
induced damage of DNA, which is thought to be an initiating step in cancer formation. The
possible use of vitamin C in cancer therapy and prevention has been an area of great interest.
Vitamin C supplements, which are able to prevent the formation and/or promote the repair
of pre-mutagenic oxidative DNA lesions, are suggested to be of use in cancer prevention.
Recently, a report showed that daily supplementation with vitamin C at high doses increased
the survival time of terminal cancer patients, suggesting that vitamin C can have important
anticancer properties. Indeed, vitamin C is proved to kill or inhibit the growth of many tumor
cell lines [28]. Regarding cancer prevention, several epidemiological studies have linked the
consumption of a diet rich in fruit and vegetables with lower incidence of many types of
cancer [3, 29-34]. The hypothesis supports oxidative processes regulate ascorbate catabo-
lism in humans, although direct proof is currently lacking. Ascorbate plays an important
role as a first defense against oxidative stress. Smokers present one example of the relation-
ship between oxidants and ascorbate since they expose themselves to oxidants via inhaled
smoke. These oxidants have been demonstrated to induce lipid peroxidation in vitro, which
is prevented by the presence of ascorbate. It is demonstrated that the turnover of 14C-labeled
ascorbate has been 40% greater in smokers compared with nonsmokers. Ascorbate require-
ments of smokers based on intake and serum concentrations show that smokers may require
as much as three times the dose of ascorbate than nonsmokers to avoid risk of efficiency
[30-32, 34].

7. Conclusion

Vitamin C, as an antioxidant agent, has been the object of several investigations. However,
vitamin C can also act as a prooxidant, especially in the presence of transition metals such
as iron and copper, starting different dangerous radical reactions. As the experimental find-
ings that have not been obtained by studying in vitro systems have been confirmed by in
vivo investigations, further work is strongly needed. Consequently, ascorbic acid can act as
a strong, efficient, and cheap antioxidant agent, whereas at the same time it can behave as a
radical promoter and can produce dangerous species in living systems. Further investigations
are needed to clear the data in the literature completely.
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Abstract

Vitamin C is known as a potent antioxidant. We studied vitamin C as a radioprotec-
tive agent, focusing on its antioxidative effect. When the body is exposed to radiation,
free radicals and reactive oxygen species (ROS) are produced and oxidize cell compo-
nents, resulting in cell damage. Vitamin C has the potential to scavenge these radical
products, thereby protecting against radiation-induced cell damage. We investigated
the effects of vitamin C on radiation-induced gastrointestinal (GI) syndrome in mice.
The mice received whole-body irradiation followed by bone marrow transplantation 24
h after exposure. Despite avoiding bone marrow failure, the mice eventually died of GI
syndrome. Pretreatment with per os administration of high-dose vitamin C effectively
mitigated radiation-induced GI syndrome and improved mouse survivals, while per os
post-treatment with vitamin C was ineffective, presumably due to impaired absorption
from the radiation-damaged intestine. We also investigated the effect of post-exposure
treatment with intraperitoneal administration of vitamin C on radiation-induced bone
marrow dysfunction in mice. Intraperitoneal administration with high-dose vitamin C,
even at 24 h after whole-body irradiation, was still effective in avoiding bone marrow
dysfunction, thereby increasing mouse survival after radiation. In conclusion, adminis-
tration of high-dose vitamin C effectively reduced the radiation lethality in mice.

Keywords: antioxidant, radioprotectant, acute radiation syndrome, gastrointestinal
syndrome, hematopoietic syndrome

1. Introduction

Since the discovery of radiation at the end of nineteenth century, radiation has been used in
various fields, such as medicine, industrials, and agriculture among others. While such efforts

I m EC H © 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
open science | open minds distribution, and reproduction in any medium, provided the original work is properly cited. [{(cc) ExgNN
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have dramatically improved our level of living, radiation has also unfortunately been used to
develop nuclear weapons. In addition, accidents have occurred at nuclear power plants that
have resulted in catastrophic disasters [1-5]. Because of the accident at Fukushima Dai-ichi
Nuclear Power Plant in Japan, many residents near the nuclear plant had to be evacuated and
still cannot return to their homes [6].

Ionizing radiation affects the human body in two ways. It affects the body directly by cutting
DNA chains, resulting in cell injuries. To reduce the direct radiation damage, lead is used to
protect from gamma rays, and water or boron is also used to protect from neutrons. Physical
protection is essential to prevent the direct effects of radiation. It also affects the body indi-
rectly, as when radiation hits water molecules in host cells, it produces large amounts of free
radicals and reactive oxygen species (ROS), which then oxidize the cell components, resulting
in cell injuries [7-10] (Figure 1).

To reduce/mitigate the indirect effects of radiation, it is essential to scavenge the generated
free radicals or ROS [11, 12]. As host cells have abundant antioxidative enzymes by nature,
free radicals and ROS generated under normal conditions are easily scavenged. However, if a
body is exposed to radiation and exaggerated amounts of free radicals and ROS are produced,
they cannot be entirely scavenged by intrinsic antioxidative enzymes. In such a situation, the
administration of an antioxidative product can facilitate scavenging and prevent cell damage
due to radiation. Many antioxidative products are reported to have radioprotective effects
[13-17]. In this section, we describe the radioprotective effects of vitamin C, which is one of
the strongest antioxidative agents [18-20] (Figure 1).

Vitamin C was originally discovered as a medical treatment for scurvy. It has several pharma-
cological actions, including an antioxidative effect. Nowadays, vitamin C is widely used as
an additive in many foods. Although most animals can synthetize vitamin C by themselves,
some primates, including human have lost the ability to produce vitamin C and so need to
consume it in some form [21, 22].

Radiation exposure I Physical Gamma ray : Lead

\/ protection

DNA damage

Meutron : Water, Boron

N

Cell death

/

Reactive oxygen species
(ROS) generation

=

Scavenge/inhibition of ROS
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Figure 1. Our strategy for the protection against radiation injury.
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Acute radiation syndrome occurs when a host is exposed to high-dose radiation in a short
period of time. This syndrome can develop even in animals (e.g., mice) that can synthe-
tize vitamin C by themselves, as deficiency of antioxidants necessarily occurs after massive
radiation exposure. Hematological syndrome, gastrointestinal (GI) syndrome, and dema-
gogical syndrome are highly frequent symptoms. The pathophysiology of acute radiation
syndrome is basically caused by a stem cell disorder, which has a short cycle of cell turn
over [23, 24].

Our group investigated the antioxidative effect of vitamin C on irradiated hosts using a
mouse model.

2. Effects of pretreatment with per os (p.o.) administration of vitamin C
on GI syndrome in whole-body-irradiated mice

We investigated the effect of vitamin C on radiation-induced GI syndrome in mice receiv-
ing whole-body irradiation (WBI). We found that pretreatment with vitamin C significantly
improved the GI syndrome, thereby rescuing mice that had undergone bone marrow trans-
plantation from lethal radiation exposure [18].

2.1. Bone marrow transplantation alone cannot rescue mice from WBI at 14 Grays

When the mice were exposed to WBI at 6-14 Gray (Gy), 80% of mice survived after WBI at
6 Gy, but no mice survived at doses of >8 Grays (Gy) (Figure 2A). However, when the mice
received bone marrow transplantation (BMT) at 24 h after WBI, their mortality were drasti-
cally reduced and most mice survived (8 and 10 Gy, 100% survival; 12 Gy, 75% survival).
After exposure of WBI at 8-12 Gy, the mice presumably died of bone marrow dysfunction,
namely hematopoietic syndrome, and thereby BMT was effective in these mice. Nevertheless,
BMT was not effective in the mice after WBI at 14 Gy (Figure 2B).
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Figure 2. The mouse survival after WBI (A) and the effect of BMT on the survival after WBI (B) [18].
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2.2. Whole-body-irradiated mice at 14 Gy showed marked denudation of the intestinal
mucosa and bone marrow aplasia

By the pathological examination, severe bone marrow aplasia was observed in mice at 7 days
after WBI at 8 Gy compared to unirradiated control mice (0 Gy) (Figures 3A-a, B-a), although
their intestinal mucosae were still intact even after 8 Gy radiation exposure (Figures 3A-b,
¢, B-b, ¢). However, when the mice were expose to WBI at 14 Gy, marked denudation of the
intestinal mucosae were observed in them at 7 days after irradiation (Figures 3C-b, ¢, arrow-
heads) accompanied with severe bone marrow aplasia (Figure 3C-a). These mice suffered
from the radiation-induced GI damage and presumably died of this GI damage after WBI at
14 Gy, despite rescuing bone marrow failure by BMT.

2.3. Pretreatment but not posttreatment with vitamin C improved the mouse survival after
14-Gy WBI, in combination with BMT

To examine the dose response effects of vitamin C on the irradiated mice, we p.o. adminis-
tered 1.5, 15, 150 and 1500 mg/kg/day of vitamin C for 3 days before 14-Gy WBI to mice, fol-
lowed by BMT at 24 h after radiation. Pretreatment with 150 mg/kg/day of vitamin C was able
to rescue some subjected mice (42% survival), while other doses of pretreatment with vitamin C

0Gy 8 Gy 14 Gy

Bone marrow

Small intestine
(macroscopic)

Small intesting
(ileum, microscopic)

Figure 3. Radiation-induced damage to the bone marrow and small intestine in mice 7 days after radiation [18].
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rescued no mice. Pretreatment with 1500 mg/kg/day of vitamin C also did not improve the
mouse survival after WBI at 14 Gy. Such a massive administration of vitamin C may be con-
versely harmful for the host. We next studied the effect of posttreatment with vitamin C on
the irradiated mice. Mice were p.o. administered with 150 mg/kg/day of vitamin C for 3 days
after 14-Gy WBI and received BMT. Posttreatment with vitamin C did not affect the survival
(0% survival) (Figure 4), although the pretreatment with the same doses of vitamin C was
effective. When the mice were only pretreated with vitamin C and did not receive BMT, no
mice survived after 14-Gy WBI (Figure 4). Of note: these mice died of bone marrow aplasia
after radiation, not GI damage.

2.4. Pretreatment with vitamin C markedly improved the radiation-induced intestinal
damage, thereby rescuing mice from lethal WBI at 14 Gy, in combination with BMT

BMT following 14-Gy WBI remarkably improved bone marrow aplasia in the mice 7 days
after radiation. However, these mice showed severe degenerative changes in the intes-
tinal mucosa (Figures 5A-a, b). Pretreated with vitamin C for 3 days before 14-Gy WBI
without BMT markedly improved the mucosal degeneration in the intestine but did not
improve the bone marrow aplasia in mice (Figures 5B-a, b). Notably, when mice were
pretreated with vitamin C and received BMT following 14-Gy WBI, marked improve-
ments in both bone marrow aplasia and intestinal mucosal degeneration were noted
(Figure 5C-b).

2.5. Pretreatment with vitamin C prevented the intestinal tissue damage of the mice
receiving 14-Gy WBI followed by BMT

The mice showed significantly lower villus heights and crypt counts per circumference in
the intestine after 14-Gy WBI (but not those receiving 8-Gy WBI) (Figure 6A, B). Although
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Figure 4. The effect of pre and posttreatment with vitamin C on the mouse survival after WBI [18].
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Figure 5. The effect of pretreatment with vitamin C or BMT following WBI on the bone marrow or small intestine in
irradiated mice [18].
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treatment with BMT alone following 14-Gy WBI did not affect these degenerative changes,
pretreatment with vitamin C markedly improved them (Figure 6A, B). Both the mice that
were pretreated with vitamin C and received BMT following 14-Gy WBI also showed signifi-
cant improvements (Figure 6A, B).

2.6. Oral administration of vitamin C increased the tissue concentration of vitamin C in
the small intestine

Per 0s administration of vitamin C for 3 days significantly increased the plasma concen-
trations of vitamin C in the treated mice than that of untreated controls (57 + 11 versus
30 £ 8 u/mL, P < 0.05). Next, the vitamin C levels in tissues of small intestine were exam-
ined. To measure vitamin C levels in tissue of small intestine, a sample of small intestine
(0.7 g) was removed from each mouse immediately after sacrifice and homogenized in
5.4% metaphosphoric acid (9.8 g). Vitamin C levels of the homogenate supernatant were
measured in the SRL laboratory (Tokyo, Japan) using high performance liquid chroma-
tography (HPLC). Pretreatment with vitamin C significantly increased the tissue concen-
trations of vitamin C in the small intestine just before radiation (Figure 6C). Interestingly,
the tissue vitamin C levels were decreased at 1 h after radiation in not only vitamin C-
pretreated mice but also in untreated control mice (Figure 6C), indicating the critical
consumption of tissue vitamin C by irradiation. Nevertheless, the mice pretreated with
vitamin C still showed significantly higher tissue vitamin C levels than the untreated
control mice (Figure 6C).

2.7. Pretreatment with vitamin C suppressed a radiation-induced increase in the free
radical metabolites in mouse plasma

To measure free radical metabolites in the plasma, we used the d-ROMs test (Diacron,
Grosseto, Italy). It is a spectrophotometric method that assesses overall oxidative stress by
measuring total hydroperoxide levels, given that hydroperoxides are intermediate oxidative
products of lipids, peptides, and amino acids. We diluted 0.02 mL plasma in 1 mL acetate-
buffered solution. Hydroperoxide groups react with the transition metal ions liberated from
the proteins in the acidic medium, and are converted to alkoxyl and peroxyl radicals accord-
ing to the Fenton reaction. These newly formed radicals, the quantities of which are directly
proportional to those of the peroxides, were trapped chemically with 0.02 mL chromogen
(N,N-diethyl-para-phenylenediamine), leading to the formation of a radical cation of this
chromogen. The purple color resulting from this reaction over time was monitored in a spec-
trophotometer (Wismarll FRAS4, Tokyo, Japan) at 505 nm. The results of this method were
expressed in conventional units (Carratelli units [UCarr]). Although free radical metabolites
gradually increased in the plasma of untreated mice after radiation, pretreatment with vita-
min C significantly suppressed the increase in free radical metabolites at 4 and 7 days after
radiation (Figure 6D). Posttreatment with vitamin C did not suppress the increase in free
radical metabolites in mice.
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2.8. Pretreatment with vitamin C suppressed the radiation-induced DNA damage in the
crypt epithelial cells of the mouse’s small intestine

To examine the effect of pretreatment with vitamin C on the DNA damage in the mouse’s
small intestine after WBI, antisingle stranded (ss) DNA was stained in the samples of small
intestine, using polyclonal rabbit anti-ssDNA (A4506, DAKO, Glostrup, Denmark). In the mice
without vitamin C pretreatment, the number of positive-stained cells for ssDNA increased in
the epithelial crypts of the small intestine at 6 h after radiation and further increased at 24 h
(Figure 7). In contrast, pretreatment with vitamin C significantly suppressed the increase in
ssDNA positive-stained cells (Figure 7). In these mice, the epithelial cells in the crypts of small
intestines only showed slightly positive staining for ssDNA at 24 h after radiation (Figure 7).
Radiation-induced DNA damage of the mouse intestinal crypt cells may be effectively inhib-
ited by pretreatment with vitamin C.

3. The drastic effect of combination therapy with p.o. administration of
vitamin C on the GI syndrome in mice receiving abdominal radiation

Although the survival rates of the mice receiving WBI at 14 Gy followed by BMT were
increased by pretreatment with vitamin C, more than half of the mice still died of radiation-
induced GI damage. We therefore modified the administration manner of vitamin C in order
to augment its radioprotective potential.

Vitamin C (+)

Figure 7. Radiation-induced DNA damage in the small intestines of mice irradiated with 14 Gy [18].
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We used an abdominal radiation model that was not complicated with bone marrow damage.
Therefore, this model does not require murine sacrifice as a donor of bone marrow cells and is
able to simplify the effects of the injury and treatment. In addition, abdominal radiation is fre-
quently performed on patients suffering from abdominal malignancy. It is therefore rational
to research and develop an effective therapy for radiation-induced GI damage using a model
of abdominal radiation. Although posttreatment with vitamin C alone was ineffective in our
previous study, combined therapy of pre and posttreatment with vitamin C improved the sur-
vival rates slightly after abdominal radiation. We also added one-shot engulfment (boosting)
of vitamin C 8 h before radiation in order to effectively increase the tissue vitamin C levels at
the time of radiation exposure. As a result, we were able to elicit a remarkable radioprotective
effect against radiation-induced lethal GI damage (100% survival) by combination therapy.

3.1. Abdominal radiation at 10-12 Gy was not lethal for mice, while the same radiation
doses of WBI were lethal

As we described above, no mice survived after WBI at doses of >8 Gy (Figure 2A). In contrast,
all mice survived after abdominal radiation even at 10 Gy, but no mice survived after abdomi-
nal radiation at >13 Gy (Figure 8).

100

80

60

Survival

40

Figure 8. The survival of mice after abdominal radiation [19].
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3.2. Abdominal radiation at 13 Gy caused lethal GI damage without inducing bone
marrow aplasia

Severe bone marrow aplasia was observed in the lumbar vertebrae, the sternum, and the
femur in mice at 7 days after WBI at 8 Gy (Figure 9). In contrast, the mice after abdomi-
nal radiation at 13 Gy retained a substantial number of bone marrow cells in the sternum
and femur but not in the lumbar vertebrae that was directly exposed to a substantial dose
during abdominal radiation (Figure 9). Bone marrow function may persist even after lethal
abdominal radiation (13 Gy). However, marked denudation of the gastrointestinal mucosa,
especially the ileac mucosa, was observed in the mice at 7 days after abdominal radiation at
13 Gy (Figure 9). In contrast, the mice receiving lethal WBI at 8 Gy did not show such severe
intestinal damage (Figure 9). Abdominal radiation thus induced severe GI damage but not
extensive bone marrow damage in mice.

3.3. Abdominal radiation at 13 Gy restored the white blood cell (WBC) counts but not the
plasma citrulline levels in mice

WBC counts transiently decreased at 1-3 days after abdominal radiation at 11-13 Gy but
increased in mice beyond 5 days after abdominal radiation (Figure 10A). The mice receiving

Abdominal radiation at 13 Gy Whole body irradiation at 8 Gy
T days after irmdiation 7 days after rradintion

=

Lumbar vertebra §=

Figure 9. The pathological findings of the bone marrow and ileum in mice after abdominal radiation at 13 Gy or WBI
at 8 Gy [19].
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Figure 10. The changes in the hematological parameters and plasma citrulline levels after abdominal radiation [19].

