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Preface

Vitamin C, or ascorbic acid, is mainly present in fruits and vegetables. The con-
sumption of such foods is important since the human body does not have the ability
to produce this essential micronutrient. Because it is water soluble, it can also

easily be lost in cooking and long-term storage. Even though the role of vitamin C
has been known since the early 1930s, only recently have researchers been actively
studying and demonstrating its role and function in the treatment and prevention
of many diseases. These studies will be the key to providing the scientific basis

that explains why this simple but important vitamin possesses such a wide range of
positive biological activities.

Authors from different countries (Argentina, Egypt, France, and Turkey) have
written four original chapters relevant to vitamin C and many topics are discussed
including its sources, chemical structure, metabolism, bioavailability, storage, and
its many functions. Some of the latter include the role of vitamin C in the immune
system and inflammation, its antioxidant properties, its depigmenting effect, its
role in collagen production, and its function in metal and drug absorption, lipid
metabolism, bone formation, stress control, and antimicrobial properties, among
others. Its many roles in cancer, cardiovascular disease, age-related macular degen-
eration, and common cold prevention are also well discussed. An overview of its
role in skin health and its different mechanisms of actions is described in detail.
There is also an interesting chapter that shows the role of vitamin C as an epigenetic
regulator because it is an important mediator between genome and environment, as
it participates in the demethylation of DNA and histones, epigenome, which could
help understand the role of this vitamin in cancer treatments.

Jean Guy LeBlanc
CERELA-CONICET, San Miguel de Tucuman, Argentina
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Chapter1
Introductory Chapter: Vitamin C

Jean Guy LeBlanc

1. Vitamins

The word vitamin was originally coined to describe amines that are essential for
life. It is now known that although not all vitamins are amines, there are organic
micronutrients that mean that they must be consumed in small quantities for
adequate growth and are required in numerous metabolic reactions to maintain
homeostasis. There are 13 vitamins that are recognized by all researchers, and these
can be classified as either being soluble in fats (fat soluble) (including vitamins A
(retinols and carotenoids), D (cholecalciferol), E (tocopherols and tocotrienols),
and K (quinones)) or soluble in water (water soluble) (including vitamin C
(ascorbic acid) and the B group vitamins). B group vitamins include the following:
vitamin Bl (thiamine), vitamin B2 (riboflavin), vitamin B3 (niacin), vitamin B5
(pantothenic acid), vitamin B6 (pyridoxine), vitamin B7 (biotin), vitamin B9 (folic
acid or folate), and vitamin B12 (cobalamins).

2. Vitamin deficiencies

Although all 13 vitamins are present in a wide variety of foods, deficiencies are
still very common in all parts of the world. There is no magic food that contains all
the vitamins; the only way to avoid deficiencies is to consume a variety of foods,
which are the bases of all the nutritional guidelines, or consume dietary supple-
ments. In addition to malnutrition, certain diseases and treatments have been
shown to affect vitamin absorption or bioavailability. Furthermore, pregnant
women and children have a greater need for vitamins because of their increased
metabolism during cell replication.

3. Vitamin C

Vitamin C, also known as ascorbic acid, is mainly present in fruits and vegetables;
citrus fruits, tomatoes and potatoes are the principal exogenous source of this vitamin.
The consumption of such foods is important since the human body does not have the
ability to produce this essential micronutrient. Because it is water soluble, it can easily
be lost by cooking and long-term storage; fortunately, most fruits and vegetables that
contain large amounts of vitamin C are consumed fresh without cooking. However,
it is well known that most people do not consume the recommended five servings of
fruits and vegetables that would be necessary for them to fulfill their daily recom-
mended intake of vitamin C that is around 200 mg. Because of this problem, it is now
common that ascorbic acid be used as a dietary supplement, which can easily be added
to foods or consumed directly in capsules or part of multivitamin preparations.

Even though it is almost unheard of that people still can be affected by scurvy
today, which is directly caused by vitamin C deficiency, its early symptoms are very
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common. These include fatigue, inflammatory problems (especially of the gums),
depression, joint pain, and anemia. Besides an inadequate ingestion of the vitamin,
other causes have been linked to vitamin C deficiency such as smoking (direct and
passive), malnutrition (inadequate ingestion of eating unbalanced diets), certain
drugs, and malabsorption caused by certain diseases.

The consumption of vitamin C supplements are nowadays very common, not only
to prevent deficiencies but also to ensure the wide range of beneficial health effects
that have been reported to be associated with the consumption of this vitamin. These
include having an active role in immunity, reason for which is that many consume
ascorbic acid when they have a common cold, and also because it has been stated that
it can play a role in cancer (in its prevention and treatment), cardiovascular diseases,
and age-related diseases such a cataracts, among others. Vitamin C is also the most
commonly used antioxidant substance in foods because of its safety. This property
has made it the object of numerous studies where it is used as adjunctive treatments
in many bacterial and virus infections and cancer treatments, another reason that has
made it the vitamin of choice by consumers to improve their general health.

4. Conclusions

Even though the role of vitamin C has been known since the early 1930s and
a series of interesting studies have been performed in the 1970s, only recently
researchers have been actively studying and demonstrating its role and function
in the treatment and prevention of many diseases. These studies will be the key to
providing the scientific basis that explains why this simple but important vitamin
possesses such a wide range of positive biological activities.
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Chapter2

Vitamin C

Nermin M. Yussif

Abstract

Vitamin C or ascorbic acid is one of the most common and essential vitamins. Due
to its protective role, the supplementation of vitamin C becomes a must especially dur-
ing the higher pollution levels. A day after day, scientists and researchers discover new
functions for vitamin C. It was and still one of the cheapest treatment modalities that
could preserve and protect human beings from infections, toxification, autoimmune
diseases and cancer development. The role of vitamin C in providing better esthetics
exhibits great importance. Its role as anti-aging agent preserves skin color and texture.
Although it is not naturally synthesized in our bodies, our food is entirely rich of it.

Keywords: vitamin C, ascorbic acid, chemical structure, bioavailability, functions,
different routes of administration and needed dosage

1. Introduction

In 1970, Pauling [1] stated that “Ascorbic acid is an essential food for human
beings. People who receive no ascorbic acid (vitamin C) become sick and die.”

2. Vitamin C source

Vitamin C is produced only in non-humans as primate species, guinea pigs,
fishes and birds [2]. Although most of the animals have the ability to synthesis their
needs of vitamin C, humans suffer from mutation in the DNA coding of gulonolac-
tone oxidase which is the main enzyme responsible for ascorbic acid synthesis [3].
Due to this mutation, the external supplement of vitamin C becomes a must [4].

The main source of vitamin C for human beings is mainly found in fruits and
vegetables. Citrus fruits and other types are particularly rich sources of vitamin C
as; cantaloupe, water melon, berries, pineapple, strawberries, cherries, kiwi fruits,
mangoes, and tomatoes. Furthermore, vegetables are considered the main source of
vitamin C due to its higher content and availability for longer period throughout the
year such as cabbage, broccoli, Brussels sprouts, bean sprouts, cauliflower, mustard
greens, peppers, peas and potatoes [5].

3. Chemical structure of ascorbic acid
Although vitamin C is the generic name of L-ascorbic acid, it has many other
chemical names as ascorbate and antiscorbutic vitamin. L-Ascorbic acid molecule is

formed of asymmetrical six-carbon atoms (C6H806) which is structurally related
to glucose (Figure 1) [7, 8]. Its molecular weight is 176 with a melting point of
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Figure 1.
Chemical structure of vitamin C [6].

190-192°C (with decomposition) and shows a density of approximately 1.65 g/cm’.
L-Ascorbic acid is freely soluble in water (300 g/L at 20°C), difficult in alcohol

(20 g/L at 20°C) and insoluble in chloroform, ether and benzene. It forms a clear
colorless to slightly yellow solution. It has two pKa values: 4.2 and 11.6. The pH of a
5% (w/v) solution in water is 2.2-2.5 [9].

The chemical structure of ascorbic acid determines its physical and chemical
properties. It is a weak, water soluble, unstable organic acid which can be easily
oxidized or destroyed in light, aerobic condition (oxygen), high temperature, alkali,
humidity, copper and heavy metals. Ascorbic acid is usually found in the form of
white or slightly yellowish crystalline powder. Its crystalline form is chemically
stable in dryness. However L-ascorbic acid is highly soluble in water, it shows great
difficulty to be soluble in alcohol, chloroform, ether and benzene. In water, it forms
clear colorless slightly yellow solution which is rapidly oxidized [8, 10].

There are many derivatives of ascorbic acid as sodium L-ascorbate (sodium
ascorbate), calcium L-ascorbate (calcium ascorbate), zinc-ascorbate, 6-palmityl-
L-ascorbic acid (ascorbyl palmitate) and ascorbyl monophosphate calcium sodium
salt (sodium calcium ascorbyl phosphate) [128, 129].

Ascorbic acid is obtained from sodium ascorbate by cation exchange. While
sodium ascorbate results from reacting methyl-b-sorbosonate (or ketogulonic acid
methyl ester) with sodium carbonate. Calcium ascorbate is produced by the interac-
tion of ascorbic acid with calcium carbonate in water and ethanol, which it is then
isolated and dried. Ascorbyl palmitate is prepared by reaction of ascorbic acid with
sulfuric acid followed by esterification with palmitic acid. Sodium calcium ascorbyl
phosphate resulted from the reaction of ascorbic acid (alone or in combination with
sodium ascorbate) with calcium hydroxide and sodium trimetaphosphate. The pre-
vious ascorbic acid derivatives have superior properties in comparison to ascorbic
acid as the light resistance, skin irritation [128, 129].

4, Vitamin C metabolism

Vitamin C functions depend mainly on its main character as a reducing agent
and the results of its oxidation mechanisms either reversible or irreversible [130,
131]. These reactions depend only on the pH changes and not on the presence of air
or oxidizing agents [132].
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Ascorbic acid undergoes a 3-step oxidation process. In the beginning, ascorbic
acid can reversibly oxidize into dehydroascorbic acid on the exposure to copper, low
alkaline media and heat [11].

Dehydroascorbic acid is a very short half-life (few minutes) product which can
either reversibly or irreversibly oxidize in the tissues. In pH 4.0, ordinary temperatures
and aqueous media, dehydroascorbic acid can be oxidized irreversibly into 2,3-diketo-
L-glutonic acid (diketogulonic acid). However, the dehydroascorbic acid oxidation
begins in mild acidic media (pH 4.0), it requires a neutral or alkaline media to progress
more rapidly. The resultant diketogulonic acid is a stronger reducing agent, not reduced
by glutathione or H2S and not an anti-ascorbutic agent. It was found that below pH 4.0,
diketogulonic acid losses its reducing property. In acidic media and the presence of H,S,
dehydroascorbic acid can also reversibly change into ascorbic acid. Ascorbic acid and
dehydroascorbic acid have the same anti-ascorbutic effect [133, 134].

The third oxidation product is L-threonic acid and oxalic acid which proceed
only in alkaline media (pH 7-9) [11]. All reversible changes can be done in the
presence of H,S and glutathione in neutral or alkaline media. Sometimes, carbon
dioxide may be the result of vitamin C oxidation at high doses [132].

In human beings, ascorbic acid is reversibly oxidized into dehydroascorbic acid,
which can be reduced back to ascorbic acid or hydrolyzed to diketogulonic acid
and then oxidized into oxalic acid, threonic acid, xylose, xylonic acid and lyxonic
acid. Further oxidation (decomposition) may occur by the oxidizing agents in food.
According to the oxidation-reduction reactions, ascorbic acid is the reduced form
of vitamin C while dehydroascorbic acid is the oxidized form of vitamin C. The
L-isomer of ascorbic acid is the only active form. Other isomers as D-ascorbic acid,
D-isoascorbic acid and L-isoascorbic acid are present. These stereoisomers have no
effect in the treatment of scurvy [128, 129].

The absorbed and the unabsorbed forms of ascorbic acid can be excreted in
conjugated or non-conjugated pattern. Ascorbic acid may undergo limited conju-
gation with sulfate to form ascorbate-2-sulphate, which is excreted in the urine.
Unchanged ascorbic acid and its metabolites are excreted in the urine. In the pres-
ence of intestinal flora, high doses of ascorbic acid (unabsorbed part) can oxidized
into carbon dioxide which is the main excretory mechanism of vitamin C in guinea
pigs, rats and rabbits. There exists equilibrium between ascorbic acid and dehydro-
ascorbic acid, dependent on the redox status of the cells [12].

5. Vitamin C bioavailability

The bioavailability is a measure of the efficiency of gastrointestinal tract absorp-
tion [13].

5.1 Vitamin C absorption (active transport)

The hydrophilic nature of ascorbic acid facilitates its absorption through buccal
mucosa, stomach and small intestine. Its absorption depends mainly on passive
diffusion through the buccal mucosa [14].

Vitamin C absorption occurs through small intestine (distal intestine) by
active transport mechanism. Sodium electrochemical gradient is the process by
which active transport of ascorbic acid occurs. This process proceeds by the help
of sodium vitamin C transporter type 1 (SVCT1). This is the same transporter
responsible for vitamin C transport in retina. SVCT?2 is responsible for transporting
vitamin C into brain, lung, liver, heart and skeletal muscles [15]. The absorption
process is usually inhibited by glucose [135].
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The majority of ascorbate is transported by SVCT1 in epithelial cells (e.g., intes-
tine, kidney and liver), and the remaining is transported by SVCT?2 in specialized
cells (e.g., brain and eye) [15, 16]. The main concentrations of vitamin C are located
in brain and adrenal cells.

The oxidative products of vitamin C as dehydroascorbic acid are transported
faster into cells than the pure form [17].

While the absorption of low doses (15-30 mg) is very high (up to 98%), ascorbic
acid absorption decreases (50%) with larger doses (1000-1250 mg) which is com-
monly administrated in acute illness [136, 137].

In human blood, ascorbic acid is always found in the reduced form (ascorbic
acid). It was also found that the red blood corpuscles are not permeable for ascorbic
acid and also to glucose. It oxidized very slowly in blood than in plasma (no oxida-
tion reactions occur) [132]. Its normal plasma level ranges between 50 and 100 pM
according to the diet intake in healthy non-smoker individuals [137]. Increasing the
plasma level and the intracellular level is not a dose dependent. Its intracellular level
is higher than the plasma level. The plasma level does not increase above the normal
range even by increasing the intake into 500 mg because of its excellent excretion
from kidneys through urine [13].

5.2 Vitamin C distribution

Vitamin C is widely distributed in all the body tissues. Its level is high in adrenal
gland, pituitary gland, and retina. Its level decreases in kidneys and muscles.

5.3 Vitamin C excretion

Vitamin C metabolites (oxalate salts) and unmetabolized vitamin C are excreted
by kidneys. Few percentage of vitamin C is excreted through feces.

The urinary excretion of vitamin C is dose dependent. Less than 100 mg/day, no
vitamin C was detected in urine. At 100 mg/day, 25% of its amount was excreted in
urine. The latter percentage is doubled with the administration of 200 mg/day
[13, 18].

At high doses, large amount of unmetabolized vitamin C is excreted. The higher
doses of vitamin C intake, the higher vitamin C concentration in blood and tissues
occurs. As a response for high doses, vitamin C excretion from kidneys and sweat
occur. The antiviral and anti-bacterial effect of vitamin C protects skin and kidneys
from infection [1]. Also in extra doses, the oxidation components were used as an
anticancer effect more the vitamin C itself [138].

