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PREFACE

Vitamin C is one of the most important components to include in a regular diet, being a
powerful vitamin that provides a number of very important health benefits and that can affect
multiple body processes. Because vitamin C is not produced by our body, we need to ingest
daily amounts of this nutrient for our body to function properly and prevent disease.
Undoubtedly, the best way to ingest vitamin C is through food, and fruits and vegetables are
particularly rich in this vitamin. Citrus fruits, for example, are famous for including generous
dosages of vitamin C. However, cooking or processing will deplete some of the vitamin C
that needs to be ingested by the body.

Vitamin C is a cofactor in at least eight enzymatic reactions, including several collagen
synthesis reactions that, when dysfunctional, cause the most severe symptoms of scurvy.
Vitamin C is also known to help prevent colds and flu, but it is much more than that, it is a
potent antioxidant, that fights free radicals in the body thus preventing premature aging, gives
strength to bones and teeth, strengthens blood capillaries, fights infections, strengthens the
immune system, it also helps reduce the level of triglycerides and bad cholesterol in the
blood, and even helps in the absorption of iron, preventing anemia. Furthermore, the
antioxidants in vitamin C help warding off inflammation, infections, and viruses, and, by
helping to build proteins in various types of cellular constructions, vitamin C also protects
against heart attacks and strokes, promoting in general a better vascular health and longevity.
Studies suggest that vitamin C may even be important in preventing Alzheimer’s disease or
autoimmune problems, as well as atherosclerosis.

This book is aimed at gathering valuable information about this important vitamin,
including sources of this nutrient with so important biological properties, the effects of
processing and a number of different approaches to the roles of this powerful vitamin in the
human body.

By preparing this book I intended to give an updated contribution to the knowledge about
this vitamin and I truly believe that the updated information that is provided here will help
people in general and professionals in particular.

I wish to thank all the authors for their valuable contributions and the reviewers for their
precious help on improving the contents of each chapter. I also wish to thank Nova Science
Publishers for the opportunity to produce this book, that I hope you may find interesting and
most of all useful.

Raquel P. F. Guiné
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Chapter 1

VITAMIN C SUPPLEMENTATION:
FAVORABLE OR NOXI0OUS?

Juliana da Silva®”, Daniel Pré®’, Vivian Kahl*#,
Marisa Nunes®, Roberta Nunes'”, Vanessa Andrade® ™,
Daniela Leffa®>”” and Silvia | sabel Rech Franke®*

'Laboratério de Genética Toxicologica,
Universidade Luterana do Brasil - ULBRA, Canoas/RS, Brazil
*Laboratério de Nutrigdo Experimental —
Universidade de Santa Cruz do Sul — UNISC,
Programa de P6s Graduagdo Promocao da Saude- UNISC,
Santa Cruz do Sul/RS, Brazil
*Laboratério de Biologia Celular e Molecular,
Universidade do Extremo Sul Catarinense — UNESC, Cricitima/SC, Brazil

ABSTRACT

Vitamin C (Vit C; ascorbic acid), found in fresh fruits and vegetables, is an
important micronutrient, mainly required as a cofactor for enzymes involved in oxi-
reduction reactions. Humans, other primates, some fish species, bats, and guinea pigs do
not synthesize the Vit C. This vitamin is one of the most commonly consumed
antioxidants, as a food supplement or medicinal drug, and it has been studied for its
protective action against different chemical expositions and diseases. Vit C has been the
subject of numerous studies due to its possible protective action against high cholesterol,

* E-mail: juliana.silva@ulbra.br.

" E-mail: dpra@unisc.br.

! E-mail: vivian.kahl@gmail.com.
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2 Juliana da Silva, Daniel Pra, Vivian Kahl et al.

hypertension, and possibly some cancers, such as stomach, prostate, mouth and lung, and
also due to its role in the improvement of vascular function in patients with vascular
diseases. Mechanisms by which ascorbic acid act includes bioantimutagenic and
desmutagenic activities, as well as regulation of DNA-repair enzymes. Then, Vit C has
several biological effects, including: 1) action as targets for toxicants; 2) influence in
drug metabolization/detoxification; and 3) effect in DNA repair and homeostasis.
Moreover, Vit C can also induce oxidative stress when high doses are used. Vit C has
been insufficiently studied for its ability to interact, either directly or indirectly, with
mutagens, especially in view of the controversial results of its consumption on genome
stabilization. Interaction between Vit C and transition metals can induce the formation of
reactive oxygen species (ROS). Treatments with Vit C in some studies induce a
cumulative genotoxic response and it can enhance DNA damage caused by different
substances. Our research group has studied the different protective and harmful effects of
vitamin C in relation to different agents, such as alkylating agents, metal sulfates,
nicotine, amfepramone, as well as in relation to personal nutrition. This chapter compiles
data from literature about Vit C and from our research results, which show that Vit C can
be either beneficial, or noxious, for a biological system, depending of its’ metabolic
context.

1. INTRODUCTION

Vitamin C comprises two biologically-active vitamers, ascorbic acid and its two-electron
reduction product dehydroascorbic acid (DHA). Most species of plants and animals
synthesize ascorbic acid from glucose, but humans are unable to produce ascorbic acid
endogenously. Vitamin C is an essential human nutrient that must be obtained in the diet
(Benzie, 1999). Thus, this vitamin is a micronutrient that is acquired primarily through the
consumption of fruit, vegetables, supplements, fortified beverages, and fortified breakfast or
“ready-to-eat” cereals (WHO - World Health Organization, 2006). Ascorbic acid, the
functional and primary in vivo form of the vitamin, is the enolic form of an a-ketolactone
(2,3-didehydr L -threo-hexano-1,4-lactone). The two enolic hydrogen atoms give the
compound its acidic character and provide electrons for its function as a reductant and
antioxidant. Its one-electron oxidation product, the ascorbyl radical, readily dismutates to
ascorbate and DHA, the two-electron oxidation products. Both the ascorbyl radical and DHA
are readily reduced back to ascorbic acid in vivo. However, DHA can be hydrolyzed
irreversibly to 2,3-diketogulonic acid. The molecular structure of ascorbic acid contains an
asymmetric carbon atom that allows two enantiomeric forms, of which the L form is naturally
occurring. The D-form, isoascorbic or erythorbic acid, provides antioxidant, as shown in
Figure 1.1 (IOM, 2000a).

Vitamin C plays a role in numerous biological reactions, many of which are known in
little detail. Over the years, it has been suggested that vitamin C could be used as a medicine
against many diseases as different as common colds and cancers. Even today, there is
considerable controversy about the exact role of this vitamin in human health and no
agreement has been reached on the amount needed to be consumed for optimum wellbeing.

The biological functions of ascorbic acid are based on its ability to provide reducing
equivalents for a variety of biochemical reactions as an antioxidant and enzyme cofactor.
Because of its reducing power, vitamin C can reduce majority of physiologically relevant
reactive oxygen species (ROS) (Buettner, 1993; Buettner & Jurkiewicz, 1996). Generally,
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Vitamin C Supplementation 3

ascorbic acid is regarded as a reducing agent; it is able to serve as an antioxidant in free
radical-mediated oxidation processes. However, as a reducing agent it is also able to reduce
redox-active metals such as copper and iron, thereby increasing the pro-oxidant chemistry of
these metals. Thus ascorbate can act as both as a pro-oxidant and an antioxidant (Yin et al.,
2012)

In addition, as an electron donor, vitamin C acts as a cofactor for 8 enzymes involved in
collagen hydroxylation, biosynthesis of carnitine and norepinephrine, tyrosine metabolism
and amidation of peptide hormones (Padayatty & Levine, 2001). As a reducer, it participates
in biosynthesis of tetrahydrofolic acid, hyaluronic acid and prostaglandins. It also modulates
the body’s immunity by stimulating the production of immunoglobulins and interferons.
However, while the systems themselves are diverse, the biochemical role played by vitamin C
in each system appears to be mediated via its antioxidant properties (Benzie, 1999; Frei et al.,
1989). Vitamin C is easily and reversibly oxidized into dehydro-L-ascorbic acid, creating a
redox system, which allows it to act as an antioxidant. It deactivates multiple ROS:
superoxide anion (O,°-), hydrogen peroxide (H,0;), hydroxylradical (OHe), singlet oxygen
(0,"), HO, (hydroperoxyl radical), as well as peroxides and free radicals produced with their
participation.

CI:HQOH CI3H20H
HOCH HOCH
¥ & /-H* O 0
H\ _
0 OH +e/+H
Ascorbate (AH-) Ascorbyl radical (Ae-)
L-form 1somer D-form |
-2 ||+
/
C')H20H (I:HQOH
HOCH
| 00O sl WP
HOCH>_Z/ +H,0
- H
O 0 o) o)
2,3-Diketogulonate Dehydroascorbate

Figure 1.1. Chemical structure of ascorbic acid in relation to its redox state (IOM, 2000a).
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4 Juliana da Silva, Daniel Pra, Vivian Kahl et al.

Thanks to this it prevents reactions of these ROS with biomolecules at the stage of
prevention, termination and even repair of some damages. It also regenerates vitamin E used
up during similar processes. Thus, vitamin C plays an important role in eliminating oxidative
stress which, in combination with its water solubility, makes it the main antioxidant of
extracellular fluids. The above described processes constitute grounds for using vitamin C in
prevention and therapy of diseases resulting from, or occurring with, oxidative stress. Vitamin
C also takes part in detoxification of xenobiotics, contributing to the production of ROS
(Rutkowski & Grzegorczyk, 2012).

Increased risk of chronic disease, including cancer, cataracts and coronary heart disease
(CHD), is associated with low intake or plasma concentrations of vitamin C (Benzie, 1999;
Block, 1991; Fletcher & Fairfield, 2002; Gey, 1995; Machlin, 1995; Maxwell & Lip, 1997,
Riemersma, 1994). Supplementation with vitamin C is reported to decrease blood pressure
and blood lipids, improve glucose metabolism and endothelial function, and to increase
resistance of lipids and DNA to oxidative damage (Benzie, 1996; Frei et al., 1989; Halliwell,
1996; Levine et al., 1996; Paolisso et al., 1993; Rahman, 2007; Sweetman et al., 1997; Weber
et al., 1996). However, the contribution of high intake or plasma levels of vitamin C to
lowered risk of disease is difficult to assess, as other health-promoting habits generally
accompany high vitamin C intake, and clinical trials have shown inconsistent and
inconclusive results (Benzie, 1996; Benzie, 1999; Halliwell, 1996).

2. PHYSIOLOGICAL CONCENTRATIONSOF VITAMIN C

Vitamin C is a ubiquitous vitamin and the dietary intakes, dietary sources, bioavailability,
and serum levels are described in the following subheadings.

2.1. Dietary Reference Intake (DRI) of Vitamin C

The Dietary Reference Intakes (DRI) are reference values that are quantitative estimates
of nutrient intakes to be used for planning and assessing diets for healthy people. They set the
minimum intakes to avoid symptoms of deficiency and reduce the risk of chronic diseases as
well as set the maximum intake (IOM, 2000a; IOM, 200b; IOM, 2003).

The minimum intake to avoid symptoms of deficiency of vitamin C is 10 mg per day.
This level is needed to prevent scurvy in adults. However, it is much lower than the level
needed to promote health and wellbeing. The current DRI for vitamin C according to life
stage, age, and sex are presented in Table 1.1. Recommended dietary allowance (RDA) is the
daily intake used as target value for planning diets for individuals. Adequate intake (Al) is the
daily intake used as target value for planning diets for individuals when there is no RDA
available. The Al is based in experimental or limited epidemiological data. In the case of
young infants the Al is based in gastric volume and vitamin C levels in human milk.
Estimated average requirement (EAR) is the daily intake used for: (i) planning diets for
groups; and (ii) assessing the prevalence of nutrition inadequacies for individuals and groups.
Tolerable upper intake level (UL) is the maximum amount beyond which there is a potential
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risk of adverse effects for individuals and groups. UL is not used for dietary planning
purposes. The symptom used to define the UL for vitamin C is diarrhea (IOM, 2000a).

It is important to take into account that the DRI are updated constantly. Health
professionals must always consider the current DRI as provisional and look for their updated
values when planning and assessing diets for healthy people. In the case of vitamin C, until
the beginning of the 2000s, RDA for adults was 60 mg per day. At that time, higher levels
were suggested for people subject to stress and for smokers. In 2000, the RDA levels were
increased to 75 and 90 mg per day for adult females and males, respectively. The DRI for
vitamin C was not reviewed in the time-span between 2001 and 2012. In chronic oxidative
stress conditions, such as smoking, the vitamin C daily intake has to be increased by 35 mg
per day, or 100 and 120 mg per day for adult females and males, respectively (Murphy &
Poos, 2002).