WBI at 8 Gy did not show such a restoration of the WBC counts and eventually died of irre-
versible lethal bone marrow damage (Figure 10A). The red blood cell (RBC) counts as well as
the hemoglobin (Hb) levels were also increased around 5-7 days after abdominal radiation at
11 and 12 Gy (Figure 10B, C), whereas such increases in the RBC counts or Hb levels were not
observed in the mice after 8-Gy WBI (Figure 10B, C). Interestingly, the mice showed severe
anemia, as assessed by the RBC counts and Hb levels, at 10 days after abdominal radiation
at 13 Gy due to gastrointestinal bleeding and subsequently died (Figure 10B, C). The platelet
counts did not obviously decrease after abdominal radiation at 11-13 Gy, while in contrast,
those counts markedly decrease after WBI at 8 Gy (Figure 10D). Abdominal radiation, even
at 13 Gy (which is lethal), may not cause severe suppression of the bone marrow cells in mice.
Plasma citrulline level was measured using a fully automated amino acid analyzer (JLC-500/
V2, Nihon Denshi, Tokyo, Japan). It can be reportedly utilized as a biomarker of intestinal
failure after massive resection of the small intestine. Therefore, the changes in the plasma
levels may be an effective biomarker of radiation-induced GI syndrome [19]. Although the
plasma citrulline levels were decreased in mice around 3-7 days after abdominal radiation
at 11 and 12 Gy, they recovered 10 days after radiation exposure (Figure 10E). However, the
mice receiving abdominal radiation at 13 Gy did not show restoration of the citrulline levels at
10 days (Figure 10E). Since their intestinal mucosae were also severely impaired at that point
(Figure 9), the plasma citrulline levels after abdominal radiation may reflect the change in the
intestinal degradation. In line with this finding, the mice receiving WBI at 8 Gy showed signifi-
cant restoration of the plasma citrulline levels at 5-7 days (Figure 10E) without any intestinal
damage (Figure 9).
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3.4. Combination therapy with vitamin C drastically improved the mouse survival after
abdominal radiation

Per 0s administration of vitamin C for 3 days before irradiation (Plan I, Figure 11) rescued only
20% of mice from lethal abdominal irradiation at 13 Gy (Figure 12). Engulfment of vitamin C at
8 h before radiation (Plan I, Figure 11) also rescued 20% of mice from abdominal radiation at 13 Gy
(Figure 12). We tried the engulfment of vitamin C at 2 h before radiation in the mice, but their sur-
vival was <10%, suggesting that an interval of 2 h was too short to sufficiently increase the vita-
min C levels in the mice. We next examined the p.o. administration of vitamin C for 3 days and
engulfment 8 h before radiation in mice (Plan III, Figure 11). Nevertheless, the survivals of these
mice were still 20% (Figure 12). As expectedly, posttreatment with p.o. administration of vitamin
C was ineffective (0% survival, Figure 12). However interestingly, when we tried combination
treatment before and after radiation in mice (Plan V, Figure 11), their survival rates increased to
40% (Figure 12). Notably, when the one-shot engulfment (8 h before radiation) of vitamin C was
added to the oral administration for 10 days before/after radiation (Plan VI, Figure 11), the mouse
survival was drastically increased to 100% survival after abdominal radiation (Figure 12).

3.5. Combination therapy with vitamin C effectively increased the tissue vitamin C levels
in the small intestine of mice

Pretreatment with vitamin C for 3 days before radiation significantly increased the vitamin C
levels in the intestinal tissue just before radiation, and also the administration of engulfing

Ahdomimal radiation st 13 Gy
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Figure 11. The experimental design for abdominal radiation and the treatments with vitamin C [19].
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Figure 12. The effects of treatment with vitamin C on the survival of mice receiving abdominal radiation [19].

vitamin C at 8 h before radiation tended to increase the tissue vitamin C levels, but not signifi-
cantly (Table 1). Interestingly, boosted pretreatment with vitamin C (oral intake for 3 days and
engulfment at 8 h before radiation) further increased the tissue vitamin C levels in the intestine
just before radiation (Table 1). However, there were no significant differences in the plasma
vitamin C levels among these mouse groups (Table 1). Boosted p.o. pretreatment with vitamin
C effectively increased the tissue vitamin C levels in the small intestine just before radiation.

3.6. Combination therapy with vitamin C restored the intestinal damage while reducing
the elevation of free radical metabolite levels after abdominal radiation in mice

Combination therapy with p.o. administration of vitamin C for 10 days before/after radiation
and one-shot engulfment at 8 h before radiation (Plan VI, Figure 11) significantly restored
the intestinal damage in mice after abdominal radiation at 13 Gy (Figure 13A). This combina-
tion therapy with vitamin C also suppressed the positive TUNEL (terminal deoxynucleotid-
yltransferase-mediated dUTP nick end labeling) staining in the ileac mucosa in mice at 12 h
after abdominal radiation at 13 Gy (Figure 13B). TUNEL staining was performed using an
in-situ apoptosis detection kit (MK500, Takara, Tokyo Japan). Vitamin C may suppress the
radiation-induced apoptosis in the intestinal mucosa. Consistently, combination therapy with
vitamin C also restored the villus height of the ileac mucosa beyond 7 days after abdominal
radiation (Figure 14A) and restored the plasma citrulline levels (Figure 14B). Thus, a certain
relationship was suggested between the plasma citrulline levels and intestinal damage. This
regiment of vitamin C treatment drastically improved the radiation-induced intestinal dam-
age, resulting in an improvement in mouse survival after lethal abdominal radiation
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Vitamin C levels

Groups Tissue level of the small intestine Plasma (mg/L)
(mg/L)

No treatment with vitamin C 22.8+2.0 52+05
Engulfment (8 h before) with 271+1.4 52+09
vitamin C

Pretreatment (for 3 days) with 305+1.6° 6.2+0.7
vitamin C

Pretreatment (for 3days) + 36.1+1.7% 6.3+0.6

engulfment (8 h before) with
vitamin C

Mice received the indicated treatments with vitamin C. The small intestine and plasma were obtained from the mice just
before radiation. Data are shown as means + SE (standard error) from n=5 in each group. *p<0.01 vs. no treatment and
engulfment (8h) and p<0.05 vs. pretreatment (3 days), and 'p<0.01 vs. no treatment [19].

Table 1. Vitamin C levels in the small intestine and plasma after the treatments with vitamin C.

A

Vitamin C (+)

Days afier imadiation

B

Vitamin C(+) 12 h after abdominal radiation at 13 Gy

Figure 13. The changes in the intestinal mucosa of the irradiated mice with or without vitamin C treatment [19].
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Figure 14. The changes in the villus height and plasma citrulline levels in the irradiated Figure 14. mice with and without
vitamin C treatment [19].

4. The effect of postexposure treatment with intraperitoneal
administration of vitamin C on the bone marrow dysfunction in mice
after WBI

Considering the practical applications of vitamin C, such as in treating those affected by
nuclear accidents, postexposure treatment is crucial for patients suffering from radiation
exposure. However, it can be difficult for the patients to take high-dose vitamin C orally after
radiation exposure, because the GI tract may already be damaged by radiation. Intravenous
(or intraperitoneal; in case of mice) administration is preferred.

We therefore investigated the effects of postexposure treatment with intraperitoneal (i.p.)
vitamin C on mice after irradiation. We found that the postexposure treatment with vitamin
C reduced radiation-induced apoptosis in bone marrow cells and restored the hematopoi-
etic function, thereby reducing the mortality in irradiated mice. Interestingly, postexposure
treatment with vitamin C was effective even 24 h after radiation exposure. Large amounts
of vitamin C (3 g/kg) were needed to improve the radiation-induced mortality in mice. We
next examined the effects of divided i.p. administration of high-dose vitamin C. Divided i.p.
administration with vitamin C (1.5 g/kg x 2, immediately after and 24 h after radiation) was
effective in treating irradiated mice. The administration of high-dose vitamin C may be useful
for mitigation therapy even after exposure [20].

4.1. Postexposure treatment with i.p. administration of vitamin C improved the survival
of whole-body-irradiated mice

When the mice were exposed to 7 Gy-WBI, their survival rate was 67%. However, postexposure
treatment with 3 g/kg of vitamin C immediately after WBI at 7 Gy rescued all of the subject
mice (100% survival) (Figure 15A). Nevertheless, either 1 or 2 g/kg of vitamin C was ineffec-
tive (Figure 15A). A substantial dose of vitamin C (3 g/kg) was needed to induce a mitigating
effect against radiation-induced lethality. This postexposure treatment with 3 g/kg of vitamin C
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Figure 15. The survival of mice that received postexposure treatment with vitamin C after WBI at 7 (A), 7.5 (B), and 8
Gy (C) [20].

also significantly improved the mouse survival after 7.5-Gy WBI (Figure 15B). However,
treatment with 4.5 g/kg of vitamin C conversely reduced the mouse survival after 7.5-Gy WBI
(Figure 15B). With this treatment, 60% of mice died within 1 day after vitamin C treatment fol-
lowing radiation. The massive administration of vitamin C may be harmful for these irradiated
mice, as more than half of the mice died within 1 day of the administration of 4.5 g/kg vitamin
C, even in the absence of irradiation (Figure 15B). As expectedly, pretreatment with 3 g/kg of
vitamin C rescued 65% of mice after lethal 8-Gy WBI, although the postexposure treatment
with vitamin C (3 g/kg) rescued 20% of mice (Figure 15C), confirming that pretreatment with
vitamin C had a potent radioprotective effect. Postexposure treatment with 4 g/kg of vitamin C
as well as 4.5 g/kg markedly reduced the mouse survival at 1 day after 8-Gy WBI (13 and 0%,
respectively), suggesting a harmful effect due to the extremely high-dose of vitamin C.

4.2. Postexposure treatment with vitamin C restored the bone marrow functions in mice
after WBI

Postexposure treatment with 3 g/kg of vitamin C did not restore the WBC counts, RBC counts,
Hb levels, or platelet counts in mice until 14 days after WBI at 7.5 or 8 Gy, but markedly
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restored these hematological parameters at 3 weeks after WBI (Figure 16). Lethal 8-Gy WBI
had severely damaged bone marrow cells at 14 days after radiation (Figure 17A, C). However,
postexposure treatment with 3 g/kg vitamin C rescued a portion of the bone marrow cells
from the lethal radiation at 14 days after exposure (Figure 17B, D), despite still suppression
of hematological parameters (Figure 16, right column). Immunohistochemical staining of cas-
pase-3 was performed using polyclonal rabbit anticaspase-3 antibody (Asp175, Cell Signaling
Technology, Inc. Danvers, MA). Caspase-3-positive cells increased in the bone marrow 6 h
after WBI at 8 Gy (Figure 17E, indicated by arrows). However, postexposure treatment with
3 g/kg of vitamin C reduced the caspase-3 positive cells (Figure 17F). Postexposure treatment
with vitamin C may suppress radiation-induced apoptotic cell death in the bone marrow.

4.3. Postexposure treatment of vitamin C increased the plasma vitamin C and biological
antioxidant potential (BAP) levels in mice after WBI

Intraperitoneal administration with 3 g/kg vitamin C markedly increased the plasma vitamin C
levels in mice with and without 7.5-Gy WBI at 30 min and 1 h after administration (Table 2), and
the levels were then decreased at 2 h (irradiated mice, 120 + 38; nonirradiated mice, 188 + 27 ug/L
at 2 h). The vitamin C levels in the plasma were measured by the SRL laboratory (Tokyo, Japan)
using HPLC. The ferric-reducing ability in plasma was also measured spectrophotometrically
using the BAP test (Diacron, Grosseto, Italy). In brief, a colored solution containing ferric ions is
reduced to ferrous ions by reduction of the sample, and the antioxidant activity of the sample is
proportional to the measured decrease in absorbance. The BAP assays were performed on the
FRAS 4 analyzer (Wismarll FRAS 4, Tokyo, Japan) according to the manufacturer’s protocols.

7.5 Gy 8 Gy

Platelets

Figure 16. Changes in hematological parameters after irradiation of mice [20].
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Figure 17. Histological findings in the bone marrow of irradiated mice [20].
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Radiation Treatment Plasma vitamin C levels (ug/L) Plasma BAP levels (mMol/L)
30 min after 1 h after 30 min after 1 h after
administration = administration = administration = administration
7.5 Gy Vitamin C (+) 3659 + 382* 1,878 +419* 30.1+2.1* 5.7+0.8*
Vitamin C (-) 26+07 1.7+0.2 31+0.1 34+0.1
Nonradiation Vitamin C (+) 3287 + 520* 940 +128 28.3 +2.4* 53+0.8
Vitamin C (-) 12+02 3.0+0.1

Mice received WBI at 7.5 Gy or did not. Subsequently, 3 g/kg of vitamin C or saline was administered to the mice. Data

shown are mean + SE from five mice.

*p < 0.01 vs. vitamin C (=) [20].

Table 2. Plasma levels of vitamin C after radiation with or without vitamin C treatment.
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These plasma BAP levels were markedly increased at 30 min after i.p. administration with vita-
min C in both irradiated and nonirradiated mice (Table 2). Intraperitoneal administration of
vitamin C potently induced antioxidant capability in mice, even after irradiation. Whereas, these
increased plasma BAP levels reduced to normal levels in both irradiated and nonirradiated mice
at 2 h after i.p. administration of vitamin C (Table 2).

4.4. Postexposure treatment of vitamin C at 24 h after radiation was still effective in
irradiated mice

To examine how long we could delay postexposure treatment with vitamin C after radiation
exposure, vitamin C was administered to mice at 1, 6, 12, 24, 36 or 48 h after 7.5-Gy WBI. As a
result, treatment with vitamin C up to 24 h after radiation effectively increased the survival of
irradiated mice, although the treatment beyond 36 h postirradiation was ineffective (Figure 18B).

4.5. Divided i.p. administration with vitamin C (1.5 g/kg x 2, immediately after and 24 h
after radiation) was effective in irradiated mice

Considering a clinical application of vitamin C, a single administration with 3 g/kg of vitamin
C appeared to be too high a dose for mice to tolerate, although nonirradiated mice did not
die after this dose. The efficacy of two treatments of vitamin C was then examined (1.5 g/kg x
2, immediately after radiation and 24 h after, 3 g/kg in total). This divided i.p. administration
with vitamin C markedly increased the survival of mice after WBI at 7.5 Gy (Figure 19A),

24 b alber eadial

Survival rates (%)

— withoul vitamin
36 b afler eadiation

== 4% bl esdialion

Sugvivad 1

Figure 18. The mouse survival as a function of the time of postexposure treatment with vitamin C [20].
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Figure 19. The survival of mice following one or two treatments with vitamin C (3 g/kg) after WBI and, plasma levels of
free radical metabolites were also measured 7 and 14 days after WBI [20].

despite either single injection with 1.5 g/kg of vitamin C immediately after or 24 h after radia-
tion was ineffective. In addition, divided i.p. administration with vitamin C (1.5 g/kg x 2) as
well as a single administration (3 g/kg) suppressed the elevation of the plasma free radical
metabolite levels after radiation (Figure 19B), suggesting that radiation-induced free radical
productions may be effectively reduced.

5. Conclusions

Vitamin C is a strong antioxidative agent with potent radio-protective effects. In addition, vita-
min C is a water-soluble vitamin and can be easily and safely excreted into the urine and can be
excessively ingested. When bodies are exposed to radiation, the exposure evokes free radicals
and ROS, which oxidize cell components, resulting in impairment of host cells. Antioxidants
such as vitamin C protect hosts from radiation damage by scavenging such radical products.
However, large doses of vitamin C are required to induce this radio-protective effect. We
treated irradiated mice with p.o. administration with 150 or 250 mg/kg/day of vitamin C for
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7-10 days [18, 19]. We also delivered i.p. administration with 3 g/kg of vitamin C to mice for
postexposure treatment [20]. Because the daily requirement of doses of vitamin C is several
milligrams per kilogram order in humans, several hundred to thousand times the doses of
vitamin C were administered p.o. or i.p. to the mice in our studies.

A number of reports have described high-dose vitamin C therapy for the common cold, ther-
mal injury, and malignant tumors, among other ailments [21, 25, 26]. In these reports, no
severe side effects were observed by p.o. administration with high-dose vitamin C, although
diarrhea or loose stool was occasionally noted. This is presumed to be osmotic diarrhea. In our
unpublished data, when human volunteers took 5 g of vitamin C orally, approximately 7% of
them had diarrhea or loose stool. The intravenous administration of high-dose vitamin C is
widely used as a complementary and alternative medicine for various patients [27]. However,
we should practice caution when administering gram-orders of vitamin C to patients [28].
Nephropathy due to oxalate, one of the main metabolites of vitamin C, has been reported in
patients with renal impairment after the massive administration of vitamin C [29-31]. Patients
with glucose-6-phosphate dehydrogenase deficiency also reportedly developed intravascular
hemolysis after receiving massive administration of vitamin C [32, 33]. However, a recent
clinical study has shown that the intravenous administration of 1.5 g/kg of vitamin C thrice
weekly is safe and nontoxic in cancer patients, when patients with renal failure or glucose-6-
deficiency were excluded [34].

We believe that vitamin C is a practical radioprotectant, as it is not expensive to synthesize
and does not induce serious side effects, even if administered at a high dose. Indeed, sev-
eral first responders dispatched to the Fukushima Dai-ichi Nuclear Power Plant Accident
took vitamin C before their mission. Fortunately, no responders were exposed to high-dose
radiation or developed acute radiation syndrome, but this prevented any evaluation of the
effectiveness of vitamin C for preventing acute radiation syndrome; notably, though, no one
reported any side effects.

If we use radiation or radioactive substance properly, it is an effective and a useful tool
for us. However, fears still exist about misuse of this tool by someone with evil thought.
In addition, we should always keep in mind that the human make mistakes without mal-
ice. We must prepare for radiological accidents without demanding any sacrifice by first
responders.
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Abstract

The selective anticancer properties of vitamin C are known since at least four decades.
However, only recently in vitro studies have shown that vitamin C, in high enough con-
centrations, can efficiently and selectively kill a number of different human tumor cell
lines, and these data have been confirmed in experimental animal tumor models. The
first human clinical trials revealed that high doses of vitamin C administered by intrave-
nous injection are not only very well tolerated but also substantially improve the quality
of life of patients with clinically advanced cancer. However, the clinical evidence of the
effectiveness of vitamin C in fighting off cancer is still controversial. The present chapter
outlines the importance of vitamin C for a number of physiological functions, within the
human body, and shows that there is a solid rationale for its use in the routine treatment
of cancer, either alone or in combination with conventional treatment.

Keywords: vitamin C, sodium ascorbate, cancer, oxidative stress, free radicals, high
dose intravenous ascorbate

1. Historical background

The anticancer effects of vitamin C (ascorbic acid) are known since 1969, when Benade et al.
published a paper showing that the sodium salt of this nutrient (sodium ascorbate) is highly
toxic or lethal to Ehrlich ascites carcinoma cells in vitro [1].

A few years before this discovery, the American biochemist, Irwin Stone, had already pub-
lished some interesting reports on the genetic origin of scurvy, the lethal disease produced
by severe deficiency of vitamin C. He had also coined the term “hypoascorbemia,” to define the
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inability of humans and a few other species to synthesize vitamin C because of the lack of the
enzyme L-gulonolactone oxidase (GLO), due to an “inborn error of carbohydrate metabolism.”

After decades of research in this field, Stone became convinced that given the lack of GLO,
and the low amount of vitamin C introduced with food, man easily undergoes a condition
of “chronic subclinical scurvy (CSS),” and CSS is our most widespread disease. The long-term
biochemical outcome of CSS, according to the scientist, sets the stage for the development of
the serious medical problems of later life, including, among others, cardiovascular diseases
(CVDs), collagen diseases, and cancer. Clinical tests reveal that mega levels of vitamin C are
useful in the prevention and treatment of cancer and other diseases. Moreover, to correct CSS
at least 10 g of vitamin C per day depending upon the incident stresses is required. Under
stress, the daily requirement of vitamin C may be up to 200-300 g/day.

Stone noted that in the past decades, “micro” daily levels of vitamin C had wiped out acute
frank scurvy, but did not prevent the epidemic incidence of CSS, the more insidious and more
dangerous, relatively asymptomatic form of scurvy. The full correction of CSS is, therefore,
the first step in any preventive medicine procedure. Even though the recommended dietary
allowances (RDA) [2] prescribe daily amounts of vitamin C in the order of a few milligrams,
these, according to Stone, will only prevent the appearance of the terminal symptoms of
scurvy, but will not do much else.

On this ground, Stone concluded that “vitamin C” is not a real “vitamin,” and proposed the
use of the term “ascorbate,” to better define this missing human liver metabolite [3, 4].

Therefore, according to the scientist, cancer, as well as almost any other known human dis-
eases, depends on both the inability of humans to synthesize vitamin C and the insufficient
amount of the nutrient normally assumed with food, leading to a deficiency (“hypoascorbemia”),
which, in the long term, transforms into CSS, thereby predisposing to all kind of diseases.