It was found that the excretion of ascorbic acid when administrating 400 mg
ascorbic acid ranges between 30 and 50% in healthy individuals. This percent
decreases in diseased patients due to higher consumption. Repeated low doses
(about 200 mg) are highly recommended in diseased individuals due to theses low
doses saturate the body. Extremely low dosages (90 mg/day) could result in inabil-
ity of the immune system to respond to diseases as degenerative diseases. Therefore,
limited renal clearance of ascorbic acid is usually detected. The plasma saturation of
ascorbic acid at 70 pM (0.123 mg/dl). This level controls the excretion of the ascor-
bic acid through kidneys. At Higher plasma levels (above 70 pM), higher excretion
levels are usually detected. The intravenous route exerts 30-70 folds of vitamin C
plasma levels than the oral route [19].

The rapid excretion due to its water soluble nature limits its harmful effect and
makes it totally safe product in normal doses. It also found that the upper tolerable
limit (UL) is 2 g. Depending on the depletion-repletion study, it was found that the
RDA is 75 mg for women and 90 mg for men. It was modified by Levine et al. in
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1-30 days(g) 11-45 years (g) 46-77 years(g)
Adrenals 0.581 0.393 0.230
Brain 0.460 — 0.110
Liver 0.149 0.135 0.064
Kidney 0.153 0.098 0.047
Lung 0.126 0.065 0.045
Heart 0.076 0.042 0.021

Table 1.
Vitamin C storage in different organs at different ages.

2001 into the administration of 90 mg to both sexes. The maximum bioavailability
and absorption of vitamin C achieved at 500 mg [20].

5.4 Vitamin C storage

In 1936, Marinesco et al. detected the lower levels of ascorbic acid in others
organs as pancreas, spleen and thymus gland. Plaut and Billow detected the ascorbic
acid lowering not only in the organs but also in body fluids as CSF, blood and urine.
They also detected this deficiency in neural diseases and alcoholism. Many reasons
were thought to be the cause of vitamin C deficiency in old people. Decreased
intestinal absorption and dietary deficiency are the main causes.

In human blood, ascorbic acid is always found in the reduced form (ascorbic
acid). It was also found that the red blood corpuscles are not permeable for ascorbic
acid and also to glucose. It oxidized very slowly in blood than in plasma (no oxida-
tion reactions occur) [132]. Its normal plasma level ranges between 50 and 100 pM
according to the diet intake in healthy non-smoker individuals [137]. Increasing the
plasma level and the intracellular level is not a dose dependent. Its intracellular level
is higher than the plasma level. The plasma level does not increase above the normal
range even by increasing the intake into 500 mg because of its excellent excretion
from kidneys through urine [13]. In 1934, Yavorsky et al. [21] analyzed the ascorbic
acid amount found in the different body organs at different ages (Table1).

6. Vitamin C functions
6.1 Role in immune system and inflammation

Vitamin C has an important role in the maintenance of a healthy immune
system and its deficiency causes immune insufficiency and multiple infections.

The ascorbic acid level is lowered in various body fluids during bacterial infections.
Thus, it is commonly used as adjunctive treatment in many infectious diseases such
as hepatitis, HIV, influenza and periodontal diseases [22].

Vitamin C administration modifies and enhances both the innate and adaptive
immune response. It neutralizes the bacterial toxins especially endotoxins by block-
ing the essential signal for lipopolysaccharides (LPS) formation. On the other hand,
LPS block the passage of ascorbic acid through blood brain barrier and inhibits its
uptake by various cells [22].

Ascorbic acid improves the phagocytic properties and activity of various immune
cells including neutrophils, natural killer cells, macrophages and lymphocytes.
Vitamin C increases lymphocytes proliferation and antibody production [23, 24].

11
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6.2 Anti-oxidant property

Oxidative stress/ROS have a main role in inflammatory diseases including
periodontal diseases [25]. The ROS are classified into 3 classes; the first are reactive
free radicals as oxygen related radicals (superoxide, hydroxyl radical or peroxyl
radicals). The second class is reactive species but not free radicals as hypochlorous
acid. The third class is radicals resulted from the reaction with ascorbic acid [26].
Antioxidants are also classified into enzymatic and non-enzymatic. The enzymatic
antioxidants include catalase enzyme, thiol-containing agents (cysteine, methio-
nine, taurine), glutathione and lipoic acid [27].

Vitamin C is one of the nutrient non-enzymatic anti-oxidants [28-30]. Its anti-
oxidant effect is by electron donation process where vitamin C easily donates two
electrons (reduction reaction) to other compounds in order to prevent its oxidation.
When ascorbic acid donates the first electron, it is transformed into a free radical
called ascorbyl radical (semi-dehydroascorbic acid). It is a relatively stable, unreac-
tive free radical with unbound electron in its outer shell but it has a short life time
(10-15's). The unreactivity of this radical makes it unharmful to the surrounding
cells. This process is called free radical scavenging or quenching. When it donates
the second electron, it transformed into dehydroascorbic acid. Its stability may only
last for few minutes [28, 31].

Asa general rule, it was detected that vitamin C acts as a pro-oxidant at low
doses and acts as an antioxidant in high doses. It was also detected that the level
of vitamin C in the skin usually exposed to ultraviolet radiation is lower than that
exposed lesser.

The antioxidant activity of vitamin C enhances the epidermal turn over, and the
movement of young cells to the surface of the skin where they replace old cells [32].
The study conducted by Frank in [139] showed that RNA improved the ability of
the skin cells to utilize oxygen.

Ascorbyl radical and dehydroascorbic acid are reversible agents which can easily
rebound into ascorbic acid. These reversible agents can irreversibly transformed
into 2,3-diketogulonic acid which is further metabolized into xylose, xylonate,
lyxonate and oxalate (Figure 2) [34].

Vitamin C is considered as a strong anti-inflammatory agent as it inhibits many
types of inflammatory mediators as tumor necrosis factor alpha [35]. This property
is commonly used in the treatment of postoperative erythema formed after CO,
laser in skin resurfacing [36]. In 1987, Halliwell [37] detected significant reduction
of plasma levels of ascorbic acid in association with elevated histamine in inflam-
matory diseases as ulcerative colitis and rheumatoid arthritis. This was explained by
the discovery of the anti-histaminic effect of vitamin C. It was also found that the
higher ascorbic acid content in joints, the higher protection levels against damage
which directed many physicians to use ascorbic acid in combination therapy with
drugs aiming to joint protection as glucosamine [37, 38].

It was discovered that vitamin C has an efficient chemotherapeutic effect. The
cytotoxic effect of vitamin C is dose and route dependent. The tumor cells are more
sensitive to high intravenous (cytotoxic) levels of vitamin C than the normal ones
[140]. At the administration of 10 g of intravenous vitamin C, a marked elevation of
the extracellular concentration (1000 pmol/L) is detected which have a toxic effect
on the cancer cells due to the action of the ascorbyl radicals (free radical species)
[39]. On the contrary to the cancer cells, normal cells can compensate the damage
occurred by these oxidative species [141]. It was also found that these mega doses of
vitamin C are essential in other diseases as diabetes, cataracts, glaucoma, macular
degeneration, atherosclerosis, stroke and heart diseases [40].
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Figure 2.
Redox metabolism of ascorbic acid [33].

Vitamin C improves the immune system and its deficiency causes immune
insufficiency and multiple infections. It was found that vitamin C modifies the
behavior and activity of the immune cells; it also improves the phagocytic proper-
ties of neutrophils and macrophages. In addition, vitamin C increases the antibody
production, concentration of antibodies and the activity of lymphocytes [41]. It was
detected that the level of vitamin C in leukocytes is higher than its level in plasma
because they have the ability to store it [142].

Vitamin C is commonly used as an adjunctive treatment in many infectious
diseases as hepatitis, HIV, common cold and influenza. It has an important role in
the antibacterial reactions performed in our body by neutralization of the bacterial
toxins especially endotoxins [42]. It was found that 100 pM/L ascorbic acid can
lower the bacterial replication (bacteriostatic effect) [143].

Sufficient amount of vitamin C causes blockage of the signaling essential for
lipopolysaccharides (LPS) formation. It also stops the production of ROS especially
reactive nitrogen species which is mainly produced during infection [42]. In bacte-
rial infections, the level of ascorbic acid in various body fluids is lower than usual
which perform further depression due to the action of LPS in blocking the passage
of ascorbic acid through blood brain barrier. LPS also inhibits the uptake of various
cells to ascorbic acid [143].

The anti-aging effect of vitamin C is regarding to its potent antioxidant
effect, its stimulatory effect of enhancing the collagen formation, protection of
the persistent collagen especially elastin against damage and finally, inhibits the
cross-linking effect formed in wrinkles [144]. It was found that the amount of
ascorbic acid changes with age. The younger the age, the higher the ascorbic acid
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level present. In 1934, Yavorsky et al. [21] analyzed the ascorbic acid amount
found in the different body organs at different ages.

6.3 Depigmenting effect

It was found that the higher the ROS is, the deeper the pigmentation produced.
Anti-oxidants act a great role in lowering the melanin formation [43]. Vitamin C is
considered a potent depigmenting agent which is used in the treatment of various
cases of skin hyperpigmentation [44-48].

It can be used as an adjunctive treatment in melasma and severe cases of hyper-
pigmentation and as a treatment in mild and moderate cases [49].

Vitamin C inhibits melanogenesis in different steps via more than one mecha-
nism [145]. Being an anti-oxidant, ascorbic acid prevents production of free radicals
which triggers melanogenesis [50]. It reduces o-dopaquinone back to dopa, prevent-
ing dopachrome of 5,6-DHICA [51] and reduces oxidized melanin changing the
pigmentation from jet black to light tan [52]. Furthermore, the direct suppression of
tyrosinase enzyme exhibits a great property [53].

It can be used as an adjunctive treatment in melasma and severe cases of hyper-
pigmentation and as a treatment in mild and moderate cases [49]. The higher the
ROS is, the deeper the pigmentation produced. Antioxidants act a great role in
lowering the melanin formation [43].

Other mechanisms of blocking melanogenesis include inhibition of tyrosinase
activity by interacting with copper ions at active sites of the enzyme [51, 53]. In
addition, vitamin C inhibits melanocyte proliferating agents (IL-1, MSH, and
PGE2) and peroxidase reactions on melanocytes [54].

In 1970, Pauling and Cameron [146] discovered that vitamin C has an efficient
chemotherapeutic effect. The cytotoxic effect of vitamin C is due to the action of
the ascorbyl free radical and it is dose as well as route dependent [55]. The tumor
cells are more sensitive to high intravenous (cytotoxic) levels of vitamin C than
the normal ones [23, 56]. A synergistic effect is detected between the intravenous
vitamin C administrations accompanying the tumor cytotoxic agent in patients
suffering from advanced cancer [57].

Melanoma is the most commonly treated malignant tumors using vitamin C due
to the high susceptibility and sensitivity of its cells to vitamin C. It induces sodium
ascorbate induced apoptosis of melisma. The lethal effect of ascorbic acid is attrib-
uted to inhibiting the production of IL-18 (essential for melanoma proliferation),
change the intracellular iron level [56, 58].

Besides the antioxidant role, ascorbic acid also acts as an electron donor for eight
enzymes. Three of these enzymes are involved in collagen formation [34]. Other
two enzymes are responsible for carnitine formation, one enzyme is responsible
for epinephrine production from dopamine, and the other is responsible for the
addition of the amide groups into peptide hormones. Finally, it is essential for
tyrosine metabolism and melanin production. The anti-tyrosinase enzyme occurs at
0.05-0.50 mM intracellularly [31].

6.4 Collagen production

The role of vitamin C in collagen formation is well known. Vitamin C is
an essential factor for the hydroxylation of proline, cofactor during collagen
processing, activation of pro-collagen messenger RNA, inhibition of matrix
metalloproteinases (MMPs) that are responsible for collagen fibers degradation
and fibroblast activation intended for new and proper collagen formation
[12, 59-61].
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As regards the effect of ascorbic acid on periodontal ligament, it enhances the
periodontal ligament maturation and renewal by induction of the collagen forma-
tion especially collagen III (young collagen) and keeps the balance between col-
lagen I (mature collagen) and III for tissue maturation. It was detected that thicker
periodontal ligament were detected near the CEJ and narrower ones were detected
in the middle one third of the root due to the effect of vitamin C in keeping the
collagen bundles, well organized and more resistant to tension. Furthermore, it
also activates the fibroblast itself; proliferation, production and differentiation. By
the vitamin C role in modifying the produced collagen type IV through its role as
a cofactor in hydroxyproline synthesis and improving the endothelial cell vitality,
its role in angiogenesis could not be forgotten. In periodontal disease, it is recom-
mended to use an adequate well calculated dosage of vitamin C to achieve higher
level of healing, minimal bleeding, higher quality of the newly formed tissues and
increasing the resistance of tissues to future destruction [12, 62].

Collagen is the main component of bone matrix. Many publications had con-
firmed the role of vitamin C in bone formation. In postmenopausal women, higher
levels of vitamin C are needed in order to reduce the incidence of osteoporosis
(63, 64].

When vitamin C is used with scaffolds in tissue engineering, the sustained
release of vitamin C stimulates the formation of type I collagen and alkaline phos-
phatase enzyme [65].

Vitamin C is a potent factor in the extracellular bone matrix proteins formation
as collagen type I, osteonectin and osteocalcin. Its combination with vitamin E has
an essential role in the proliferation and differentiation of the osteoblasts [66].

The amount of ascorbic acid in human body changes with age. The younger the
age is, the higher the ascorbic acid level present [67].

Vitamin C enhances the collagen formation (collagen type I) and protects the
persistent collagen to resist damage. Finally, it inhibits the cross-linking effect
found in wrinkles [68].

The anti-oxidant property is also involved in the anti-aging effect; vitamin C
plays an important role in protecting the cellular integrity as it scavenges the ROS,
prevents oxidation of the cellular proteins, lipids as well as DNA and protects the
cellular junctions. It also improves the tissue vasculature [69].

As regards the effect of ascorbic acid on periodontal ligament, it enhances the
periodontal ligament maturation and renewal by induction of the collagen forma-
tion especially collagen III (young collagen) and keeps the balance between collagen
I (mature collagen) and III for tissue maturation. Thicker periodontal ligament
were detected near the cement-enamel junction (CEJ) and narrower ones were
detected in the middle one third of the root due to the effect of vitamin C in keeping
the collagen bundles, well organized and more resistant to tension. It also modifies
the rate of fibroblast proliferation [12, 62, 70] (Figure 3).

6.5 Others functions
6.5.1 Vitamin C and metal absorption

Vitamin C increases the absorption of heavy metals from the intestine as
iron. Vitamin C has an important role in the carnitine synthesis which is an enzyme
co-factor that increases the absorption of non-haem iron in GIT. It also enhances
production of reduced iron which is the preferred form for the intestinal absorp-
tion [72]. It was found that factory workers have high oxidative stress. The cause
behind the latter observation was the high plasma levels of lead (73 pg of lead/dl),
thiobarbituric acid (46.2%) and chloramphenicol acetyltransferase (70.3%). By the
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Figure 3.
(a) Human fibroblast culture and (b) human fibroblast proliferation after treated with vitamin C [71].

administration of combination dosage of vitamin C (1 g) and vitamin E (400 IU),
great improvement of the general health with the plasma levels returned to its non-
lead levels [73].