Table 1.1. Dietary Reference Intake (DRI) of the vitamin C

. Vitamin C (mg per day)
Life stage group RDA or AI* | EAR [UL
Infants
0-6 months 40%* NA NA
7-12 months 50* NA NA
Children
1-3 years 15 13 400
4-8 years 25 22 650
Males
9-13 years 45 39 1,200
14-18 years 75 63 1,800
19-30 years 90 75 2,000
31-50 years 90 75 2,000
51-70 years 90 75 2,000
> 70 years 90 75 2,000
Females
9-13 years 45 39 1,200
14-18 years 65 56 1,800
19-30 years 75 60 2,000
31-50 years 75 60 2,000
51-70 years 75 60 2,000
> 70 years 75 60 2,000
Pregnancy
<18 years 80 66 1,800
19-30 years 85 70 2,000
31-50 years 85 70 2,000
Lactation
< 18 years 115 96 1,800
19-30 years 120 100 2,000
31-50 years 120 100 2,000

RDA: Recommended Dietary Allowance; Al: Adequate Intake; EAR: Estimated Average
Requirement; UL: Tolerable Upper Intake Level; NA: not available. Source: IOM (2000a).
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2.2. Dietary Sour ces and Bioavailability of Vitamin C

Fruits and vegetables are the richest sources of vitamin C, including several fruits such as
berries and citrus fruits, followed by raw green leafy vegetables (Table 1.2). The content of
vitamin C in vegetables depends on the maturity, the plant part, the seasons, and the
geographic areas where they are produced (Nunes et al., 2011). Some processed or frozen
foods marketed close to their source can have greater vitamin C content than unprocessed
foods that travel long distances (Franke et al., 2004; Mahan et al., 2011; Peluzio & de
Oliveira, 2008).

Vitamin C is the most unstable of vitamins and can be easily lost by heat, oxidation,
drying, storage, alkalinity, light exposure, as well as by the interaction with transition metals.
As it is water soluble, vitamin C is easily extracted and discarded in the cooking water.
Sodium bicarbonate (alkaline pH), added to preserve and improve the color of cooked
vegetables, also destroys vitamin C (Franke et al., 2004; Mahan et al., 2011; Peluzio & de
Oliveira, 2008).

The vitamin C content of food is commonly reported as the sum of the ascorbate and its
oxidized form DHA. The bioavailability of vitamin C naturally present in food and that added
as supplement is the same. Some substances such as aspirin and the phenolic compound as
quercetin can limit vitamin absorption (Wilson, 2005).

Table 1.2. Vitamin C level in selected fruits, fruit juices and beverages,
vegetables, and spices and herbs

Food, type, portion size mg of vitamin C
Fruit

Acerola (West Indian Cherry), %2 cup 820
Apple, 1 medium 8
Avocado, cubes, 72 cup 8
Banana, 1 medium 10
Blackcurrants, % cup 100
Blueberries, Y2 cup 7
Cherries, %2 cup 5
Grapeftruit, /2 medium fruit 40
Guava, 1 medium fruit 126
Grapes, 72 cup 2
Kiwi fruit, 1 medium fruit 72
Lemon, 1 medium fruit 31
Mango, %2 cup 23
Melon, cantaloupe, ¥4 medium fruit 51
Melon, honeydew, s medium fruit 40
Orange, 1 medium fruit 70
Papaya, cubes, 2 cup 43
Pineapple, raw, ¥ cup 28
Strawberries, %2 cup 48
Tangerine or tangelos, 1 medium fruit 25
Watermelon, 1 cup 15
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Food, type, portion size mg of vitamin C
Juice (not added vitamin C)

Apple, 2 cup 2
Grape, 2 cup 0.2
Grapefruit, 2 cup 47
Lime, Y2 cup 36
Orange, "2 cup 50
Tomato, %2 cup 22
Beverages

Cranberry juice cocktail, %2 cup 45
Vegetable juice cocktail, ¥4 cup 34
Vegetables

Asparagus, cooked, 2 cup 10
Broccoli, cooked, 2 cup 51
Brussels sprouts, cooked, % cup 50
Purple cabbage, raw, chopped, %2 cup 20
Green cabbage, raw, chopped, %2 cup 10
Cauliflower, raw or cooked, %2 cup 25
Kale, cooked, %2 cup 55
Mustard greens, cooked, %2 cup 22
Onion, chopped, % cup 6
Pepper, red or green, raw, % cup 65
Plantains, sliced, cooked, 1 cup 15
Potato, baked, 1 medium 25
Radish, raw, % cup 9
Snow peas, frozen, cooked, ¥ cup 20
Spinach, cooked, Y2 cup 9
Sweet potato, backed, | medium 30
Tomato, raw, 1 medium 17
Kohlrabi, cooked, %2 cup 45
Edible pod peas, cooked, ¥4 cup 38
Spices and Herbs

Parsley, raw, 1 tablespoon 5
Coriander leaf, dried, 1 tablespoon 10

Source: U.S. Department of Agriculture (2012).

2.3. Phar macokinetics of Vitamin C

Vitamin C has 2 hydroxyl groups at positions 2 and 3 that ionize with pK values of 4.17
and 11.57. Therefore, reduced vitamin C exists predominantly as the ascorbate anion in most
body fluids. DHA also occurs in biological systems. Biological systems can interconvert
DHA to ascorbate and their metabolism is equivalent (Wilson, 2005).

Serum and plasma concentrations reflect the recent intake of vitamin C, while the
leukocytes concentration reflects the organic reserve of the vitamin. Normal plasma
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concentration of vitamin C ranges from 0.8-1.4 mg/dL, whereas the leukocytes concentration
ranges from 20-40 ug/10® cells (Tomita, 2006).

The absorption of vitamin C occurs in the intestine by facilitated diffusion and active
mechanisms, several times in shared pathways with glucose (Wilson, 2005). At lower
concentrations, the active transport is the predominant. At higher concentration, when the
active mechanism is saturated, facilitated diffusion also occurs. The absorption of DHA is
faster (about 10 times) than ascorbic acid either for intestinal or blood cells. Ascorbate
absorption is downregulated by glucose transport and DHA is not. After DHA is absorbed, it
is rapidly reduced to ascorbate within the intestinal cells. Due to this process, intracellular
DHA is rarely found (Malo and Wilson, 2000; Tomita, 2006).

Levine et al. (1996) tested 30 to 2500 mg vitamin C in healthy volunteers and observed
that no vitamin C was excreted in urine of six of seven volunteers until the 100 mg dose. At
single doses of 500 mg daily and higher, bioavailability declined and the absorbed amount
was excreted. Bioavailability was complete for 200 mg per day of vitamin C as a single dose.
But, when vitamin C is fractionated during the day a higher absorption can occur (Tomita,
2006).

Ascorbate and DHA transport varies extensively between different cells (Tomita, 2006).
Many cells have been shown to be capable of using extracellular DHA to produce
intracellular ascorbate, including adipocytes, astrocytes, endothelial cells, erythrocytes,
granulosa cells, hepatocytes, neutrophils, osteoblasts and smooth muscle cells. The interplay
between DHA and glucose transport is not yet elucidated in biological system and deserves
further attention (Wilson, 2005). Table 1.3 presents the concentration of vitamin C in key
tissue and fluids.

Table 1.3. Concentration of vitamin C in key tissues and fluids

Tissue/ fluid Concentration (mg vitamin C per 100 g)
Pituitary gland 40-50
Adrenal gland 30-40
Leukocytes 7-140
Eye (crystalline) 25-31
Brain 13-15
Liver 10-16
Spleen and pancreas 10-15
Kidney 5-15
Heart 5-15
Semen 3-10
Lungs 7
Skeletal muscle 3
Testicles 3
Cerebrospinal fluid 2-4
Thyroid gland 2
Plasma 0.3-1
Saliva 0.09

Source: Tomita (2006).
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There is relatively little research on how vitamin C is transported out of cells (Franke et
al., 2005a; 2005b).The excretion of ascorbate and DHA is performed by the kidneys, which
maintain the homeostasis of vitamin C, but only occurs at high serum concentrations. Vitamin
C is eliminated with an elimination half-life of 10 h (Malo and Wilson, 2000; Tomita, 2006).

3. EFFECTSOF VITAMIN C ON HEALTH

Vitamin C is essential to health, it plays a fundamental role in the development and
regeneration of muscles, skin, teeth and bones, collagen formation, body temperature
regulation, production of various hormones and metabolism in general (Gardener et al.,
2000). The lack of this vitamin in the organism increases the propensity for several diseases.
When the deficiency is severe the body becomes vulnerable to more serious illnesses such as
scurvy. However, when consumed in high doses it may cause adverse effects such as
diarrhea, abdominal pain and kidney calculus in genetically predisposed individuals
(Gardener et al., 2000).

Epidemiological studies show that diets high in fruits and vegetables are associated with
lower risk of cardiovascular and neurodegenerative diseases, stroke and several types of
cancer (Fenech & Ferguson, 2001; Padayatty et al., 2003). The potential anticarcinogenic
effects of vitamin C are related to its ability to neutralize carcinogenic substances and their
antioxidant activity (Ferraz et al., 2010). The antimutagenic and anticarcinogenic mechanisms
of vitamin C include bioantimutagenics and desmutagenic activities, as well as the regulation
of DNA repair enzymes. In the desmutagenesis, protective agents, or antimutagenic, act
directly on the compounds which induce DNA mutations, inactivating them chemically or
enzymatically, inhibiting the metabolic activation of promutagenic or abducting reactive
molecules. In bioantimutagenesis the antimutagenics act upon the process that leads to the
induction of mutations, or repairing injuries caused to the DNA (Antunes & Araujo, 2000).

The antioxidant action mechanism attributed to vitamin C is due for its direct reaction
with O,e-, OHe, 021, in addition to regenerate E vitamin. It also maintains thiols enzymes in
their reduced states and spares glutathione peroxidase, which is an important intracellular
antioxidant and enzyme cofactor (Carr & Frei, 1999). Oxidant damage might cause or
exacerbate common human diseases, and due to antioxidant effect, vitamin C has been
described with a protective effect (Table 1.4).

In breast carcinogenesis, ascorbic acid has its action based on the antioxidant defense
(Willet, 2001). Studies have demonstrated an inverse relation between vitamin C intake and
relative risk of this neoplasm kind (Gandini et al., 2000). In gastric inflammation caused by
Helicobacter pylori, a bacterium with carcinogenic potential, vitamin C has shown an
interrelation with this microorganism being capable to affect directly its growth and virulence
(Correa et al., 1998; Zhang & Farthing, 2005). However, the prevention of gastric cancer does
not occur only by this fact, but due to the major mechanism of vitamin C, which is the
inhibition of the N-nitroso compounds and reactive oxygen metabolites inside the stomach
(Bingham et al., 2002, Zhang & Farthing, 2005).
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Table 1.4. The effect of vitamin C in different health conditions

studies and pharmacokinetic
modeling
In vitro human lymphoma cell study

Case-control prospective study

In vitro B16 murine melanoma cell
study

Health condition Type of research Effects of vitamin C
Cigarette smoking | Controlled clinical trial; single oral Restores impaired coronary flow
dose (2 g) velocity reserve
Wound healing Controlled clinical trials; oral Accelerated wound healing
supplementation (0.5-3 g)
Asthma Double-blind, controlled trial; single | Protective effect on airway
oral dose (2 g) hyperreactivity in some patients
with exercise-induced asthma.
Cardiovascular Controlled clinical trial; oral Increased fibrinolytic activity in
disease supplementation (2 g/day) patients with coronary artery
disease.
Observational study within elderly Negative correlation between
population serum vitamin C and total
cholesterol.
Double-blind, randomized, Improves lipid-induced
controlled, 2-waycross over trial; impairment of endothelium-
intraarterial administration (24 dependent vasodilation.
mg/min for 110 min). Completely protects human
In vitro study; various concentrations | plasma from lipid peroxidation.
added to human plasma
Neurodegenerative | Cross-sectional and prospective Reduced prevalence and
disorders study; vitamin C end vitamin E incidence of Alzheimer disease
supplementation in elderly population.
Mouse behavioral models; Memory-restorative action,
intraperitoneal injection (60 and 120 | particularly in aged mice.
mg)
Cancer In vitro study; dose concentration Toxicity to various cancer cells.

Action as a pro-drug to deliver
hydrogen peroxide to tissues.

Inverse association of gastric
cancer risk with high levels of
plasma vitamin C.

Induces the apoptosis in
melanoma cells.

Diabetes mellitus

Controlled trial; intraarterial
infusion(<1g)

Improves endothelium-
dependent vasodilation.

Cataract

Probability survey of Americans

Importance for the prevention of
cataract among older Americans.