The evidence that among the mammals producing their own vitamin C, an unstressed 70 kg
goat is capable of producing 13 g of this liver metabolite, [5] and much more under stress had
convinced Stone that vitamin C RDAs were largely underestimated. Therefore, he proposed
the use of mega doses or doses ranging from 300 to several thousand times, the amount sug-
gested by the RDAs of the nutrient to treat and prevent different diseases including cancer [6].

However, although formally proposed by Stone, the therapeutic use of mega doses of vitamin
C was not really a novelty.

In 1949, Frederick Klenner had reported the successful treatment of 60 cases of bulbar polio-
myelitis, with high doses of vitamin C, administered by mouth and, simultaneously, by
intramuscular and intravenous injection, continuously, for 72-96 hours, until the complete
remission of the symptoms [7]. Klenner proposed his anti-Polio, vitamin C-based treatment
after reading a series of studies published by Jungeblut, between 1935 and 1937 [8], but he also
treated with success, a number of other viral diseases, by using the same high dose vitamin
C protocol.

The plea for a substantial revision of the dosage of vitamin C used in clinics had already
come from the Nobel Prize Albert Szent-Gyorgyi, the discoverer of vitamin C, who, in the
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introduction to the Stone’s book, “The healing factor,” wrote, “The medical profession itself took
a very narrow and wrong view. Lack of ascorbic acid caused scurvy, so if there was no scurvy there was
no lack of ascorbic acid. Nothing could be clearer than this. The only trouble was that scurvy is not a
first symptom of lack but a final collapse, a premortal syndrome, and there is a very wide gap between
scurvy and full health ... But nobody knows what full health is! ... Full health, in my opinion, is the
condition in which we feel best and show the greatest resistance to disease. This leads us into statistics,
which demand organization. However, there is another, more individual difficulty. If you do not have
sufficient vitamins and get a cold, and as a sequence pneumonia, your diagnosis will not be “lack of
ascorbic acid” but “pneumonia.” So you are waylaid immediately” [3].

Therefore, Szent-Gyorgyi had already warned the medical establishment about the need to
radically review vitamin C RDAs (in the order of milligrams) that he considered sufficient to
prevent scurvy, but largely insufficient to grant a condition of “full health.”

The twofold Nobel Laureate, Linus Pauling later formalized this concept, in an article pub-
lished in 1974 [9]. In this article, Pauling, after illustrating in detail the arguments in favor of
the use of mega doses of vitamin C to treat a number of different diseases, suggests that the
RDA of 45 mg/day, be renamed minimum dietary allowance, and the recommended dietary
intake be introduced, ranging from 250 to 4000 mg/day for adults.

In the same year, Cameron and Campbell published an article concerning the treatment of 50
patients with advanced cancer, with 10 g of vitamin C administered by vein for the first few
days, and then by mouth, for the rest of their lives. The results of this study indicated that high
doses of vitamin C are useful as a routine supportive measure to reinforce standard treatment
of earlier and more favorable cases [10].

Two years later, Cameron and Campbell demonstrated that the use of the protocol proposed
by Cameron and Pauling significantly prolonged the survival and improved the quality of
life of terminal cancer patients [11], but their work raised a number of criticisms, especially
focused on the randomization procedure. To respond to the critics, the authors decided to
undertake a second investigation, but this new study further confirmed that patients on mega
doses of vitamin C lived, on average, 251 days longer than the untreated controls [12]. The
same authors [13] and a group of Japanese clinicians [14] later confirmed the results formerly
obtained by Cameron and Pauling.

In an attempt to either duplicate or refute the results reported by Cameron and Pauling, the
Mayo Clinic initiated another investigation, which seemed to disprove the efficacy of the
mega doses of vitamin C against cancer [15]. However, according to Pauling, the inclusion
criteria used by the Mayo Clinic scientists were not conformed to the ones he had used. In fact,
the Mayo Clinic study included patients previously treated with chemotherapy that compro-
mises the immune response, while a functioning immune system is, according to Pauling, a
fundamental prerequisite for an effective anticancer action of mega doses of vitamin C.

Therefore, based on this and other criticisms, the Mayo Clinic group undertook a second clini-
cal investigation that substantially confirmed the results of the first one [16], and this study
represented, for the scientific community, the definitive evidence of the inefficacy of mega
doses of vitamin C against cancer.
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As an undoubted evidence of the biases affecting this study, it will be worth mentioning
that the second clinical trial performed at Mayo included only patients affected by colorectal
cancer (CRC), that are clearly not representative of the entire complex and variegated range
of cancer types affecting humans. However, to remain confined to just CRC as a paradigm
of cancer, it will be worth mentioning the recent reports showing that vitamin C in high
doses kills BRAF and KRAS mutants of CRC, which are resistant to the standard chemo-
therapeutic regimens, thus, substantially disproving the results of the second Mayo Clinic
investigation [17-19].

2. Mechanistic explanation of the anticancer properties of vitamin C

Vitamin C is an essential nutrient with a number of beneficial functions, for the organism,
since it

* helps the metabolism of tyrosine, folic acid, and tryptophan;

¢ increases the elimination of cholesterol;

¢ contributes to the synthesis of catecholamines;

* helps the body to absorb and breakdown histamine;

* enhances the absorption of nonheme iron;

* promotes the synthesis of collagen (its most widely known physiological function);

* neutralizes free radicals (it is a reducing agent, “scavenger” of free radicals, and a founder
among the natural antioxidants);

* protects the DNA from damage due to free radicals and mutagens;
* reduces the risk of premature death;

¢ fights off widespread environmental pollutants;

¢ prevents the development of nitrosamines, and much more.

Vitamin C is ubiquitous, but humans, guinea pigs, some primates, a particular type of fruit-
eating bat, the majority of fishes and birds do not produce it, and therefore they depend on
diet for the assumption and use of this fundamental nutrient [20].

Regarding the anticancer properties of vitamin C, different authors have proposed various
mechanistic explanations; among others:

2.1. The prooxidant pathway

As mentioned in the previous section, the hypothesis that vitamin C in high concentrations,
administered by intravenous infusion, acts as a prooxidant, rather than antioxidant, leading

to the formation of H,O,, with consequent oxidative damage to cancer cells, was formerly
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proposed in 1969 [1]. According to this hypothesis, vitamin C kills cancer cells through the
intracellular generation of toxic hydrogen peroxide (H,0,) produced upon its oxidation by
the cells themselves.

Although relevant for clinical cancer treatment, this discovery remained “hidden” for more
than four decades, and the theory of the prooxidant activity of vitamin C in high concentra-
tion was proposed again 36 years later, though with no mention of the original work done in
1969 [21, 22].

The theory was further investigated, very recently, by Yun et al. [17-19] who defined the
chain of events leading vitamin C to behave as a prodrug of H,O, thereby killing selectively
cancer cells, both in vitro and in vivo. Briefly, vitamin C in high doses administered by intra-
venous injection exerts its selective cytotoxic effect on cancer cells, because, after parenteral
administration, it behaves as a peroxide delivery system for the generation of sustainable
ascorbate radical and H,O, in the extracellular space, with consequent oxidative damage to
cancer cells (Figure 1). The selectivity of the cytotoxic effect of parenteral vitamin C depends
on the fact that cancer cells, compared to their normal counterpart, show a reduced level
of antioxidant enzymes such as catalase, superoxide dismutase, and glutathione peroxi-
dase. The reduced level of antioxidant enzymes leads to cellular damage by accumulation
of H,0,, with consequent intracellular redox imbalance and oxidative damage to different
cellular structures.
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Figure 1. Prooxidant effect of vitamin C (see text). Legend: Vit. C = vitamin C, ATP = adenosin triphosphate, DHAA =
dehydroascorbic acid, GSH = glutathione, GSSG = glutathione disulfide, GAP = glyceraldehyde 3-phosphate, GAPDH =
glyceraldehyde 3-phosphate dehydrogenase, GLUT = glucose transporter, NAD = nicotinamide adenine dinucleotide,
ROS = reactive oxygen species, PARP = poly ADP-ribose polymerase.
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Yun et al. [17-19] have recently showed that the death of KRAS and BRAF cell mutants of
CRC is imputable to the oxidized form of vitamin C: dehydroascorbic acid (DHAA). DHAA
competes with glucose, for intracellular uptake by glucose transporters (GLUTs), mainly one
and four subtype receptors. Interestingly, both KRAS and BRAF activating mutations are
responsible of the upregulation of GLUT1 expression in different types of cancer, including
CRC, although the upregulation of GLUT1 expression is not always associated with increased
sensitivity of tumor cell lines to the cytotoxic effects of DHAA.

Investigation into the metabolic makeup of KRAS and BRAF CRC-derived cell lines shows
that there is an accumulation of glycolytic intermediates upstream glyceraldehyde-3-phos-
phate-dehydrogenase (GAPDH) and a contemporary depletion of the metabolites down-
stream GAPDH, indicating an inhibition or severe reduction of its enzymatic activity, which
appears to be the key of the cytotoxic effect of DHAA.

In summary, the data reported by Yun et al. on the effect of DHAA on CRC cell lines indicate
that in glycolysis-addicted KRAS and BRAF mutated cell lines, high amounts of DHAA enter
the cancer cells, thanks to the overexpressed GLUT-1 receptors. DHAA is then reduced again
to vitamin C inside the cells. The reduction of DHAA to vitamin C scavenges glutathione
(GSH), thus inducing redox imbalance and oxidative stress. Oxidative stress, in turn, leads

to inactivation of GAPDH, inhibition of glycolysis, and energetic crisis, which leads to cancer
cell death.

According to this mechanistic explanation, vitamin C, functioning as a prooxidant, would
induce an increase in the intracellular reactive oxygen species (ROS), which leads to increased
DNA damage, with consequent activation of poly ADP-ribose polymerase (PARP), an enzyme
necessary to repair damaged DNA. PARP activation would in turn consume NAD+, with
NAD+ depletion and consequent ADP depletion, leading to energetic crisis and death of can-
cer cells [23].

The theory according to which vitamin C in high doses would act as a prodrug of H,0O,,
beyond being criticized by different authors, seems somewhat controversial and overlooks a
few important aspects as follows:

* Although reported in 2005 by Chen et al. [21, 22], it is not new, since, as we have seen, it
had been already proposed by Benade et al. in 1969 [1]. Interestingly, while according to
Benade, H,0, forms inside the cell, starting from vitamin C, Chen et al. conclude that H,O,
is formed outside the cell, staring from DHAA. Our experience with high concentrations
of vitamin C to treat, in vitro, retinoblastoma (Y79) (Figures 2 and 3) [24], uveal melanoma
(C918, OCM1) [25], human promyelocytic leukemia (HL60) [26], and different human my-
eloid leukemia (HL60, U937, K562, NB4, NB4-R1, and NB4/As) cell lines [27] indicates that
H,O, forms inside the cells, rather than outside. In fact, in our experiments, the cytotoxic
effect of vitamin C on cancer cells in culture persists for hours/days after the removal of
vitamin C from the culture medium.

* H,0, is a metabolite normally produced by the cells of the body and usually overproduced
by cancer cells. Therefore, H,O, itself could be an optimal substitute for vitamin C, as an an-
ticancer compound. In this regard, it could be useful remark that Reginald Holman, in 1957,
published a paper in “Nature” showing that rat implanted with Walker 256 adenocarcinoma
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Figure 2. Flow cytometric analysis of Y79 human retinoblastoma cell line viability, after treatment with increasing
concentrations of vitamin C (Asc) in vitro. C = control sample, Ascl = vitamin C 1 mM, Asc3 = vitamin C 3 mM, Asc5 =
vitamin C 5 mM, Asc7 = vitamin C 7 mM. Starting from a viability of about 74% (control sample), the percentage of viable
cells after 1 hour of treatment with vitamin C and 18-24 hours of incubation are about 66% at 1 mM, 41% at 3 mM, 11%
at 5 mM, and 9% at 7 mM of vitamin C.

Figure 3. Microphotographs of Y79 human retinoblastoma cell lines: A: hematoxylin/eosin staining of cultured Y79.
Interestingly, cells in culture tend to form the typical Flexner-Wintersteiner «rosettes» (black arrows) commonly seen
in pathology specimends (original magnification: 200x). B: May-Grunwald Giemsa staining showing morphological
details: large cells with loose chromatin and highly basophilic cytoplasm (original magnification: 400x). C: Contrast
phase microphotographs of Y79 human retinoblastoma cell lines in culture (control sample): cells tend to form clusters
in culture (original magnification: 200x). D: Contrast phase microphotograph of Y79 human retinoblastoma cell lines
after treatment with vitamin C 7 mM. At a concentration of 7 mM, vitamin C destroys the vast majority of cells in
culture. A few residual cells appear swollen and necrotic (original magnification: 200x). E and F: Hoechst/PI staining
of Y79 human retinoblastoma cell line in the culture. With Hoechst/PI, live cells not distinguishable in the black/withe
caption. In the control sample (E), there is a clear prevalence of cells stained by the Hoechst dye (alive) while in the
sample treated with 7 mM of vitamin C (F), the prevalent color is given by PI (dead cells)(original magnification: 200x).
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and treated by simply replacing their drinking water with 0.45% hydrogen peroxide showed
a rate of cure of 50-60% [28]. The time for complete disappearance of the tumor varied from
15 to 50 days depending on the tumor size at the beginning of treatment. Holman’'s work
was based on the assumption (later confirmed by studies on vitamin C) that malignant cells
are deficient in catalase, and as such unable to detoxify high fluxes of H,O,. As a conse-
quence, an in vivo measurement of catalase activity in tumors would represent a useful di-
agnostic tool to predict which cancers will respond to pharmacological doses of vitamin C
therapy (or H,O,) [29].

* According to the prooxidant theory, vitamin C in high concentrations induces the produc-
tion of H,O, through a Fenton-like reaction (Figure 4). This reaction is the oxidation of
organic substrates by iron and hydrogen peroxide. Trivalent iron (Fe3*) is fundamental
for the reaction, but, since Fenton-like reactions are usually controlled, in vivo, because of
iron sequestration by metal-binding proteins, the prooxidant effect of vitamin C, in vivo, is
considered scarcely significant by different authors [30, 31], and other mechanisms should
be hypothesized.

¢ Cancer cells produce high amounts of H,0,, and high levels of this metabolite have been
associated with key features in cancer, such as DNA alterations, cell proliferation, apop-
tosis resistance, metastatic spread, angiogenesis, and hypoxia-inducible factor 1 (HIF-1)
activation. On the contrary, decreasing the cellular levels of H,O, may reverse the ma-
lignant phenotype. Therefore, H,O, can be either proapoptotic or antiapoptotic, either
carcinogenic or anticarcinogenic, depending on its concentration and localization within
the cell [32, 33];

VITAMIN C AND FENTON REACTION

1. Fe3* + AscH, —— Fe? + Asc* + 2H*
2. FeZ-l- + DZ — Fea+ + Oz—.

3. 20, + 2H* H,0, +0,

4. H,0, + Fe* Fe*' + OH° + OH"

Figure 4. Fenton reaction mediated by vitamin C. (1) Vitamin C (ascorbic acid, AscH2) reduces ferric ions (Fe3+) to
ferrous ions (Fe2+). (2) Ferrous ion reacts with oxygen to produce superoxide. (3) Dismutation of superoxide leads to
hydrogen peroxide. (4) Hydrogen peroxide reacts with ferrous ions to form hydroxyl radicals. Legend: Asc = ascorbic
acid, vitamin C, Fe = iron, O = oxygen, H,0, = hydrogen peroxide, OH = hydroxyl radical.
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¢ According to the “Fenton chemistry,” invoked to explain the selective cytotoxic effect of vita-
min C against cancer cells, trivalent iron (Fe*) is necessary for the formation of H,O,, starting
from vitamin C. However, some literature data seem to demonstrate that the exact oppo-
site is true. In particular, Mojic et al. using two prostate cancer cell lines (LNCaP and PC-3)
showed that iron at physiological concentrations in the cell culture medium and human plas-
ma abrogates the anticancer/cytotoxic effects of vitamin C. According to these authors, iron
at physiological concentrations promotes both production and decomposition of H,0O,, the
latter being mediated by a Fenton reaction, which prevents the accumulation of H,O,, thus
abolishing the cytotoxic effect of vitamin C. Therefore, as the authors conclude, the in vitro in-
vestigations on the anticancer properties of vitamin C may have been overestimated because
all suffered the bias of a low amount of Fe* in the culture medium, if compared to normal
plasma and body fluids. To repeat in vivo the results obtained in vitro, the authors suggest

that the simultaneous administration of vitamin C and chelating agents remove iron [34].

¢ Vitamin C (ascorbate) readily undergoes pH-dependent autoxidation producing hydro-
gen peroxide, and catalytic metals accelerate the oxidation process. This means that cata-
lytic iron is not strictly necessary for the production of H O, starting from vitamin C, and
therefore, the Fenton reaction may not be essential for this purpose. The autoxidation, i.e.,
oxidation in the absence of catalytic metals, occurs via the ascorbate dianion (Asc*). In par-
ticular, that at pH 7.0, 99.9% of ascorbate (vitamin C) is in the form of monoanion (AscH").
Asc2" increases by a factor 10, with one unit increase in the pH. Therefore, while the pro-
duction of H,O, may be scarcely relevant in the absence of catalytic iron (as in the “Fenton
chemistry”), it may become considerable when the concentration of ascorbate is in the or-
der of the millimoles, as in the case of the use of vitamin C as an anticancer compound. To
give an example, an aqueous solution containing 20 mM of vitamin C in the form of sodium
ascorbate (the sodium salt of the ascorbic acid) will contain 1 uM of Asc* which, in turn,
will result in a flux of H,O, on the order of 10 nM/s in a typical cell culture experiment [35].

* In most laboratory settings, autoxidation of vitamin C is due to adventitious catalytic met-
als, as part of the buffers used or contaminating of lab equipment. It is not by chance that
the methods underpinning the “Fenton Paranoia” are in vitro methods using either isolated
tissue cultures or d samples exposed to the air. Indeed, as reported by some authors: “...
unless extreme care is taken, every time vitamin C is added to blood samples (and urine samples)
outside the body there are a whole host of oxidative products and markers produced ...” [36].

* Both the antioxidant and prooxidant activities of vitamin C in high doses may not necessar-
ily be mutually exclusive. Studies on chelation therapy have shown that 5 g of the sodium
salt of vitamin C added to the ethylenediaminetetraacetic acid (EDTA) chelation cocktail
results in acute oxidative stress, but this effect is transitory, and after multiple sessions of
EDTA-based chelation treatment, a prolonged, protective, antioxidant effect of the treat-
ment becomes evident [37]. These data confirm the evidence reported by Mojic et al.[34]
regarding the inhibitory effect of iron on the prooxidant activity of vitamin C, and also the
idea, formerly illustrated by Klenner, according to which vitamin C in high concentration
may act as a “flash oxidizer” [38].
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In summary, increasing the concentration of vitamin C with mega doses of the nutrient
injected in vein may lead to a substantial increase in the spontaneous generation of H,O,,
with toxic consequences to cancer cells, according to the chain of biochemical reactions more
recently described by Yun et al.,, and briefly summarized herein. This does not mean that
the administration of vitamin C in high doses by intravenous injection abrogates its anti-
oxidant properties, but most probably that both prooxidant and antioxidant effects coexist.
It rather implies that both antioxidant and prooxidant properties are simultaneously present
in the molecule, the latter resulting more pronounced when the concentration of the nutrient
reaches values in the order of millimoles (20 mM).