6.5.2 Vitamin C and drug absorption

Combination of vitamin C supplements with aspirin and opiates has a strong
synergistic effect on these drugs [54, 74]. On the other hand, oral contraceptive pills
increases ascorbic acid turnover and reduce level of ascorbic acid [75].

In addition, many vitamins including vitamin E (a-tocopherol), vitamin B15
(carnitine), tryptophan and folic acid require vitamin C for their absorption [76].
The combination of vitamin C and E enhance the efficiency and life span of vitamin
E by providing sustained release effect and regeneration of the oxidized vitamin E
[59, 77]. Thus, vitamin C deficiency is considered a cause of some of these vitamins
deficiency such as folic acid deficiency [78-80].

Furthermore, marked increase of ascorbic acid turnover was reported on
consumption of estrogen containing medications [81].

As aresult of oxidation reaction, the production of hydrogen peroxide is
enhanced by cations as iron and copper [19].

EDTA is the only permissible preservative that could be used with injectable
vitamin C products [82].

Limited evidence suggests that ascorbic acid may influence the intensity and
duration of action of bishydroxycoumarin.

6.5.3 Vitamin C and lipid metabolism

Although vitamin C is water soluble, it has great effects on the lipids either intra-
cellularly or extracellularly. Vitamin C is an essential factor protecting the lipids of
cell membrane from oxidation. It also protects the lipid bilayer of skin.

Significant control of hypertension and high cholesterol levels [147]. It was
observed that vitamin C improves the lipid metabolism by inhibiting the oxidation of
the unsaturated lipids and lipoproteins (scavenging effect) [83]. ROS can easily oxi-
dize the cellular lipoproteins and the circulatory LDL and results in lipid peroxidation.
By a process called radical propagation, the formed lipid peroxides can easily reacts
with oxygen to finally form lipid hydroperoxides. Ascorbic acid can easily inhibit this
process by reducing the ROS [84]. It was found that vitamin C decreases the oxidation
of lipids and in lowering the low density lipoprotein (LDL) cholesterol [85].

Vitamin C is a cofactor in many processes in various organs including catechol-
amine biosynthesis and steroidogenesis as well as lowering cholesterol and bile acids
[86-88]. However, vitamin C deficiency is linked to many diseases and disorders such
as fatty liver [89], hyperlipidemia [90], obesity and diabetes mellitus type II [91].
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Vitamin C has an important role in decreasing the atherosclerosis and the inhib-
iting the thrombus formation through decreasing the platelet aggregation [148].

6.5.4 Vitamin C and bone formation

As previously mentioned, vitamin C increases the production of collagen type I
and X needed for matrix formation, activation of osteoblast growth and differentia-
tion [92]. It is also needed in order to maintain adequate bone density [93, 149].
Stimulation and higher expression of osteocalcin and osteonectin on the osteoblasts
was also reported [66].

In postmenopausal women, higher levels of vitamin C are needed in order to
protect against bone abnormalities as it is considered as delaying osteoporosis factor
[149]. Furthermore, in scurvy, lower bone density with marked bone abnormali-
ties commonly reported [94, 95]. In case of deficiency occurs in young individuals,
bone fragility, cartilage resorption and fracture of growth plates. The detected
abnormalities were attributed to reduced activity of osteocytes and chondrocytes
[93, 96]. It also maintains and preserves the balance between osteoblasts and
osteoclasts [97].

In order to achieve optimum proliferation of the osteoblasts and fibroblasts,

200 pg/ml is the maximum dose needed. Apoptosis occurs when exceeding such
dose [39, 98].

In 2004, an in vitro study used vitamin C with scaffolds in tissue engineering in
order to regenerate bone. The sustained released vitamin C stimulates the formation
of type I collagen and alkaline phosphatase [65].

In 2013, Fu et al. [150] used isotonic irrigation of ascorbic acid derivative dur-
ing grafting of the anterior tendon of the knee joint. Significant reduction of the
inflammatory response in the surgical site due to lack of toxicity, irritation, watery
consistency and potent anti-oxidant effect.

6.5.5 Vitamin C and stress (cortisone)

Vitamin C has an important role in controlling the stress [41]. In stress, the over-
production of cortisone affects the defense mechanisms [151]. This was explained
by the reduction of glucose levels [152].

6.5.6 Anti-microbial properties

Although the toxic effect of high doses, it shows great benefits on the other
hand. Vitamin C excretion depends mainly on kidneys and sweat. The antiviral and
anti-bacterial effect of vitamin C protects skin and kidneys from infection [1]. Also
in extra doses, the oxidation components were used as an anticancer effect more the
vitamin C itself as mentioned before [138].

7. Vitamin C dosage

The dilemma behind vitamin C dosage has been started many years ago. Dosage
calculations differ according to the medical status, aim of administration either
prophylactic or curative, route of administration and patient age.

When we talk about ascorbic acid average dosage, we have to differentiate
between four terms; the estimated average requirement (EAR), adequate intake
level, the tolerable upper intake level (ULs) and the recommended dietary
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allowance (RDA). The EAR is used to calculate the RDA and the adequate intake
levels. While the UL is the level below which toxic effects have not been seen [99].

Because of the poor oral bioavailability of vitamin C, toxic signs and symptoms
may appear with large doses exceeding 1000 mg or utilizing more than 2 g as single
dose [100].

7.1 Dosage for healthy individuals

For healthy individuals, vitamin C dosage differs according to age and sex.

The average normal content of ascorbic acid in human body is about 1.5 g. Daily,
our body usually consumes 3-4% (40-60 mg) of this pool. In order to keep this
pool balanced, the daily oral intake should be 200-300 mg of vitamin C. The daily
intake of 5 fruits or vegetables will provide a 200 mg of vitamin C which will result
in 70 pM plasma level. It was also found that the uptake of vitamin C differs from
tissue to another [13, 31].

As an average, the RDA of vitamin C for adult healthy men is about 90 mg and
for healthy women is about 75 mg. The ULs dosage was calculated at a level of
2 g per day for healthy individuals [99, 100]. Based on gender, the RDA of both
males and females should not be less than 90 mg which secure the neutrophil
saturation and urinary excretion. The maximum bioavailability could be reached
at 500 mg dose [155]. It was found that the oral route could produce a maximum
220 pmol/L of vitamin C plasma concentration even with high dosage adminis-
tration while the intravenous route produces higher levels which could reach to
1760 pmol/L [47].

The recommended dosage also differs according to the country or health insti-
tute that recommended this dosage. The recommended dosage of vitamin C can
only maintain its plasma level constant up to 5-6 h only [57].

Another suggestion said that the recommended dosage of vitamin C is
100-120 mg/day. It was discovered that dose elevation could not control developing
of related diseases (Gomez-Romero et al., 2007). In 2010, the Japanese ministry
of health recommended 100 mg for both men and women [153]. Older researches
recommend the average suitable doses for vitamin C is 100-3000 mg/day. In 1999,
Levine et al. [101] determinate the average daily range of vitamin C is 210-280 mg
only by food.

The bowel tolerance dose is the dose just below which produces diarrhea. The
bowel tolerance usually differs from one to another according to the medical
status. It can be determined only by trail. High dosage ranging between3and 6 g
is recommended till diarrhea occurred. The dosage then has to be decreased
till the bowel balance achieved again. Such side effect (diarrhea) is useful in
treatment in patients with constipation [102]. Vitamin C is well absorbed up to
500 mg/day [103].

7.2 Dosage for smokers

A higher dose of vitamin C is strongly recommended in order to compensate for
the smoking hazards and neutralize for the resulted oxidative stress [104]. In 2000,
Sargeant et al. [105] reported the protective effect of vitamin C administration in
smokers against obstructive airway disease.

A 110 mg is the recommended daily dosage for smokers due to its antioxidant
level is below normal. The lower plasma level of ant-oxidants regards to their lower
consumption healthy food, higher levels of toxic products which produce oxidative
stress [106, 107].
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7.3 Dosage in surgery and illness

Vitamin C is an important partner in the parental nutrition especially in acute
conditions (shocked surgical, trauma, burn and septic conditions) [99]. In surgery
and illness, redistribution and reabsorption of vitamin C occurs. It can be assumed
that increased demand in tissue results in a decrease in its plasma concentration.
It was discovered that patients can tolerate much more doses of vitamin C than
healthy individuals [22, 102, 108].

During acute inflammatory phase as postsurgical, trauma, sepsis, and burns,
the plasma level of vitamin C significantly lowered [154]. After surgery, the blood
concentrations of vitamin C decreased immediately and 7 days postoperative
(44.3-17.0 mmol/ml). Also the urinary excretion of vitamin C is lowered in the
first week postoperatively (3.12 and 1.94 mg/day) [155]. In severe burns, Tanaka
et al. [109] used 95 g/day of vitamin C for patient weight of 60 kg in the first 24 h.
Lowering the tissue edema is observed on vitamin C administration.

A 3 mg orally or 100 mg parentally is recommended in acute conditions
to compensate the diseased conditions and maintain the physiologic
functions [99].

In 2010, Fukushima and Yamazaki reported the intense decrease of the plasma
vitamin C level in surgical complicated patients, especially surgical intensive care
unit patients which leads to increase of the oxidative stress. It was found that the
recommended daily doses of vitamin C (RDA) either orally or parentally are not
sufficient. They recommended higher doses of vitamin C in order to compensate
the large amounts consumed during illness. A 500 mg of parental vitamin C was
recommended in uncomplicated surgical cases and higher doses were recom-
mended in surgical intensive care unit patients.

In 2013, Hemila [108] detected the significant reduction of the common cold
induced asthma and respiratory infections incidence as a direct effect of oral or
intravenous vitamin C in susceptible individuals.

7.4 Vitamin C dosage in old patients

In old aged individuals, vitamin C deficiency is a common feature. It is mainly
attributed to improper intake within diet which is usually lower than the average
recommended dietary allowance (RDA) by 25.9-38.3% [110, 111].

7.5 Vitamin C dosage in pregnant patients

In females, the hormonal changes result in increased oxidative stress. Lower
vitamin C levels are usually detected in pregnant women due to several factors;
obesity and iron intake which could result in low birth weight [112-114].

Up till now, there is no evidence supporting harmful effect on using ascorbic
acid injection for pregnant females. Caution should be taken when administrating
injection in nursing women.

7.6 Vitamin C dosage in cancer patients

The tumor cells are more sensitive to high intravenous (cytotoxic) levels of
vitamin C than the normal ones [140]. At the administration of 10 g of intravenous
vitamin C, a marked elevation of the extracellular concentration (1000 pmol/L)
is detected which have a toxic effect on the cancer cells due to the action of the
ascorbyl radicals (free radical species) [39]. On the contrary to the cancer cells,
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normal cells can compensate the damage occurred by these oxidative species [141].
It was also found that these mega doses of vitamin C are essential in other diseases

as diabetes, cataracts, glaucoma, macular degeneration, atherosclerosis, stroke and
heart diseases [40].

7.7 Vitamin C dosage in stressful patients

In people under stressful conditions either physically or emotionally, vitamin C
deficiency is a common incidence. Serum levels of stress indicators were measured
in pilots and reported as following; 21.1% higher malondialdehyde (MDA), 21.7%
higher superoxide dismutase (SOD), and 25.1% higher total antioxidant capacity
(TAC). Higher doses of vitamin C are recommended [156]. Among animals, their
bodies can produce 5 times of vitamin C when exposed to stressful conditions.
Doses of 30-200 times greater than the RDA of 90 mg/day are recommended dur-
ing stress [157].

8. Vitamin C route of administration

Ascorbic acid is a water soluble vitamin which facilitates its absorption from
buccal mucosa, gingival tissues, stomach and small intestine [14]. The literature
reported several routes of vitamin C administration. In order to explain how we
can reach the optimal route of administration and dosage, accurate analysis of the
treated tissue condition and its nature in healthy and different pathological condi-
tions is highly recommended.

By all routes of administration, the plasma level of vitamin C returns to its
normal range within 24 h [31].

8.1 Oral route

The oral route of administration is the most common one which can be available
either in the form of tablets, powder or solution. It is an essential element in multi-
vitamins supplements [7, 31, 47].

8.2 Parental route

The intravenous route is used in advanced cancer therapy and severe illness as
a complementary treatment [144]. On the contrary to oral route, the vitamin C
plasma level cannot be controlled when administrated parentally. It was detected
that the vitamin C plasma level is 25 fold higher than the level recorded by the oral
doses [115]. It was detected that the vitamin C plasma level is 30-70 fold which is
higher than the level recorded by the oral doses [116]. The urinary excretion levels
were also elevated [47].

The intravenous vitamin C administration is usually used to treat hyperpigmen-
tation especially in patients under chronic hemodialysis [47].

8.3 Topical route and topical formulations

The oral route not actually provides a source of vitamin C to peripheral struc-
tures as skin. It was detected that the vitamin C level in skin is very low. The only
route that can provide a vitamin C source for skin is the topical or local routes. It
was found that the usage of local application promotes the surgical healing and
better tissue reconstruction [35].
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Although the advantages of the topical route, the epidermal absorption of
vitamin C is still limited. The water soluble nature of ascorbic acid is the main cause
behind its limited penetration [60, 117, 118]. Ascorbyl palmitate and magnesium
ascorbyl phosphate (buffered forms) are esters which provide higher lipid solubil-
ity through stratum corneum and higher photostability [117]. In 2002, Joung and
Yi detected the low penetration power of the water soluble L-ascorbic acid into the
lipophilic stratum corneum.

Acidity and concentration of topical vitamin C control its absorption. For
optimal percutaneous absorption, acidic pH < 3.5 is required which is lower than
the L-ascorbic acid pH (4.2) [60, 119]. Concentration of <20% is associated with
high absorption and tissue saturation [119].

When dealing with oral mucosal tissues, vitamin C is easily absorbed by passive
diffusion through the buccal mucosa [14]. It was found that the absorption of the
ascorbic acid through the buccal mucosa and small intestine is nearly equal [120].

8.4 Transdermal route

Transdermal route is a big title enrolled many different techniques as sonopho-
resis and nanoparticles route that enhance the absorption and penetration of the
topically delivered hydrophilic drugs. It can be used with insulin, morphine, caf-
feine, glucose, lidocaine and ascorbic acid. The micro-vibrations produced by using
the ultrasound waves are the main responsible to increase the kinetic energy of the
drug and deliver it deeper through the skin layers [121, 158].

8.4.1 Sonophoresis

It is one of the transdermal routes which used to increase the absorption and
penetration of the topically delivered hydrophilic drugs. It can be used with insulin,
morphine, caffeine, glucose, lidocaine and ascorbic acid. The micro-vibrations
produced by using the ultrasound waves are the main responsible to increase the
kinetic energy of the drug and deliver it deeper through the skin layers. The local
and topical applications of drugs has many benefits in targeting the drug benefits
directly to the area of interest and also the avoidance of the absorption, metabolism,
excretion and dose problems.