Source: Domitrovi¢ (2006).
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The function of vitamin C in the prevention of cardiovascular diseases is currently well
documented. It is believed that vitamin C protects against lipid peroxidation, besides
interfering on other factors related to cardiovascular risk, such as vascular tissue integrity,
vascular tone, lipid metabolism and blood pressure. Whereas ascorbic acid is an essential
cofactor in collagen molecular formation and may therefore interfere in the elasticity and
structural integrity of the vascular matrix. It also seems to exert a vasodilator and
anticoagulant effect through relocation of prostacyclin production and other prostaglandins
(Jacob, 1998).

A study conducted with 15 patients from 9 to 20 years, with familiar hyper-
cholesterolemia (LDL > 130mg/dL) used vitamin E supplements (400 Ul/day) and C (500
mg/day) for six weeks. The authors observed the restoration of endothelial function in
dyslipidemic children with the medicated supplementation and concluded that supplementing
is essential for children with dyslipidemia, since only 20% of them consume five or more
servings of fruits and vegetables per day (Engler et al., 2003).

In addition, vitamin C improves the endothelial dysfunction, at an early stage of
atherosclerosis among smokers (Ames, 2001). The current dietary recommendation for
vitamin C considers, at least to some degree, the protective effect of vitamin C, and even
indicates higher levels of intake for smokers and people with high stress levels (Ames, 2001).
In type I diabetes, the association of vitamin C to good glycemic control is able to improve
epithelial dysfunction present in this pathology (Ceriello et al., 2007).

Vitamin C intake may reduce the effects of aging, mainly through its antioxidant action
(Pallas, 2002).1t has been shown that vitamin C decreases the proteins glycation, thus slowing
the aging process (Bartali et al., 2003; Krone & Ely, 2004, Nelson et al., 2003). A study on
skin aging and intake of foods rich in vitamin C showed that women with the lowest intake of
these foods had a more wrinkled skin, dry and withered, than women who had a good intake
of foods rich in this nutrient (Cosgrove et al., 2007).

Results of studies with large amounts of vitamin C to prevent and cure common cold
have been reported in the literature since the early 1970s. Since then, several studies
demonstrated that vitamin C ameliorates the symptoms of colds, although placebo-effect
seems to bias the conclusion (Mahan et al., 2011). A recent comprehensive meta-analysis
(Hemild & Chalker, 2007) was designed to evaluate if oral doses of 200 mg per day or more
of vitamin C could be beneficial in common colds. The main conclusion was that vitamin C
can reduce the incidence, duration or severity of the common cold when used as continuous
prophylaxis (regularly every day) or as therapy after onset of symptoms. It also indicated a
failure of vitamin C supplementation to reduce the incidence of colds in the general
population. This aspect indicates that routine prophylaxis is not justified for the overall
population. While the prophylaxis trials have consistently shown that vitamin C reduces the
duration and alleviates the symptoms of colds, this was not replicated in the few therapeutic
trials that have been carried out so far. Therefore, further therapeutic research clinical trials
should be developed (Hemild & Chalker, 2007).

Vitamin C supplementation seems to be beneficial to other respiratory illnesses. A review
covering three prophylactic trials (37 cases of pneumonia in 2335 people) concluded that
vitamin C supplementation may be reasonable for pneumonia patients who have low vitamin
C plasma levels because its cost and risks are low. The review also indicated the need of more
studies (Hemild & Louhiala, 2007).
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There are evidences that severe physical exercise decrease mucosal immunity (Bishop &
Gleeson, 2009), and that vitamin C could be useful for athletes exposed to brief periods of
exercises (Hemild & Chalker, 2007). It is also important to emphasize the role that this
vitamin plays in promoting the resistance against infections, which occurs due to its
involvement with the immunological activity of leukocytes, interferon production,
inflammatory reaction process and mucous membranes integrity (Mahan & Stump-Scott,
2005).

4. ANTIOXIDANT AND PRO-OXIDANT EFFECT OF VITAMIN C

Oxidative DNA damages are due to oxidative stress. This happens when there is an
imbalance between the formation and elimination of ROS. ROS are generated as byproducts
of oxidative metabolism which was a milestone in the evolution, it has generated an increased
metabolic efficiency. On the other hand, also increase instability in biological systems, for 2-
5% of all oxygen is converted into ROS metabolized. These reactive oxygen species are
primarily responsible for the basal level of mutations (Halliwell & Guterridge, 2000). It is
estimated that a person suffers about 10,000-20,000 ROS attack by free radicals and other
cells per day as part of normal oxidative metabolism. For an athlete in intense training, these
attacks can increase about 50% (Valko et al., 2005).

ROS include a vast number of molecules chemically derived from oxygen. The most
important ROS are O,", H,O,, nitric oxide (NO), OHe and 021 (Imai & Nakagawa, 2003;
Saffi & Henriques 2003; Slupphaug et al., 2003). ROS attack DNA, giving rise to many
lesions, including base modifications and apurinic/apyrimidinic sites, deletions, single strand
breaks, frameshifts, chromosomal rearrangements, and causing cross-linkages between DNA
and proteins. The discovery that 8-hydroxy-deoxyguanosine (8-OHdG) is one of the most
prevalent oxidation products has motivated studies on its role in the carcinogenic process
(Cerda & Weitzman, 1997; Dizdaroglu et al., 2002; Goldman & Shields, 2003; Picada et al.,
2003; Saffi & Henriques, 2003; Risom et al., 2005).

The effects of ROS depend not only on their levels but are also influenced by the
chemical environment, as well as the distance between the site where damage is produced and
the target tissue, considering the potential distribution and half-life of the free radicals and
ROS (Halliwell & Guterridge, 2000; Linder, 2001). Thus, if ROS are not effectively
eliminated, they can cause various cellular effects, such as lipid peroxidation, cytotoxicity and
oxidative DNA damage (Cerda & Weitzman, 1997; Halliwell, 2001).

The oxidative modification of proteins by ROS is also associated with the source or
progression of various diseases and physiological disorders. Additionally, oxidants can affect
gene expression through oxidation-reduction mechanisms, which can regulate protein-protein
and protein-DNA interactions (Cerda & Weitzman, 1997). Such structural change can cause
partial or total inactivation of protein function (Halliwell & Guterridge, 2000).

All cells of eukaryotic organisms are endowed with antioxidant enzymes, which control
the levels of ROS, and the set of them is known as enzymatic antioxidant defense mechanism
(lannitti & Palmieri, 2009; Sies, 1997). The three major antioxidant enzymes of this
mechanism are superoxide dismutase (SOD), catalase (CAT) and glutathione peroxidase
(GPx). As SOD is responsible for the dismutation of O,", the catalase decomposes H,0; into
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molecular oxygen and water. Glutathione, in its turn, acts as an intracellular reducing agent.
There are also some secondary enzymes of this mechanism, such as glucose-6-phosphate
dehydrogenase and glutathione reductase (lannitti & Palmieri, 2009). In addition to the
enzymatic defenses are still non-enzymatic antioxidants such as glutathione, vitamin E
(tocopherol), vitamin C, flavonoids and other molecules such as B-carotene and N-
acetylcysteine (Borella & Varela, 2004). These antioxidants act mainly by blocking the lipid
peroxidation chain, eliminating oxygen or chelating metal ions (Sies, 1993).

Vitamin C is a water soluble nutrient involved in multiple biological functions.
Additionally, it is important in the absorption of dietary iron, due to its ability to reduce ferric
form (Fe*") to ferrous (Fe®"), providing absorption of non-heme iron in the gastrointestinal
tract (Halliwell, 2001; Kagan et al., 1990; Loureiro et al., 2002). Besides the important anti-
scorbutic function, vitamin C is a powerful reducing agent (E”= -170mV), capable of
minimizing most of the physiologically relevant oxygen/nitrogen reactive species (Halliwell
& Gutteridge, 2000).

In recent years, great interest has been focusing on the role of oxygen reactive species in
several diseases etiology (Halliwell, 2001). Vitamin C antioxidant properties are thus
attracting attention to preventive nutrition, once it protects the food constituents against
oxidative damage and may also contribute to preventing major diseases such as
cardiovascular disease, aging, cancer, among others.

There are several studies on vitamin C supplementation in humans by using biomarkers
of oxidative damage to DNA, lipids (lipid oxidation releases mutagenic aldehydes) and
proteins. Although there are studies presenting ambiguous answers, the vitamin C antioxidant
activity is in agreement with those who show an antioxidant effect in vitro, it corroborate with
the beneficial effects of this compound. It must be emphasized, however, that the pro-oxidant
role of the compound may represent health risks when consumed is high levels (Paoloni-
Giacobino et al., 2003).

Carr & Frei (1999) have observed the antioxidant action of the vitamin C for lipids in
biological fluids, both in animals and in human beings. Several studies have also proven that
foods (Alleva et al., 2012), fresh fruits (Nunes et al., 2011) and frozen fruits (Spada et al.,
2008), rich in vitamin C, promote an antioxidant protection against oxidative stress in mice
(Nunes et al., 2011), yeast (Spada et al., 2008) and humans (Alleva et al., 2012). Through
vitamin C supplementation, the levels of 8-OHdG were significantly reduced (Cooke et al.,
1998; Sram et al., 2012). The oxidative stress caused by H,O, has also been significantly
reduced by the administration of this vitamin in human lymphocytes in vitro (Harreus et al.,
2005) and ex vivo (Collins et al., 2001). In another recent study, the intake of vitamin C
presented direct correlation between longer telomeres and lower risk of breast cancer (Shen et
al., 2009). Such result also demonstrates the antioxidant action of the vitamin C since the
telomeric shortening is associated with the mechanism of oxidative stress (Von Zglinicki,
2002).

5.MUTAGENICITY AND ANTIMUTAGENICITY OF THE VITAMIN C

As we have discussed before, vitamin C is an important micronutrient and has been
studied for its protective action against different diseases. Some studies have shown that
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vitamin C can display ambiguous effects. Given controversial mutagenic effects, some results
from our group will be discussed below.

5.1. Effects of Vitamin C Over Transition M etals

Vitamin C can interact with transition metals. It can either reduce or increase the toxicity
of the metals, depending on physicochemical aspects such as molecular structure and valence.
Iron and copper are among the most relevant transition metals because they are ubiquitous
and have relevant biological roles. Therefore, this section will focus on iron and copper.

Transition metals can catalyze the oxidation of vitamin C, generating both glyoxal and
hydrogen peroxide (Hara et al., 2009; Shangari et al., 2007). The pro-oxidant effect of
vitamin C is likely to depend upon the transition metal concentration. In line, iron-induced
pro-oxidant effect was shown to be mild when dietary iron concentration was low and strong
at high dietary iron (Premkumar et al., 2007).

Vitamin C is the second most-abundant antioxidant water-soluble low molecular in the
human serum, after urate. Vitamin C and urate inhibit the oxidation of each other and reduce
the copper-induced peroxidation ex vivo (Samocha-Bonet et al., 2005). Vitamin C can also
modulate the level of DNA damage induced by metals. Franke et al (2005a) treated mice with
a single dose of iron (33.23 mg Fe/kg) or copper (8.25 mg Cu/kg) as sulfates and, after 24
hours, treated the mice again with a single dose of vitamin C (1 or 30 mg/kg). They observed
that the post-treatment with both doses increased the level of primary DNA damage induced
by the metals as evaluate by the comet assay. This DNA damage increase can be interpreted
in three ways: i) a pro-oxidant effect of the metals leading to DNA damage increase; ii) the
alkaline version of the comet assay simultaneously detects different kinds of DNA damage,
such as cross-links, strand breaks, alkali-labile and incomplete excision repair events. Thus, it
is possible to detect an increase in DNA strand breaks as a consequence of a stimulus in DNA
repair; iii) an increase in apoptosis (Franke et al., 2005a), i.e. reduction in the number of
damaged cells and, therefore, reduction in the DNA damage captured by the assay. In favor to
the DNA repair-increase hypothesis, it was shown that vitamin C stimulates some DNA repair
pathways (Cooke et al., 1998).

In humans, iron supplementation (ferrous glycine sulphate equivalent to 12.5 mg iron or
0.5 mg/kg day for an average adult for 6 weeks) had no effect on the oxidative damage to
DNA in female and male volunteers with high serum vitamin C (mean plasma vitamin C
approximately equal to 70 micromol/L). Further studies evaluating the interplay between
vitamin C and iron are needed particularly among children whose supplementation with iron
can be as high as 2mg/kg/day (WHO, 2006).

There is a lack of studies evaluating the effect of copper supplementation in individuals
with high serum levels of vitamin C. As copper deficiency is much rarer its supplementation
is not common.