2.2. The antioxidant pathway

“Collagen” is a collective name to designate group of fibrous proteins that occur in verte-
brates as the chief constituent of connective tissue fibrils and in bones. Many of the symptoms
of scurvy (the syndrome of acute deficiency of vitamin C) depend on the defective produc-
tion of collagen. Since the beginning of the history of this nutrient, scientists know that vita-
min C is essential for the synthesis of collagen. Indeed, vitamin C is a cofactor of collagen
prolyl-4-hydroxylase (C-P4H), the enzyme responsible for the formation of hydroxyproline,
the essential component of collagen. Under conditions of vitamin C deficiency, C-P4H loses
its activity, and the organism does not form collagen properly, with consequent connective
tissue deterioration, as it happens in scurvy (Figure 4).

Prolyl-hydroxylases are an entire family of enzymes, also known as 2-oxoglutarate-depen-
dent dioxygenases (2-OGDDs) with a wide range of biological functions [39], and members
of this family include HIF-hydroxylases [40]. These vitamin C-dependent enzymes are of
extreme importance in tumor biology since hypoxia and induction of HIFs are a hallmark of
many tumors [41].

HIF is a heterodimeric transcription factor discovered in 1991 [42]. In normal oxygen pressure
conditions (“normoxia”), the HIF-1a unit is downregulated by vitamin C-dependent hydrox-
ylases, while in hypoxic conditions, such as those so frequently found in solid tumors, there
is a repression of the hydroxylation of HIF-1a, with consequent increase of HIF-dependent
gene transcription, neoangiogenesis, and tumor growth and progression. The important
consequence of the central role of vitamin C in the synthesis of HIF-1a hydroxylases is that
low levels of vitamin C promote tumor growth and progression (as already hypothesized by
Stone, Szent-Gyorgyi, and Pauling), by reducing HIF-1a hydroxylation, thereby stabilizing
HIF-1a [43], and high levels of HIF render cancer cells more sensitive to vitamin C-induced
toxicity [44].

Recently, Kuiper et al. have confirmed the above data by finding an inverse relationship
between intratumor levels of vitamin C and HIF activity in both endometrial cancer and CRC
[45-47].

For a better understanding of the centrality of the relationship between hypoxia and HIF in
tumor biology, we must consider that cancer hypoxia (a very common feature in cancer) is
associated with HIF activity that mediates angiogenesis, epithelial-mesenchymal transition
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(EMT), stem cell maintenance, invasion, metastasis, and resistance to radiation therapy and
chemotherapy [48]. Therefore, attempts to downregulate HIF synthesis and activity may rep-
resent a step forward in the search of an effective and selective anticancer drug [49, 50].

Is vitamin C such a molecule?

The current evidence shows that vitamin C has a close relationship with the function of HIF,
and therefore, being a natural compound, it is the best-suited, natural molecule for the pur-
poses of inhibiting cancer growth through HIF-mediated mechanisms.

Tian et al. note that the overexpression of HIF greatly enhances vitamin C-induced toxicity
on cancer cells, since HIF increases the intracellular uptake of oxidized vitamin C through
its transcriptional target GLUT1, synergizing with the uptake of its reduced form through
sodium-dependent vitamin C transporters (SVCTs) [44].

Other authors, working with human leukemia cell lines, showed that vitamin C inhibits the
growth of human leukemic cells not only through the generation of H,0O, but also and more
importantly through the downregulation of HIF-1a transcription [51].

Further important insights into the role of HIF have come from studies of three tumori-
genic models in vivo, showing that the antitumorigenic effects of antioxidants such as
N-acetylcysteine (NAC) and vitamin C are not due to their ability to squelch DNA damage
and genomic instability mediated by ROS but due to their capacity to downregulate HIF
levels [52].

These results are of extreme interest for the following reasons:

¢ Whether we consider its prooxidant activity, leading to cancer cell damage through the
generation of H,O, or its antioxidant (more typical) activity, leading to the enzymatic
breakdown, and nonenzymatic downregulation of the HIF, vitamin C in high doses always
shows the characteristics of a simple, natural, and effective anticancer molecule;

e Antioxidants (all of them!) have anticancer effects;

¢ Vitamin C and other antioxidants may have a role as adjuvant therapy to prevent progres-
sion or recurrence of HIF-dependent tumors;

¢ Vitamin C may show anticancer properties even when administered by mouth, with caution
about the dose, which must be sufficiently high.

Recent investigations have shown that ascorbate therapy has a significant effect on the expres-
sion of several genes relevant to the development or inhibition of cancer. In particular, the
reduced expression of tumor-promoting genes, such as HIF, and the increased expression of
tumor-suppressor genes, such as p53, support the notion that vitamin C can act as a potential
agent for the suppression of tumor development [53].

2.3. The epigenetic pathway

As we have seen, vitamin C has a number of beneficial biological functions, many of which
are related to its action as an electron donor for adjusting the redox state of iron-containing
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enzymes. Recent studies have implicated Fe*-dependent oxidative modification activities in
normal tissue homeostasis and experimentally induced reprogramming. The loss of these
activities is associated with epigenetic defects and compromised cell differentiation or devel-
opmental potential (Figure 5).

One of the most important properties of Fe**-20G-dependent dioxygenases is their suscep-
tibility to environmental factors (as we have seen in the case of HIF-hydroxylases). Vitamin
C is necessary to maintain the function of these enzymes, and different oncometabolites can
inhibit their activity.

Recent studies show that vitamin C may enhance reprogramming of pluripotent stem
cells, and the available data suggest a strong link between vitamin C, dioxygenase func-
tion, and stem cell differentiation, that is of great relevance for human disease [54]. In fact,
vitamin C (in the form of sodium ascorbate), as a member of Fe*- and 20G-dependent
dioxygenases, plays a critical role in the demethylation of DNA and histone, as a cofactor
for a group of enzymes termed methylcytosine dioxygenase ten-eleven translocation (TET,
including TET1, TET2, and TET3) and some Jumonji-C (JmjC) domain-containing histone
demethylases [55, 56].

(Note 1: TET1 catalyzes the conversion of the modified DNA base 5-methylcytosine (5-mC)
to 5-hydroxymethylcytosine (5-hmC). TET1 produces 5-hmC by oxidation of 5-mC in an iron
and alpha-ketoglutarate-dependent manner [8]. The conversion of 5-mC to 5-hmC has been
proposed as the initial step of active DNA demethylation in mammals.)

(Note 2: TETs belong to the Fe*- and 20G-dependent dioxygenase superfamily.)
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Figure 5. Hypoxia stabilizes HIF-1a as the rate of prolyl-hydroxylases (PHD)-mediated hydroxylation of a subunit is
limited. HIF-1a accumulates in the cytoplasm and passes into the nucleus, where it binds to HIF1-f. Cofactor p300
allows the binding to hypoxia response elements (HREs) of target genes involved in angiogenesis, metabolism, pH
regulation, proliferation, and metastasis. Vitamin C, as a cofactor of PHD, determines increased degradation of HIF1-a
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Given its role as an essential cofactor of enzymes involved in epigenetic gene regulation/
expression, vitamin C can be involved in embryonic development, postnatal development,
aging, cancer, and other diseases [57].

In summary, the epigenetic gene regulation functions of vitamin C encompass:
¢ The regulation of DNA demethylation as an essential cofactor for TET dioxygenases;

* The regulation of histone demethylation as an essential cofactor for JmjC domain-contain-
ing histone demethylases;

* The role of interface between the genome and environment;
¢ The critical role in maintaining the epigenome, especially at early embryonic stages;

¢ The contribution to different disease in the case of deficiency, which causes reduction of the
catalytic activity of TET dioxygenases and JmjC domain-containing histone demethylases [58].

According to some authors, vitamin C causes widespread, consistent, and remarkably specific
DNA demethylation of 1847 genes in human embryonic stem cells (hESCs), including impor-
tant stem cell genes, with a clear bias toward demethylation at CpG island boundaries [59].

Other epigenetically relevant effects of vitamin C include:

* The development of dopamine neuron differentiation in fetal midbrain [60], the induction
of pluripotent state in mouse embryonic stem cells [61, 62];

* The enhancement of the demethylating activity of 5-azacytidine, and induction of cytotox-
icity [63, 64];

¢ The inhibition of the malignant phenotype on melanoma cells in vitro, by partially reestab-
lishing the global content of 5-hydroxymethylcytosine (5-hmC) and the consequent altera-
tion in the transcriptome [65];

* The upregulation of several microRNA (miRNA) involved in tumor suppression and drug
resistance, the most prominent of which correlates with increased overall survival of breast
cancer or nasopharyngeal carcinoma [66];

* The inhibition of the proliferation, migration, and epithelial-mesenchymal-transition
(EMT) of lens epithelial cells by destabilizing HIF-1c [67].

2.4. The immunologic pathway

Vitamin C concentrations in the plasma and leukocytes rapidly decline during infections and
stress, and vitamin C supplementation improves a number of different immunologic func-
tions, including, among others: antimicrobial and natural killer (NK) activities, lymphocyte
proliferation, chemotaxis, and delayed-type hypersensitivity. Furthermore, by maintaining
the cellular redox integrity, vitamin C protects the cells of the immune system against ROS
[68, 69]. Inmunocompetent cells such as lymphocytes, neutrophils, and monocytes have vita-
min C levels 10-—100-fold higher than the plasma, and accumulate it against a concentration
gradient (Figure 6) [70].
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Figure 6. As a cofactor for TET dioxygenases, vitamin C participates in the conversion of 5-mC to 5-hmC, and further
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DNA methyltransferase-1, DHAA = dehydroascorbic acid, Vit. C = vitamin C.

A decrease in the intracellular content of vitamin C may result in locally increased apoptosis
of immune cells and immunosuppression [71].

Vitamin C is essential for immunoglobulin synthesis [72] and active phagocytosis [73] enhances
the production of interferon [74] and suppresses the production of interleukin-18 (IL-18), a key
regulator in malignant skin tumors, including melanomas, squamous cells carcinomas, and a
number of other tumors [75].

The concept that the immune system can help fighting cancer has deep roots. In 1909, the
German scientist Paul Ehrlich proposed that the incidence of cancer would be much higher,
were it not for the action of our immune system in recognizing and eliminating tumor cells [76].

Half a century later, two scientists, Lewis Thomas and Frank Macfarlane Burnet, took Paul
Ehrlich’s original idea a step further and proposed the model of “immune surveillance,”
according to which the cells of the immune system actively patrol the body looking for
cancerous cells and eliminate them as they arise. This idea became a grounding principle
of the new field of cancer immunology that took shape beginning in the 1950s [77].

More recently, the relationship between cancer and the host immune system has become clear
with the introduction of the concept of “immune editing,” a three-phase process leading can-
cer cells to escape the control of the immune system, with consequent cancer progression [78].
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Therefore, since no doubts exist, nowadays, about the role of the immune system in controlling
cancer development, progression and spread, natural substances such as vitamin C, whose
action spreads over a wide range of effectors of both the innate and adaptive immunity, repre-
sent a new promising therapeutic tool against cancer.

Much of the “booster” action of vitamin C on the immune system depends on its anti-
oxidant nature. Indeed, vitamin C downregulates ROS-dependent expression of pro-
inflammatory interleukin genes, via inhibition of transcription of NF-kB (nuclear factor
kappa-light chain-enhancer of activated B cells), which, in turn, regulates the expression
of pro-inflammatory cytokines, such as IL-1 and tumor necrosis factor-alpha (TNFa) [79].
Recent evidence shows that vitamin C enhances antioxidant defenses of T-cells [80] and
increases T-cell responsiveness to antigens, thus suggesting that it has a definite role in
regulating immune function [81].

Confirm of the role of vitamin C in regulating the immune system function come from stud-
ies showing that increased vitamin C concentrations inhibit antigen-induced, withdrawal-
induced, steroid-induced, and spontaneous T-cell apoptosis [82], fas-induced apoptosis of
monocytes [83], and increased cytotoxic activity of natural killer cells in humans [84]. All
these data indicate that it can modulate the immune system by inhibiting T-cell apoptosis
signaling pathways [85]. Similar results apply to monocyte-derived dendritic cells (DCs) [86].

As mentioned in the “historical background,” more than four decades ago, Pauling attrib-
uted to vitamin C the role of a “booster” of the immune system. This was his main argu-
ment against the negative results reported by the Mayo Clinic scientists, since they should not
have included, in their clinical trials, cancer patients previously treated with chemotherapy,
because chemotherapy destroys immunocompetent cells and severely impairs the individual
immune response to cancer.

The Mayo Clinic scientists apparently did not understand this argument and, in reply to the
legendary scientist wrote “... Any contention that previous chemotherapy prevented our patients
from achieving the extraordinary survival increase claimed by Drs. Cameron and Pauling must be con-
sidered highly speculative at best. Our patients were entered into the study only when they were well
past any acute immune-suppressive effects of previous therapy” [87].

The evidence, today, indicates that a healthy immune system is necessary to control the
malignant disease and that immune suppression associated with cancer and cancer chemo-
therapy contributes to its progression [88]. Therefore, in agreement with Pauling and the cur-
rent evidence, it is likely to assume that since cancer chemotherapy produces long-lasting
deleterious effects on the immune system [89, 90], patients previously treated with cytotoxic
chemotherapy should not expect positive outcomes from the treatment with vitamin C as a
“booster” of the immune system.

2.5. The collagen pathway

William McCormick first proposed, about 6 decades ago, the hypothesis that cancer could be
due to a defect in the metabolism of collagen [91]. Given the fundamental role of vitamin C, in
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the synthesis of collagen [92], the scientist concluded that a deficient intake of vitamin C (as in
full blown or chronic subclinical scurvy) could determine cancer by disrupting the synthesis
of collagen, thus creating a local permissive environment for cancer to grow and spread to
other organs and tissues (Figure 7) [93].

As we have seen in the previous sections, vitamin C is required for collagen synthesis by act-
ing as a cofactor for nonheme iron a-ketoglutarate-dependent dioxygenases such as prolyl-
4-hydroxylase. It stimulates all types of collagen synthesis by donating electrons required for
hydroxylation reactions of proline and lysine in procollagen, normally performed by specific
hydroxylating enzymes.

In recent years, the role of basement membrane (BM) in the dynamic regulation of cell behav-
ior and cell-signaling pathways has clearly emerged. The BM defines the tumor microen-
vironment and provides significant host-derived regulatory signals during progression of
tumor growth and metastasis. The major component of basement membrane is type IV colla-
gen, and recent studies indicate that in cancer progression there is a disruption of the normal
assembly and organization of the basement membrane [94].

These studies support the notion that the loss of collagen type IV chains may provide a per-
missive microenvironment for cancer invasiveness, as hypothesized by McCormick, more
than 5 decades ago [95].

Metastatic spread is a crucial event in the evolution of cancer, being responsible of the major-
ity of cancer-related deaths. The steps leading to metastatic spread of cancer encompass the
detachment of cancer cells from the primary tumor, the disruption of the BM, the invasion of
the surrounding stroma, cancer cell entry into and transport through the vascular or lymphatic

A 2]
e " Ok ; ¥ xp o

Collagen - - Collagen
T "-' o — g
matrix __" — ’ : "‘ — matrix
Invading tﬁ ‘ No invading
cancer cells cancer cells

No nutrient mix Nutrient mix

Figure 7. The “nutrient mix” used is a mixture of vitamin C, L-lysine, L-proline, and epigallocatechin gallate (EGCG).
Cancer cells can destroy enzymatically the collagen matrix (A) between the two chambers of the vial, and spread over
the second chamber. When the nutrient mix is added (B), cancer cells are no longer able to destroy the collagen matrix
and therefore they remain confined to the superior chamber (see Refs. [99, 100]).
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system to distal sites (liver, lungs, brain, etc.), and extravasation, tumor cell proliferation and
angiogenesis at distal sites [96].

A critical event in tumor cell invasion is the degradation of the extracellular matrix (ECM), a
complex network of extracellular macromolecules such as collagen, proteoglycans, fibronec-
tin, laminin, and other glycoproteins that act as a barrier to the spread of cancer cells to distal
sites by restricting tumor growth and invasion.

Matrix metalloproteinases (MMPs) are calcium-dependent endopeptidases, which require
coordination of a zinc ion to mediate catalysis. As implied by their name, MMPs operate on a
variety of substrates belonging to the ECM [97], and owing essentially to their vast diversity,
MMPs participate in nearly every biological process, involving the remodeling of the ECM,
from implantation of an embryo into the uterine wall to tissue necrosis.

A major structural protein for ECM and basement membrane is type IV collagen. Therefore,
type IV collagenases MMP-2 (72-kd gelatinase A) and MMP-9 (92-kd gelatinase B), usually
overexpressed in malignancy, are the focus of research in this field.

All types of cancer cells form tumors and spread in the body by degrading the ECM by means
of various matrix MMPs. The activity of these enzymes correlates with the aggressiveness of
tumor growth and invasiveness of the cancer.

In 1992, Pauling and Rath hypothesized that natural compounds such as lysine and vitamin C
could inhibit ECM proteolysis and, as such, had the potential to modulate cancer growth and
spread [98]. These nutrients would exert their anticancer activity by both inhibiting MMPs
and strengthening the connective tissue surrounding the tumor.

Several lines of evidence support an indispensable role for vitamin C in maintaining good-
quality collagen. Vitamin C assists the posttranslational modification of collagen by reducing
iron in the participating enzymes, lysyl-hydroxylase, and prolyl-hydroxylase. Experimental
in vitro data show incubation of cancer cells with a nutrient mixture containing vitamin C,
L-lysine, L-proline, and epigallocatechin gallate (EGCG), they are no longer able to invade the
collagen matrix [99, 100] and spread at distant sites (Figure 7).

Although the mechanisms through which the nutrient mixture used in these experiments
inhibits MMPs deserves further investigation, it is quite clear that the role of vitamin C
is to stabilize collagen, and contribute to tumor cell toxicity, through one or more of the
mechanisms illustrated in the previous sections.

Experiments on Gulo-knockout (GULO-KO) mice challenged with murine B16FO cancer
cells show that vitamin C—supplemented mice developed smaller tumors with more collagen
encapsulation and fibrous capsule inter digitation. On the contrary, Gulo-KO mice deprived
of ascorbate hosted large tumors with poorly defined borders showed more necrosis and
mitosis, [101], thus reinforcing the notion that vitamin C plays a central role in the prevention
and control of tumor growth, progression, and metastatic spread.

To further confirm their data, the author showed that vitamin C-supplemented GULO-KO mice
injected with B16FO melanoma cells demonstrated a significant reduction (by 71%, p = 0.005) in
tumor metastasis compared to GULO-KO mice on the control diet [102].
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2.6. The antitoxic/chemopreventive pathway

" Ascorbic acid is a potent detoxicant which counteracts and neutralizes the harmful effects of many poi-
sons in the body. It will combat various inorganic poisons, such as mercury and arsenic, and it neutral-
izes the bad reactions of many organic poisons, drugs, and bacterial and animal toxins. Ascorbic acid
detoxifies carbon monoxide, sulphur dioxide, and carcinogens, so it is the only immediate protection we
have against the bad effects of air pollution and smoking” [3].

This sentence defines yet another way through which vitamin C can prevent and fight off can-
cer, i.e., by neutralizing chemical carcinogens. Whether this effect depends on its antioxidant,
anti-inflammatory effect, or yet other mechanisms, it is clear that vitamin C is an essential factor
in cancer chemoprevention, and this cancer-preventive capacity is more likely associated with
its protective effect against oxidative stress mediated by ROS [103].

Free radicals and other ROS are molecular species capable of independent existence that con-
tains an unpaired electron in an atomic orbital. Free radicals derive either from normal meta-
bolic processes or from external sources, such as exposure to X-rays, ozone, cigarette smoking,
air pollutants, and industrial chemicals.