In 2003, Huh et al. [45] studied the effect of iontophoresis and topical vitamin C
in melasma treatment. Vitamin C solution and iontophoresis were applied. For bet-
ter introduction, a low molecular weight solution was used instead of gel or cream.
Significant reduction of pigmentation was detected after application.

8.4.2 Nanoparticles

L-Ascorbic acid is unstable formula of vitamin C when exposed to air, moisture,
oxygen and base. The end products of L-ascorbic acid are 2,3-diketo-L-gulonic acid,
oxalic acid, L-threonic acid, L-xylonic acid and L-lyxonic acid. Many researches tried
to overcome this problem either by using its salts as magnesium ascorbyl phosphate
or to encapsulate it using liposome, microemulsions, lipid crystals or inorganic
component as hydrated ZnO. This encapsulation not interferes with the efficiency of
the drug used but it controls its release and increase its penetration power [159].

8.4.3 Injection

In 2004, Senturk et al. [122] intraperitoneal injection of vitamin C was applied.
Skin and serum specimens were taken at the end of the experiment. Significant
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reduction in the level of serum of inflammatory cytokines, IL-6 and TNF-alpha was
detected. Improvement of tissue collagen was also detected.

Approximately 4 days are the detected half-life of the topically applied vitamin C
(the remaining amount in tissues) [119].

9. Dosage calculation or different routes of administration

There is strong correlation between the applied dosages and the intestinal
absorption rate. Marked absorption (98%) is reported in lower doses (15-30 mg).
on the other hand, vitamin C absorption could be reduced to 50% in large doses
that exceeds 1000 mg [15, 136, 137]. These manifestations are dose related. It can
be controlled by either, reducing the total daily dose, dividing the total dose into
multiple small doses, administrating the vitamin with food to decrease its absorp-
tion or to take the buffered form of vitamin C as sodium ascorbate or calcium
ascorbate.

10. Contraindications of vitamin C administration

There are no contra-indications of vitamin C administration. Diabetics, patients
prone to recurrent renal calculi, those undergoing stool occult blood tests, and
those on sodium restricted diets or anticoagulant therapy should not take excessive
doses of ascorbic acid over an extended period of time.

Diabetics taking more than 500 mg of ascorbic acid daily may obtain false read-
ings of their urinary glucose test. No exogenous ascorbic acid should be ingested
for 48-72 h before amine dependent stool occult blood tests are conducted because
possible false-negative results may occur.

11. Vitamin C side effects
11.1 Oral route side effects

Side effects of vitamin C could be only detected with large doses exceeding the
ULs for each individual especially on a single intake. Most of the vitamin C draw-
backs were reported during oral uptake. They include diarrhea, abdominal pain
[13], renal stones [123, 124] and enamel erosion during chewing [160].

11.1.1 GIT disturbance

Because of the poor oral bioavailability of vitamin C, toxic signs and
symptoms may appear with large doses as a single dose. Diarrhea can occur. To
avoid diarrhea occurrence, 2 g is the maximum permissible single dose [100].
Diarrhea and abdominal pain may occur due to the excretion of large amount
of un-metabolized vitamin C [161]. Such manifestations are dose related. It can
be controlled by either, reducing the total daily dose, dividing the total dose
into multiple small doses, administrating the vitamin with food to decrease its
absorption or to take the buffered form of vitamin C as sodium ascorbate or
calcium ascorbate [100]. Even the usage of encapsulated vitamin C could not
protect against the gastric upset. The gastrointestinal symptoms usually disap-
pear within 1-2 weeks [19, 125].
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11.1.2 Renal stones

Vitamin C metabolism results in calcium oxalate salts. Formation of renal stones
(oxalate salts) and oxaluria are resulted in overdoses of vitamin C [162]. Later on, it
was detected that this oxaluria is usually due to laboratory artifact occurs in the urine
collection tube (ex vivo). It was also detected that vitamin C counteracting the forma-
tion of calcium oxalate crystals because of its ability to bind to calcium found in urine.
Vitamin C also has the ability to increase the solubility of the calcium oxalate due to its
mild acidity. It also triggers the normal urination process and prevents urine reten-
tion. All the previous actions decrease the incidence of kidney stones formation [123].

Also, it was found that vitamin C increases the urinary execration of uric acid
and decreasing the plasma level of uric acid. But others demand the uricosuric
effects of vitamin C as the rapid migration of uric acid from tissues. It was detected
that 1 or 2 g per day increases the urinary oxalate stones were detected. Some stud-
ies detect lowering of urine pH after vitamin C intake [123].

The renal stones incidence of accumulation occurs in an average concentration
of 60 g (IV) and more than 5 g (oral) [163]. In case of renal insufficiency, 1 g/day
for 3 months is enough to produce renal stones (Alkhunaizi and Chan, 1996).

11.1.3 Metabolism side effects

It accelerates the absorption of other heavy metals as lead and mercury which
increases its toxicity (Wyngaarded, 1987). In patients with high iron stores, vitamin
C worsens the state. It also increases the iron-induced oxidative damage (Slivaka
et al., 1986).

11.1.4 Dental side effects

Enamel erosions were detected on chewing of vitamin C tablets [126]. It was
found that the usage of unbuffered form of ascorbic acid could result in enamel
erosion [125].

11.2 Parenteral route side effects

During injection, transited mild soreness occurs during intramuscular, subcuta-
neous routes. Faintness or dizziness was reported on rapid intravenous administra-
tion. The renal stones incidence of accumulation occurs in an average concentration
of 60 g (IV) and more than 5 g (oral) [163]. In case of renal insufficiency, 1 g/day
for 3 months is enough to produce renal stones (Alkhunaizi and Chan, 1996).

12. Vitamin C deficiency

In scurvy, absence of wound healing and failure of fractured bones to heal.
This was explained by the deficiency of collagen formation due to the vitamin C
deficiency. Scurvy could be produced if reduction of the body reservoir of vitamin
C into its fifth. The required body reservoir and the needed dosage are determinate
according to the body weight [127].

In scurvy, body weakness, legs and arms edema, nose, skin and gums hem-
orrhage, infections, bone and cartilage damage (osteoporosis), vasculitis and
cardiomegaly [164]. Many forms of bleeding found as petechiae, subperiosteal
hemorrhage, ecchymoses, purpura, bleeding gums, hemarthrosis [165].
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Chapter 3
Vitamin C: An Epigenetic
Regulator

Fadime Eryilmaz Pehlivan

Abstract

Vitamin C is an essential micronutrient, a free radical scavenger; while it has
functions such as blocking oncogenic transformation induced by carcinogens.
A different view of the potential action of vitamin C in cancer came from the dis-
covery of its importance for activation of ten-eleven translocation (TET) enzymes
that are involved in demethylation of DNA and histones. Aberrant DNA and histone
methylation are hallmarks of all cancers and may result from altered expression or
point mutations in the genes encoding these regulatory enzymes. Recent studies
have shown that vitamin C potentiates the effects of DNA methyltransferase inhibi-
tors. Epigenetic alterations, along with genetic mutations, are known to contribute
to onset of cancer. Vitamin C is found to be a key mediator of the interface between
genome and environment, regulating DNA demethylation as a cofactor for TET
dioxygenases. It is shown that vitamin C drives active removal of DNA methylation
by enhancing TET enzymes, which helps to erase DNA methylation and epigenetic
memory encoded by it to improve reprogramming of differentiated cells to an
embryonic-like state. Here, an overview of the role of vitamin C as an essential
factor for epigenetic regulation and its potential in epigenetic therapy in cancer
patients is provided.

Keywords: vitamin C, epigenesis, DNA modulation, TET enzymes

1. Vitamin C
1.1 Vitamin C, free radicals and antioxidant mechanism

Vitamin C (L-ascorbic acid) is a multifunctional water-soluble antioxidant
substance in both plants and animals, having vital and ubiquitous roles in the life
processes. It was first isolated and characterized by Szent-Gyorgyi back in 1928 [1].
In plants especially in green leaves, this metabolite is one of the most abundant,
representing 10% of the total soluble carbohydrate pool [2]. In both plants and
animals, it has important roles as a cofactor for a large number of key enzymes,
influencing mitosis and cell growth by modulating the expression of specific genes
involved in defense and hormonal signaling pathways. It is also required for iron
utilization, connective tissue, cardiovascular functions, and immune cell develop-
ment [3]. The disease, scurvy, which is defined as a medical situation caused by
lack of L-ascorbic acid has considerable historical significance in the discovery of
this amazing substance. In nineteenth century sailors and others who did not have
access to natural sources of vitamin C (fresh vegetables and fruits) suffered from
bleeding under the skin, severe ulcers, depression, loss of teeth and joint weakness [1].
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In an effort to find a cure, scientists discovered that by consuming certain
vegetables and fruits, this condition can be treated and prevented from reoccur-
ring [1]. Plants and most animals synthesize vitamin C on their own, but humans
lack this ability due to a deficiency in an enzyme called “L-gulono-gamma-lactone
oxidase” [1-3] that catalyzes the final step in vitamin C biosynthesis, represent-
ing that humans must obtain this vital compound from exogenous sources such as
natural diet and supplements.

Electrons prefer to pair up with each other so that they can remain energeti-
cally stable. However, due to biotic and abiotic influences such as infection,
wounding, UV radiation, air pollutants, smoking, and natural oxygen metabolism
(aerobic respiration), this balance is disrupted. Consequently various molecules
can end up with a single electron in their outermost orbital, making them highly
unstable and reactive towards their surroundings [4]. The newly formed molecule
is now desperately looking for another electron to balance and stabilize itself
with. This is what is known as a “free radical,” that are urgently searching for elec-
trons and stealing them from other molecules. When a molecule loses an electron
to a free radical molecule, it becomes a free radical itself and should now find an
electron from another molecule to energetically stabilize itself [4, 5]. By this way,
a single free radical can initiate a chain reaction that can result in severe damage
to cell membranes, organelles, and structural and genetic coding (DNA and RNA)
of body [4, 5]. These destructive mechanisms result in chronic free radical assault
(oxidative stress). On the contrary, living organisms have a large arsenal of active
substances such as antioxidants, to scavenge them and fight back [4, 5]. Vitamin
C is a highly potent (reducing agent) antioxidant capable of neutralizing reactive
oxygen species (ROS) and nitrogen derived free radical species [4, 5], achieving
this by donating an electron to free radicals (Figure 1). As being a small, water
soluble, reductone sugar acid with antioxidant properties, vitamin C acts as a pri-
mary substrate for detoxification of a number of ROS such as H,0,, and neutralize
it to superoxide radicals (O, "), singlet oxygen (O") or hydroxyl radical (OH™) by
acting as a secondary antioxidant during reductive recycling of the oxidized form
of a-tocopherol [2, 4] (Figure1).

1.2 Vitamin C and cancer

The carcinogenic effect of oxidative stress is focused on the genotoxicity of
ROS. They can cause cancer through multiple mechanisms, and are known to play
significant roles in the promotional stage of carcinogenesis [2, 4, 5]. Vitamin C
is associated with its protective roles against ROS dependent oxidative stress, by
stimulating immune function, inhibiting nitrosamine formation, and blocking
the metabolic activation of carcinogens. It can also protect against oxidative DNA
damage, that is implicated in tumor initiation [5, 6]. Although oxidative stress causes
oxidative damage, moderate amounts of ROS are found to serve as a secondary mes-
senger in the intracellular signaling cascades [5, 6]. Low oxidative stress is proved to
be essential for cellular signal transduction that leads to the induction of detoxifica-
tion or antioxidant enzyme systems. Limited amounts of ROS are needed for trig-
gering the antioxidant signal transduction [5, 6]. Some phytochemicals are proved
to induce phase II detoxification of antioxidant enzymes by triggering nuclear
translocation of the transcription factors such as NF-E,-related factor 2 (Nrf2)
binding to antioxidant response element [7]. Many of the inducers are capable of
activating these transcription factors mimic prooxidants; interestingly, most of them
are antioxidants by nature [8]. Besides the antioxidant activity, prooxidant potential
of vitamin C is contributed to its chemopreventive properties [8, 9]. Individuals
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Figure 1.
Free radicals and antioxidant mechanism [2].

with cancer are reported to have significantly lower plasma vitamin C levels than
healthy individuals [9]. Cancer-induced ROS formation and oxidative stress is one
explanation for such a deficiency [10]. In this case, the prooxidant activity of vitamin
C needs to be clarified while it is fighting, as an antioxidant, against oxidative stress.
As a consequence, it is worthwhile to examine if vitamin C can induce the expression
of phase II detoxification via its prooxidant potential, indicating that high intakes
of vitamin C concentrations in serum are inversely associated with the risk of some
cancers [10, 11].

Vitamin C at high doses has a very different (pro-oxidative) effect from vitamin C
at physiological doses, that at high doses and under certain conditions (in the presence
of redox-active metal ions) vitamin C can give rise to ROS, protein glycation, and DNA
damage [11-13]. Increased levels of ROS and redox-active iron led to alterations in can-
cer cell oxidative metabolism resulting in selective sensitivity and pro-oxidative toxicity
of high-dose vitamin C [11, 12]. It is reported that exposure to high-dose vitamin C
sensitized cancer cells to ionizing radiation combined with chemotherapy [10-13].

1.3 Vitamin C and anti-inflammatory activity

It is evident that ROS are involved in chronic inflammation and cancer [14]. The
generation of oxidative stress is an important part of the inflammatory response
that is associated with tumor promotion. It is indicated that stomach canceris a
consequence of chronic inflammation [15]. This inflammatory process caused
by the overproduction of ROS could be a target of vitamin C [15]. Vitamin C was
proved to reduce inflammation caused by ROS [15], a recent study showed low
vitamin C concentrations in gastric juice in the earlier stage of carcinogenesis
[16]. Vitamin C protects gastric carcinogenesis by scavenging of the mucosal free
radicals [15, 16] and by inhibiting the formation of carcinogenic nitrosamines
[15, 16]. It is reported that, treatment of endothelial cells with vitamin C resulted
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in the accumulation of a large amount of this substance inside the cells, which
consequently decreased both the intracellular free radical status and inducible
nitric oxide synthase induction [17]. During the inflammation process, vitamin C
is shown to inactivate nuclear factor-B in endothelial cells besides of its antioxi-
dant activity [18], indicating the anti-inflammatory activity of vitamin C with its
intrinsic antioxidant activity [16-18].

1.4 Vitamin C and cell-to-cell communication

In multicellular organisms, cell-to-cell communication through gap junction
channels is essential for maintaining homeostatic balance through modulation
of cell proliferation and differentiation [19]. Inhibition of this communication is
related to the carcinogenic process, especially to tumor promotion [20]. A well-
known tumor promoter, hydrogen peroxide, is also found to inhibit gap junction
intercellular communication (GJIC) [21]. It is found that the inhibition of GJIC
is strongly linked to the biological phenomenon that involve the inflammatory
and carcinogenic processes, suggesting that the inhibition of GJIC is involved
in nongenotoxic cancer induction and tumor promotion [22]. It is reported that
disruption of GJIC by hydrogen peroxide is protected by vitamin C [21], however,
synthetic antioxidants such as Trolox has no ability to prevent hydrogen peroxide—
mediated inhibition of GJIC [22], indicating the role of vitamin C on GJIC appears
to be related to a different mechanism, such as the inhibition of signal transduction
[22-24]. Therefore, it can be hypothesized that the chemopreventive effects of
vitamin C in carcinogenesis may be associated with the protective effects of vitamin C
against epigenetic mechanisms, such as inflammation and inhibition of GJIC, as
well as to antioxidant activities [24] (Figure 2).