The above presented evidence indicates that further studies are needed to evaluate the
interaction between vitamin C and transition metals in vivo in humans. The fact that humans
cannot synthesize vitamin C and most rodents can limits the possibility of extrapolating
results obtained with rodents to humans. The available evidence in humans indicates that
vitamin C does not induce DNA damage (Crott & Fenech, 1999) itself at least when used in
physiologic doses, but when at high concentrations vitamin C is pro-oxidant.
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5.2. Effectsof Vitamin C Over Alkylating Agents

Alkylating drugs are widely used as mutagen/carcinogen chemotherapeutic agents.
Vitamin C can interact with alkylating agents, reducing their toxicity. Vitamin C was shown
to modulate the level of DNA damage induced by alkylating agents. Franke et al (2005b)
treated mice with methyl methanesulfonate (40 mg/kg) or cyclophosphamide (25 mg/kg) and
24 later treated the animals with a single dose of vitamin C (1 and 30 mg/kg). The authors
observed a decreased in the level of primary DNA damage induced by methyl
methanesulfonate, but not by cyclophosphamide at the lower vitamin C dose. Again, the
potential of vitamin C to stimulate DNA repair pathways may explain the result (Cooke et al.,
1998). Also, vitamin C could have acted as a target for reactive species or metabolites
generated by the alkylating agents. Other studies showed that vitamin C (2-200 mg/kg) was
antimutagenic against cyclophosphamide while simultaneous oral administration of Vit C
with intraperitonel administration of the drug (Ghaskadbi et al., 1992) or when administered
twice, one dose 24 h prior to the cyclophosphamide (51.6 mg/kg) administration and the
second dose simultaneously with the cyclophosphamide (Gurbuz et al., 2009).

Vitamin C also reduced the toxicity of cyclophosphamide when liposomes containing the
drug plus vitamin C were used as drug delivery system (Tohamy et al., 2012). Vitamin C was
also shown to reduce the in vivo mutagenicity of N-ethyl-N-nitrosourea (Aidoo et al., 1994).
Co-administration of Vitamin C (200 mg/kg) was capable of reducing abnormalities in the
lipid profile of fibrosarcoma-bearing rats treated for 120 days with cyclophosphamide (10
mg/kg), methotrexate (1 mg/kg) and 5S-fluorouracil (10 mg/kg) in combination
(Muralikrishnan et al., 2001).

5.3. Effects of Vitamin C in Diabetes

There are two common types of diabetes. Type 1 diabetes affects 5-10% and type 2
diabetes affects 90-95% of the diabetic individuals. While type 1 diabetes is an
autoimmunity-triggered lack of insulin production, type 2 diabetes is a decrease in body
response to insulin (resistance). Type 2 diabetes is more related to inadequate lifestyle
(Kloppel et al., 1985). Type 2 diabetes is a common condition that affects mainly adults, but
recently has become a serious health problem also among young individuals. Diabetes
prevalence is increasing more rapidly in the developing countries. It is estimated that diabetes
will affect 5% of the world population by 2030. The prevalence of diabetes for all age-groups
worldwide was estimated to be 2.8% in 2000 and 4.4% in 2030. This situation can be much
higher among adults, particularly within those with 65 years old or more (Wild et al., 2004).

Diabetes is marked by increased oxidative stress, which leads to micro and
macrovascular complications, encompassing inefficient wound-healing, vasculopathy,
nephropathy and retinopathy (Selvaraju et al., 2012). The serum level of vitamin C in
diabetics is lowered (Fadupin et al., 2007).

Several studies have shown that vitamin C can improve metabolic dysfunctions
associated to diabetes, among other mechanism by its antioxidant potential (Afkhami-
Ardekani & Shojaoddiny-Ardekani, 2007; Choi et al., 2005). There is growing evidence
linking diabetes to oxidative stress. Oxidative stress has been shown to be involved in many
of the micro and macrovascular complications associated to diabetes. Glucose, while in
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excess, auto-oxidizes and leads to oxidative stress. Besides its antioxidant action in diabetes,
vitamin C has been shown to modulate glucose transport (Castro et al., 2008). Oxidative
stress generates DNA damage in diabetes. In another models of oxidative stress, vitamin C
modulated DNA damage and repair (Franke et al., unpublished data). Therefore, it is possible
that a modulation of oxidative stress mediated by vitamin C could also occur in diabetes. In
agreement, Choi et al. (2005) evaluated the relationship between fasting plasma ascorbic acid
and DNA damage in lymphocytes in 427 individuals with type 2 diabetes and observed a
negative correlation between DNA damage and serum ascorbic acid, indicating that vitamin C
protects against DNA damage in diabetes in a dose-related manner. Additionally, our results
support that intakes of vitamin C higher than 200 mg per day can reduce the level of glycated
hemoglobin and DNA damage in individuals with type 2 diabetes (Franke et al., unpublished
data). Although this intake is superior than the dietary recommendation for individuals with
increased oxidative stress (about 120 mg/day) it is lower than the levels of vitamin C ingested
by individuals with a healthy diet (i.e. at least 5 portion of fruits and vegetables daily,
according to WHO and National Cancer Institute of the United States).

5.4. Effectsof Vitamin C in Obesity

Obesity is a chronic disease that has become a serious public health concern worldwide.
The incidence of obesity has reached epidemic proportions in industrialized and semi
industrialized nations across the globe. According to the WHO, over 300 million adults
world-wide were classified as obese in 2005, and this figure had risen to 500 million in 2008
(Ong et al., 2013).

This disease is a metabolic disorder associated with social and psychological factors,
genetic predisposition, and dietary habits (Bartolomucci et al., 2009), and it affects all ages
and social classes (Chinn & Rona, 2001). The worldwide increase in obesity is related to
changes in eating patterns and the intake of hypercaloric foods (Naska et al., 2011), such as
high-fat, low fiber-rich foods (Ledikwe et al., 2005; Washi & Ageib, 2010), vegetables, fruits
(Boutelle et al., 2007; Washi & Ageib, 2010) and the intake of sweetened beverages (Flood et
al., 2006). This eating pattern may alter micronutrient status in obese patients, since snack
foods tends to be high in sugar, sodium, and fat and relatively low in vitamins and minerals
(Washi & Ageib, 2010).

In addition, obesity is characterized by the excessive buildup of adipose tissue, which is
associated with the development of chronic diseases, characterized by excessive oxidative
stress, like cardiovascular diseases, diabetes, metabolic syndrome and cancers (Eikelis et al.,
2003).

Epidemiologic and laboratory studies indicate that a high consumption of antioxidant-rich
fruit and vegetables can reduce the risk of cancer (Lee et al., 2003). Vitamin C is considered
to be one of the most prevalent antioxidative components of fruit and vegetables, and it could
exert chemopreventive effect (Lee et al., 2003). Our recent study, evaluated different type of
cells, of Swiss male mice, treated with vitamin C in association with a fat- and sugar-rich diet
named cafeteria diet (CAF). During 13 weeks animals were fed with CAF or standard chow
(STA). After this period the animals were divided into three groups and received treatment
orally, for 4 weeks: CAF plus water, CAF plus vitamin C (1 mg/kg) and STA plus water.
After, samples of blood and tissues like kidney, liver and brain were collected for DNA
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analyzes by comet assay and bone marrow for micronucleus (MN) test. The genotoxicity of
CAF was evaluated by CA and showed that CAF group presented significantly higher
damage than control group (STA) in both parameters of comet assay, damage frequency and
damage index, in all tissues and peripheral blood. In addition, the CAF plus vitamin C group
had DNA damage significantly higher than the STA group in blood, liver and brain. The
antigenotoxic potential of ascorbic acid was evaluated and the group CAF plus vitamin C
reduced significatively the high levels of DNA damage showed in the CAF group, in kidney
and liver. The mutagenic effect detected by MN test was increased in the frequency of
micronucleated polychromatic erythrocytes at CAF group in relation at the control group and,
in this assay the ascorbic acid was not capable to reverse these damages (Leffa et al.,
unpublished data).

In conclusion, our results showed that CAF leads to damage to the genetic material in
blood, liver, kidney, brain and bone marrow cells, probably due to increased oxidative stress.
However, ascorbic acid supplementation reduces DNA damage induced by a high fat diet in
kidney and liver of animals. These results suggest that vitamin C intake is efficient for
alleviating oxidative stress by modulating the antioxidant system in a cafeteria diet. Further
clinical studies are required to support this proposal and also to establish the beneficial and
protective effects of ascorbic acid resulting from reduced DNA damage levels in obesity-
related metabolic disorders.

5.5. Vitamin C and Cardiovascular Disease Risk Factors

Cardiovascular diseases (CVD) are multifactor slow-progressing pathologies (Argiles et
al., 1998), which might start forming early in childhood, but manifest later in middle age and
is a leading cause of death (Lloyd-Jones et al., 1999). The risk of developing CVD is related
to a set of characteristics or risk factors that interact to increase the probability of developing
CVD; these characteristics include metabolic and hemodynamic disturbances, as well as an
unhealthy diet and physical inactivity (Wu 1999).

Several studies have demonstrated that oxidative stress can contribute to CVD
progression (Wattanapitayakul & Bauer 2001). For instance, a diet rich in saturated fat and
poor in micronutrients with antioxidant properties (such as vitamins A and C) may increase
the formation of oxidized lipids and reduce antioxidant reactions, leading to oxidative stress
thereby increasing the risk of developing CVD (Obrenovich et al., 2011; Poulsen, 2005).

Thus, the intake of antioxidant vitamins not as supplements, but within a healthy diet,
reduces CVD risks (Eichholzer et al., 2001, Obrenovich et al., 2011). Despite controversies,
there is evidence that antioxidant vitamins may inhibit LDL oxidation to its more atherogenic
form, therefore preserving the inhibition of atherosclerotic plaque formation
(Wattanapitayakul & Bauer 2001). Vitamin C is also associated with lower levels of primary
and permanent DNA damage. An inverse relationship between vitamin C intake and CVD
mortality has been shown (Simon, 1992), and the effect of vitamin C on DNA damage has
been studied (Franke et al., 2005).

Our recent study (Kliemann et al., 2012) evaluated the association between CVD risk
factors and DNA damage levels in children and adolescents. DNA damage levels were
accessed by the comet assay and cytokinesis-blocked MN assays in leukocytes. A total of 34
children and adolescents selected from a population sample were divided into three groups
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according to their level of CVD risk. Moderate and high CVD risk subjects showed
significantly higher body fat and serum CVD risk markers than low risk subjects. High risk
subjects also showed a significant increase in DNA damage, which was higher than that
provided by low and moderate risk subjects according to comet assay, but not according to
the cytokinesis-blocked micronucleus assay. Vitamin C intake was inversely correlated with
DNA damage by comet assay. The present results indicate an increase in DNA damage that
may be a consequence of oxidative stress in young individuals with risk factors for CVD,
indicating that the DNA damage level can be reduced with a good diet.

5.6. Effectsof Vitamin C in Amfepramone Treatment

The amfepramone or diethylpropion is an anorexic drug, which acts on the Central
Nervous System (CNS), by a catecholaminergic mechanism, increasing the release of
catecholamines in neural terminals and/or inhibiting its recapture (Samarin & Garattini,
1993). Before the prohibition in 2011, this type of medicine was one of the most commonly
used drugs for years in obesity treatment in Brazil (Planeta & De Lucia, 1998) and its action
has a psychoactive effect, suppressing appetite by voluntarily reducing food intake.

Therefore, our study aimed to evaluate the mutagenic activity of amfepramone in human
beings by the micronuclei test in buccal mucosa cells and also the effect of vitamin C
supplementation and its possible protective action. The study involved a total of 108 women,
characterized as follows: 52 women participated in the control group and 56 women were
users of amfepramone. All the study participants were assessed at two points: 1% collection,
with at least one month of amfepramone consumption and 2™ collection after 30 days of
concomitant use of amfepramone with vitamin C. The amfepramone doses were 120 mg/day
(divided into two intakes per day) throughout the research period and vitamin C suppl-
ementation was given at a dosage of 1000 mg/daily. Results demonstrated the mutagenic
activity of the drug amfepramone in humans; and individuals who consumed amfepramone
and were supplemented with vitamin C for 30 days demonstrated a significant decrease in the
micronucleus frequency. Based on our results and on previous reports (Snyder et al., 2009;
2010), we can suggest that the main mechanism of action of amfepramone in inducing DNA
damage occurs through the formation of ROS, intercalation and topoisomerase binding,
caused by the presence of a N-dialkyl group in its molecule. In addition, we can suggest that
vitamin C presented an important effect in inhibiting amfepramone-induced DNA damage.
This protective effect induced by the vitamin C might be related to its role as a free radical
scavenger and the DNA repair enzymes regulation (Bjelakovic et al., 2012; Cooke et al.,
1998; Halliwell, 2001; Lunec et al., 2002; Thomas et al., 2007).