An antioxidant is a molecule stable enough to donate an electron to a rampaging free radical
and neutralize it, thus reducing its capacity to damage. Antioxidants delay or inhibit cellular
damage mainly through their free radical scavenging property.

Given this peculiarity, vitamin C, as noted by Stone, can combat the toxic effects of different organic
and inorganic poisons, thus preventing and fighting cancer due to environmental pollutants.

Recently, the US Department of Agriculture and the National Cancer Institute recommend the
consumption of a minimum of five servings of fruit and vegetables to prevent cancer, with
vitamin C being able to reduce the risk of stomach, mouth, pharynx, esophagus, lung, pancreas,
and cervical cancers [104]. Furthermore, both epidemiologic and observational studies based on
food intake provide evidence for a strong, protective role of vitamin C against cancer [105, 106].

Different studies show that the vitamin C is capable of preventing nitrosation and interfere
with experimentally induced carcinogenesis [107, 108].

Vitamin C administered together with diethylnitrosamine (NDEA) shows an inhibitory effect
on the experimental esophageal carcinogenesis in Wistar rats [109]. It also protects against the
toxic effects of a number of pesticides/insecticides, including malathion [110], imidacloprid
[111], endosulfan [112], dimethoate [113], fenvalerate [114], and many others.

More importantly, vitamin C reduces the toxic effects of different anticancer agents, includ-
ing cisplatin [115, 116], cyclophasphamide [117], selenium-cisplatin conjugates [118] radiation
[119], arsenic [120], doxorubicin [121], alkylating agents [122], and many others.

2.7. The “adjuvant” anticancer effect

As shown in the previous section, vitamin C protects normal cells from the oxidative, geno-
toxic effects of chemotherapeutic agents, but this does not imply that it counteracts the
cytotoxic effects of cancer chemotherapy and radiotherapy.
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Regarding the clinical use of high doses of vitamin C in combination with standard antican-
cer chemotherapy, for a long time, and even today, detractors of vitamin C (that are still a
multitude, within the scientific community!) warn against the risk that antioxidants (such as
vitamin C) may enhance cancer cell proliferation.

The role of micronutrients with antioxidant properties (including vitamin C) as a useful
adjunct to conventional chemotherapy and /or radiotherapy has been controversial, essen-
tially because they could protect cancer cells from the deleterious effects of free radicals
generated by the therapy, thereby preventing cancer cell death.

After an exhaustive review of the literature, encompassing more than 44 scientific articles on
the effectiveness of vitamin C alone, or with other vitamins, with chemotherapy, the authors
concluded that: “... antioxidants [including vitamin C] do not protect cancer cells against free radical
and growth-inhibitory effects of standard therapy. On the contrary, they enhance its growth-inhibitory
effects on tumour cells, but protect normal cells against its adverse effects” [123]. This literature
review suggests that the use of vitamin C alone with chemotherapy results in increased sur-
vival, enhancement of chemotherapy, inhibition of tumor growth, decrease in the overall
toxicity, modulation of genotoxicity linked to chemotherapy, distinct potentiating effect of
chemotherapy, improved quality of life, and a whole series of other positive effects on the
outcome of treated patients.

Recent evidence suggests that vitamin C can efficiently
* aid low-dose methotrexate (MTX) in inducing cell death in Hep3B cells [124],
* synergize arsenic trioxide in acute promyelocytic leukemia [26],

* improve chemosensitivity of ovarian cancer, reducing, at the same time, the toxicity of
chemotherapy [125],

¢ sensitize tumor cells toward cytostatic drugs [126], and
* improve the quality of life of patients undergoing chemo/radiotherapy [127, 128].

In a position paper published in the Journal of the American College of Nutrition in 2001, the
authors highlight that “... none of the published data on the effect of antioxidants in com-
bination with radiation or chemotherapeutic agents on tumour cells supports this hypoth-
esis” [129]. As the authors observe, normal and tumor cells differ in their responses to
antioxidants; low-dose and high-dose antioxidants differ in their effect on tumor cells, some
actions of antioxidants on tumor cells are unrelated to scavenging of free radicals, and anti-
oxidants have profound effects on the regulation of gene expression in tumor cells.

3. What to do next

As we have seen, the expectations generated from in vitro and animal studies on vitamin C
still wait for the confirmation of clinical studies. The discrepancy between in vitro and in vivo
results is due to several factors presented in the next.
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3.1. The confusion about the dose

Among the many mystifying (and sometimes pseudoscientific) data regarding the anticancer
effects of vitamin C, the most blatant is surely the one concerning the dose used. While it
is clear that therm “high” designates doses of vitamin C (generally administered by intra-
venous injection) leading to plasma concentrations in the order of millimoles (from one to
several), current “institutional” clinical trials pass off as “high” doses of vitamin C of 1000 mg
(1 g)! This is the case of a number of clinical trials, among which we could mention:

¢ A phase II trial of arsenic trioxide and ascorbic acid with temozolomide in patients with
metastatic melanoma with or without central nervous system metastases [130],

* A clinical experience on the combination of arsenic trioxide and ascorbic acid in patients
with refractory metastatic colorectal carcinoma [131],

* A phase I study on combination of decitabine, arsenic trioxide, and ascorbic acid for the
treatment of myelodysplastic syndrome and acute myeloid leukemia [132], and many oth-
ers. Clinical trials designed as the ones reported above are of no value in verifying the role
of high doses of vitamin C in the treatment of cancer, since 1000 mg of the nutrient, even if
administered in vein, is not a high (“pharmacologic”) dose.

3.2. The level of tissue oxygenation

If we assume that one of the main mechanisms through which vitamin C in pharmacologic
doses is toxic to cancer cells is the production of H,O,, then oxygen becomes a fundamental
part of the cytotoxic activity of vitamin C against cancer. Solid tumors often contain areas
subjected to acute or chronic hypoxia. Although severe or prolonged hypoxia is deleterious,
adaptation to a hypoxic microenvironment, allows cancer cells to survive and proliferate in
a hostile milieu. More importantly, since cell culture experiments are usually performed in
an oxygen-rich environment, while solid tumors usually show a very low content of oxygen,
this difference in oxygen content may explain the different outcome in vitamin C cancer cell
killing in vitro, compared to what happens in vivo [133]. Overcoming cancer hypoxia may
therefore represent one of the main ways to improve the anticancer activity of high doses of
vitamin C in clinical settings, as commonly realized with either hyperbaric oxygen (HBO) or
ozonated autohemotherapy.

3.3. The pharmaceutical preparation

Sodium ascorbate, rather than ascorbic acid, may be the preferred preparation for intravenous
injection. Ascorbic acid produces a very acidic solution, when dissolved in water or saline
solution, and, as such, unsuitable for intravenous injection. Therefore, in order to obtain a
neutral solution, it is necessary to buffer it with either sodium bicarbonate or sodium hydrox-
ide. However, adding a buffer may represent a major problem, in terms of stability of the
solution, and therefore the sodium salt of vitamin C, which produces a pH of around 7.0, is
clearly preferable.
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3.4. The administration schedule

According to some author, a constant “flow” of vitamin C in the blood works as if the body
would produce the nutrient on its own (the “dynamic flow” hypothesis) [134]. The slow, con-
stant infusion of vitamin C is the best option to maintain a stable plasma level of the nutrient,
by intravenous injection [135] even though this approach is not common in the treatment of
cancer patients with intravenous high doses of the nutrient. In fact, the great majority of the
cancer clinical trials performed so far with intravenous vitamin C use the infusion of vitamin
C on alternate days, withdrawing the treatment during the weekend. With this treatment
modality, systemic conditioning (the accelerated metabolism or disposal of ascorbic acid)
may occur after prolonged supplementation of high doses of vitamin C. Thus, if vitamin C
supplementation were to cease abruptly, the accelerated disposal of the nutrient may create
a deficiency state (“rebound scurvy”), and this may represent a serious inconvenience, when
treating cancer patients. This is why, since Klenner’s experience with multiple administration
routes, it may turn out to be useful to combine both intravenous and oral administration of
large doses of vitamin C [7].

3.5. The glucose-ascorbate antagonism (GAA)

John Ely first proposed the glucose-ascorbate antagonism (GAA) theory in the 1970s [136].
According to this theory, the chemical structure of vitamin C and glucose is very similar and
therefore they compete for the same transport system to enter the cells. As a consequence,
both vitamin C and its oxidized form, DHAA, transported into different cell types (includ-
ing adipocytes, erythrocytes, granulosa cells, neutrophils, osteoblasts, and smooth muscle
cells), are inhibited by high blood glucose. Although in vivo studies are missing, investiga-
tions on diabetic patients have confirmed the theory. Therefore, given the inverse relationship
between glucose and vitamin C blood levels, maintaining blood glucose levels within the
normal range may greatly enhance the anticancer effect of vitamin C.

4. The efficacy of vitamin C in high doses against cancer: the facts

As a necessary premise to an evaluation of the anticancer properties of vitamin C, a realistic
look at the state of the art on cancer chemotherapy can be helpful. The “war on cancer,” offi-
cially declared by President Richard Nixon, with the National Cancer Act, in 1971, has been
largely considered a failure, by the experts [137, 138], because of the following;:

¢ The major improvements in survival rates mainly concern cancers of children and young
adults, which account for 1.3% of all known cancers, and this has a little impact on the
overall picture. Therefore, in most cases and for most forms of cancer, the war (the “war”
metaphor) has been lost [139, 140].

* Targeted therapies (the “magic bullet” metaphor) are not curative because cancer usually
adapts itself, becoming resistant to every new “weapon” used [141].
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¢ Since the overwhelming majority of cancer is due to environmental, particularly lifestyle,
factors, prevention, rather than cure, should be the foremost aim [142].

* The industry continues to be developed and the institutional organisms approve new can-
cer drugs, based on marginal improvements in survival at an unsustainably high financial
cost [143].

¢ Furthermore, cancer chemotherapy has an inherent toxicity, which, in many instances,
encompasses, among others, nausea, vomiting, mucositis, hair loss, bone marrow toxic-
ity, cardiac, neurologic, and renal toxicity, and, in the long term, sterility and secondary
malignancy.

¢ Finally, both early and recent reports demonstrate that cancer chemotherapy can be either
ineffective/useless [144, 145] or definitely harmful [146, 147].

Compared to the current chemotherapeutic agents, vitamin C in high (“pharmacologic”)
concentration has the following advantages:

¢ It is a natural compound that is usually produced by the vast majority of plants and
animals, but not (no longer!) by humans. As any other natural product, it is neither pat-
entable nor commercially exploitable.

* Both tissues and plasma of cancer/leukemia patients show reduced levels of this nutrient
and therefore the routine administration of adequate amounts of vitamin C to these pa-
tients is not only warranted, but highly desirable.

* High concentrations of vitamin C within tumor cells are associated with extended
disease-free survival, while low concentrations are associated with aggressive tumor
phenotype.

¢ It has no relevant side effects, with the exception of a slight diarrhea, a “guiding symptom”
that indicates that the body “saturation” with the nutrient (“bowel tolerance”). To control
the mild diarrhea that follows the body saturation threshold, it is sufficient to reduce or
fractionate the doses, but in clinical practice, it is useful to maximize the effects of vitamin
C, when assumed by mouth. Given the almost total absence of side effects, undue and
sometimes laughable attempts to warn against its use have come, from time to time, from
detractors of vitamin C, dealing with the possibility that several grams per day could lead
to oxalate stone formation. In this regard, it will suffice to mention the European Food
Safety Authority (EFSA) report n. EFSA-Q-2003-018, which, on this matter, clearly affirms:
“No significant relationships were found in an analysis of data from 5214 men and 5785 women
between serum vitamin C concentrations and the prevalence of kidney stones” [148]. Moreover, the
hyperoxaluria associated with the use of high-dose vitamin C is primarily due to a labora-
tory artifact, resulting from the conversion of vitamin C to oxalate ex vivo (i.e., after it has
left the body, while it is in the collection bottle) [149]. The only contraindication to the treat-
ment with high doses of intravenous vitamin C is the deficiency of glucose-6-phosphate
dehydrogenase (G6-P-D), a rare genetic disorder in which a number of different drugs are
usually contraindicated.

¢ Itisinexpensive.
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Beyond all these advantages, vitamin C in high doses is clearly cytotoxic for a large number
of human tumor cell lines. At plasma concentrations achieved by intravenous administration,
vitamin C induces death in 75% of 48 cancer cell lines tested in vitro [150], but has no toxic
effect on human peripheral white blood cells, fibroblasts, or epithelial cells. This represents
the realization of the dream of the “magic bullet,” even though the “scientific community”
seems to continue to ignore it!

Regarding the anticancer efficacy of vitamin C in vivo, although the results of the first clinical
trials have been rather disappointing, an unbiased analysis of the data currently available
reveals an excellent safety profile, a clear-cut improvement of the quality of life [127], and
a potentially important antitumor activity even though further, well-designed, controlled
studies are strongly required.

5. Still looking for a “rationale”: is too much of it good for nothing?

Almost 50 years after the discovery of the anticancer properties of vitamin C, scientists are
still looking for a rationale for the use of this nutrient in the treatment of cancer. However, as
we have seen, this rationale not only exists, but it is also evidence-based, well-founded, com-
plex, and variegated, given the many extraordinary benefits of vitamin C for human health.
Therefore, faced with such an overwhelming evidence in favor of the efficacy of vitamin C
against cancer, the question may become “why mega doses of vitamin C have not yet entered
the routine clinical treatment of cancer?”

As sad as it may appear, the many advantages of vitamin C as an anticancer agent represent
likewise limitations to its use in clinical practice. In fact, vitamin C is a natural compound, and
this implies that no pharmaceutical company can effectively exploit it for commercial pur-
poses. Drug companies must patent the molecular structure of the active ingredient of their
products in order to make a profit. Natural substances, such as vitamin C, cannot undergo
any patent submission procedure, because they exist in nature.

Another important issue may be the price: compared to the high costs of cancer drugs, some
of which may reach the 30,000 USD for a single dose [151], vitamin C with its price ranging
from 20 to 40 USD per kilogram (depending on the country) represents a real outsider within
such an expensive market. No pharmaceutical company would ever invest in the clinical
development of such an inexpensive product!

Going deeper into this apparent “lack of interest” for vitamin C as an anticancer compound,
we can find the outstanding issue of its selectivity of action (the “magic bullet” principle); an
aspect that still fascinates the clinical oncologists. As we have seen, contrary to the chemo-
therapeutic agents, vitamin C kills cancer cells by exploiting a substantial metabolic difference
between them and their normal counterpart; a property virtually unknown to the vast majority
of the chemotherapeutic agents of common use in clinical practice!

The ethical implications of the above considerations are clear, and we will not discuss them
herein. However, there are aspects, in this incomprehensible “indifference” to vitamin C as an
anticancer molecule, which go far beyond plausibility and common sense.
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One is surely the evidence that vitamin C deficiency is common in patients with advanced
cancer, and, at the same time, patients with low plasma concentrations of vitamin C almost
invariably show shorter survival, if compared to those with normal/higher concentrations
[152]. Should not this evidence alone compel the clinicians to use vitamin C supplementation
in cancer patients on a routine basis? A vitamin C deficiency, as we have seen in the first sec-
tion of this chapter, is most probably in play in the genesis and development of cancer, and
traces of this deficiency often remain, unless patients use supplements on their own, in blood
and tissues of affected individuals. Is not this data alone sufficient to warrant the routine
administration of vitamin C to cancer patients?

The other, not less relevant, aspect is the safety of vitamin C. The LD50 for a mouse (who
normally produces its own vitamin C), is more than 3.3 g/kg of body weight, but most prob-
ably, even more than that, for mammals not producing their own vitamin, such as humans.
This has clearly emerged from clinical studies on intravenous injection of mega doses of the
nutrient, which have also showed a definite and unequivocal improvement in the quality of
life of the treated patients.

The last aspect, regarding the importance of vitamin C in the treatment of cancer, is the
demonstration of the capacity of this nutrient to reduce the side effects and improve the
anticancer activity of conventional chemotherapeutic agents, when combined with them
[125].

Do we really need more information to introduce high doses of vitamin C in the routine treat-
ment of cancer?
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Abstract

This chapter reviews the effects of vitamin C on metal-induced genotoxicity. By focusing
on cutting-edge studies, including our own results in experiments with vanadium(V) and
chromium(VI), the suggestion that vitamin C can be used effectively to protect against or
reduce the genotoxic effects induced by metal exposure by suppressing oxidative stress
is particularly explored. After explaining the chemical mechanisms involved in oxidative
stress associated with heavy metals, this chapter discusses the various proposals regard-
ing the physiological processes of vitamin C at the molecular level, its relationship with
oxidative stress, levels of 8-hydroxydeoxyguanosine (8-OH-dG, 7,8-dihy-dro-8-oxodeoxy-
guanosine) and apoptosis, and its role in the protection and modulation of DNA damage,
as well as how they fit with our own results that showed an increase in apoptosis and
8-OH-dG when vitamin C was administered in addition to the metallic compounds. The
relevant gaps in our understanding of the role of vitamin C with regard to these issues are
highlighted, as well as the key importance of its clinical use, and ultimately, human health.

Keywords: vitamin C, antigenotoxic, genotoxic damage, antioxidant, heavy metals,

oxidative stress

1. Introduction

Several studies have suggested that diets rich in fresh fruits and vegetables are associated with
a lower risk of cardiovascular diseases and cancer because of the high levels of antioxidants
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such as vitamin C and polyphenols present in these foods [1]. The antioxidant effects of vita-
min C have been observed both in vitro and in vivo. Ascorbic acid, which is a water-soluble
bioactive form of vitamin C (Figure 1), can be found in all body fluids. At physiological pH, the
99% of vitamin C is present as AscH™ (Figure 1b), indicating that its chemical form confers its
main antioxidant effects. The remaining percentage is covered by 0.05% of AscH2 (Figure 1a)
and 0.004% of Asc2™ (Figure 1c). The antioxidant activity of vitamin C develops in two ways:
(a) directly, by scavenging oxygen free-radicals, more generally known as reactive oxygen
species (ROS) and (b) indirectly, by regenerating other antioxidant systems [2, 3].

A significant number of studies have focused on metal-induced toxicity and carcinogenicity
by emphasizing their role in the generation of ROS. Metal-mediated formation of free radi-
cals may cause modifications to DNA bases, lipid peroxidation, and changes in calcium and
sulfhydryl homeostasis [4, 5]. However, these effects can be influenced by the action of low
molecular weight antioxidants such as vitamin C, which is capable of chelating metal ions,
reducing their catalytic activity, and resulting ROS formation. Since the genotoxicity of
heavy metals associated with oxidative stress is based on the oxidative mechanism during
reduction [5], vitamin C can be used effectively to protect or reduce the induced genotoxic
effects by suppressing oxidative stress caused by these metallic compounds [6-8]. However,
paradoxically under certain conditions (i.e., low concentration in vitro and the presence
of metal ions), vitamin C can exert a pro-oxidant effect, increasing oxidative damage to
lipids, DNA and protein, besides being a potential direct or indirect modulator of gene
expression [9]. In fact, our understanding of the physiological processes of vitamin C at the
molecular level and its relationship with oxidative stress, as well as its role in the protection
and modulation of DNA damage is still incomplete. As a consequence, the evidence indicat-
ing the potential of vitamin C in counteracting oxidative stress, a key component in various
pathological conditions including cardiovascular disease, neurological disorders, diabetes,
and cancer [3, 10, 11], has not been translated, at least conclusively, in many randomized
controlled trials.