2. Epigenetics

Theory of epigenetics takes attention at processes involving in multistage
carcinogenesis, which promotional phase of carcinogenesis is a consequence of
epigenetic events involving inflammation and the inhibition of GJIC, mediating by
ROS [25, 26].

Carcinogenic insults

Potentiation of antioxidant enzyme system
(GPx, GST, QR, 30D, CAT, stc)

Direct scavenger ) “q ?)l
of ROls _I # Inactlve products
l Initiation Promotion Progression

(=a
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cell cell calls cells
L —
v
Modification of apigenatic avents
{antiinflammation, restoration of cellto-cell communication, atc)

Figure 2.

Possible chemopreventive mechanisms of vitamin C in carcinogenesis. ROIs, reactive oxygen intermediates;
GPx, glutathione peroxidase; GST, glutathione S-transferase; QR, quinone oxidoreductase; SOD, superoxide
dismutase; CAT, catalase [24].
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2.1 DNA demethylation and family of TET dioxygenases

It is known that cancers are caused by genetic alterations. These are genetic
changes in oncogenes, such as mutations, deletions, amplifications, rearrange-
ments and translocations, and changes in tumor suppressor or microRNA (miRNA)
genes, that are involved in multistep carcinogenesis, and accumulate with tumor
progression [27]. Nowadays, it is understood that classical genetics cannot explain
all the properties of cancer alone, thus epigenetic abnormalities are also involved in
tumorigenesis in addition to genetic alterations [27]. Thus, the epigenome means
interface of environment and the genome. Epigenetic modifications catalyzed by
certain enzymes and cofactors are the key to understanding molecular connections
between the epigenome and the environment. Epigenetics is explained as heritable
changes in gene expression that are not caused by DNA sequence alterations [28],
including epigenetic alterations such as DNA methylation and histone modifica-
tions, that differ between cancer and normal cells [28]. The epigenome reflects
the interface of a dynamic environment and the genome. Known epigenetic events
include covalent modifications on nucleotides and histones, chromatin remodeling,
and non-coding RNAs, which collectively constitute the epigenome [29].

Cytosine hydroxymethylation (5ShmC) means of demethylating DNA and
activating genes, which is a DNA modification associated with transcriptional
silencing [30]. Methylation at the C5 position of cytosine (5-methylcytosine,
5mC) is the major modification of DNA and plays important roles in regulating
transcription and cellular identity [30]. Methylation at the C5 position of cytosine
(5-methylcytosine, 5mC) is the major and best-characterized epigenetic mark of
mammalian DNA. However, 5ShmC was generally regarded as oxidatively dam-
aged cytosine in genome and may be replaced by DNA-repair mechanism [30, 31].
Methylation of DNA can change the functional state of regulatory regions, but it
does not change the base pairing of cytosine, presenting epigenetic mark and is
functionally involved in many forms of stable epigenetic repression [30, 31]. In
honeybees DNA methylation patterns on cell and organismal fate is exemplified, in
which differential DNA methylation determines whether the bee will be a worker
or a queen [31, 32]. DNA methylation has also fundamental choices, such as gene
silencing that leads to genomic imprinting, suppression of transposable elements,
and the establishment of stable cellular identities [30-32], demonstrating that
cellular reprogramming by nuclear transfer, cell fusion, and induced pluripotency
can radically alter differentiated cellular states [33]. Epigenetic regulation by DNA
methylation provides exciting insights into why reprogramming of cell fates is
possible, showing that cytosines in mammalian cells can be hydroxymethylated
to 5ShmC (5-hydroxymethylcytosine). DNA methylation patterns are frequently
observed in disease, particularly in cancer, including methylation of CGI promoters
for tumor suppressor genes [34], supporting the recurring mutations in tumors,
and thus providing insight into many aspects of biology and medicine. Factors
that regulate methylation have been linked to human disease and contribute to
malignances still remains largely unknown. The breakthrough in understanding the
presence of ShmC in the genome came from studies on a gene family that is known
as ten-eleven translocation (TET) [35].

A group of enzymes termed methylcytosine dioxygenase ten-eleven trans-
location (TET, including TET1, TET2 and TET3) are identified to catalyze the
hydroxylation of 5mC to 5-hydroxymethylcytosine (ShmC) [35, 36]. TET1 is
located on human chromosome 10q21.3, TET2 on chromosome 4q24, and TET3
on chromosome 2p13.1. TETs further oxidize ShmC to 5-formylcytosine (5fC)
and 5-carboxylcytosine (5caC) [37]. TETs belong to the Fe** and 20G-dependent
dioxygenase superfamily. All TET proteins contain a catalytic domain which binds
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to Fe’* and 2-oxoglutarate (20G) to mediate oxidation of 5mC to 5ShmC in DNA
[37]. Subsequent experiments confirmed that TETs are Fe** and 20G-dependent
dioxygenases, and it is demonstrated that the catalytic activity of TETs is dependent
on Fe** and 20G. 20G is also a critical intermediate metabolite of the Krebs cycle,
and like collagen P4H, the catalytic activity of TET dioxygenases is indeed depen-
dent on Fe** and 20G [37]. All TET proteins contain a C-terminal catalytic domain
that consists of a cysteine-rich region and a double-stranded p-helix fold character-
istic of the Fe(II)- and 2-oxoglutarate (2-OG)-dependent dioxygenase superfamily
[38]. These enzymes require Fe(II) as a cofactor metal and 2-OG as a cosubstrate

to catalyze their reactions [38]. Demethylation of 5-methylcytosine (5mC) to
5-hydroxymethyl cytosine (5hmC) is shown to be mediated by TET proteins [38].
TET1 is identified as a Fe2+ and 20G-dependent enzyme that converts 5SmC to
5hmC. Thus, 5hmC, 5fC and 5caC have been proposed as demethylation intermedi-
ates. So far, our knowledge of TETs-mediated DNA demethylation is the following:
the Fe** and 20G-dependent TETs consecutively oxide 5mC to ShmC, then to 5fC
and 5caC which can eventually be removed from the genome and substituted by
unmodified C, thus completing the process of DNA demethylation. Although it
involves multiple steps, the TET-mediated oxidation in combination with base
excision repair constitutes the most important and consistent pathway responsible
for the active demethylation of DNA. As being a DNA demethylation intermediate,
5hmC also serves as an epigenetic mark with unique regulatory functions [38-40].

2.2 Epigenetic alterations in cancer

It is demonstrated that tumor cells undergo various epigenetic modifications,
DNA hypermethylation, that could lead to an imbalance in regulation of apoptotic
genes, that is attributed as one of the important factors in the progression and treat-
ment of cancer [38-40]. There are also small non-coding miRNAs are reported as
epigenetic regulators, recently, regulating gene expression through posttranscrip-
tional silencing of target genes.

2.2.1 miRNAs

In some cases, the prognosis and the progression of cancer are associated with
changes in the expression of miRNAs during tumorigenesis. miRNAs lead to cleave the
mRNA or inhibit translation, depending on the sequence complementarity between
the miRNA and its target [41]. DNA methylation is a well-defined epigenetic mark.

In humans DNA methylation occurs at cytosine residues in cytosine-guanine (CpG)
dinucleotides and is controlled by enzymes called DNA methyltransferases (DNMTs),
including DNMT1, DNMT3A and DNMT?3B [42]. DNA hypermethylation by CpG
promoter inactivating transcriptional tumor suppressor genes is known as one of

the alterations that contributes to tumorigenesis in cancer cells [42]. In addition,
cancer cells also undergoes hypomethylation at tissue-specific repetitive sequences,
while these regions are heavily hypermethylated in normal cells [43], contributing
DNA hypomethylation to tumorigenesis by causing chromosomal instability or the
reactivation of transposable elements [44, 45]. On the other hand, endogenous repeat
element-driven activation of the oncogenic tyrosine kinase, CSF1R, is suggested that
impaired epigenetic control and the subsequent transcriptional derepression of repeat
elements may play roles in tumorigenesis. It is demonstrated that oncogenes can be
activated by the derepression of endogenous repeats, in addition to genetic and epigen-
etic modifications, suggesting that activation of normally silenced genes by promoter
DNA hypomethylation is involved in tumorigenesis (Figure 2) [45]. miRNAs are

also thought to play a role in tumorigenesis by modulating tumor suppressor genes or
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oncogenes, as epigenetic regulators of DNA methylation and histone modifications
[46], contributing to tumorigenesis by controlling various biological processes, such as
proliferation, differentiation, and apoptosis through regulation of or interactions with
oncogenes or tumor suppressor genes, acting either as an oncogene or tumor suppres-
sor gene depending on their target genes [47]. Up-regulation of miRNAs targeting
tumor suppressor genes by overexpression, amplification, or epigenetic derepression
might function as oncogenes inhibiting the activity of an anti-oncogenic pathway. By
contrast, the genetic mutation, deletion or epigenetic silencing of a tumor suppressor
miRNA that normally represses expression of oncogenes might result in derepression
of oncogenes, thereby gain of oncogenic function. miRNAs have roles in the develop-
ment of tumors, are also implicated in tumor progression by affecting migration,
adhesion, and invasion of cancer cells [45-47].

2.2.2 Histone modifications

The roles of epigenetics in the development and progression of tumors is well
established. A little is known about the epigenetic activation of cancer-associated
genes, although it is focused on the epigenetic inactivation of tumor suppressor genes
during tumorigenesis and DNA hypomethylation of some genes. Histone modifica-
tions are also important epigenetic marks that are involved in chromatin structure
and gene expression, in addition to DNA methylation, including covalent modifica-
tions of histone tail residues acting in DNA packaging and regulating transcriptional
machinery to coding sequences [48]. These histone modifications occur at histone
residues, such aslysine, arginine and serine (methylated, acetylated and phosphory-
lated) [48, 49]. Gene expression may be regulated by interactions between multiple
histone modifications [49], for example, in a growing body. In contrast, aberrant
histone modifications, in addition to DNA methylation, are recognized as important
epigenetic changes during tumorigenesis [50]. Tumor-suppressor genes are enriched
with active histone marks in normal cells, while the transcriptional silencing of those
genes in cancer cells is reported to be associated with a loss of active histone marks,
and are shown to be common features of human cancer cells [50].

Recently, it is reported that overexpression of cancer-promoting genes in cancer
is associated with the loss of repressive histone modifications, suggesting over-
expression of oncogenes or cancer-promoting genes in tumors may contribute to
tumorigenesis during epigenetic derepression (Figure 3). Epigenetically regulated
genes may be promising therapeutic targets and biomarkers during tumor initia-
tion. In fact, epigenetic mechanisms involved in the regulation of cancer-associated
genes possible epigenetic therapies targeting epigenetically dysregulated genes are
contributed to the improvement of patient outcomes [51, 52] (Figure 3).

Vitamin C on DNA demethylation is also reported [53]. It is found that vitamin C
could directly enhance the catalytic activity of TET dioxygenases by uniquely
interacting with the C-terminal catalytic domain of TETs, modulating the epigen-
etic control of genome activity [53]. Vitamin C acting as a cofactor in DNA demeth-
ylation catalyzed by TETs, deficiency of this vitamin, results in disruption of the
methylation-demethylation dynamics of DNA and histone, which can contribute to
phenotypic alterations or diseases [53].

3. Vitamin C as an epigenetic agent
Vitamin C is an water-soluble micronutrient that exists as ascorbate anion under

physiological pH conditions. It is well established that ascorbate is an essential
cofactor in various enzymatic reactions and, also and antioxidant and free radical
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Figure 3.
Epigenetic regulation of cancer-associated genes. Modified from [45].

scavenger. It assists collagen P4H to complete the hydroxylation and thus prevents
scurvy; overall, it is required to maintain a number of Fe** and 20G-dependent
dioxygenases in their fully active forms [53]. In recent years, it is identified that a
number of novel Fe’* and 20G-dependent dioxygenases catalyze the hydroxylation
of methylated nucleic acids (DNA and RNA) and methylated histones. Methylation
of DNA and histone are the major epigenetic hallmarks in the mammalian genome
[53, 54]. It has been shown that some of these dioxygenases require ascorbate as a
cofactor to start DNA demethylation and histone demethylation processes [53, 54].
Vitamin C is suggested to effect the genome activity via regulating epigenomic
processes [53, 54]. It serves as a cofactor TET dioxygenases that catalyze the oxida-
tion of 5mC into 5ShmC. Vitamin C also required for the JmjC domain-containing
histone demethylases, acting as a cofactor for histone demethylation [53, 54]. Thus,
by participating in the demethylation of both DNA and histones, vitamin C appears
to be a mediator between the genome and environment. These findings demon-
strate an unknown function of vitamin C in regulating the epigenome, which needs
are-evaluation of the functions of vitamin C in human health and diseases.

Life styles, such as smoking has effects on vitamin C availability. Smoking has
also been shown to reduce vitamin C levels in the plasma, strongly [55]. Deficiency
of vitamin C results in digestive diseases such as ulcerative colitis, Crohn’s disease,
chronic gastrointestinal and kidney diseases [55, 56]. Insufficient vitamin C intake
during pregnancy, affect the embryonic development due to the changing in the
catalytic activity of TETs, resulting in certain types of developmental defects, such
as neural tube defect (NTD), and also increases the risk of gastroschisis which is a
congenital defect of the abdominal wall [57].

Vitamin C has a long controversial history as a treatment for cancer. As a
cofactor for TETs, it enhances the catalytic activity of TETs in cancer cells, and
acts in the reprogramming of cancer cells by enhancing the activity of TETs.

In cancerous cells, the TET-mediated DNA active demethylation appears to be
downregulated [34-40], and a low level of 5ShmC is identified as a novel epigen-
etic hallmark of cancer [34-40]. Mutations in TETs lead to the loss of 5hmC in
cancer [34-40]. If vitamin C is deficient, enzymatic activity of TETs are adversely
effected, resulting in ShmC reduction. Studies have demonstrated higher
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Epigenetic therapy. Modified from [45].

incidence of scurvy in cancer patients [58, 59]. An association between ascorbate
transporters and cancer is also indicated [58, 59]. These findings suggest that
vitamin C plays a critical role in the demethylation of DNA and histone, serv-

ing as a cofactor for TET, thus, deficiency of this vital vitamin may disrupt the
methylation-demethylation dynamics of DNA and histone, and may contribute to
phenotypic alterations in different cells along the developmental stages and aging,
cancer and other diseases [58, 59], (Figure 4).

3.1 Vitamin C and epigenetic regulation in cancer

Studies over the past decades has declared that normal epigenetic regulation is
disrupted during tumorigenesis [60], indicating that DNA methylation is the most
common event in carcinogenesis [60]. DNA methylation of CpGs in promoters can
result in silencing of various genes, including tumor suppressors [61], as a conse-
quence, disrupted gene expression in cancerous cells also can cause alterations in
the methylation of lysine or arginine amino acids on histone tails [62].