5.7.Vitamin C and Nicotine

Nicotine is an alkaloid present in many plants, and highly expressed in tobacco leaves
(Nicotiana tabacum), acting as a natural insecticide (Leete, 1983). The main concern about
the toxic effects of nicotine present in tobacco is related to a smoking habit. Mutagenicity of
nicotine has been evaluated, with various outcomes, which can be attributed to differences
between genotoxicity parameters evaluated, to repair capacity between various cells types
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used and, furthermore, to differences on doses (Adler & Attia, 2003; Argentin & Cichetti,
2004; Attia, 2007; Guarnieri et al., 2008).

Nicotine absorption increases with the amount of contact surface, and therefore, dermal
contact by tobacco farmers, with tobacco leaves, is a pathway of exposure. Hence, the larger
the contact surface the greater the nicotine absorption (Da Silva et al., 2012a). When leaves
are wet, or when farmers are with skin bruises, the absorption is significantly increased.
Absorption is also affected by variables that influence vasodilatation as heat, temperature,
alcohol consumption and smoking (Quandt et al., 2000). Nicotine is absorbed and
metabolized by cytochrome P450 (CYP450), a superfamily of enzymes responsible for the
metabolism of many xenobiotics. The enzyme cytochrome P450 2A6 (CYP2A6) is
responsible for metabolizing 90% of nicotine (Nakajima et al., 1996; Tricker, 2003). Da Silva
et al. (2012b) analyzed genetic polymorphisms and their relationship with mutagenicity in
individuals exposed to nicotine from tobacco leaves in tobacco fields. Results showed that, of
the various genes analyzed, the genotype CYP246*9*1/*] protected the genetic material
against micronucleus generation on cells from oral mucosa, indicating a relationship between
genetic susceptibility and damage caused by nicotine (Da Silva et al., 2012b). Other studies
demonstrated mutagenic effect of nicotine (Adler & Attia, 2003; Arabi, 2004; Argentin &
Cichetti, 2004; Da Silva et al., 2010; Munzner & Renner, 1989).

Attia (2007) and Da Silva et al. (2010) noted that antioxidants protect DNA against
damages caused by nicotine, suggesting that nicotine genotoxicity may be, at least in part,
mediated by a mechanism of oxidative stress. Messner et al. (2012), using humans endothelial
cells incubated with the tar fraction of cigarettes found that after 5 hours of incubation
occurred a significant increase in ROS, indicating high oxidative stress. Furthermore, high
level of oxidative stress, observed in who exercise and smokers, are associated with high
production of 8-OHdG (Huang et al., 2000). Jacobson et al. (2000) performed a study aimed
to identify the possible antioxidants effects of vitamins intake (C, E and PB-carotene) in
smokers. First of all, they found that smokers, regardless of ingesting vitamins or placebo,
showed elevated levels of 8-OHdG. Plasma levels of the three antioxidants significantly
increased in the smoking group, but the DNA damage evaluated showed no statistic
difference between the groups. In a recent work from our group, at a dose of 1mg/kg, as
recommended by the USDA (U.S. Department of Agriculture, 2005), vitamin C showed an
antigenotoxic potential related to nicotine, up to 99% when used in pre-treatment on mice
(Kahl et al.,, 2012). The study analyzed the possible antigenotoxic and antimutagenic
activities of vitamin C against DNA damage induced by nicotine in mice. At three times of
blood collection after nicotine administration (2h, 4h and 24h), it was observed that starting
from 4h, vitamin C in pre-treatment, protected the genetic material from blood cells of
animals. Vitamin C also decreased the micronucleus frequency in reticulocytes induced by
nicotine, demonstrating its antimutagenic potential (Kahl et al., 2012).

For human smokers, a seven days supplementation with vitamin C decreased
significantly the micronucleus frequency, which are cytogenetic markers of mutation
(Schneider et al., 2001), while DNA repair activities were increased to smokers with high
levels of oxidative stress with 500mg of vitamin C daily intake for 4 weeks (Guarnieri et al.,
2008). The exposure to nicotine, through the smoking habit, increases plasma levels of DNA
adducts of type polycyclic aromatic hydrocarbons (PAH), which are reduced when vitamin C
intake occurs (Grinberg-Funes et al., 1994). Micronutrients (Fenech & Bonassi, 2011),
vegetables and fruits intake (Franke, 2006; Guarnieri et al., 2008; Riso et al., 2010), and also
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the influence of polymorphisms of xenobiotics (Grinberg-Funes et al., 1994; Riso et al., 2010)
appear to contribute to individual differences observed with respect to human response to
treatment with antioxidants such as vitamin C.

It is possible, therefore, that the nicotine genotoxic effect is mediated by an oxidative
stress mechanism and that vitamin C protects the genetic material acting as antioxidant (Attia,
2007; Da Silva et al., 2010; Kahl et al., 2012). Nevertheless it is important to consider that
vitamin C impact on human health and, particularly, on DNA damage, depends on both
individual levels of vitamin C as individual level of exposure to xenobiotics or oxidative
stress (Sram et al., 2012).

CONCLUSION

Vitamin C is the only antioxidant vitamin which intake as supplement is not associated to
increased mortality among well-nourished populations (Biesalski et al., 2010; Bjelakovic et
al., 2007). There is evidence that slight intake of vitamin C is enough to cause oxidative stress
protection, and protection against diseases (IOM, 2000a). This fact indicates that the noxious
effects of vitamin C supplementation at typical doses are likely to be very limited. Vitamin C
usage must be more relevant to populations with low vitamin C status due to under-
nourishment or diets with lack of fruits and vegetables.

There is suggestive evidence showed by our research group and others researchers that
vitamin C may act in DNA repair. If vitamin C may stimulate DNA repair, the DRI could be
increased for the general population (referred to pollution and diets deficient in
micronutrients), and not just for smokers or individuals with high levels of oxidative stress, as
has been advocated by dietary guidelines (IOM, 2000a). It is worth remembering that eating
five servings of fruits and vegetables, recommended to the prevention of chronic degenerative
diseases, can provide at least 200 mg per day of vitamin C, clearly above the DRI set in 2000
(75-90 mg vitamin C day (Franke et al., 2005b) for adult women and men, respectively).

There is evidence that higher dietary intakes of vitamin C reduces the level of DNA
damage in several human conditions such as early cardiovascular risk (Kliemann et al., 2012),
diabetes (Franke et al., unpublished data) and obesity (Leffa et al., unpublished data). The
supplementation of vitamin C (120 mg/day) was shown to reduce DNA damage associated to
anfepramone, an anorexigenic drug (Nunes, 2011). Also, vitamin C was shown to reduce the
DNA damage associated with nicotine (Kahl et al., 2012).

Vitamin C supplementation did not appear to cause DNA damage under normal
physiological conditions nor did it protect cells against hydrogen peroxide-induced toxicity
(Crott & Fenech, 1999). This fact summed to the potential of vitamin C to act as pro-oxidant
when in higher concentrations, leads to the concept that vitamin C supplementation can be
suggested up to certain levels. In line, negative interaction with metals could lead to increased
oxidative stress.

The levels of supplementation seem not to be any higher than 2 g/day, given the risk of
renal calculi. However, further studies are needed to define the ideal intake of vitamin C to
increase genome stability. Importantly, decisions regarding vitamin C supplementation should
be evaluating all available evidence and weighting all probability risk against the likelihood
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of benefit (Mahan et al., 2011). The clinical decision must take into consideration most
recently available scientific information and follow the evidence-based medicine principles.
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Chapter 2

AN OVERVIEW OF THE ANALYTICAL METHODSTO
DETERMINE ASCORBIC ACID IN FOODSTUFFS

Julia Lopez-HernandeZz and Ana Rodriguez-Bernaldo de Quiros'
Department of Analytical Chemistry, Nutrition and Food Science,
University of Santiago de Compostela, Santiago de Compostela, Spain

ABSTRACT

Ascorbic acid is a natural antioxidant widely distributed in fruits and vegetables.

It is well known its participation in different biological processes such as, collagen
formation, iron absorption and its involvement in neurotransmission and in immune
responses. In addition is employed as additive to prevent food deterioration. Numerous
analytical techniques have been developed for the determination of ascorbic acid in
foods, including colorimetric, spectrophotometric, potentiometric, spectrofluorimetric,
chromatographic and so on.

The present work intends to provide an updated review on the analytical methods for
the analysis of ascorbic acid in foodstuffs. The analytical conditions, the advantages and
the drawbacks and the method validation characteristics are commented on. Moreover,
the extraction procedures of the antioxidant from the food matrix are reviewed.

1. INTRODUCTION

Ascorbic acid is a natural antioxidant widely distributed in vegetables and fruits, mainly
citrus and tropical fruits. It is involved in different biochemical processes such as collagen
formation, iron absorption and physiological functions including its involvement in
neurotransmission and in immune responses (Spinola, et al. 2012; Martinez, 1998; Fenoll, et
al. 2011; Pisoschi, et al. 2011). The ascorbic acid is not synthesized by the organism so it
should be provided by the diet. The lack of the ascorbic acid can cause diseases such as
scurvy. However, high levels of ascorbic acid in the human body could cause adverse effects.
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In addition, it is used as a food additive by the industry in different food items including,
fruit juices, jams and dairy products among others, in order to avoid the oxidation (Adam, et
al. 2012).

The study of the ascorbic acid has attracted the interest of the scientists in different fields;
food science, pharmaceutical and clinical analysis. Therefore, sensitive and reliable methods
to determine the antioxidant in different matrix are required. Several analytical techniques
have been employed for its determination; including spectrophotometric, potentiometric,
spectrofluorimetric, titrimetric, and chromatographic methods among others. The last ones are
preferred because of their advantages of simplicity, short analysis time and sensitivity.
Recently, ultra-high-performance liquid chromatography (UHPLC) has been successfully
applied to determine the ascorbic acid as an excellent alternative to the conventional liquid
chromatography. Regarding the detection systems; UV-Vis, fluorescence (FLD),
electrochemical and mass spectrometry have been generally used. For fluorescence detection
a derivatization step is necessary after treatment of the sample to obtain a fluorescent
derivative of ascorbic acid. Mass spectrometry provides an excellent sensitivity and
selectivity but its use become very expensive and it is not realistic for the routine analysis
(Novakova et al. 2008).

The present chapter is focused on the methods of analysis of ascorbic acid particularly
chromatography, although are also presented spectrophotometric, electrophoresis, voltametric
and potentiometric.

2. EXTRACTION PROCEDURES OF AsScoRBIC AciD FRoM FooDs

The extraction of ascorbic acid from foods generally involves a treatment with an
aqueous acidic solution; followed by a homogenization or centrifugation. A derivation step is
essential when fluorescence is used as a detection system. In Table 2.1 some of the commonly
used extraction procedures of ascorbic acid from foods are summarized.

3. ANALYTICAL TECHNIQUES

3.1. High Performance Liquid Chromatography (HPLC)

Liquid chromatography coupled to different detection systems such as UV-Vis,
electrochemical, fluorescence or mass spectrometry have been commonly employed to
determine ascorbic acid. The separation of the vitamin was usually performed on a reversed
stationary phase and employing a mobile phase at an acidic pH.

An isocratic and reversed-high-performance liquid chromatographic method to analyze
ascorbic acid is reported by Janjarasskul et al. (2011). A C18 column, (25 cm x 4.6 mm i.d., 5
um particles) (Supelco, Bellefonte, PA), with a C18 guard column (5 pum, Supelco) was
employed as a stationary phase and an aqueous solution of phosphoric acid (pH 2.0) as the
mobile phase. The flow rate was 1.0 mL/min. The wavelength was set at 245 nm.
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Table 2.1. Extraction procedures of ascorbic acid from foods

Food matrix Extraction solvent Treatments References
Fruits (passion fruits papayas, |3% metaphosphoric acid—8% acetic acid—1 mM Homogenization and centrifugation (10,000 rpm,|Spinola et al. (2012).
strawberries lemons) and vegetables|ethylendiaminetetraacetic acid disodium salt{10 min). Total ascorbic acid was determined after

(broccoli and green and red peppers).

(EDTA).

conversion of dehydroascorbic to L-ascorbic by using
Tris buffer containing DL-1,4-dithiothreitol (DTT) at a
concentration of 20mM; the reaction was stop by
adding 0.4 M H,SO,.

Edible whey protein films.

Phosphoric acid solution (pH 2.0).

Homogenization and centrifugation (300 rpm for 1.5
min).

Janjarasskul et al. (2011).

Tomato paste.

2.5% m-phosphoric acid.

Vortex and centrifugation (4000 x g for 20 min). DL-
1,4-Dithiothreital was used to convert dehydroascorbic
to L-ascorbic.

Koh et al. (2012).

Honey.