VITAMIN C
Physiological pH

. .
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Figure 1. Bioactive forms of vitamin C at physiological pH. a) Ascorbic acid with two ionisable hydroxyl groups, AscH2;
b) Ascorbate anion, AscH’; and c) Ascorbate dianion, Asc2".
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2. Heavy metals and oxidative stress: the case of vanadium and chromium

Itis well established that redox-active metals participate closely in the generation of different free
radicals [6]. Exposure to transition metal ions™ such as chromium (Cr) and vanadium (V) hence
represent a realistic in vivo production of ROS and free radicals due to intra-cellular reduction.
The majority of the hydroxyl radicals ("OH) generated in vivo come from the metal-catalyzed
breakdown of hydrogen peroxide (H,O,) through the Fenton and Haber-Weiss reactions [4, 12]:

Transition metal ion™ + H,0, — Transition metal ion™" + O H+OH"

The *OH is the most reactive of all the ROS (half-life <1 ns) and interacts with all components
of the DNA molecule. The initial stage of mutagenesis, carcinogenesis, and aging involves
the permanent modification of genetic material. In fact, it has been well documented that in
various cancer tissues, free radical-mediated DNA damage has occurred. ROS-induced DNA
damage involves single- or double-stranded DNA breaks, purine, pyrimidine, or deoxyribose
modifications, and DNA cross-links [5, 13, 14].

As mentioned above, the main genotoxic mechanism of V(V) and Cr(VI) compounds has been
linked to reduction and generation of *OH [15, 16]. Reduction of V(V) to V(IV) takes place out-
side the cell (Figure 2). In plasma, V(V) is rapidly reduced to V(IV) by nicotinamide adenine
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Figure 2. Routes of V(V) involved in the induction, protection and modulation of DNA oxidative damage (outside and
inside cell).
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dinucleotide phosphate (NADPH) and ascorbic acid. Once reduced, it is bonded with plasma
proteins that carry it into the cell, where peroxovanadyl radicals [V(IV)-OO°] and vanadyl
hydroperoxide [V(IV)-HO*] are formed. The generated superoxide is further converted into
H,O, by the dismutation reaction with superoxide dismutase (SOD). V(IV) can react through
the Fenton reaction with H O, forming a “OH (Figure 2, RI) [5, 17, 18]. Nevertheless, Cr(VI)
can actively enter the cells through channels for the transfer of isoelectric and isostructural
anions, such as those for SO,> and HPO,* [19]. Once inside the cell, Cr(VI) quickly forms a
complex with glutathione, reducing to Cr(V) (Figure 3, RII). Additionally, NAD(P)H can also
reduce Cr(VI) to Cr(V), mediated by ascorbate (Figure 3, RI). Cr(V) can react through the
Fenton reaction with H O, forming *OH [15].

The genetic damage by the production of C8-OH-adduct radical of deoxyguanosine is gener-
ated by the interaction between *OH and 2-deoxyguanosine. Therefore, there are two ways in
which the protection and modulation of DNA oxidative damage could be caused. First, AscH"
could react with *OH, quenching and converting it into a poorly reactive semi-hydroascorbate
radical, which do not cause DNA damage (Figures 2 and 3, RIII). Second, AscH™ can activate
the repair mechanisms to eliminate C8-OH-adduct radical of deoxyguanosine. During catal-
ysis of *OH in the reaction with 2-deoxyguanosine with molecular oxygen, C8-OH-adduct
radical of deoxyguanosine is formed (Figures 2 and 3, RII and RIV respectively), which is a

Inside Cell

Babea

Figure 3. Routes of Cr(VI) involved in the induction, protection and modulation of DNA oxidative damage (all occurring
inside the cell).
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form of oxidative DNA damage because it induces DNA strand breaks [20, 21]. Thus, AscH"
could activate repair mechanisms and eliminate this radical through 8-hydroxydeoxyguano-
sine (8-OH-dG, 7,8-dihy-dro-8-oxodeoxyguanosine), which is a marker repairer of oxidative
stress in biological systems that can be measured in fluids such as blood, urine, and saliva
(Figures 2 and 3, RIV and RV, respectively).

Although the direct relationship between DNA damage and *OH is not completely clear,
Patlolla et al. [22] have suggested a role for ROS in Cr(VI)-induced genotoxicity and cyto-
toxicity. They showed that Cr(VI) induced genomic DNA damage through the formation of
8-OH-dG. Nevertheless, Rudolf and Cérvinka [23] observed that Cr(VI) induced time- and
concentration-dependent cytotoxicity, resulting in oxidative stress, but through suppression
of antioxidant systems and by activation of p53-dependent apoptosis. Other studies have
questioned the genotoxic/mutagenic effect of *OH in the context of Cr exposure, suggesting
that reduction of Cr(VI) by physiological concentrations of vitamin C generates ascorbate-
Cr(III)-DNA crosslinks and binary Cr(IlI)-DNA adducts. Therefore, Cr-DNA adducts are
responsible for both the mutagenicity and genotoxicity of Cr(VI) [24].

3. Protective effects of vitamin C against genotoxic damage from
vanadium(V) and chromium(VI)

For humans, vitamin Cis an essential micronutrient that plays multiple biological roles. It must
be obtained from the ingestion of particular foods, mainly fresh fruits and vegetables, since
our body is incapable of synthesizing it. The consequences of the intake of very high doses of
vitamin C (>2 g/day) remain a subject of intense debate. However, it has been observed that
supplementation of vitamin C reduces the incidence of stomach, lung and colorectal cancer;
likewise, low serum levels of vitamin C in high-risk populations may contribute to increased
risk of gastric metaplasia or chronic gastritis, which are both precancerous lesions [5, 25].
Nevertheless, analyses of the effects of vitamin C are rather complicated because diet and
vitamin supplementation determine the levels of vitamin C in plasma.

Cameron and Pauling highlighted the beneficial properties of vitamin C in the 1970s. They
suggested that high doses of vitamin C (>10 g/day) cure and prevent cancer by promoting
collagen synthesis [26]. However, researchers now suggest that vitamin C prevents cancer by
neutralizing ROS before they can damage DNA and initiate tumor growth. Furthermore, it
has been proposed that vitamin C may also act as a pro-oxidant, helping the body’s own ROS
destroy early-stage tumors [27, 28]. Currently, the recommended dietary allowance (RDA) in
many countries ranges from 40-90 mg/day, although the results of various studies suggest-
ing that the protective vitamin C concentrated in plasma for the minimum risk of free radical
diseases corresponds to an intake of 124.2 mg/day (in the range of 92-181 mg) [10, 29].

Vitamin C possesses double bonds with an associated electron deficiency, making it highly
reactive to free radicals from molecular oxygen. It donates two electrons from C-2 and C-3 dou-
ble-bonded carbons, resulting in the formation of tricarbonyl ascorbate radical (AscH*), which
is present in the nonprotonated form, a semidehydroascorbate radical (Asc’). The resulting
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ascorbate free radicals reduce to a neutral ascorbate molecule (Figures 2 and 3, RIII). Thus, the
oxidation of ascorbate by many ROS is Asc*", a poorly reactive radical that is considered termi-
nal [30-32], and the level of Asc’~ radical function is an effective measurement of the degree of
oxidative stress in biological systems [33].

In a previous study, we observed that the frequency of micronuclei in polychromatic eryth-
rocytes (MN-PCE) increased with the administration of 40 mg/kg of V,0O, through ip [8],
consistent with other studies testing soluble vanadium compounds (Na,VO,, SVO, and
NH,VO,) [34-36]. However, the in vivo administration of vitamin C prior to the V,0; injec-
tion decreased MN-PCE formation compared to administering V,0O, alone, reducing basal
MN-PCE, and presenting the strongest protection against genotoxic damage induced by
V,O,. This was probably because the vitamin C acted as a potent antioxidant (reducing agent)
that scavenged free radicals of reactive oxygen and nitrogen species and prevented them
from damaging nucleic acids [27, 37]. Interestingly, the MN-PCE decrease we observed with
vitamin C was more effective than with the administration of beverages with high levels of
antioxidants such as green tea [38], red wine [39] and their antioxidant components such as
polyphenols [40-42].

Despite the important studies on the cytotoxic and anticarcinogenic effects of antioxidants in
tumor model systems, it is clear that the molecular mechanisms underlying the benefits of anti-
oxidants in cancer prevention are not yet well understood. Some ascorbyl forms of stearate
inhibited cell proliferation by interfering with the cell cycle, reversing the phenotype and induc-
ing apoptosis in human brain tumor glioblastoma (T98G) cells. Therefore, it has been proposed
that the chemopreventive properties of antioxidants are related to their ability to target specific
cellular signaling pathways that regulate cellular proliferation and apoptosis [43]. This proposal
is consistent with our results since the frequencies of apoptotic cells (particularly, late apoptotic
cells) indeed increased significantly with the administration of vitamin C, and their administra-
tion prior to treatment of V,O, increased them even further [8]. Additionally, other studies have
reported that the apoptosis-inducing activity of antioxidants might be synergistically enhanced
by a combined treatment with chemopreventive [44] or genotoxic agents [40]. Therefore, it is
plausible that enhanced induction of apoptosis following a combined treatment may positively
contribute to the elimination of the cells with V,0O,-induced DNA damage (MN-PCE).

On the other hand, some compounds including vanadium-oxide(V) have been proposed for
clinical use as therapeutic drugs for cancer because the intracellular cascade mechanisms may
be involved in causing apoptotic cell death. For many decades, vanadium was considered a
low-toxicity essential trace element with anticarcinogenic properties [45]. However, impor-
tant events have taken place since then. In 2006, the International Association for Research
on Cancer (IARC) classified vanadium pentoxide (V,0;) as a Group 2B substance (possibly
carcinogenic to humans) based on results in experimental animals [46]. In 2009, the American
Council of Government and Industrial Hygienists (ACGIH) placed V,0; in category A3 (con-
firmed animal carcinogen with unknown relevance to humans) [47].

The low levels of ROS promoting mRNA formation and encoding proteins known to be regu-
lated by vanadium can induce the activation of transcription factors. In contrast, high levels
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of ROS are cytotoxic to the cells and trigger apoptotic mechanisms. Therefore, it has been pro-
posed that the cytotoxic effects of vanadium compounds should be used to generate ROS and
reactive nitrogen species to combat cancer cell lines [48, 49]. Of all the proposed mechanisms
of V(V) toxicity, the induction of oxidative stress is of particular importance for biological
systems [50, 51]. As explained above, antioxidants can deactivate highly reactive molecules
such as ROS that are generated during various biochemical processes in the cells [3]. As a
consequence, substances with antioxidant properties emerge as putative preventatives and
co-adjuvants in the treatment of chronic degenerative diseases related to oxidative stress and
DNA damage [41]. Additionally, the promising low costs of vanadium-based drugs make it
particularly attractive, and the ability to overcome the adverse effects of vanadium compounds
during therapeutic action is an urgent and crucial issue for its future use in medicine [49].
Our findings strongly suggest that vitamin C can be used effectively in therapy either alone
(antioxidant) or in combination with other agents such as V,0; to reduce their genotoxicity [8].

With regard to Cr(VI) compounds, they have been of particular interest and broadly stud-
ied because of their importance in different industrial applications including chrome plat-
ing, metallurgy, pigment manufacturing, leather tanning, and wood preservation and, most
relevant to this chapter, because they are associated with the induction of cancer [52, 53].
Cr usually exists in various oxidation states, primarily Cr(Ill) and Cr(VI). The former is
an essential micronutrient that plays a key role in protein, sugar, and fat metabolism. The
latter is particularly effective in inducing genotoxicity by producing several types of DNA
lesions and gene mutations. Some of the major factors that may play a significant role in
determining cellular genotoxicity are Cr(VI)-induced DNA-DNA interstrand crosslinks,
oxidative DNA damage, and mutations in the tumor suppressor gene p53 [19, 54]. It has
been observed that Cr(VI) induces DNA damage through changes in the 8-OH-dG levels
in DNA in rats. Furthermore, both endogenic (enzyme system) and exogenic (antioxidant
consumption) antioxidant systems might counteract ROS and free radicals. In a recent
study, we observed that administration of Cr(VI) increased MN-PCE (genotoxic damage),
nonviable cells (cytotoxic damage), and glutathione (GSH) levels (a molecule that inter-
venes in its reduction to Cr(V), (Figure 3, RII) and decreased the total levels of antioxidants.
Treatments with vitamin C prior to administration of CrO, decreased MN frequencies (pro-
tection or modulation of genotoxic damage) and nonviable cells (decreased cytotoxic dam-
age). A decrease in the levels of 8-OHdG in CrO, group was observed, which could be
related to the inhibition of repair mechanisms. However, when the organism was treated
with vitamin C, a significant increase in the levels of 8-OHdG was observed, suggesting that
it increases DNA repair. Our findings showed a protective effect of vitamin C on genotoxic
damage induced by Cr(VI), possibly related to its ROS-suppression properties before the
oxidative stress generated by the reduction of Cr(VI) to Cr(IlI) [55-57]. Figure 4 summa-
rizes the proposal of the interaction between vitamin C and heavy metals, that is, (1) the
free radicals generated by heavy metals can be scavenged by vitamin C inhibiting their
genotoxic effects; (2) the repair mechanisms inactivated by heavy metals can be reactivated
by vitamin C; and (3) heavy metals induce apoptosis by damaging DNA and vitamin C
contributes to this process.
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Figure 4. Summary of the interactions between vitamin C and heavy metals.

4. Conclusions

Vitamin C is a potent antioxidant found mainly in fresh fruits and vegetables. It can be
readily absorbed and concentrated in tissues and biofluids at a physiologically relevant
level, presenting effects in both the aqueous and membrane domains. Furthermore, it
plays an essential role in the organism since it scavenges free radicals, chelates redox
metals, and regenerates other antioxidants within the “antioxidant network.” All these
characteristics make the study of the effects of the in vivo administration of vitamin C
on the genotoxic effects induced by agents associated with oxidative stress particularly
important. In this sense, heavy metals such as V(V) and Cr(VI) are of particular relevance
since they generate a realistic in vivo production of ROS and free radicals due to intra-
cellular reduction. ROS-induced DNA damage involves single- or double-stranded DNA
breaks, purine, pyrimidine or deoxyribose modifications, and DNA cross-links. Several
studies, including our own results, have solidly concluded that vitamin C does play a
significant role in the protection against the genotoxicity caused by metal compounds
such as V(V) and Cr(VI). Although the main described mechanism of antioxidants is the
scavenging of free radicals, our studies suggest that DNA repair and apoptosis are pos-
sible pathways involved in the protection and modulation of DNA. However, it has to be
taken into account that under certain conditions (i.e., low concentration in vitro of vitamin
C and the presence of metal ions), vitamin C can exert a pro-oxidant effect, increasing oxi-
dative damage to DNA. More studies are necessary to fully understand the mechanisms
involved in the modulation of and protection against metal-induced genotoxic damage
and the adequate doses of vitamin C to stimulate these properties. In addition, it is pos-
sible that the impact of vitamin C on DNA damage depends also on both background
values of vitamin C within the organism and the level of exposure to xenobiotics or oxida-
tive stress.
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AscH* Tricarbonyl ascorbate radical
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Cr Chromium
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CrO, Chromium trioxide

GSH Glutathione
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‘OH Hydroxyl radical
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ROS Reactive oxygen species
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SVO, Vanadyl sulfate
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V(IV)-00* Peroxovanadyl radicals
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Abstract

Vitamin C is the major antioxidant molecule in the central nervous system (CNS), reaching
concentrations of 10 mM in neurons and 400 uM in the cerebrospinal fluid (CSF). Uptake
of vitamin C by brain cells is performed through the co-transporter of ascorbic acid and
sodium isoform 2, SVCT2, which is expressed in cells from the choroid plexus, neurons,
oligodendrocytes, and ependymal cells. SVCT2 expression has also been described in
cells at the neurogenic niche, specifically in proliferative type C cells. In this chapter, we
will describe recently published studies of SVCT2 expression during brain development
and define its polarization in cells from the radial glia (neuronal precursors within the
CNS) and vitamin C-mediated effects in regulating genes associated with the mainte-
nance of CNS stem cell pluripotency. We will discuss the differential biological effect that
vitamin C generates in neurons versus astrocytes and how the oxidized form of vitamin
C, dehydroascorbic acid (DHA), produced by neurons in conditions of oxidative stress
must leave this cell to be incorporated by astrocytes. In this context, we will discuss recent
literature, which shows that DHA regulates glycolytic metabolism in neurons. In parallel,
we will analyze vitamin C recycling by astrocytes, which reduce DHA into ascorbic acid
(AA), increasing the antioxidant potential of the brain. Data discussed in this chapter will
provide an updated view of SVCT2 distribution in the brain and will also describe how
vitamin C recycling participates in normal or pathological brain function.

Keywords: ascorbic acid, dehydroascorbic acid, SVCT2, bystander effect, recycling, brain

1. Introduction

Vitamin C is a small, water-soluble molecule that possesses two dissociable protons with
pK values of 4.2 and 11.8. At physiological pH, the reduced form of vitamin C, ascorbic acid

I m EC H © 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
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(AA), predominates and is specifically incorporated by neurons through isoform 2 of the
cotransporter of sodium and ascorbate (SVCT2) [1]. Once AA loses its protons, it is oxidized
into dehydroascorbic acid (DHA), which diffuses among nervous cells through the facilita-
tive glucose transporters, GLUT1 and GLUT3 [2-4]. Most mammals are able to synthesize
vitamin C from glucose in the liver; however, primates, including humans, lack the enzyme
that catalyzes the last step in vitamin C biosynthesis. Thus, they must obtain vitamin C from
the diet [5, 6]. The most relevant function of vitamin C is as an antioxidant agent. Given that
the brain has one of the highest metabolic rates of all organs and is under constant oxidative
stress, vitamin C is, therefore, critical for the maintenance of brain function and protection of
central nervous system (CNS) structures [5].

2. Distribution and function of SVCT2 in the adult brain

Many studies indicate that SVCT2 is a transporter that is preferentially expressed in neurons
from different areas in the adult brain, such as the cortex, hippocampus, hypothalamus, and
cerebellar precursors [1, 7-11]. SVCT2 mediates uptake of AA, an important molecule for
antioxidant defense and general metabolic needs of neurons. Although SVCT2 was originally
thought to be a neuronal transporter, there is increasing evidence demonstrating its expres-
sion in glial cells in the CNS [4, 7, 8, 10, 12-14]. Indeed, SVCT2 has been reported in cortical
microglia, where its function remains unknown [10]. In hypothalamic tanycytes, it may par-
ticipate in maintaining the high parenchymal concentrations of vitamin C that characterize
this region [8]. Furthermore, in choroid plexus cells, it facilitates entry of AA into the brain
through the blood-cerebrospinal fluid (CSF) barrier [4, 7, 10, 12]. In Schwann cells, SVCT2
promotes axonal myelination in the peripheral nervous system [14]. Under physiological
conditions, SVCT2 protein has not been detected in astrocytes from the gray matter, but its
mRNA has been reported in marginal astrocytes in the subpial surface at the entorhinal cor-
tex [13]. In contrast, SVCT2 mRNA is induced in the brains of animals with middle cerebral
artery occlusion as an experimental model of ischemia/reperfusion in the brain, suggesting
that expression of this transporter is induced under pathological conditions [15]. Moreover,
our group has recently defined that SVCT2 protein is induced in reactive astrocytes in various
in vivo pathological models that generate severe reactive astrogliosis. Specifically, such events
involve neuroinflammation generated by intracerebroventricular injection of adenovirus-GFP
or the bacterial enzyme, neuraminidase, mechanical damage of the brain cortex evaluated
at 5 and 10 days post-injury, and astrogliosis observed in the brain cortex and hippocampus
from “Kindled” rats, a widely used model of epilepsy at the mesial temporal lobe [16, 17]. In
vitro studies support these findings by showing that SVCT2 is induced in astrocytes that have
been cultured for long periods and express markers of astrocytic activation [3]. However, we
did not observe a positive correlation between SVCT2 expression and the moderate and focal
reactive astrogliosis surrounding amyloid plaques in postmortem brain samples from patients
with Alzheimer’s disease. Altogether, data indicate that SVCT?2 is induced in astrocytes during
pathophysiological events that produce severe reactive astrogliosis, which may be important
to enhance antioxidant defense in order to protect glial cells.
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3. Expression and polarization of SVCT2 during brain development

Studies published more than a decade ago have unequivocally demonstrated the expression
and functionality of SVCT2 in cultured cortical neurons from mouse embryos [18]. Similarly,
studies addressing the effect of physiological brain concentrations of AA have shown that this
nutrient promotes differentiation of embryonic cortical precursors into neurons and astro-
cytes [19]. Expression and polarization of SVCT2 have been studied during rat and human
embryonic development in the cortex at 9 weeks of gestation [20, 21]. In lissencephaly, SVCT2
is localized in radial glial cells in the ventricular zone, where it is polarized toward the ven-
tricular cavity, and in subapical and intermediate apical progenitors in the subventricular
zone [21]. In gyrencephalic brains, SVCT2 localization is also associated with progenitors of
the inner and outer areas of the subventricular zone [21]. In vitro studies with J1ES cells, a cell
model used to evaluate radial glial cell differentiation, indicate that both AA and SVCT?2 are
key regulators in maintaining the radial phenotype. They also may regulate the pluripotency
of neural stem cells, as AA induces the expression of the pluripotency gene, Nanog, through
activation of the JAK/STAT signaling pathway and inhibition of retinoic acid-dependent neu-
ronal differentiation [21, 22].