Since hypermethylation of promoters of tumor suppressor genes been identi-
fied as one of the important factors supporting cancer development, demeth-
ylation agents are become the main focus of molecular-targeted therapeutics.
Vitamin C is shown to play a central role in the conversion of 5mC to 5ShmC by
enhancing the catalytic activity of TET dioxygenases [56, 57], indicating, vita-
min C is an important factor in reducing the risk of promoter hypermethylation
and supporting the maintenance of the 5ShmC state that plays a major role in the
epigenetic regulation [56-58].

3.1.1 Vitamin C and DNA demethylation

Requirement for vitamin C as an additional cofactor for dioxygenases indicated
a potential role for this reducing vitamin in TET-mediated DNA demethylation,
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suggesting that vitamin C has the capacity to modify DNA methylation in human

cells [56], for instance, it is known that epigenetic reprogramming occurs during the
embryonic development, which involves DNA demethylation and re-methylation.
Vitamin C is found to cause DNA demethylation of nearly 2000 genes in embryonic
stem cells [56]. These results indicate that vitamin C can be involved in the DNA
demethylation process, however, it is unclear whether vitamin C participates directly
in DNA demethylation or it is mediated by the enhanced catalytic activity of TETs by
vitamin C. DNA hypermethylation is found at promoters of tumor suppressors and
developmental genes, typically, whereas CpG sites in other gene regions are hypo-
methylated in cancerous cells. ShmC is lower in a most of cancers, due to aloss of TET
activity [56-58], as a result of inactivating mutations, down-regulation of TET gene
expression, or insufficient supply of TET co-factors. In embryonic stem cells, in which
vitamin C addition is shown to promote DNA demethylation through increased TET
activity [63], supports the idea of sufficient vitamin C is important for maintenance of
normal ShmC levels. High-dose vitamin C is also shown to compensate for the loss of
TET proteins [64]. Histone modifications and the expression of the genes that regulate
these modifications are frequently disrupted in cancer by mutations, translocations/
amplifications, or deletions [65]. The loss of TET activity caused by DNA hyper-
methylation iz vitro demonstrated increased methylation at tumor suppressor gene
promoters [64, 65], suggesting that vitamin C is a cofactor for TET dioxygenases in the
conversion of 5mC to 5hmC, thus modulating DNA demethylation [65] (Figure5).

3.1.2 Vitamin C and histone demethylation

The basic unit of eukaryotic chromatin is composed of a short length of DNA
wrapped around an octamer that consists of 2 copies of each histone (H2A, H2B, H3
and H4), called nucleosome. Histones are substrates for post-translational modifica-
tions (PTM). PTMs on histones include methylation, acetylation, phosphorylation,
and others [66]. The dynamic PTMs in the histone regulate genome stability, gene
transcription and chromatin structure. Methylation at lysine and arginine amino
acids is epigenetic modification in histones. Histone methylation is a key component
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Figure 5.
The role of TET proteins in DNA demethylation [65].
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in the epigenome along with DNA methylation. The most studied methylation occurs
on histone H3 at lysine (K) 4 (H3K4), H3K9, H3K27, H3K36, H3K79, H4K20 and on
histone H3 at arginine (R) 2 (H3R2), H3R8, H3R17, H3R26, H4R3. The methyl donor
in histone methylation is S-adenosylmethionine (SAM), the same donor for DNA
methylation. JmjC domain histone demethylase 1 (JHDM1) was purified, which
specifically demethylates H3K36 in the presence of Fe** and 20G [67]. After a long
time, 20 proteins that belong to the JmjC domain have been discovered to have

the catalytic capacity to demethylate histones [67]. It is now known that the JmjC
domain-containing histone demethylases, like TETs, also belong to the Fe** and 20G
dioxygenase superfamily, that demethylate mono-, di-, and trimethylated histone
lysine residues [68], indicating that vitamin C is required for optimal catalytic activity
of JHDM1 [68]. It appears to be important in the late phase of reprogramming from
terminally differentiated cells, which is also involved in cell differentiation, such as T
cell maturation, indicating the role of vitamin C in demethylation of DNA and his-
tone in T cell maturation [69]. The role of vitamin C in histone demethylation is only
examined in iz vitro assays, deducing that vitamin C can be a cofactor for the JmjC
domain-containing histone demethylase family, thus modulating histone demethyl-
ation in a similar way as it does on DNA demethylation [68-70].

3.1.3 Vitamin C and the loss of 5hmC in cancer

In contrast to the high level of 5ShmC in embryos, cancer cells have very low or
undetectable 5hmC. It is reported that the loss of 5ShmC is a novel epigenetic hallmark
of most, especially in certain types of human cancer [56-58]. The loss of 5ShmC is
resulted in disruption in DNA methylation-demethylation processes leading to malig-
nant transformation [56-58]. Mutations in TETs or a decreased expression of TETs are
also attributed to the loss of 5hmC in cancerous cells [56-58], requiring further studies
to determine whether there is a local vitamin C deficiency in cancer cells. Linus Pauling
proposed the treatment of cancer patients with intravenous vitamin C, in 1970s [71],
followed by other investigators, such as Mutlu Demiray in Turkey, nowadays [72].
Epigenetic modulation of vitamin C in the gene activity might shed a new light on
this issue. As a cofactor for TETSs, vitamin C is found to maximize the catalytic activity
of the TETs in cancer cells. In the light of these findings, it can be suggested that the
rebuilding the 5hmC content can offer a potential treatment for certain cancers.

3.1.4 Vitamin C in epigenetic treatment of cancer

Vitamin C is a safe and well-tolerated dietary supplement that is utilized
in patient care and in treating cancer. Tumor cells are known to be resistant to
programmed cell death. It is considered to induce E-cadherin expression in sensi-
tizing tumor cells towards apoptosis [73], as increased expression of E-cadherin
is declared to sensitize cancerous cells to cell death [74]. Thus, reactivation of
E-cadherin seems to be an important target for epigenetic therapy in cancer.
Researchers observed an increase in the expression of E-cadherin by a combination
of 5-AZA + vitamin C [75]. They reported an increase in E-cadherin expression by
treatment with vitamin C and highlighted the role of vitamin C as an epigenetic
player, opening a window for vitamin C-enhanced, TET-dependent conversion
of 5mC to 5hmC [75]. Vitamin C consumption may also increase the activity of
other epigenetic regulators such as histone demethylases, for which new drugs are
currently being developed. Based on the effects of vitamin C on the methylation of
DNA and histones, epigenetic regulation has implications in all cancers.
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4, Conclusion

Vitamin C is an essential compound with functions far beyond scurvy
prevention. As an important mediator between genome and environment, it
participates in the demethylation of DNA and histones, epigenome. Genetic and
environmental factors that influence the synthesis, absorption, transportation
and metabolism of vitamin C could have significant consequences for health and
disease by regulating the epigenetic control of genome activity. Cancer is driven
by epigenetic modifications along with genetic changes. Vitamin C activates the
TET enzymes which are responsible for the removal of methyl groups for DNA
and histones, regulating DNA demethylation as an essential cofactor for TET
dioxygenases, and regulating histone demethylation as an essential cofactor for
Jmjc domain-containing histone demethylases. Deficiency in vitamin C contrib-
utes to different diseases, resulting of failure to maintain the catalytic activity of
TET dioxygenases and Jmjc domain-containing histone demethylases. Diet and
lifestyle are known to affect the level of vitamin C in the human body, dramati-
cally. Deficiency in vitamin C is seen in cancer patients frequently, thus, adequate
dietary vitamin C in these patients is needed increasingly, who have mutations
in epigenetic regulators. This novel epigenetic function of vitamin C needs to
become recognized by the general public. Future studies needs be done for greater
understanding of vitamin C impact upon TET and the epigenome which have
medicinal relevance in cancer and other diseases.
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Chapter 4
Vitamin C, Aged Skin, Skin Health

Philippe Humbert, Loviane Louvrier, Philippe Saas
and Céline Viennet

Abstract

Vitamin C is an essential nutriment for humans. Vitamin C is known for its
antioxidant potential. Vitamin C acts as a potent water-soluble antioxidant in bio-
logical fluids. Thus, topical vitamin C will not only reduce the risks of development
of photoaging but also could reduce the risk of carcinogenesis. In addition to its
antioxidant properties, vitamin C is essential for collagen synthesis. Vitamin C
stimulates or restores several mechanisms which are either deficient or disturbed.
Topical application of vitamin C partially restores the anatomical structure of the
epidermal-dermal junction in young skin. A clinical trial confirmed for the first time
that topical application of 5% vitamin C over a period of 6 months significantly
improves the clinical appearance of photodamaged skin when compared to the
vehicle alone. In inflammatory skin diseases, that is, atopic dermatitis and psoriasis,
vitamin C levels into the dermis are reduced. Moreover, a randomized double-blind
comparative study conducted in patients with Bateman purpura showed a signifi-
cant improvement that vitamin C is probably one of the main topical anti-aging
agents. In addition, the use of photo-protective sunscreen after UV irradiation pre-
vents the decrease of acid ascorbic dermis concentration. Indeed, the ingestion of
vitamin C has different benefits on skin such as wound healing, cutaneous aging,
and prevention of skin cancer.

Keywords: vitamin C, dermatoporosis, Bateman purpura, wound healing, collagen,
healing

1. Introduction

Vitamin C is an essential nutriment for humans. The name “ascorbic” is derived
from ascorbutic (scorbutus: scurvy). This disease was described by the ancient
Egyptians, Greeks, and Romans and during the crusade in the thirteenth century.
Its deficiency is responsible for scurvy. It is characterized by altered functions of the
connective tissue, such as perifollicular hemorrhages and defective healing. In the
eighteenth century, Lind, a British naval surgeon, found that ingestion of lemon
juice cured this disease [1]. Since the discovery in the 1930s that vitamin C is the
antiscorbutic factor, much works have been undertaken to elucidate its mechanisms
of action. L-enantiomer is the most bioactive form of ascorbic acid. It is natural
compound produced in most plants and animals; however, humans lack the enzyme
L-gulono-gamma-lactone oxidase, which is necessary to produce it. Vitamin C is an
alpha-ketolactone [2]. Humans are one of the few species that require dietary
supplementation of ascorbic acid for survival.
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2. Photo aging

Bearing in mind the mechanisms of photo damages, the beneficial role of vita-
min C or L-ascorbic acid has been raised. Thus, vitamin C is the major aqueous
phase antioxidant agent in humans. In addition to its antioxidant properties, vita-
min C is essential for collagen synthesis. Vitamin C stimulates or restores several
mechanisms, which are either deficient or disturbed.

The environmental damage, particularly ultraviolet irradiation (UV), induces
human skin aging or photoaging. Indeed, 80% of facial aging is believed to be due to
chronic sun exposure [3]. In addition, it is well known that UV from the sun has
deleterious effects in human skin, including sunburn, immune suppression, and
cancer [4, 5]. UVA radiation (A, 320-400 nm) and infrared and even visible light
may produce skin damage like a UVB radiation (), 290-320 nm) [6]. However,
erythema, aging, and carcinogenesis are still assigned mainly to UVB and UVA [7].
The UV irradiation like other several exogenous (pollution, stress, and smoking)
and endogenous factors (normal metabolic processes) invokes a complex sequence
of specific molecular responses that damage skin connective tissue, particularly
production of reactive oxygen species (ROS).

The photochronological generation of ROS is a primary mechanism by which
UV irradiation initiates molecular responses in human skin. These ROS contain
superoxide anion, peroxide, and singlet oxygen. Further, some evidence suggests
that free radicals induce alterations in gene expression pathways, which in turn
contribute to the degradation of collagen and the accumulation of elastin emblem-
atic of photoaged skin [8]. The ROS activate cell surface receptors such as epidermal
growth factor, interleukin (IL1), insulin, keratinocytes growth factor, and tumor
necrosis factor (TNF a) in vivo.

The UV irradiation actives NADPH oxidase that is responsible for generating
hydrogen peroxide too. The NADPH oxidase catalyzes the reduction of molecular
oxygen to superoxide anion [9]. The hydrogen peroxide is distinct from photo-
chemical generation of ROS, which occurs only during UV exposure and abates
following UV exposure. Hydrogen peroxide is less damaging to cells and can be
converted to other ROS, such as hydroxyl radical and singlet oxygen [9]. It is known
that UV irradiation significantly upregulates the synthesis of several types of
collagen-degrading enzymes known as matrix metalloproteinases (MMPs). The UV
irradiation activates protein kinase-mediated signaling pathways. The activated
kinase upregulate expression and functional nuclear transcription factor, AP-1. It
follows the stimulation of transcription of genes for matrix-degrading enzymes,
such as metalloproteinase (MMP) 1 (collagenase), MMP-3 (stromelysin 1), and
MMP-9 (92 Kd gelatinase) [10, 11]. The UV-induced MMP-1 initiates cleavage of
fibrillar collagen (type I and III in skin) at a single site within its central triple helix.
This collagen can be further degraded by elevated levels of MMP-3 and MMP-9
[12]. The MMP induced by UV degrades skin collagen, disrupting the structural
architecture of dermis. In addition, UV irradiation alters the synthesis of collagen,
primarily through downregulation of type I and type III pro-collagen gene expres-
sion [13]. Collagen I is the most abundant protein in skin, and type I and type III
collagen fibrils provide strength and resiliency to skin. Photoaged skin contains an
abundance of degraded, disorganized collagen fibrils and has a reduced production
of type I and type III pro-collagen. Fibroblasts are elongated and collapsed [14].

Alterations in elastic fibers are so strongly associated with photoaged skin that
“elastosis,” an accumulation of amorphous elastin material, is considered patho-
gnomonic of photoaged skin. The UV irradiation induces a thickening and coiling of
elastic fibers in the papillary dermis.
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In addition, other alterations of many important structural components of the
dermal extra cellular matrix are observed such as modifications in the structure and
composition of anchoring fibrins, proteoglycans, and glycoaminoglycans [15, 16].

It is well known that skin pigment provides a significant degree of protection
against actinic damage. Therefore, in lighter skin color after UV irradiation, ery-
thema is greater and tanning is less in darker skin pigment. In addition, the effect of
skin color on UV-induced MMP-1 gene expression and formation of thymine dim-
mers were investigated in human skin iz vivo. UVB and UVA exposure resulted in
substantial induction of MMP-1 mRNA and formation of thymine dimmers in
lightly pigmented subjects group. In contrast, twice the average exposure of the
lightly pigmented group produced only modest MMP-1 mRNA induction or DNA
damage in the darkly pigmented group [9].