Ultra pure water; NaOH 2M and 12.5mL of]
phosphate buffer IM (pH = 5.5).

Homogenization and solubilization.

Ciulu et al. (2011).

Citrus fruits (Clementine mandarins and
Meyer lemons).

Water and 3%meta phosphoric acid.

Homogenization and mixed.

Uckoo et al. (2011).

Different enriched food products.

2% (w/v) metaphosphoric acid solution.

Sonication and centrifugation (4100 g for 15 min).

Engel et al. (2010).

Biological matrices.

Aqueous solution of 10% meta-phosphoric acid
(ascorbic acid). Aqueous solution of tris(2-
carboxyethyl)phosphine solution in 0.05%
trifluoroacetic acid .

Vortex-mixed and centrifugation (2500 g for 10 min).

Khan and Igbal (2011).

Tomato, kiwi, and mango.

Methanol + a mixture of meta-phosphoric acid
3% and acetic acid 8%.

Homogenization.

Garrido Frenich et al. (2005).

Tropical fruits (banana, papaya, mango,
and pineapple).

Two solvents extraction:
-3% metaphosphoric acid- 8% acetic acid.
-0.1% oxalic acid.

Homogenization and centrifugation (9000 g for 20
min).

Hernéandez et al. (2006).

Exotic fruits (mango, papaya, passion
fruit, etc.).

10% (v/v) perchloric acid and 1% (w/v)
metaphosphoric acid

Vortex (1min) and dilution.

Valente et al. (2011).

Strawberries, tomatoes and apples.

4.5% metaphosphoric solution.

Homogenization and centrifugation (22,100g for 15
min).

Odriozola-Serrano et al. (2007).

Pepper, tomato, orange and lemon.

0.05% (w/v) EDTA (Ethylendiami-netetraacetic
acid disodium salt dehydrate).

Homogenization and centrifugation (10000g for 10
min).

Fenoll et al. (2011).
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Table 2.1. (Continued)

Food matrix Extraction solvent Treatments References

Green beans (Phaseolus vulgaris L.). 3% metaphosphoric acid with 8% acetic acid ~ |Magnetic stirring. Ascorbic acid was oxidized to|Sanchez-Mata et al. (2000).
dehydroascorbic  acid.  Derivatization ~with  o-
phenylenediamine.

Fruit juices, soft drinks and isotonic
beverages.

No extraction only sample dilution when
necessary.

Direct analysis.

Rodriguez-Bernaldo de Quirds et al.
(2009).

Alpine food plant (Phyteuma orbiculare
L)

5% metaphosphoric acid.

Mixed in a mortar.

Abbet et al. (2013).

Sea urchin (Paracentrotus lividus, L).

4.5% metaphosphoric acid.

Vortex (2 min) and centrifugation (5 min, 1100 rpm).

Rodriguez-Bernaldo de Quirdés et al.
(2001).

Orange juice, apple juice and orange
drink concentrate.

Samples were diluted with double-distilled
water.

Centrifugation (5 min, 10 x 10° x g).

Tang and Wu (2005).

Beverages.

Sampled were diluted with water or with the
running buffer.

Sonication (10 min).

Law et al. (2005).

Fruits (lemon, Sunkist, and pineapple)
and spinach.

1 mM EDTA/0.2 M KH,P0,/0.474 M 27 mL
H;PO, (pH 2).
1 mM EDTA/3.0% methaphosphoric acid.

Homogenization and centrifugation (30 000 x g, 5
min).

Liao et al. (2001).

Food (Grapefruit juice, orange juice,
apples, kiwi fruits, tomatoes, milk,
endive, etc.)

1% (w/v) Methaphosphoric acid. Milk samples:
20% trichloroacetic acid.

Homogenization. Milk samples: centrifugation (4000
rpm, 10 min).

Burini (2007).

Wine samples.

Direct analysis.

Direct analysis.

Lopes et al. (2006).

Fruit juices (orange, pear, and mango),
ground chestnuts.

Fruit juices: 6.25% m-phosphoric acid (MPA),
2.5 mM Tris(2-carboxyethyl) phosphine
hydrochloride (TCEP), and 2.5 mM EDTA.
Ground chestnuts: 5% MPA, 2 mM TCEP, and
2 mM EDTA.

Fruit juices: dilution.
Ground chestnuts: centrifugation (3,000 x g, 5 min).

Barros et al. (2010).

Pharmaceutical preparation and energy
drink.

Aqueous organic buffer containing 200 mg/L
double-distilled water.

Dilution and sonication (10 min).

Karatapanis et al. (2009).
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More recently, Koh et al. (2012) developed a method to determine ascorbic acid in
tomato paste; in the analysis they used an Agilent Zorbax Eclipse XDBC18 column (4.6
250 mm, 5 pm) protected with a guard column (4.6 X 12.5 mm, 5 pm) of the same stationary
phase and 0.05 mol L—1 KH2PO4 (pH 2.6) at a flow rate of 1.0 mL/ min as mobile phase.
Chromatograms were recorded at a wavelength of 245 nm.

Ciuli et al. (2011) proposed a reversed-phase high-performance liquid chromatographic
with UV-Vis detection method for the simultaneous determination of hidrosoluble vitamins
including ascorbic acid in honey samples. A binary solvent gradient consisting of solvent (A)
aqueous solution of trifluoroacetic acid (0.025%, v/v), and solvent (B) acetonitrile at a flow
rate of 1.0 mL/min was employed. An Alltima C18 column (250 mm %4.6 mm, Sum particle
size (Alltech, Sedriano, Italy) equipped with a guard cartridge of the same material was used
for the separation of the water-soluble vitamins. With respect to performance characteristics,
satisfactory limit of detection and quantification 0.10 mg/kg and 0.30 mg/kg, respectively,
were achieved. Regarding the repeatability and reproducibility, appropriate values were
obtained 7.3 and 3.3%, respectively (CV% exp, r.). Recovery values were around 104%.

Uckoo et al. (2011) proposed an isocratic method to determine amines and organic acids
in citrus fruits. 3 mM phosphoric acid was used at a flow rate of 1.0 mL/min was used as a
mobile phase. In the study they tested three stationary phases: Xbridge C18 (3.5 um, 4.6 mm
x 150 mm i.d.) from Waters ; Gemini C18 (Sum, 250 mm X4.6 mm i.d.) from Phenomenex;
and Luna C18 (5 um, 250 mm X 4.6 mm i.d.) from Phenomenex. Ascorbic acid was detected
at 254 nm. The limit of detection and quantification obtained were 5 and 9.8 ng, respectively.
For ascorbic acid the recovery percentage ranged from 84.01 and 92.71%. depending on the
sample spiked.

A gradient system consisted of (A) 0.1% (v/v %) formic acid in water (pH 2.55) and (B)
0.1% (v/v %) formic acid in methanol at a flow rate of 0.5 mL/min and a Restek Ultra
Aqueous reverse phase C18 column (5 um, 150 x 3.2 mm) equipped with a guard column was
used to analyze free forms of B group vitamins and ascorbic acid in various fortified food
products; detection was performed at wavelength of 266 nm (Engel et al. 2010). A limit of
detection of 6 ng/mL for ascorbic acid was obtained.

Hernandez et al. (2006) compared a titrimetic method and a reversed-phase high-
performance liquid chromatographic method for the determination of ascorbic acid in tropical
fruits. The chromatographic separation was performed on a Shodex RSpak KC- 811 column
(250 x 4.6 mm i.d. 5 pm particle size) and using 0.2% orthophosphoric acid at a flow rate of
1.2 mL/min as mobile phase. The column temperature was set at 25 °C. Ascorbic acid was
detected at 245 nm. Under these conditions the detection limit was 0.1 mg/L. The method
presented a good linearity within the 0.5-50 mg/L range with a 12 of 0.999.

A reversed-phase high-performance liquid chromatography method with photodiode
array detection to determine ascorbic acid in exotic fruits was proposed by Valente et al.
(2011). The chromatographic conditions were as follows: the stationary was a Phenomenex,
Synergi™Hydro-RP (150 x 4.6 mm i.d., 4.0 um particle size) protected by a guard cartridge
AQ C18 (40 x 2.0 mm 1i.d., 5 um particle size), the column was thermostatted at 30 °C; a
mobile phase composed by 20 mM ammonium dihydrogen phosphate, pH 3.5 (adjusted with
orthophosphoric acid 85%), and containing 0.015% (w/v) of metaphosphoric acid was used.
The flow rate and the injection volume were 0.6 mL/min and 20 pL, respectively. The
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detection was done at 254 nm. Appropriate limits of detection (0.035 pg/mL) and
quantification (0.09 pg/mL) were achieved.

Two chromatographic methods with UV detection were compared in a study conducted
by Odriozola-Serrano et al. (2007). In the first method a reverse phase C18 Spherisorb®
ODS2 stainless steel column (250 x 4.6 mm, 5 pm) and an isocratic mobile phase consisting
of a 0.01% solution of sulphuric acid adjusted to pH 2.6 were employed. In the second one
the stationary phase was a NH2-Spherisorb S5 Column (250 x 4.6 mm, 5 um) and 10 mM
potassium dihydrogen phosphate buffer adjusted to pH 3.5 and acetonitrile (60:40 v/v) as the
mobile phase were used. In both methods the flow rate was set at 1.0 mL/min.
Chromatograms were monitored at 245 nm. Two reducing agents, DL-1,4-dithiotreitol and
2,3-dimercapto-1-propanol to convert dehydroascorbic to ascorbic acid were also compared.
Both methods showed good sensibility with limits of detection and quantification ranging
from 0.08 to 0.18 mg/100g and from 0.27 to 0.61 mg/100g, respectively. Recovery values
were higher than 93.6% for both methods.

Rodriguez-Bernaldo de Quirds et al. (2009) proposed a simple and rapid method to
determine ascorbic acid in fruit juices and soft drinks. The samples were analyzed directly
without a previous treatment; dilution when necessary.

A novel stationary Teknokroma, Tr-010065 Mediterranea seal8 phase (15 x 0.4 cm, i.d.,
3 um) based on perfectly spherical particles of ultra-pure silica with a very low metal content
were used to carried out the analysis; Milli-Q water (0.1% v/v formic acid) at a flow rate of
0.8 mL/min was employed as the mobile phase. Chromatograms were recorded at 245 nm.
The method showed a extraordinary sensibility with a limit of detection of 0.01 mg/L. The
within-day repeatability calculated as the relative standard deviation (R.S.D.) was lower than
2%.

Ferraces-Casais et al. (2012) in another study evaluated the ascorbic acid contents in
fresh seaweed using a Kinetex C18 (150 x 4.6 mm, 2.6 pm; Phenomenex®, USA) column
thermostatted at 30 °C as stationary phase and a mobile phase consisting of acetic acid—Milli-
Q water (0.1% v/v) at a flow rate of 0.7 mL/min. Detection was performed at A 245 nm.

A gradient of two eluents, (A) water containing 1.03 g/L of n-hexane sodium sulfonic
acid (pH adjusted to 2.6 with 40% H3PO4) and (B) and acetonitrile—water (8:2 v/v) was used
for the determination of ascorbic acid in an Alpine food plant. The flow rate was 1 mL/min
and the injection volume 10 pL. A EC Nucleosil C18 column (250 x 4.0 mm i.d., 100-5 pm)
protected by a guard column (8.0 x 4.0 mm i.d.) packed with the same material was used as
stationary phase and thermostatted at 25 °C. The wavelength was set at 241 nm. The limits of
detection and quantification obtained were 0.5 mg/100g and 2.0 mg/100g, respectively (Abbet
et al., 2013).

A polymeric stationary phase PLRP-S 100A (5 pm) column (150 mmx4.6 mm) was used
to analyze ascorbic in wine samples. A gradient of two eluents (A) water-trifluoroacetic
(99:1, v/v) and (B) acetonitrile-eluent A (80: 20 v/v) at a flow rate of 1 mL/min was used as
mobile phase. The injection volume was 20 pL. Chromatograms were monitored at 243 nm.
Under these analytical conditions detection and quantification limits were 1 and 5 mg/L,
respectively; and recoveries were higher than 90% (Lopes et al. 2006).

Adam et al. (2012) determine ascorbic acid in beverages by using High-Performance-
Liquid Chromatography-UV detection. The extraction of the vitamin from the drinks involves
a microextraction by packed sorbent (MEPS). Concerning the chromatographic conditions, a
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LiChrospher® 100 RP-18e¢ (250 x 4 mm i.d., sorbent size 5 pm) protected by a guard column
LiChrospher® 100 RP-18e (4 x 4 mm i.d., sorbent size 5 um) was used as a stationary phase.
The mobile phase consisted of water acidified with acetic acid pH 2.94 and methanol (B). The
analysis was performed under isocratic conditions with 80% (A) and 20% (B) at a flow rate of
ImL/min. The wavelength used was 265 nm. The limits of detection and quantification of the
method were 7.2 pg/mL and 24 pg/mL, respectively.