During postnatal brain development, levels of SVCT2 mRNA and protein follow an inverse
relation with AA concentrations [23]. Thus, high concentrations of AA exist during late embry-
onic and early postnatal development periods at both the cortex and cerebellum, diminishing
later in adulthood; however, levels of SVCT2 mRNA and protein are low during embryonic
development but increase with age [23]. By means of confocal and immune-structural studies,
our research group has identified SVCT2 in the Golgi apparatus of pyramidal neurons from
the deep layers of the brain cortex (layers IV to VI) in early postnatal mice (days 1 and 5 after
birth). These findings indicate that SVCT2 is induced during cell arborization and synaptic
maturation of deep neurons in the brain cortex. We also identified the expression of a short
isoform of SVCT2 (SVCT2sh), which is unable to transport AA and regulate the functional
capacity of the active transporter [1]. This finding and its biological consequence in the post-
natal brain will be discussed in the following section.

SVCT2 knock-out mice (SLC2342 null) have been critical to understanding the physiological
importance of SVCT2 in the postnatal brain [24]. Although the intrauterine development of
these animals looks normal, homozygote mice that lack SVCT2 present with brain cortex hem-
orrhage and are unable to expand their lungs, resulting in death a few minutes following birth.
Also, SVCT2-null animals have undetectable levels of AA in their brain tissue, supporting the
essential role of this transporter in AA entry into cells of the CNS. The defects characterized in
SVCT2 knock-out animals suggest that their death was due to CNS problems, possibly gener-
ated by a deficit in individual neuronal function, formation of aberrant connections in the cortex
and/or other brain areas, or lack of neuronal differentiation in the absence of AA [9]. Further
studies have demonstrated that SVCT2 expression is pivotal for neuronal differentiation and
maturation, since cultures of hippocampal neurons from knock-out mice have reduced neu-
rite growth, glutamate receptor aggregation, and spontaneous activity [9]. Lentiviral-mediated
overexpression of SVCT2 in cells of neuronal linage (N2a) allowed us to demonstrate a three- to
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four-fold increase in the percentage of cells with increased filopodia numbers and processes
that were positive for the dendritic marker, microtubule-associated protein 2 (MAP2) [25].
Furthermore, overexpression of SVCT2 combined with AA treatment promotes phosphoryla-
tion of the mitogen-activated protein kinase (MAPK), ERK1/2, a key signaling pathway interme-
diate that participates in the differentiation and maturation of cortical neurons [25].

The hypothesis that SVCT2 and AA can potentiate neurogenesis during postnatal development
has also been validated by Pastor et al. [26], who reported the postnatal expression of SVCT2
in the neurogenic niche from rat and human brains after 1 month of extra-uterine life [26].
This is a restricted area that borders the wall of lateral ventricles in which a stream of progeni-
tor cells that migrate toward the olfactory bulb originate (called the rostral migratory stream
[RMS]). SVCT2 is abundant in cells with high proliferative capacity in the neurogenic niche
(also known as type C cells) and migratory progenitor cells present at the RMS. In contrast,
among the different cell types of the neurogenic niche, SVCT2 is only present at low levels in
astrocytes or type B cells and neuroblasts [26]. These findings suggest a role for AA in the main-
tenance of proliferative cells, which, in turn, is supported by studies indicating that treatment
with AA improves the genetic reprogramming of human fibroblasts into induced pluripotent
stem cells (iPSC), enhancing the efficiency of the process and allowing the generated iPSC to
present similar epigenetic patterns to those present in embryonic stem cells [27]. Moreover,
AA supplementation of neurosphere cultures obtained from rat embryonic brain tissue and a
teratocarcinoma cell line from P19 mice shows the functionality of SVCT2-mediated uptake of
AA as well as neuronal differentiation revealed by the increased expression of the marker, BIII
tubulin [26].

In conclusion, SVCT2 is expressed at low levels during embryonic development, and its local-
ization is restricted to the ventricular zone from cerebral ventricles, where the bodies of the
radial glia are present. During this period, SVCT2 and AA are key players in regulating plu-
ripotency and the proliferative capacity of neural stem cells. During postnatal development,
AA and SVCT?2 are important for postmigratory neurons that are beginning the process of
arborization and synaptic maturation.

4. Regulation of SVCT2-mediated vitamin C uptake in neurons by
shSVCT2

As mentioned in the previous chapter, SVCT2 expression and function are important for the
arborization and synaptic maturation of post-mitotic neurons present in the postnatal brain
cortex. However, during this period, SVCT2 function is tightly regulated by the co-expres-
sion of a shorter isoform of SVCT2, SVCT2sh, which is unable to transport AA. This isoform
was initially identified in human fetal brain cDNA [28] and is generated by deletion of an
internal sequence of 345 bp in the mRNA, resulting in the translation of a smaller protein
completely lacking intracellular domains 5 and 6 and part of domain 4. SVCT2sh was initially
thought to be a possible dominant negative of SVCT2 through protein-protein interaction [28].
However, Forster resonance energy transfer (FRET) studies, a decade later using SVCT2-CFP
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and SVCT2sh-YFP in the neural linage cell line, N2a [1], showed that the proteins interact at
both the intracellular space and the cell membrane. The functional consequence of the inter-
action reduces the affinity of SVCT2 for its substrate, AA, in neuronal cells, suggesting that
SVCT2 activity and intracellular concentrations of AA are tightly modulated during postnatal
development in order to generate a precise physiological intracellular dose of AA to trigger
the neuronal differentiation and synaptic maturation in a particular period of development.

5. Vitamin C recycling

5.1. General aspects

In order to understand the concept of vitamin C recycling, it is necessary to remember that vita-
min C is found in two forms: (1) a reduced form, AA, that enters the cells specifically through
SVCT transporters and (2) an oxidized form, DHA, that enters the cells through the facilitative
glucose transporters, GLUT1, GLUT2, GLUT3, GLUT4, and GLUTS8 [29-31]. These two forms
of vitamin C represent two different molecules with independent functions and characteris-
tics, although they are interconvertible by means of oxidation-reduction reactions [32]. Because
every cell in the body expresses glucose transporters, all cells can uptake vitamin C in the form
of DHA [2]. However, for intracellular accumulation of AA and antioxidant protection, the cell
needs to reduce DHA into AA, a process that depends on glutathione and NADPH [33-35].
Therefore, the ability of a cell to accumulate AA via reduction of DHA is limited by its anti-
oxidant enzymatic capacity. Interestingly, two different cell populations have been identified:
cells with high and those with low antioxidant enzymatic capacity. Cells with low antioxi-
dant enzymatic capacity preferentially use AA for protection against oxidative damage. Once
AA accomplishes its antioxidant function, it is oxidized into DHA. Because these cells cannot
reduce DHA back into AA, the presence of neighboring cells with high reducing power is
crucial. Hence, DHA leaves the cell through glucose transporters and enters neighboring cells
that possess an elevated concentration of antioxidant enzymes to reduce DHA into AA. Finally,
AA can be accumulated or released into the extracellular space to maintain constant AA con-
centrations. Therefore, ideal conditions exist in vivo to allow coupling between cells in order to
efficiently recycle vitamin C.

5.2. Vitamin C recycling between astrocytes and neurons

The idea of vitamin C recycling in the brain originated from the observation that during nutri-
tional deficiency of vitamin C, high AA concentrations in the brain are maintained for a longer
period compared to all the other tissues [36, 37]. Thus, efficient mechanisms must exist to
maintain AA concentrations in the brain. As mentioned before, in order for vitamin C recy-
cling to occur, a cell with low reducing power that utilizes AA as an antioxidant is required in
addition to a cell with high reducing power that is constantly incorporating DHA and releas-
ing AA to the extracellular space. The ideal conditions for vitamin C recycling converge in the
CNS, where we find two cell populations that couple in order to recycle vitamin C. On one
hand, we find the neuron that is able to intracellularly accumulate up to 10 mM AA but rapidly
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oxidizes it into DHA, which leaves the cell [4]. Furthermore, the neuron possesses a very lim-
ited capacity to reduce DHA back into AA due to low concentration of antioxidant enzymes
and its elevated metabolic rate [38]. Accordingly, isolation of neurons from the neighbor cells
that recycle DHA compromises their metabolism, resulting in neuronal death [32, 39].

On the other hand, another cell type is found in the CNS, the astrocytes. For a long time, astro-
cytes were only thought to be scaffold cells in the brain, without any physiological function.
However, today we know that astrocytes perform critical physiological activities, such as (1)
the uptake of extracellular glutamate for recycling into glutamine to avoid neuronal excito-
toxicity; (2) the release of lactate to be used by neurons for energy production; (3) the release
of interleukin-6 (IL-6) and tumor growth factor-beta (TGF-beta) neuroprotective cytokines;
(4) the synthesis of apolipoprotein E for axonal growth; and (5) the release of trophic factors,
such as nerve growth factor (NGF), brain-derived neurotrophic factor (BDNF), and ciliary
neurotrophic factor (CNTF), among others [40]. Moreover, astrocytes are required for vitamin
Crecycling in the CNS due to their ability to uptake DHA from the extracellular space and, in
virtue of its elevated reducing power, to efficiently reduce it back into AA [41, 42]. After that,
astrocytes release AA to the extracellular space to maintain stable AA concentrations [43].
Besides, astrocytes participate in the neuronal antioxidant defense by releasing AA during
pathological conditions that involve changes in the osmotic pressure or ischemic/reperfusion
damage [44]. Experiments using neuronal-astrocyte co-cultures have demonstrated that the
presence of astrocytes ameliorates neuronal death induced by glutamate, H,O, or DHA in
vitro [39, 45], suggesting that astrocytes and vitamin C recycling are of vital importance for
antioxidant defense in the brain.

6. Relevance of DHA recycling

6.1. Effects of DHA in neurons

As previously described, the neuron utilizes AA as the main antioxidant agent, but it is
unable to maintain vitamin C in its reduced form. The effects triggered by the accumula-
tion of DHA in neurons have begun to be elucidated recently. The first studies were focused
in determining the effect of the extracellular oxidation of AA over the redox state of the
neuron, showing that incubation of brain slices with exogenous AA produces an increase
in thiobarbituric acid reactive substances (TBARS) [46-48], an indicator of oxidative dam-
age. However, this effect was prevented by treatment with glutathione, indicating that AA
oxidation might induce an increase in reactive oxygen species (ROS). It is widely accepted
that AA oxidation generates ROS through the Fenton reaction, which occurs in the presence
of metals, such as Fe in acidic pH, producing HZOZ' AA creates the conditions for the Fenton
reaction to occur, so AA might induce an increase in ROS and trigger cell death due to extra-
cellular accumulation of H,0O, [49, 50]. Nevertheless, no increase in TBARS occurs when DHA
uptake is prevented by inhibition of GLUT1 in brain slices, indicating that the pro-oxidant
effect requires DHA uptake by nervous cells and does not depend directly on AA oxidation
and accumulation of H O, [47]. Additionally, as previously described, the pro-oxidant effect
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of AA disappears when it is co-incubated with glutathione, even when glutathione reduces
DHA into AA [33]. Thus, we can conclude that extracellular DHA accumulation due to an
oxidative environment stimulates its uptake by neurons, which, in turn, induce oxidative
stress because neurons possess low reducing power. Although these results constitute strong
evidence suggesting that DHA might be triggering oxidative stress and neuronal death, the
ultimate intracellular effect as well as the DHA target has not been identified. Further studies
of our research group have shed light on the actual effect of DHA on neurons. Radioactive
vitamin C uptake analyses have shown that neurons are able to incorporate both AA and
DHA; however, their ability to reduce DHA is limited up to 40% after which they start to
oxidize AA back into DHA. Moreover, neurons cannot keep AA in its reduced form for long
periods, since it consumes 80% of intracellular AA after 1 h of uptake. However, in the pres-
ence of DHA, neurons consume 90% of glutathione in 1 h. Therefore, our group has defined
that the neuronal target of DHA is glucose metabolism since incubation with DHA induces
a 75% arrest in glycolysis accompanied by increased activity of the pentose phosphate path-
way, possibly to regenerate glutathione and avoid oxidative damage [32]. In conclusion, as
shown in Figure 1, neurons need neighboring cells to recycle vitamin C in order to maintain
stable concentrations of AA.

il

Figure 1. Recycling of vitamin C in physiological and pathophysiological condition. Under physiological conditions,
neurons uptake AA through the SVCT2 transporter. AA fulfills its antioxidant function intracellularly, oxidizing to
DHA. Following DHA efflux from the neuron through GLUTs 1/3, astrocytes incorporate DHA that was released from
the neuron, to reduce it intracellularly to AA at the expense of GSH and NADPH. Finally, the astrocyte releases AA into
the extracellular medium to maintain a homeostatically stable concentration of AA. In pathophysiological conditions,
vitamin C recycling is deficient; therefore, DHA accumulates in the extracellular space, recycling in an autocrine fashion
toward the neuron. Accumulation of DHA in the neuron arrests glycolysis, consumes glutathione, and finally triggers
cell death.

6.2. Relevance of astrocytes for DHA recycling

In order to confirm the hypothesis that the presence of vitamin C-recycling cells is neces-
sary, our research group performed studies of cell viability in neurons subjected to oxida-
tive damage induced by H,O, and incubation with DHA. The aim of this experiment was
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to elucidate the dichotomy existing between the protective and toxic effects that DHA may
produce. Given that the literature proposes antioxidant effects for DHA treatment in patho-
logical conditions [51], we incubated neurons with H,0O,, the major ROS accumulated in the
extracellular space during pathological conditions of the brain (e.g., ischemia/reperfusion),
and expected a depletion of the antioxidant enzymatic defense of the neuron [52]. In this
experimental setting, we incubated neurons with DHA to assess for any antioxidant effect.
Interestingly, treatment with H,0, and DHA induced 50 and 70% cell death after 3 and 6 h,
respectively, compared with cells that were incubated with H,0, alone [39]. The findings that
neurons are inefficient in reducing DHA and that DHA accumulation induces cell death led
us to the following question: how do neurons avoid DHA accumulation in physiological and/
or pathological conditions? The answer is the presence of another population of brain cells:
the astrocytes. To analyze if astrocytes prevent the toxic effects of DHA, neuron-astrocyte co-
cultures using the sandwich technique were used to assess any protective effect of astrocytes
on neuronal survival in the presence of H,0, and DHA. Neurons were incubated with H,0,,
and astrocytes were added to the culture just before DHA was added. Notably, neurons co-
cultured with astrocytes showed 100% survival after 3 and 6 h of treatment, compared with
neurons cultured alone [39], demonstrating that astrocytes are highly efficient in the recycling
of DHA from the extracellular medium and that accumulation of DHA due to deficient astro-
cyte recycling or severe oxidative conditions is toxic for neurons.

7. Conclusions

The relationship between vitamin C and brain pathologies remains a topic of discussion in
the current literature, especially given that the oxidized form of vitamin C, DHA, has been
largely ignored. DHA is actually a molecule that has great relevance for the treatment of vari-
ous pathologies, including cancer, although conclusions observed when using DHA should be
taken with caution. Indeed, DHA was originally proposed as a molecule that would be ben-
eficial in pathological conditions, such as ischemia and reperfusion [51]. Unfortunately, the
research group that proposed DHA as a treatment for ischemia and reperfusion subsequently
determined that its administration in primate models did not replicate the results observed in
rodents [53]. In these experiments, the researchers did not consider that the observations could
be attributed to a failure in vitamin C recycling. Although vitamin C deficiency in the brain
has been associated with increased oxidative stress, which could be stimulating ideal condi-
tions to trigger certain pathologies, including Alzheimer’s disease [54], DHA has recently been
proposed as a molecule that would trigger neuronal death [39]. As shown in Figure 1, we pro-
pose that CNS pathologies could be associated with reduced astrocytic vitamin C recycling,
resulting in the accumulation of DHA in neurons, which would trigger cell death.
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Abstract

Host-guest inclusion complex (IC) of vitamin C with B-cyclodextrin (f-CD) in aqueous
medium has been explored by spectroscopic, physicochemical and calorimetric methods
as stabilizer, carrier and regulatory releaser. Job plot has been drawn by UV-visible
spectroscopy to confirm the 1:1 stoichiometry of the host-guest assembly. Stereo-chem-
ical nature of the inclusion complex has been explained by two-dimensional (2D) NMR
spectroscopy. Surface tension and conductivity studies further support the inclusion
process. Association constants for the vitamin C-f-CD inclusion complex have been
calculated by UV-visible spectroscopy using both Benesi-Hildebrand method and non-
linear programme, while the thermodynamic parameters have been estimated with the
help of van’t Hoff equation. Isothermal titration calorimetric study has been performed
to determine the stoichiometry, association constant and thermodynamic parameters
with high accuracy.

Keywords: vitamin C, f-cyclodextrin, inclusion complex

1. Introduction

p-Cyclodextrin (8-CD) is a cyclic oligosaccharide containing seven glucopyranose units, bound
by a-(1-4) linkages forming a truncated conical structure [1, 2]. Thus because of its unique
structure, i.e. fairly rigid and well-defined hydrophobic cavities and hydrophilic rims having
primary and secondary —OH groups (Figure 1), it is of particular interest in the modern
science [3, 4]. B-CD is used for controlled delivery of organic, inorganic, biological and phar-
maceutical molecules due to their ability to form inclusion complexes with diverse guest
molecules by encapsulating the non-polar part of the guest into its hydrophobic cavity and
stabilizing the polar part by the polar rims [5, 6]. The use of f-CD already has a long history in
pharmaceuticals, pesticides, foodstuffs, etc. for the solubility, bioavailability, safety, stability
and as a carrier of the guest molecules [7, 8].

I m EC H © 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
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Figure 1. Molecular structure of vitamin C and f-cyclodextrin.