Skin photoaged induces variable changes that affect the sun-exposed areas (face,
neck, forearms, and dorsum of hands), such as deep wrinkles not erased by
stretching, roughness, yellow hue, leathery appearance [17-19], atrophy and laxity,
a focal depigmentation (guttate hypomelanosis) and/or hyperpigmentary changes
(bronzing, ephelides, and actinic lentigines), purpura, telangiectasia or venous
lakes, comedoes (Favre-Raccouchot disease), and a neoformation on photoaged
skin (benign and premalignant melanocytic, epithelial neoformation, and basal and
squamous cell carcinomas). These aspects change among individuals. Degree of
photoaging is great in individuals who have outdoor life styles, live in sunny cli-
mates, and are lightly phototype [20]. Although wrinkles can be found almost
everywhere in an aged skin, they develop preferentially on photo-exposed areas and
are thus largely visible by others. Little is known even about the pathogenesis of
wrinkles [21]. In fact, skin laxity, due to decreased volumes of the inner-layers, and
loss of intra-dermal tensional strength are presumed to play a major role in wrin-
kling [22]. In addition, it is claimed that the decreased dermal area compared to
epidermis area, due to the disappearance of the dermal papillae and the weaker
attachment by an altered dermo-epidermal junction (DE]J), is one of the physical
prerequisites that allow wrinkle formation. The stratum corneum of the wrinkle is
said to be thickened by an accumulation of corneocytes, forming a real horny plug
at the bottom of the wrinkle. The spinous layer of a wrinkle was shown to be
thinner at the base than at the flanks [23], and fewer keratohyaline granules are
present in the wrinkle base as compared to the flanks. Furthermore, filaggrin
decreases at the bottom of wrinkle. DEJ has also been shown to contain less collagen
IV and VII at the bottom of the wrinkle than in its flanks or in the surrounding skin.
Concerning dermis, Tsuji et al. earlier have reported [24] a decrease of actinic
damage at the bottom of wrinkle compared to its sides or adjacent skin; this shows
an accumulation of highly damaged elastotic material. In addition, oxytalan fibers
have nevertheless been reported to be sparse or absent at the bottom of the wrinkle,
and chondroitin sulphate GAGs have also been shown to be reduced under the
wrinkles.

3. Vitamin C (ascorbate): the main potent antioxidant vitamin

Vitamin is known for its antioxidant potential. Vitamin C acts as a potent
water-soluble antioxidant in biological fluids by scavenging physiologically rel-
evant reactive oxygen species and reactive nitrogen species. It is the main water
soluble nonenzymatic antioxidant in aqueous compartments. It does not absorb
light in the UVB and UVA range, but it exerts its effects by neutralizing oxygen
free radicals (superoxide, hydroxyl and water soluble peroxyl radical, singlet
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oxygen, and hypochlorous acid) [25], as well as nonradical species such as
hypochlorous acid, ozone, singlet oxygen, nitrosating species, nitroxide, and
peroxynitrite. It is acknowledged that vitamin C works in extracellular fluids, as
blood plasma and respiratory tract lining fluid. Low vitamin C blood levels are
associated with enhanced oxidative stress, specifically reported in smoking and
inflammatory diseases as rheumatoid arthritis and adult respiratory distress
syndrome. In addition, vitamin C attenuates oxidative damage by generating
small antioxidant molecules, such as a-tocopherol, glutathione, urate, and -
carotene. a-tocopherol may be regenerated at the expense of vitamin C at the
interface between a lipid membrane and aqueous phase and therefore is
protected from peroxidation. The mode of interaction between vitamin C and o-
tocopherol related to antioxidant capacities is complex, depending on the in vivo
context.

Vitamin C is an effective donor antioxidant, and its active form is ascorbate
(reduced form). It loses electrons in antioxidant reactions and becomes oxi-
dized to the short lived ascorbyl radical. The ascorbyl radical is relatively
unreactive due to resonance stabilization of the unpaired electron; it readily
dismutes ascorbate and dehydroascorbic acid (DHA) by NADH-dependent
semidehydroascorbate reductase. DHA can be recycled back to ascorbate by
NADPH-dependent thioredoxin reductase or glutathione-dependent DHA
reductase.

Vitamin C plays a crucial role in various hydroxylation reactions. It acts as a
cofactor in the enzymatic synthesis of collagen, carnitine, catecholamine, and neu-
rohormones. As a cofactor for hydroxylase and oxygenase metalloenzymes, vitamin
C is thought to work by reducing the active metal site, resulting in reactivation of
the metal-enzyme complex or by acting as a co-substrate involved in the reduction
of molecular oxygen. Vitamin C uses iron and copper as cofactors, and it enhances
intestinal iron absorption. The reduction of iron by vitamin C is involved in the
enhanced dietary absorption of nonheme iron.

It should be noted, however, that ascorbate might also act as a pro-oxidant.
Hydroxyl radicals and lipid alkoxyl radicals can be generated in the presence of
reduced metal ions with hydrogen peroxide and lipid hydroperoxides. These
interactions involve redox reactions called the Fenton chemistry. Although this
Fenton chemistry occurs easily in vitro, its relevance in vivo is still a matter of
controversy. The effects of ascorbate depend on the iz vivo availability of
catalytic metal ions. In healthy individuals, iron is largely sequestered by iron
binding proteins such as transferrin, ferritin, and ceruloplasmin. Instead of this,
during tissue injury, metal ions may be released and could interact with ascor-
bate. Therefore, the ability of vitamin C to modulate metal ion metabolism will
be discussed.

Fenton reaction mediated by vitamin C. (1) Vitamin C reduces ferric ions (Fe*)
to ferrous ions (Fe®"). (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.

1.Fe3* + AscH, — Fe** + Asc™ + 2H"
2.Fe” + 0, — Fe* + 0,
3. 2027 +2H" — H202 + 02

4.H,0, + Fe?* — Fe3* + OH + OH™~
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4, Effects of vitamin C on the skin

In addition to its antioxidants properties, vitamin C and some water-soluble
derivatives are essential for collagen biosynthesis [26]. In fibroblasts cultures, vita-
min C stimulates collagen biosynthesis. Its absence results in structurally unstable
collagen, which is not secreted from cells at a normal rate [27]. The role of vitamin C
in the hydroxylation of collagen molecules is well characterized [28]. In fact,
ascorbic acid is an essential cofactor for the enzyme, prolyl, and lysyl hydroxylases,
catalyzing the synthesis of hydroxyproline and hydroxylysine in collagen.
Hydroxyproline acts to stabilize the collagen triple helix. Its absence results in
structurally unstable collagen, which is not secreted from cells at a normal rate.
Hydroxylysine is necessary for cross-linking one collagen molecule to another,
providing tissue strength [29, 30]. This occurs concurrently with a decrease in
elastin production, and the elastin protein is often overproduced in response to
photodamage [31]. Vitamin C also increases the proliferation rate of fibroblasts, a
capacity that is decreased with age [32].

Specifically, vitamin C has been shown to stabilize collagen mRNA, thus
increasing collagen protein synthesis for repair of the damaged skin [33]. Further,
vitamin C stimulates DNA repair in cultured fibroblasts [34].

The epidermal dermal junction of aged and photoaged skin is flattened due to
the loss of rete ridges and the disappearance of papillary projections. In extremely
aged skin, papillae virtually disappear, and the junction with the atrophic epidermis
is a straight line versus undulations in younger skin with a thin papillary dermis
along with a loss of capillaries. The corneocytes in aged skin become larger as a
result of decreased epidermal turn over.

Topical application of vitamin C partially restores the anatomical structure of
the epidermal-dermal junction in young skin and increases the number of nutritive
capillary loops in the papillary dermis close to the epidermal tissue in the aged skin
of postmenopausal women. The increase of the density of papillae after vitamin C
treatment is linked to a restructuring of the papillary dermis, as the top of the newly
formed papillae and the capillaries are localized above the average height of the
plane basal layer seen predominantly in aged skin. Moreover, new blood vessels are
formed during the treatment with vitamin C. These vessels show a normal anatom-
ical structure in confocal microscopical examination and are apparently integrated
in a healthy vascular architecture. The mechanism, by which VC restores dermal
papillae, is unknown. These results suggest that topical vitamin C may have impor-
tant antiaging effects in correcting the structural and functional losses associated
with skin aging [35].

Vitamin C protects keratinocytes from the damage produced by ultraviolet A
[36]. Vitamin C transport proteins are increased in keratinocytes in response to UV
light, suggesting an increased need for vitamin C uptake for adequate protection
[37, 38]. UV light decreases vitamin C content of skin, an effect that is dependent
on the intensity and duration of UV exposure [39-42]. In cultured keratinocytes,
the addition of vitamin C reduces UV-related DNA damage and lipid peroxidation,
limits the release of pro-inflammatory cytokines, and protects against apoptosis
[36-42]. Vitamin C also modulates redox-sensitive cell signaling in cultured skin
cells and consequently increases cell survival following UV exposure [43, 44].

4.1 Systemic administration of vitamin C

Vitamin C is important to the body, including skin. Therefore, as little as 10 mg
per day is necessary to prevent scurvy. In the United States, the current
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recommended daily allowance (RDA) is 60 mg. This rate increases for smokers and
pregnant or lasting women. The supplementation of vitamin C has beneficial effects
in human body, such as wound healing, prevention of cancer, cataract prevention,
and atherosclerosis, and enhances immune mechanisms [45]. The saturated body
store of vitamin C is approximately 20 mg/kg of body weight, corresponding to

0.9 mg/dl of a plasma ascorbate level [46]. The half-life of this vitamin is 10—

20 days and is dependent on plasma levels [46]. In case of total deficiency, the
organism reserves depleted approximately after 4 weeks. The cutaneous levels of
vitamin C were well determined [47]. Ascorbate is distributed in all layers of the
skin. However, in the epidermis, level of vitamin C is more than five times the level
in the dermis (3.8 pmol/g skin versus 0.72 pmol/g skin). Those differences reflect
the role of antioxidants in the epidermis and dermis.

The effect of aging on antioxidant capacity in murine skin is well known [39].
With age, the antioxidant activity in skin decreases, and UV enhances this
phenomenon [48].

Vitamin C from oral supplements appears to accumulate in the skin, reducing
the basal content of malonaldehyde and an oxidation residue of lipids. Oral supple-
mentation with vitamin C (500 mg/day) has shown no evidence for an effect of the
vitamin C on UVR-induced oxidative stress [49]. Fuchs and Kern have shown that a
very high supplementation dose of 3 grams vitamin C daily increases significantly
the minimal erythema dose [50].

Two observational studies found that higher intakes of vitamin C from the diet
were associated with better skin appearance, with notable decreases in skin wrin-
kling [51, 52].

Many studies have proved the synergistic interaction of vitamin C and vitamin E
(D-alpha-tocopherol) in antioxidant defense and in decrease of sunburn reaction.
UV induces a chain reaction of lipid peroxidation in membranes rich in polyunsat-
urated fatty acids. Vitamin E protects the membranes by stopping the propagation
reactions of lipid peroxyl radicals, while ascorbic acid simultaneously recycles
alpha-tocopherol.

Vitamin C is also required to form competent barrier lipids in the epidermis [53]
by stimulating the synthesis of ceramides. It has also been shown to stimulate the
barrier function of the endothelial cells [54].

Besides, Vitamin C supplementation has been reported to inhibit skin, nerve,
and lung and kidney carcinogenesis. Vitamin C has been shown to inhibit tumor cell
carcinogen-induced DNA damage [55].

Its beneficial activity as a photo protectant [56] and anticancer agent [57] has
been demonstrated by dietary supplementation in humans and in animal species
even in those that can synthesize the vitamin.

5. Local vitamin C

Aging causes a decline in vitamin C content in both the epidermis and dermis
[58, 591, and it has been demonstrated a correlation between decreasing ascorbic
acid dermis level and age: vitamin C concentration is higher by young women [59].
Leveque et al. have shown that there is a direct relationship between iron and
vitamin C concentrations in the human dermis and aging. Therefore, the level of
vitamin C decreases linearly with age [60]. Moreover, the vitamin C concentration
skin decreases after exposure to UV lights [61]. In addition, it was demonstrated
that the use of photoprotective sunscreen after UV irradiation prevents the decrease
of acid ascorbic dermis concentration [61]. Since sun exposure induces reduction in
vitamin C levels in the dermis, it appears interesting to bring to the skin topical
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vitamin C in such cases. Thus, topical vitamin C will reduce the risks of develop-
ment of photoaging but also could reduce the risk of carcinogenesis. Animal exper-
iments have demonstrated the UV photoprotective effect of topically applied
vitamin C. Darr et al. [62] showed, in porcine model, that 10% aqueous vitamin C
that was applied several times to the animal’s skin, which was irradiated

with 400 mJ/cm?, reduced UV-induced skin photoinjury (erythema and sunburn
cell formation) via its antioxidant potential. In the hairless mouse model, Bissett

et al. [63] showed that a solution of ascorbic acid (5%) applied 2 hours before
exposure and reduced chronic skin damage from UVB and UVA.

An in vitro study realized by Boxman et al. [64] used the heat shock protein HSP
27 as a sensitive marker of skin irritation or cellular stress in reconstructed skin.
Stress (exposure to sodium lauryl sulphate or UV light) generated, in reconstructed
skin, relocalization of HSP 27 from the cytoplasm to the cell nucleus in the absence
of vitamin C and no relocalization in presence of vitamin C. In this study, they
suggested that vitamin C may control the response to exterior stress in
reconstructed skin. Topical application of ascorbate exerts a protective effect on the
inflammatory response to sun exposure and on the UV immunosuppression.
Perricone [65] has shown that ascorbyl palmitate, applied after UV burning,
reduced redness 50% sooner than areas on the same patient which were left
untreated. In mice’s study, Steenvoorden [66] demonstrated that a single topical
application of vitamin C at 0.5-5 pmol/cm? protected the skin against UV-induced
systemic immunosuppression. Many studies have proved the synergistic interaction
of vitamin C and vitamin E (D-alpha-tocopherol) in antioxidant defense [67] and in
the decrease of sunburn reaction.

UV induces a chain reaction of lipid peroxidation in membranes rich in polyun-
saturated fatty acids. Alpha-tocopherol protects the membranes by stopping the
propagation reactions of lipid peroxyl radicals, while ascorbic acid simultaneously
recycles alpha-tocopherol.

The study led by Lin et al. [68] evaluated if a combination of topical vitamins C
and E is better for UV protection of skin than an equivalent concentration of topical
vitamin C or E alone. Results showed that the individual ingredients were associated
with a twofold increase in the antioxidant protection factor compared with vehicle
control, while the association of L-ascorbic acid and alpha-tocopherol produced a
fourfold increase in the antioxidant protection factor. Another study [69, 70]
showed that the addition of ferulic acid, an antioxidant, improves the chemical
stability of vitamin C and E and produces a further doubling of the photoprotective
effect (from four to eightfold).

On the basis of in vitro and in vivo studies, it has been postulated but also proven
that vitamin C could be used topically for prevention and correction of skin aging.
Lots of results show an improvement of the clinical appearance of photoaged skin
with vitamin C topical application. Photoprotective properties of topically applied
vitamin C have thus placed this molecule as a potential candidate for use in pre-
vention and treatment of skin aging.

Vitamin C can reverse the ROS (reactive oxygen species)-induced skin damage.
An in vivo antioxidant capacity of vitamin C was demonstrated after a week of
topical application. Topical application of vitamin C before sun exposure limits the
UV-induced oxidant stress.

The histological pattern of aging skin is the flattening of the dermal-epidermal
junction which is accompanied by a reduction of the density of papillae in the
dermal-epidermal transition zone [71]. In iz vivo study, Sauermann et al. [72]
determined the effect of a topical cream containing 3% vitamin C against the
excipient alone using daily applications for 4 months on the forearm of 33 women.
They showed with the confocal laser scanning microscopy method that topical
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vitamin C may have therapeutically effects for partial corrections of the regressive
structural changes with the aging process notably to enhance the density of dermal
papillae, perhaps through the mechanism of angiogenesis.