Two high-performance-liquid chromatographic methods with UV-Vis and fluorescence
detection were compared for the determination of ascorbic acid in sea urchin samples. Direct
determination of ascorbic acid at 245 nm was done with the UV-Vis detector; the HPLC-FLD
method involves a oxidation of ascorbic acid to dehydroascorbic acid, followed by a
derivatization with 1,2-phenylenediamine in order to obtain a fluorescence product (Aem 430
nm Aex 350 nm). The stationary phase was the same in both methods a Kromasil( 25 x 0.4
c¢m),100, C18 5 pTeknokroma. The mobile phase was Milli-Q water adjusted to pH 2.2 with
metaphosphoric acid, for the HPLC-UV method and methanol-0.1% metaphosphoric acid
(7:3 v/v) for the HPLC-FLD method. The flow rate and injection volume were 1 mL/min and
20 puL, respectively. The authors found that the HPLC-FLD showed better sensitivity (LOD:
0.082 pg/mL) than the HPLC-UV (LOD: 0.19 pg/mL) (Rodriguez Bernaldo de Quiros, et al.
2001).

In a study carried out by Sanchez-Mata et al. (2000) a spectrofluorimetric assay and a
chromatographic method were compared to determine ascorbic acid in green beans. The
chromatographic method involves the use of Sphereclone ODS 2, 5 um (Phenomenex) as a
stationary phase and 1.8 mM H2SO4 in distilled water (pH 2.6) as the mobile phase. The flow
rate was 0.9 mL/min and the injection volume was 20 pL. The detection was done with a UV-
visible detector at 245 nm. Regarding the method validation parameters, a suitable sensibility
(Detection Limit: 0.0097 mg/100 mL and Quantification Limit: 0.0323 mg/100 mL) were
achieved. Coefficients of variation of repeatability were lower than 4.474% and coefficients
of variation of reproducibility were 6.400% for ascorbic acid and 7.087% for Total Ascorbic
Acid. The values of recovery ranged from 89.379% to 93.269%.

Liquid chromatography with fluorescence detection was used to determine total ascorbic
acid in foods (Burini, 2007). The method involves the reaction of ascorbic acid with peroxyl
radical generated in situ by thermal decomposition of an azo-compound, 2,2’- azobis(2-
amidinopropane) dihydrochloride to produce dehydroasorbic followed by a derivatization to
form a fluorescence derivative. The separation was performed on a Nova-Pak C18
(150mmx3.9mm i.d., 4um particle size) column and using phosphate buffered solution (pH =
7.8) containing 16% MeOH (v/v) at a flow-rate of 0.8 mL/min as mobile phase. Detection
was performed at Aex = 365 nm and A, = 425 nm. With regard to the sensibility, a limit of
detection of 0.27 pg/mL was obtained.

A novel method for the determination of L-ascorbic acid, aminothiols, and methionine in
biological matrices by ion-pairing reversed-phase high performance liquid-chromatography-
electrochemical detection was reported by Khan and Igbal (2011). The analyses were
performed on a Supelco Discovery® HS C18 (250 mm x 4.6 mm, 5 pum; Bellefonte, USA)
analytical column equipped with a

Perkin Elmer C18 (30 mm x 4.6 mm, 10 um; Norwalk, USA) pre-column guard cartridge
and using a isocratic mobile phase composed by methanol-aqueous solution of 0.05%
trifluoroacetic acid (5:95, v/v), containing 0.1 mM 1-octane sulphonic acid as the ion-pairing
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agent. The flow rate was 1.5 mL/min. Regarding sensitivity, a limit of detection of 60 pg/mL
was obtained for ascorbic acid.

High-performance liquid chromatography coupled to mass spectrometry (HPLC-MS) was
used to determine simultaneously ascorbic acid, dehydroascorbic acid and 2,3-diketogulonic
acid in a model juice system. In this study a gradient of two eluents, (A) water-acetonitrile-
formic acid (95:5:0.95; v/v/v) adjusted to pH 1.8 and (B) acetonitrile at a flow rate of 1
mL/min was used. The separation was performed on a reverse phase/cation exchange column
(Primesep-D, 4.6mm x150mm, particle size 5 um) (Tikekar et al. 2011).

An isocratic method to determine ascorbic acid in vegetables and fruits by high-
performance liquid chromatography coupled to mass spectrometry was developed by Garrido
Frenich et al. (2005). Two coupled columns a Symmetry C18 (75 x 4.6 mm i.d. 3.5 pum) and
then an Atlantis dC18 (150 x 2.0 mm i.d. 5 um) were used to perform the analyses. The
columns were thermostatted at 30 °C. The mobile phase consists of 70% methanol (0.005%
acetic acid) and 30% acetic acid 0.05%. The injection volume was 10 pL. MS data were
acquired in negative mode with electrospray ionization (ESI). The developed method was
validated in terms of linearity, limits of detection and quantification, recovery and
repeatability. The method showed an excellent sensitivity, with a limit of detection and
quantification of 10 and 50 pg/L, respectively. The value obtained for the repeatability
expressed as R.S.D.% was 8.7% and regarding the recovery a 85% was achieved.

Ascorbic and dehydroascorbic acids were determined in fruits and vegetables by LC-
MS/MS using electrospray ionization (ESI) in the negative mode (Fenoll, et al. 2011). The
analyses were performed on a Prontosil C18 analytical column (250 x 3 mm, 3 pum particle
size). The column temperature was 20 °C. 0.2% (v/v) formic acid at a flow rate of 0.4 mL/min
was used as mobile phase. The injection volume was 20 pL. The limits of detection were 13
and 11 ng/mL and the limits of quantification were 44 and 38 ng/mL for ascorbic and
dehydroascorbic acids, respectively. Recoveries higher than 80% were obtained for both
analytes.

Hydrophilic interaction chromatography (HILIC) has been used by Barros et al. (2010) to
determine ascorbic and isoascorbic acids in different foods. The analyses were performed on
a TSKgel Amide-80 (4.6 i.d. x 100 mm, 5 pm, Tosoh Bioscience, Japan) column
thermostatted at 20 °C and using a gradient elution system consisted of (A) acetonitrile and
(B) aqueous 0.1% trifluoroacetic acid (90:10, v/v) at a flow rate of 0.7 mL/min as mobile
phase. The detection was done at 244 nm. A quantification limit of 1.5 mg/L was obtained for
ascorbic acid.

Drivelos et al. (2010) tested several HILIC columns to analyze ascorbic and isoascorbic
acids in fish tissue. APS-2 Hypersil (2.1 1.d.x50 mm, 3 pm, Thermo) was selected as the
stationary phase and acetonitrile— ammonium acetate (90:10, v/v) at a flow rate of 0.4
mL/min as the mobile phase to carry out the analyses. The injection volume was 20uL and
the optimum wavelength was 240 nm.

Karatapanis et al. (2009) used a HILIC-diol column to separate several water-soluble
vitamins including ascorbic acid. The analytical conditions were as follows: HILIC Inertsil,
diol column (150 mm x 4.6 mm, 5 um particle size); the mobile phase was composed by
ACN-H20 (90:10 v/v), containing ammonium acetate 10 mM, triethylamine 20 mM, pH 5.0;
flow rate 0.8 mL/min and the ascorbic acid detection wavelength was 267 nm. Under these
conditions a limit of detection of 0.3 pg/mL was obtained for ascorbic acid.
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Hydrophilic interaction liquid chromatography coupled to a diode array detector (DAD)
was employed to determine ascorbic acid (Novakova, 2008). The separation was carried out
on a ZIC HILIC (150 x 2.1 mm, 3.5 pum) column; the mobile phase consisted of acetonitrile
and 50 mM ammonium acetate buffer pH 6.8 (78:22 v/v); the flow rate was 0.30 mL/min and
the injection volume 5 pl. The column temperature was 23 °C and the wavelength used 268
nm.

3.1.1. Ultrahigh-Performance Liquid Chromatographic (UPLC)

Lately, the ultrahigh-performance liquid chromatography has been used in the food
analysis field due to its advantages in comparison with the conventional liquid
chromatography, such as higher resolution and shorter analysis time, among others.

An UPLC-PAD method for the determination of L-ascorbic acid was reported by Spinola
et al. (2012). The separation was performed on a Acquity HSS T3 analytical column (100 x
2.1 mm, 1.8 pum particle size) and using a mobile phase composed by an aqueous 0.1% (v/v)
formic acid solution at a flow rate of 250 pL/min. The detection was done at 245 nm. Under
these conditions the analysis was completed within 3 minutes. Regarding the method
validation, an appropriate sensitivity (LOD: 22 ng/mL; LOQ: 67 ng/mL), good precision
(R.S.D. < 4%) and satisfactory recoveries (96.6 + 4.4% for L-ascorbic acid and 103.1 = 4.8 %
for total ascorbic acid) were achieved.

The method proposed by these authors is rapid, sensitive and environmental friendly
when compared with conventional HPLC.

More recently, the same authors applied the UPLC-PAD method for the determination of
ascorbic acid in different fruits and vegetables from Madeira. The chromatographic
conditions employed were the same as previously reported (Spinola et al. 2013).

3.2. Gas Chromatography (GC)

In a study conducted by Silva (2005) a gas chromatographic method with flame
ionization detector (FID) to determine total ascorbic acid in fresh squeezed orange juice was
developed. The method involves the use of a Chrompack (Middelburg, Netherlands) (CP-Sil-
5,15 mm x 0.32 mm L.D., 0.25 pm film thickness) column as a stationary phase. Operating
conditions were as follows: the injection port and detector temperatures were set at 300 °C,
the ramp temperature was initially set at 150 °C for 1 min, then increased at 20 °C/min until
320 °C and held for 3 min. Injection was performed in the split mode with a split ratio of
100:1. A limit of detection of 4 mg/100 mL was obtained.

Vecci & Kaiser (1967) determined ascorbic acid by gas chromatography coupled to mass
spectrometry as its trimethylsilylether derivative.

3.3. Capillary Electrophoresis

CE appears as an alternative to chromatographic methods for the determination of food
components such as a vitamin’s organic acids and so on. CE has been successfully applied for
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the determination of ascorbic acid in different food items (Cheung et al. 2007). This technique
provides good sensitivity and high resolution.

Tang and Wu (2005) developed a simple and rapid capillary zone electrophoresis (CZE)
method to determine ascorbic acid and sorbic acid in fruit juices. The analytes were separated
under the follow conditions: 80 mmol/L boric acid—5 mmol/L borax (pH = 8.0) and a 75 pm-
i.d., 360 um-o.d. fused-silica capillary tube with a length of 55 cm. The detection was
performed with a UV detector; the wavelength selected was 270 nm. For ascorbic acid the
method showed a good linearity within 2.54-352.00 mg/L range. The limit of detection
obtained was 1.70 mg/L.

Choi and Jo (1997) determined ascorbic acid in different foods including, ascorbic acid
fortified biscuit, candy, chocolate and balanced nutrition biscuit, by capillary zone
electrophoresis coupled to a diode array detector; the analysis was completed within two
minutes. The wavelengths used were 245 and 265 nm. The separation was carried out on
untreated fused-silica capillary of 27 cm of length x 57 pum L.D. and using a sodium borate
buffer. Under these conditions the limits of detection and quantification achieved were 0.06
and 0.25 pg/mL, respectively. Recoveries higher than 95% were obtained.

A comparison of conventional capillary electrophoresis and microchip electrophoresis
with capacitively coupled contactless conductivity detection for the determination of ascorbic
acid in beverages is reported by Law et al. (2005). For the conventional capillary
electrophoresis method a fused-silica

Capillaries (50 um ID and 360 pm OD) with a length of 60 cm and buffer of 10mM
histidine/ 0.135mM tartaric acid, 0.1mM CTAB, and 0.25% hydroxypropyl-p-CD (HP--CD)
were used whereas for the microchip electrophoresis method PMMA microchips with
dimensions of 90 x 16mm and histidine/tartrate buffer at pH 6.5, with 0.06% HP-B-CD and
0.25mM CTAB were employed. The limit of detection obtained with the conventional CE
method was 3 mg/L and with the microchip 10 mg/L. But however, the analysis time was
shorter with the microchip method.

Capillary zone electrophoresis has also been used by Liao et al. (2001) to quantify
ascorbic acid in fruits and vegetables. The analyses were performed on an uncoated fused
silica capillary tubing (57 cm length, 75 um inner diameter) and using 0.2 M borate buffer
(pH 9.0) as running buffer. The detection was done at wavelength of 265 nm. Recoveries
ranged between 95% and 105%.