B-CD has been widely employed as not only excellent receptors for molecular recognition but
also excellent building blocks to construct functional materials, where they could be applied to
construct stimuli-responsive supramolecular materials [9]. Series of external stimuli, e.g.
enzyme activation, light, temperature, changes in pH or redox and competitive binding may
be employed to operate the release of guest molecules from the inclusion composites [10, 11].
Recently cyclodextrin-modified nanoparticles are of great interest as these supramolecular
macrocycles significantly combine and enhance the characteristics of the entities, such as the
electronic, conductance, thermal, fluorescence and catalytic properties expanding their poten-
tial applications as nanosensors, drug-delivery vehicles and recycling extraction agents [12].
Different sophisticated probes based on semiconductor nanocrystals and other nanoparticles
have been designed for this purpose because of their potential applications in the fabrication of
molecular switches, molecular machines, supramolecular polymers, chemosensors, transmem-
brane channels, molecule-based logic gates and other interesting host-guest systems [13-15].
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In this article vitamin C (Figure 1), is an essential human nutrient with many important
functions in biological systems. Scurvy, fatigue, depression and connective tissue defects are
the common syndromes caused by deficiency of vitamin C [16, 17]. Thus to protect this
important bio-molecule from external effects (e.g. oxidation, structural modification, etc.) and
for its regulatory release, it is crucial to investigate whether this molecule can be encapsulated
into the p-CD molecule and to explore the thermodynamic aspect of the process. In this present
chapter, the formation of host-guest inclusion complex (IC) of the vitamin C with p-CD (the
cavity dimension of which is more appropriate than other CDs to encapsulate a great variety
of molecules) has been explored particularly towards its formation, stabilization, carrying
and controlled release without chemical modification by different dependable methods like
two-dimensional rotating-frame nuclear overhauser effect spectroscopy (2D ROESY) NMR,
UV-Vis spectroscopy, surface tension (y), conductivity and isothermal titration calorimetric
studies, which primarily focuses on the encapsulation of the bio-molecule into the cavity of
pB-CD. The stoichiometry, association constants and thermodynamic parameters for the inclusion
complex have been determined to communicate a quantitative data regarding the encapsulation
of the vitamin by p-CD.

2. Result and discussion

2.1. Job plot reveals the stoichiometry of the host-guest inclusion complex

One of the best methods used to recognize the stoichiometry of the host-guest inclusion
complexes is the Job’s method, known as the continuous variation method, which has been
applied here by using UV-visible spectroscopy [18]. A set of solutions for the vitamin and -CD
was prepared varying the mole fraction of the guest in the range 0-1. Job plot was generated
by plotting AA x R against R, where AA is the difference in absorbance of the vitamin without
and with B-CD and R = [Vit]/([Vit] + [p-CD]) [19, 20]. Absorbance values were measured at
0.14
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Figure 2. Job plot of vitamin C-B-CD system at 298.15 K. R = [Vit]/([Vit] + [p-CD]), AA = absorbance difference of
vitamin C without and with p-CD.

131



132 Vitamin C

Amax for each solution at 298.15 K. The value of R at the maximum deviation gives the
stoichiometry of the inclusion complex (IC), i.e. ratio of guest and host is 1:2 if R = 0.33; 1:1 if
R =0.5;2:1if R = 0.66, etc. In the present work maxima of the plot was found at R = 0.5, which
suggest 1:1 stoichiometry of the host-guest inclusion complex (Figure 2).

2.2. 2D NMR spectra analysis

Two-dimensional (2D) NMR spectroscopy gives most powerful evidence about the spatial
proximity between the host and the guest atoms by observations of the intermolecular dipolar
cross-correlations [21, 22]. Any two protons that are located within 0.4 nm in space can

H4 OH

H1
H2 44
HO I|-IE
c__OH
ws M5 |
HO H6

(b)

Figure 3. (a) Stereo-chemical configuration of p-cyclodextrin, (b) truncated conical structure of B-cyclodextrin with
interior and exterior protons.
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produce a nuclear overhauser effect (NOE) cross-correlation in NOE spectroscopy (NOESY)
or rotating-frame NOE spectroscopy (ROESY) [23, 24]. In the structure of p-CD the H3 and
H5 protons are situated inside the conical cavity, particularly, the H3 are placed near the
wider rim while H5 are placed near the narrower rim, the other H1, H2 and H4 protons are
located at the exterior of the f-CD molecule (Figure 3) [25, 26]. Thus the inclusion phenom-
enon within the cyclodextrin cavity may be confirmed by the appearance of NOE cross-
peaks between the H3 or H5 protons of the host and the protons of the guest identifying
their spatial contacts [27, 28]. For this purpose, 2D ROESY has been obtained of the 1:1 molar
mixture of vitamin C with p-CD. The ROESY spectra in D,O shows significant correlations
between the H-3, H-5 protons of f-CD and the CH,, CHOD, CH protons of vitamin C
(Figure 4). This result confirms the encapsulation of the vitamin molecule within the cavity

ppm
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Figure 4. Two-dimensional rotating-frame nuclear overhauser effect spectroscopy (2D ROESY) spectra of 1:1 molar ratio
of f-CD and vitamin C in D,O (correlation signals are marked by circles).
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Figure 5. Feasible and restricted inclusion of the guest into the host molecule.
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of f-CD. Here in addition, the H6 protons of p-CD were not affected by the inclusion process,
which tell that the guest vitamin molecule was included into the f-CD cavity via the wider
rim (Figure 5) [29].

2.3. Surface tension study elucidates the inclusion as well as stoichiometric ratio of the host
and guest

Surface tension (y) study gives important clue about the formation and the stoichiometry of
the host-guest IC [30-32]. Due to ionic interactions there was significant increase in y of the
aqueous solution of vitamin. p-CD, in contrast, because of having hydrophobic outer surface
and hydrophilic rims, hardly show any change in y while dissolved in aqueous medium for a
wide range of concentration [32]. In the present study y of aqueous vitamin has been measured
with increasing concentration of p-CD at 298.15 K. The vitamin showed progressively falling
trend of y with increasing concentration of p-CD, may be due to encapsulation of the vitamin
molecule from the surface of the solution into the hydrophobic cavity of p-CD forming host-
guest inclusion complex (Figure 6) [33]. The plot also shows that there is a single discernible
break in the curve, which not only points out the formation of IC but also indicates the 1:1
stoichiometric ratio for the IC formed (Figure 7) [34, 35]. The value of y and corresponding
concentrations of vitamin and B-CD at break have been listed in Table 1, which also indicate
that at break point the concentration ratio of host and guest is about 1:1, establishing the
formation of 1:1 IC between the studied vitamin and $-CD [8, 36].

HO

Figure 6. Formation of inclusion complex of vitamin C with $-CD.
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Figure 7. Variation of surface tension of aqueous vitamin C solution with increasing concentration of p-cyclodextrin at
298.15 K.

Concentration of $-CD (mM) Concentration of vitamin (mM) y* (mNm™)

4.94 5.06 72.98

2 Standard uncertainties (u): temperature: u(T) = £0.01 K, surface tension: u(y) = £0.1 mN m .

Table 1. Values of surface tension (y) at the break point with corresponding concentrations of p-CD and vitamin C at
298.15 K*.

2.4. Conductivity study demonstrates inclusion process and its stoichiometric ratio

Conductivity (k) measurement is an important tool to elucidate the inclusion phenomenon
in solution phase [30, 32]. It indicates the formation as well as the stoichiometry of the IC
formed [37, 38]. In this study, the conductivity of the solution decreases gradually as the
vitamin molecules are encapsulated into the cavity of p-CD, i.e. the conductivity of the
solution is markedly affected by the inclusion phenomenon. At a certain concentration of
B-CD and the vitamin a single break was found in conductivity curve signifying the forma-
tion of 1:1 IC (Figure 8) [30]. The values of k¥ and corresponding concentration of the
vitamin and p-CD at the break have been listed in Table 2, which reveal that the ratio of the
concentrations of vitamin C and p-CD at the break point is approximately 1:1, suggesting
that vitamin C-cyclodextrin inclusion complex is equimolar, i.e. the host-guest ratio is 1:1
(Figure 6).

2.5. Ultraviolet spectroscopy: association constants and thermodynamic parameters

Association constants (K,) have been calculated for the vitamin-p-CD IC by UV-visible spec-
troscopy. As the vitamin molecules go from the polar aqueous environment to the apolar
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Figure 8. Variation of conductivity of aqueous vitamin C solution with increasing concentration of p-cyclodextrin at
298.15 K.
Concentration of $-CD (mM) Concentration of vitamin (mM) K
(mSm™Y)

4.93 5.07 10.65

? Standard uncertainties (1): temperature: u(T) = +£0.01 K, conductivity: u(x) = £0.001 mS m

Table 2. Values of conductivity (k) at the break point with corresponding concentrations of p-CD and vitamin C at 298.15
K

cavity of B-CD making the IC, there is a change in molar extinction coefficient (A¢) of the
chromophore of the vitamin [39]. The changes in absorbance (AA) of vitamin C (261-265 nm)
were studied against the concentration of p-CD at different temperatures to determine the
association constants (K,). On the basis of reliable Benesi-Hildebrand method for 1:1 host-guest
complex the double reciprocal plots have been drawn using Eq. (1) [20, 40].

11 1 1 1
AA ~ Ae]VIK, 8 [p—CD] +A8[V] g

The values of K, for the system were evaluated by dividing the intercept by the slope of the
straight line of the double reciprocal plot (Table 3) [41, 42].

The thermodynamic parameters can easily be derived basing upon the association constants
found at various temperatures by the above method with the help of van’t Hoff equation Eq. (2).

InK, = ——— +=>- 2)
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Temp (K)* K,x 103 (MY AHP (k] mol )P AS° (J mol 'K )P
288.15 419 —21.67 —5.87

293.15 3.58

298.15 3.10

303.15 2.68

308.15 2.33

313.15 2.03

7 Standard uncertainties in temperature u are: u(T) = £0.01 K.
® Mean errors in K, = +0.02 x 10> M~ !; AH° = +0.01 k] mol %; AS° = +0.01 J mol ' K.

Table 3. Association constant (K,) and thermodynamic parameters AH® and AS° of vitamin C-B-cyclodextrin inclusion
complex.

There is a linear relationship between InK, and 1/T in the above equation, on the basis of which
the thermodynamic parameters AH® and AS® for the formation of IC may be obtained [32, 37, 43].

Association constants (K,¥) have also been calculated for the vitamin C-f-CD IC by UV-visible
spectroscopy with the help of non-linear programme basing upon the changes in absorbance
as a result of encapsulation of the vitamin molecule inside into the apolar cavity of p-CD [44].
The following equilibrium is supposed to exist between the host and the guest for 1:1 IC [1].

v, + K1 3)

The association constant (K,¥) for the formation of IC may be expressed as

IC]

Py =
K =) [coy,

)

Here, [IC], [V]rand [CD]; represent the equilibrium concentration of IC, free vitamin molecule
and free CD respectively. According to the binding isotherm, the association constant (K,¥) for
the formation of IC may be expressed as [45]

[IC] (Aobs — Ao)

LP = =
s [V{[CDJ; (A — Agps)[CDJ; ®)

where

[V]ad (Aobs - Ao)

[CD]f = [CD]ad - (A — Aa)

(6)

Here, A,, Aobs and A are the absorbance of vitamin molecules at initial state, during addition of
CD and final state, respectively. [V].q and [CD],q4 are the concentration of vitamin molecule and
the added CD, respectively. Thus, the values of K,*for both the systems were evaluated from the
binding isotherm by applying non-linear programme (Table 4) [7, 46]. The corresponding
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Temp (K)* K,¥x107% (M~ HP AHPY (k] mol P AS®Y (J mol 1KY
288.15 421 -21.83 —6.40

293.15 3.61

298.15 3.06

303.15 2.64

308.15 235

313.15 2.03

@ Standard uncertainties in temperature u are: u(T) = £0.01 K.
> Mean errors in K,¥ = +0.01 x 10> M™% AH°Y = +0.01 k] mol ™% AS°Y = £0.01 ] mol 1 K.

Table 4. Association constants (K,¥) obtained from non-linear programme and the corresponding thermodynamic
parameters AH°Y and AS°Y of vitamin C--cyclodextrin inclusion complex.

thermodynamic parameters have been derived basing upon the association constants found
from various isotherms by the above method with the help of van't Hoff equation (Eq. (2))
(Table 4) [37, 43].

The values of AH°and AS°for the formation of IC were found negative suggesting that the
inclusion process is exothermic and entropy controlled but not entropy driven (Table 3) [37].
These results may be explained on the basis of molecular association that was taking place
while the IC was being formed between p-CD and the vitamin. Because of this, there is a drop
of entropy, which is unfavourable for the spontaneity of the IC formation. This effect is
conquered by higher negative value of AH°, making the overall inclusion process thermody-
namically favourable.

2.6. Isothermal titration calorimetry: characterization of the complexation

Isothermal titration calorimetry (ITC) is the most sensitive and accurate analytical technique
for determination of binding constant and various thermodynamic parameters in host-guest
complexation with precise accuracy [47]. It has become an efficient method for direct determi-
nation of the thermodynamic parameters rather than using the earlier van't Hoff equation
technique [48]. Top of Figure 9 shows the data obtained from the ITC titration of vitamin C
with B-CD in water at 298 K, which describes production of exothermic heat after each
injection and the magnitude of the released heat decreases progressively with each injection
until complete complexation is achieved. Bottom of Figure 9 shows the experimental data and
the calculated best fit binding curve of vitamin C with p-CD, that provides the stoichiometry
(N©), association constant (K,S), standard enthalpy (AH°C) and standard entropy (AS°©)
(Table 5). The outcomes of calorimetric study are consistent with those obtained from the
analysis of the UV-visible spectroscopic data, however, these values are little different than
those obtained by the earlier spectroscopic method studied at a range of temperature, which
may be partly illustrated by the fact that the association constants of CD complexes decrease
with increasing temperature, on the basis of which the thermodynamic parameters AH® and
AS° were calculated using van't Hoff method. But, in calorimetric study these parameters were
determined only at 298 K, thus, the variation of the values of association constants is not
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Figure 9. ITC isotherms for the interaction of vitamin C with p-cyclodextrin at 298 K. For each titration, f-cyclodextrin
concentration in sample cell was taken as 50 uM and vitamin C concentration in syringe was 500 uM. The top panel
represents the raw heats of binding obtained upon titration of vitamin C to p-cyclodextrin. The lower panel is the binding
isotherm fitted to the raw data using one site model.
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N¢ K, x 1073 AH¢ AS°€
(sites) ™M) (kJ mol ™) (Jmol ' K™
0.99 £+ 0.0111 3.655 £ 0.335 —22.28 +£1.06 —5.21

Table 5. Stoichiometry (N©), association constant (K,%), standard enthalpy (AH°) and standard entropy (AS°) of
vitamin C-p-cyclodextrin inclusion complex obtained from isothermal titration calorimetric study at 298.15 K.

considered here. The other fact is that in spectroscopic determination, thermodynamic param-
eters were estimated from association constants, which again were found out on the basis of
Ae of the vitamin, that was due to the changes in the environment around the chromophore,
when this goes from the polar aqueous environment to the apolar cavity of f-CD; hence, the
changes in enthalpy and entropy described there were exclusively for the formation of IC,
not for the other solvent interactions taking place in the medium. But, in calorimetric deter-
mination various types of non-covalent forces, like, electrostatic, hydrophobic, van der Waals
and H-bonding are involved in the host-guest interaction, thus, thermodynamic parameters
represent the overall heat changes resulting from the above interactions [10, 49]. Several
mechanisms have been proposed for the complexation, where the most important forces
involved are van der Waals and hydrophobic interactions [50]. The binding of vitamin C
with p-CD is enthalpy driven as the entropy value of the interaction is not favourable. This
indicates electrostatic and hydrophobic interactions play major role in the complexation in
this case.

The stoichiometry (N) of the association further suggest that only 1:1 complexation has occurred
in the formation of complex of vitamin C with f-CD which is in agreement with the 1:1 complex-
ation revealed from the Job’s method.

Formation of the host-guest IC is the dimensional suitability between the two species, which
is favoured by the unique cyclodextrin molecule that provides an appropriate condition by
encapsulating the apolar part of the guest molecule inside the cavity, as well as stabilizing
the polar part by the polar rims [36]. The other driving force for the formation of IC is the
release of the water molecules from the hydrophobic cavity into the bulk thereby increasing
the entropy of the system [1, 51]. The inclusion of the guest molecule is likely from the
wider rim of the p-CD molecule to make maximum contact with the cavity (Figure 5), which
is also supported by ROESY spectrum. The polar —OH group of the vitamin can also make
H-bonds with the —OH groups at both the rims of the f-CD molecule, thereby stabilizing
the IC.

3. Experimental

3.1. Materials

Vitamin C and p-cyclodextrin of puriss grade were bought from Sigma-Aldrich, Germany and
used as purchased. The mass fraction purity of vitamin C and p-cyclodextrin was >0.99 and
>0.98, respectively.
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3.2. Apparatus and procedure

Prior to the start of the experimental work, solubility of p-cyclodextrin and the vitamin has
been precisely checked in triply distilled and degassed water (with a specific conductance of
1 x 107°S cm ') and observed that the selected vitamin was freely soluble in all proportion
of aqueous p-cyclodextrin. All the stock solutions of the vitamin were prepared by mass
(weighed by Mettler Toledo AG-285 with uncertainty 0.0003 g), and then the working
solutions were obtained by mass dilution at 298.15 K. Adequate precautions were made to
reduce evaporation loss during mixing.

UV-visible spectra were recorded by JASCO V-530 UV/VIS Spectrophotometer, with an uncer-
tainty of wavelength resolution of +2 nm. The measuring temperature was held constant by an
automated digital thermostat.

Two-dimensional (2D) ROESY spectra were recorded in D,O at 300 MHz using Bruker Avance
300 MHz instrument at 298 K.

The surface tension experiments were done by platinum ring detachment method using a
Tensiometer (K9, KRUSS; Germany) at the experimental temperature. The accuracy of the
measurement was within 0.1 mN m™~'. Temperature of the system has been maintained by
circulating auto-thermostat water through a double-wall glass vessel containing the solution.

Specific conductance values of the experimental solutions were measured by Mettler Toledo
Seven Multi conductivity meter with uncertainty of 1.0 uS m™'. The measurements were
made in an auto-thermostated water bath maintaining the temperature at 298.15 K and using
the HPLC grade water with specific conductance of 6.0 uS m™". The cell was calibrated using a
0.01 M aqueous KCl solution. The uncertainty in temperature was £0.01 K.

Isothermal titration calorimetry was used to obtain association constant at 298 K using a
MicroCal VP-ITC (MicroCal, Inc., Northampton, MA, USA). The thermal equilibration step at
298 K was followed by an initial 120 s delay step and the subsequent 25 injections of each
vitamin to f-CD (injection duration of 10 s and spacing of 180 s). Each injection generated a
heat-burst curve between micro cal s~* versus time (min). The saturation curve between kcal/
mol of injectant versus molar ratio was determined by integration, using Origin 7.0 software
(Microcal, Inc.) to give the measure of the heat associated with the injection. The binding
affinity and thermodynamic parameters of the binding process were obtained by fitting the
integrated heats of binding the isotherm to the one site binding model to give the association
constant (K,), stoichiometry (N©), binding enthalpy (AH°) and the entropy (AS°).

4, Conclusion

The present study explains that vitamin C forms IC with -CD in aqueous medium, which can be
used as regulatory releaser of the vitamin. Two-dimensional (2D) ROESY NMR study confirms
the inclusion phenomenon and its mechanism. Surface tension and conductivity studies also
show that the ICs have been formed, the stoichiometry of which were confirmed as 1:1 by Job
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plots. The association constants and thermodynamic parameters have been estimated for both the
ICs by reliable spectroscopic and calorimetric techniques with high accuracy. Thus, this work
communicates both qualitative and quantitative idea about the formation of IC of p-CD with
vitamin C suggesting its potential applications in pharmaceutical industries and medical sciences.
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