Kameyama et al. [73] have studied the effect of a stable derivative of ascorbic
acid and magnesium-ascorbyl-2-phosphate (MAP) on melanogenesis iz vitro and
in vivo. They showed that the topical application of MAP is effective in lightening
the skin of some patients with hyperpigmentation disorders (melasma or solar
lentigines). This vitamin C derivative suppresses melanin formation by influence of
tyrosinase and melanoma cells.

Few studies [52, 74] have shown the role of ascorbate in the formation of stratum
corneum barrier lipids. It seems that ascorbate normalizes epidermal lipid profiles, in
particular glucosphingolipids and ceramides.

Lots of studies [75-77] have shown an improvement of the clinical appearance of
photoaged skin with vitamin C topical application. Humbert et al. [78] evaluated
the clinical effects and the modifications of skin relief and structure over a 6 month
period of use of a cream containing 5% vitamin C on photoaged skin. They found
modifications of the skin relief (wrinkles, roughness, and skin elasticity) and the
skin ultrastructure, suggesting a positive influence of topical vitamin C on parame-
ters characteristic for sun-induced skin aging.

A double-blind randomized trial has been performed to evaluate the clinical
effects and the modifications of skin relief and structure over a 6-month period of
use of a cream containing 5% vitamin C on photoaged skin. The aim of the present
study was to evaluate the effect on the dermal cells of vitamin C administrated by
topical application on the skin of normal human volunteers by measuring the steady
state level of the mRNAs of procollagens, their post-translational processing
enzymes, the fibrillar structures-associated proteoglycan, decorin, the main com-
ponents of the elastic fibers, elastin, and fibrillins 1 and 2, and the enzymes involved
in the degradation of these matrix components. Such investigations performed on
small biopsies were made possible by the use of quantitative RT-PCR controlled by
original newly created internal standards of synthetic RNA. The mRNAs were
measured by RT-PCR made quantitative by simultaneous amplification of internal
standards of synthetic RNA.

Clinical assessments included evaluation at the beginning and after 3 and
6 months of daily treatment performed by the investigator and volunteer self-
assessment. Skin relief parameters were determined on silicone rubber replicas
performed at the same time points. Cutaneous biopsies were obtained at the end of
the trial and investigated using immunohistochemistry and electron microscopy.
Clinical examination by a dermatologist as well as self-assessment by the volunteers
disclosed a significant improvement, in terms of “aging score,” of the vitamin C-
treated side versus control. A highly significant increase in the density of skin
microrelief and a decrease of the deep furrows were demonstrated.

The results of this clinical trial confirmed for the first time based on a random-
ized controlled blind study that topical application of 5% vitamin C over a period of
6 months significantly improves the clinical appearance of photodamaged skin
when compared to the vehicle alone. Significant favorable modifications of skin
relief were induced, leading to the reappearance of an isotropic surface pattern.
Significant reduction in small and coarse wrinkles and improvement in the overall
aspect of the skin assessed by the volunteers were observed after 6 months of daily
treatment. But such evolution of skin relief was already noticed 3 months after the
beginning of treatment.

For the first time, this study disclosed fibroblast effects of topical vitamin C,
with ultrastructural evidence of the elastic tissue to be repaired. Indeed 10 patients
accepted a skin biopsy on their forearms, each being treated with either the vitamin
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C emulsion or the placebo. Therefore, at the termination of the treatment, two
5-mm punch biopsies up to the hypodermis were collected under local anesthesia at
the site of the topical application. One biopsy was used for classical morphology,
and electron microscopy reported elsewhere (manuscript in preparation). The sec-
ond biopsy was used for measurement of the mRNAs.

The mRNA of collagen type I and type III was increased to a similar extent by
vitamin C. The mRNA of three posttranslational enzymes, procollagen N-,
C-proteinases, and lysyloxidase, was similarly increased. The mRNA of decorin was
also stimulated, but elastin, fibrillin 1 and 2, MMP1, 2, and 9 were not modified by
the vitamin. The stimulating activity of topical vitamin C was most conspicuous in
the women with the lowest dietary intake of the vitamin. The results demonstrate
that vitamin C penetrates up to the dermis and further indicate that collagen
synthesis is not maximal in postmenopausal women and can be increased.

These data clearly showed that topically applied vitamin C can have a beneficial
effect for treatment of skin aging, the mechanism of action being related to an
activation of the collagen metabolism, an in activation of a dermal synthesis of
elastic fibers.

An example of skin relief improvement.

Same area in a patient at TO, after 3 months of treatment, and after 6 months of
treatment.

Campos et al. [79] compared the effects of vitamin C and its derivatives on the
skin after 2 and 4 week period daily applications of topical formulation containing
ascorbic acid or derivatives (magnesium ascorbyl phosphate (MAP) and ascorbyl
tetraisopalmitate (ATIP)). Results showed that vitamin C derivatives did not pre-
sent the same effects of ascorbic acid on human skin. They obtained an enhance-
ment in transepidermal water loss (TEWL) with ascorbic acid which due to
enhancement of the epidermal cell renewal process on human skin and an increase
of cutaneous hydration in the deeper cell layers with MAP.

6. How to manage topical vitamin C

The stratum corneum is the primary obstacle to efficient vitamin C absorption
from external sources [80]. Although concentrations of vitamin C up to 30% have
been used for animal studies, maximal absorption was achieved with a 20% vitamin
C solution, with higher concentrations showing lower absorption [80]. Topical
application of ascorbic acid will cross the epidermis into the underlying dermal
layers. A major obstacle for L-ascorbic acid application in topical formulation is its
low stability in aqueous media. The stability of vitamin C in topical solutions is a
concern, as exposures to air, heat, and/or light may slowly degrade vitamin C. AA is
a sensitive compound, which is degraded by oxidation. Several factors can nega-
tively influence ascorbic acid degradation such as high storage temperatures, light,
and high pH values. Catalytic amounts of metals, mainly iron, increase the rate of
oxidation [81, 82].
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The degradation of vitamin C proceeds within days and weeks depending on
formulation, packaging, and storage condition. This loss of active substance is often
accompanied by brownish discolorations of the formula, including an increased risk
of skin incompatibilities and physical instabilities of the formula system itself. The
instability of these compounds limits their application in pharmaceutical and cos-
metics industries.

To solve this problem of stability, derivatives of vitamin C have been synthe-
sized having an action similar to ascorbic acid but with improved chemical stability.
Two derivatives are widely used in cosmetic products: lipophilic ascorbyl palmitate
and hydrophilic ascorbyl phosphate salts. These differ in their ability to permeate
the skin, as a result of their different hydrolipophilic properties. Many novel com-
pounds as stabilized ascorbyl pentapeptide (SAP), which is much more stable than
L-ascorbic acid in water [83], have been recently studied.

Formulation concepts for increase vitamin C stability have also been formulated
on anhydrous system [38], in solution [39] or in other system as O/W/O emulsions
[84] and micro emulsions with alkyl polyglucoside [85].

Topical application of vitamin C has been shown to elevate significantly cutane-
ous levels of vitamin E in pigs, and this correlates with protection of the skin from
UVB damage as measured by erythema and sunburn cell formation [86]. A combi-
nation of both vitamins C and E provided very good protection from a UVB insult.
This study confirms the utility of antioxidants as photoprotectants but suggests the
importance of combining the compounds with known sunscreens to maximize
photoprotection.

In a study done by Dreher [87], the topical application of combinations of both
vitamins or of melatonin with vitamins enhanced the photoprotective response. The
better protection was obtained by using the combination of melatonin with both
vitamins.

From another hand, no significant protective effect of melatonin or the vitamins
when applied alone or in combination was obtained when antioxidants were applied
after UV radiation exposure. No improved photoprotective effect was obtained
when multiple applications were done [88].

They investigate the effect of the use of high-frequency ultrasound together
with coupling gel containing vitamin C and niacinamide as skin lightening agents.
Ultrasound radiation enhanced the absorption of skin lightening agents in the
stratum corneum in a radiation time-dependent manner. The data suggest that the
use of high-frequency ultrasound radiation together with skin lightning gel is effec-
tive to reduce hyperpigmentation via enhancing transepidermal transport of vita-
min C and niacinamide [89].

7. Bateman purpura

Bateman purpura is a noninflammatory hemorrhagic syndrome characterized by
the presence of purpuric eruptions like a petechial or confluent ecchymosed, which
was first described by Bateman in 1836. The skin tends to appear thin and wrinkly
and almost look flimsy. It results in flat blotches, which start out red and then turn
purple, darken a bit, and eventually fade away. It may also occur in the mucous
membrane such as mouth and internal organs. The lesions appeared mainly along
the outside of the forearm in successive dark purple blotches of an irregular form
and various magnitudes. The lesions are also localized to legs, back of the hands,
bridge of the nose in subjects wearing glasses, and on the parts of the body where
the skin is lax and inelastic [90]. These are flat, irregular, and purple lesions which
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appear on the skin as one gets older. Confirmed by Rayer in 1839, Unna described in
1895 six cases. All were aged women, and in all except one, the purpura was limited
to the extensor surface of the forearm. Senile purpura frequency is around 10% in
an elderly population between 70 and 90 years with a female predominance, and it
is associated, in 90% of the cases, with pseudoscars. In 2007, Kaya and Saurat
proposed the term “Dermatoporosis” to cover different manifestations and impli-
cations of the chronic cutaneous insufficiency/fragility syndrome [91]. The clinical
manifestations of Dermatoporosis comprise morphological markers of fragility such
as skin atrophy, senile purpura and stellate pseudoscar, and functional expression of
skin fragility. They result of skin fragility from minor traumas, such as frequent
skin laceration, delayed wound healing, and subcutaneous bleeding with the for-
mation of dissecting hematomas leading to large zones of necrosis. Considering the
special and pathognomonic patterns of Bateman purpura, such as skin atrophy,
stellar scars, hemorrhages, and ecchymosis, it seemed to us that these symptoms are
consistent with the diagnosis of localized scurvy. In order to support this assertion,
Humbert et al. demonstrated few years ago that aged skin was deficient in vitamin
C content [59]. Furthermore, it is noteworthy that the lesions occur on photo-
exposed skin such as forearms, face, neck, etc. Sun exposure is known to deplete the
skin in antioxidant vitamins, especially vitamin C [39]. A randomized double-blind
comparative study (twice daily application of the active vs. the neutral cream) was
conducted in patients with Bateman purpura. Clinical examination by experts
showed a significant improvement on the vitamin C-treated side compared with
the control. Twice-daily application of 5% topical vitamin C led to a clinically
apparent improvement of the skin symptoms. These results confirmed the hypoth-
esis of underlying of role vitamin C deficiency in the determinism of Bateman
purpura [92, 93].

8. Atopic dermatitis and inflammatory skin diseases

Atopic dermatitis (AD) is defined as a chronic inflammatory cutaneous disease.
It is caused by an immune response occurring in a genetically predisposed back-
ground. The mechanisms at the origin of AD are not totally elucidated but have
three characteristics: Genetic: 50-70% of the patients have a relative who is
affected; immunologic: allergy symptoms are frequent during AD; cutaneous:
abnormalities of the cutaneous surface.

At cutaneous level, AD is characterized by repeated pruriginous outbreaks of
acute eczema affecting mainly the skin folds. Clinical signs vary with age and
according to the stage of the disease. It is possible to distinguish two phases:
pruriginous outbreaks of acute eczema and remission. The chronic inflammatory
reaction of the patient is associated with constitutive abnormalities or induced
abnormalities of the cutaneous barrier, with an increase in the Trans Epidermal
Water Loss (TEWL), abnormalities of the surface cutaneous lipids, and other clin-
ical signs such as xerosis or dryness resulting from the deterioration of the barrier
function. Besides, atopic dermatitis is an inflammatory skin condition, in which the
beneficial role of antioxidant molecules can be underlined.

Vitamin C belongs to the defense mechanisms of the organism. As an example,
vitamin C acts like a reducer against the free radicals of oxygen (harmful for
the organism) released during the inflammatory phenomenon: it deactivates the
radicals peroxides and becomes a stable ascorbyl radical. The mobilization of vita-
min C during inflammation could explain the fall of its dermic concentration,
particularly in atopic subjects [94], as well in psoriatic patients [95]. In theory, if
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the anti-radicalizing vitamins (A, C, and E vitamins) applied topically arrive at the
site of release of the free radicals, their intervention makes the reduction of the
harmful effects of these radicals possible.

A clinical study was performed to assess the cutaneous effects of vitamin C
applied topically to subjects with light to moderate atopic dermatitis who applied
emulsion at 10% of vitamin C versus excipient on their forearms during 56 days. The
barrier function parameters were assessed: TEWL, hydration, dryness, pH, and
relief, and the clinical evolution of the cutaneous lesions was evaluated by
SCORAD.

Overall, the clinical scores decreased over the 56 days of the study. Therefore,
the eczema lesions tend to regress: SCORAD located on the forearm after and before
treatment decreased of 10 and 4 units in the vitamin C and the excipient, respec-
tively. The eczema lesions tended to regress but without significant difference
between active and excipient.

The TEWL decreased and all the parameters evolved positively: increase of

hydration, decrease of dryness, and improvement of cutaneous relief (unpublished
data).

9. Vitamin C wound

There is evidence that topical vitamin C might be beneficial in several unrelated
conditions. Topical vitamin C has been reported to improve wound healing [96]. As
scurvy progresses, wound healing is impaired due to the loss of mature collagen,
which allows wounds to remain open [97]. Skin lesions caused by vitamin C defi-
ciency are remediated by an adequate intake of vitamin C. Studies on the effect of
vitamin C supplementation on wound healing have reported somewhat mixed
results. Data from laboratory animals and humans show that vitamin C deficiency
results in poor wound healing, and vitamin C supplementation in deficient individ-
uals shows significant benefits. Although vitamin C levels appear to increase colla-
gen synthesis and decrease inflammatory responses at the site of the wound, neither
vitamin C supplementation [98] nor increased plasma vitamin C status [99]
increases wound closure time in otherwise healthy individuals. This suggests that
vitamin C may only affect specific facets of the wound healing response. Topical
ascorbic acid has not been properly evaluated prior to or during wound healing in
humans.

10. Conclusion

Bearing in mind the mechanisms of photodamages and skin protection against
aggressions, it should be desirable to take vitamin C orally or to apply it directly to
the skin. In addition to its antioxidants properties, vitamin C and some water-
soluble derivatives are essential for collagen biosynthesis. Vitamin C is a free radical
scavenger by its antioxidant properties. Moreover, Vitamin C is probably one of the
main topical anti-aging agents, with clinical proofs of efficacy. In addition, it was
demonstrated that the use of photo protective sunscreen after UV irradiation pre-
vents the decrease of acid ascorbic dermis concentration. Indeed, the ingestion of
vitamin C has different benefits on skin such as wound healing, cutaneous aging,
and prevention of skin cancer.
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Vitamin C, or ascorbic acid, is mainly present in fruits and vegetables. The
consumption of such foods is important since the human body does not have the
ability to produce this essential micronutrient. Because it is water soluble, it can also
easily be lost in cooking and long-term storage. Even though the role of vitamin C
has been known since the early 1930s, only recently have researchers been actively
studying and demonstrating its role and function in the treatment and prevention
of many diseases. These studies will be the key to providing the scientific basis that
explains why this simple but important vitamin possesses such a wide range of positive
biological activities.
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