Three soluble vitamins including ascorbic acid were separated by means of
poly(dimethylsiloxane) microchannel electrophoresis with electrochemical detection. 20 mM
borate solution (pH 8.5) was used as a carrier buffer. The proposed method showed a good
sensibility with a limit of detection of 1.0 uM, and appropriate recoveries ranging from 86.6
to 112.3% (Li et al. 2007).

3.4. Spectrophotometric and Spectrofluorimetric Methods

Spectrophotometric methods have been widely used to determine ascorbic acid in
different matrices such as biological samples and pharmaceutical preparations among others.
These methods are fast and simple (Arya et al. 1998).
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Nejati-Yazdinejad (2007) developed a spectrophotometric method for the determination
of ascorbic acid. Cu (II) was used as ascorbic acid oxidant, once the reaction was completed
the excess of Cu (II) was determined by complexation with alizarin red s (ARS). The method
showed a good sensibility with a limit of detection of 0.35 ppm and satisfactory recoveries (>
97%).

A spectrophotometric method that involves the wuse of iron (IlI), and p-
carboxyphenylfluorone in a cationic surfactant micellar medium to analyze vitamin C in
pharmaceutical preparations has been proposed by Fujita et al. (2001).

Spectrofluorimetry technique was applied to determine ascorbic acid, in green beans,
after the oxidation to dehydroascorbic acid and derivatization with o-phenylenediamine. The
wavelengths used were Aex 350 nm and Aem 430 nm, respectively. With regard to the method
sensibility, a limit of quantification of 0.0998 mg/100 mL and a limit of detection of 0.0299
mg/100 mL, were obtained (Sanchez-Mata et al. 2000).

3.5. Other Methods

In this section other methods such as voltametric and potentiometric are commented on.

A voltametric determination of ascorbic acid in fruit juice samples has been reported by
Romao Sartori and Fatibello-Filho (2012). The determination was performed using a glassy
carbon electrode modified with functionalized multiwalled carbon nanotubes within a
poly(allylaminehydrochloride) film.

Calibration curves were constructed within the 5.0 to 200.0 uM range and a limit of
detection of 3.0 uM was obtained.

Differential pulse voltammetry and using a chitosan-graphene modified electrode was
employed for the determination of ascorbic acid together with other analytes (Han et al.
2010). The linearity of the method was evaluated within a concentration range 50-1200 puM.
The detection and quantification limits achieved were 50 and 166 uM, respectively.

Differential pulse voltammetry was also employed to determine ascorbic acid in fruit
juices and wine samples in a method described by Pisoschi et al. (2011). The analyses were
performed at Pt and carbon paste electrodes.

Bas et al. (2011) reported a method that involves a voltammetric determination of several
vitamins including ascorbic acid, for that they used a silver liquid amalgam film—modified
silver solid amalgam annular band electrode (AgLAF-AgSAE). The method showed a good
linearity within the concentration range studied (0.05-12 mg/L) with a correlation coefficient
01 0.9998, and an extraordinary sensitivity with a limit of detection of 0.02 mg/L.

A potentiometric sensor based on molecularly imprinted polypyrrole to determine
ascorbic acid was developed by Tonelli et al. (2011). The sensor was successfully used to
analyze ascorbic acid in food and pharmaceutical samples.

Llamas et al. (2011) used a flow injection spectrophotometric method (FIA) to determine
ascorbic acid in fruit juices. The wavelength used to detect ascorbic acid was 300 nm. The
method showed a good linearity within the concentration range (4.18-20.8 mg/L) studied (R2
0.9914). Detection and quantification limits were 2.26 and 7.5 mg/L, respectively.
Appropriate recoveries were achieved (> 96%)).
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CONCLUSION

Different techniques including, spectrophotometry, spectrofluorometry, voltammetry,
potentiometry, titrimetric methods, chromatography and electrophoresis among others have
been applied to determine ascorbic acid in foods. Chromatographic techniques present several
advantages such as simplicity, short analysis time and sensitivity. In this chapter an overview
of the methods to determine ascorbic acid, particularly chromatography, is presented. The last
trends in chromatographic techniques, such as ultra-high performance liquid chromatography
(UPLC) are also included and commented on.
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ABSTRACT

Daily food supplementation rich by vitamin C is an important issue for our body.
There is an individual difference of daily intake of dietary vitamin C depending on the
age. Preventive and therapeutic doses of vitamin c range from 500 to 1000 mg per day. It
is a recommended dose to prevent or treat many of disorders induced by vitamin C
deficiency. It is used by the body to form cartilage, tendons, ligaments, skin and blood
vessels. Vitamin c acts as an antioxidant by protecting the body against oxidative stress. It
is a powerful reducing agent capable of rapidly scavenging a number of reactive oxygen
species (ROS). The risk of developing some of diseases is reduced by recommended
daily intake of dietary vitamin C according to recent studies. But taking vitamin C
supplements will not prevent any of these conditions. Role of vitamin C for prevention or
treatment of cancer is still controversial among different studies.

INTRODUCTION

Daily intake of vitamin C is an essential need for our body; it isn’t stored in the body
because it is a water-soluble vitamin. We should be depended on the daily food
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supplementation rich by vitamin ¢ such as citrus fruits, broccoli, and tomatoes. Orange,
spinach, red and green peppers, watermelon, papaya, grapefruit, cantaloupe, strawberries,
kiwi, mango, Brussels sprouts, cauliflower, pineapple, potatoes and cabbage. Every person
should eat these fruits and vegetables raw or lightly cooked because Vitamin C is sensitive to
light, air and heat. Daily of dietary vitamin C intake should be calculated according to content
of vitamin in every food such as one cup of Cantaloupe (59 mg) , one cup of Orange juice (97
mg), one cup of cooked Broccoli (74 mg) , one cup of Red cabbage(80 mg), one cup of
Tomato juice (45 mg), one Kiwi (70 mg) and one cup of Green pepper (120 mg). Synthetic
vitamin C is available in a variety of forms such as tablets, capsules, powdered crystalline,
effervescent, liquid and chewable forms. The best way to take vitamin C supplements is 2 - 3
times per day, with meals, depending on the dosage, adults should take 250 - 500 mg twice
per day as seen by Michaels & Frei (2012).

1. RECOMMENDED SUPPLEMENTATION

According to the National Academy of Sciences (NAS), daily intake of dietary vitamin C
is different from person to another depending on his age. Newborn and infant up to 6 months
should be taken 40 mg per day and raise to 50 mg per day until 12 months. Child of 1-3 years
needs less daily intake around 15 mg and raise to 25 mg until 8 years and then 45 mg by end
13 years. Adolescent boys of 18 years need 75 mg per day but Adolescent girls of the same
age need less daily intake around 65 mg. Pregnant women should be taken 80 — 85 mg per
day but daily intake of Breastfeeding women ranges from 115- 120mg per day. Smoking
depletes approximately 35 mg of vitamin C per day. The preventive and therapeutic dose of
vitamin C ranges from 500 to 1000 mg per day. It is a recommended dose to prevent or treat
many of disorders induced by vitamin C deficiency. Depending on antioxidants and health
effects of vitamin C, recommended dietary allowance for vitamin C is 60 mg/day for healthy,
non-smoking adults. It is determined by the rate of turnover and rate of depletion of an initial
body pool of 1500 mg vitamin C and an assumed absorption of 85% of the vitamin at usual
intakes. This amount provides an adequate margin of safety. Vitamin C is safe because our
body gets rid of non-used vitamin C. But, high dose (more than 2000 mg per day) is limited
for some persons because it causes diarrhea or git upset. Some patients of inherited diseases
such as hemochromatosis should not take vitamin C supplements because it increases the
amount of iron absorbed from foods as seen by McGregor & Biesalski (2006).

2.BASISOF VITAMIN C ROLE

Collagen formation depends on the presence of vitamin C. It is used in the formation of
cartilage, tendons, ligaments, skin and blood vessels and then Vitamin ¢ plays an imperative
role for healing wounds, repairing bones and teeth. Deficiency signs of vitamin C represent as
gingivitis, bleeding gums, dry & scaly skin and defective healing wound but scurvy is the
severe form of vitamin C deficiency. Oxidative stress means that free radicals (reactive
oxygen species "ROS") in the body more than antioxidants. The oxidative process damages
the important biological macromolecules such as DNA, proteins and lipids. The free radicals
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lead to aging process and development of some health conditions such as cancer, heart
disease, and arthritis. Vitamin C acts as an antioxidant by protecting the body against
oxidative stress. It is a powerful reducing agent capable of rapidly scavenging a number of
reactive oxygen species (ROS). There are many controversial studies on role of vitamin C in
the body. Is its role preventive or treatable for many diseases? Some studies conducted to
conclusive answer that diet contained enough vitamin C lead to reduction the risk of
developing some of diseases. But taking vitamin C supplements will not prevent any of these
conditions as seen by Padayatty et al., (2003).

3. HEPATIC EFFECTS

The liver is the second largest organ in the human body and it is one of the five vital
organs. The liver conducts several hundreds of functions; it metabolizes nutrients and
substances. It also stores many vitamins and minerals. With liver diseases, Vitamin
requirements increase for tissue repair and compensation of reduced storage capacity. The
dietary intake of vitamin is often decreased because of git upset symptoms such as vomiting.
It is known that vitamin C is involved in corticosteroid and cholesterol metabolism, electron
transport processes and conversion of folic acid to folinic acid. This vitamin is considered the
most potent antioxidant for liver because it protects hepatic cells from any chemical induced
toxic effect. It antagonises the released free radicals of hepatic detoxification process.
According to the above mentioned knowledge, some researchers searched about role for
vitamin C in treatment of liver diseases. Ersoz et al. (2005) confirmed that Vitamin C with E
is effective treatment option in patients with fatty liver disease in comparison with
ursodeoxycholic acid as other therapeutic option for the same disease. Claudia et al. (2003)
discovered that Vitamin C inhibits the development of experimental liver steatosis induced by
choline-deficient diet in contrast to vitamin E which had not the same action for the same
disease.

The University of Michigan, Medical School had many studies on relation of vitamin C
and liver diseases especially alcoholic cirrhosis and fatty liver diseases. It was conducted that
this vitamin can prevent or treat liver diseases depending on its dose ranging from 500 - 5000
mg/day according to type of hepatic disease and tolerance of the body to vitamin C. Ascorbic
acid is considered as liver detox because it helps liver to detoxify any toxin and neutralizes
any free radical release.

Acute viral hepatitis (hepatitis A), chronic hepatitis (hepatitis B) and non-A non-B
hepatitis respond well to very large doses of vitamin C and B-complex vitamins.
Myoglobinuria produce hepatic failure by oxidative reactions. It is induced by
rhabdomyolysis (skeletal muscle injury). Sabzevarizadeh & Najafzadeh, (2012) discovered
that myoglobinuric hepatic failure is modulated of by vitamin C administration is better than
silymarin administration. Cisplatin is one of chemotherapy for cancer but it has a major side
effect for liver because it reacts with hepatic vital compounds such as proteins or DNA. Liver
degeneration and cell death is the end result of cisplatin use as therapeutic agent for cancer.
Some researchers suggested that combination of spirulina and vitamin C can be given before
and during chemotherapy cycles to reduce the risk of liver damage or renal failure with
Cisplatin.
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4. RENAL EFFECTS

The kidney is an excretory organ; it filters the blood except red blood cells and protein.
Kidney maintains acid-base balance, recycles water and minerals and excretes waste products
in the urine. Vitamin C is filtered and wasted through the kidneys, where vitamin C does not
cause kidney problems but it prevents them from dysfunction as seen by (Sebastian et al.
2003). It stops the formation of oxalate stones and dissolves phosphate kidney stones.
Ascorbic acid acidifies the urine and then dissolving phosphate stones and preventing their
formation. Acidic urine dissolves also magnesium ammonium phosphate stones which require
surgical removal. Both the urinary tract infections and stone are easily cured with large doses
of vitamin C. Daily consumption of greater amounts than recommended of ascorbic acid
prevent nearly 100% the urinary tract infections and stone. Ascorbate increases the body's
production of oxalate but it does not increase oxalate stone formation. Vitamin C in the urine
binds calcium and decreases its free form. This means less chance of occurrence of calcium
oxalate stones formation. The diuretic effect of vitamin C reduces the static conditions which
are necessary for stone formation. Dialysis is only and an important therapeutic option in
cases of renal failure. Therefore, during dialysis, the water soluble vitamins such as B-
complex and C are lost from the blood. Supplementation of these vitamins in these times is an
essential issue. Deicher (2003) referred that 300 mg parenteral ascorbate is recommended for
chronic kidney disease and hemodialysis patients because ascorbate represents one of the
most prominent antioxidants both in plasma as well as intracellular, exerting beneficial effects
by an inhibition of lipid peroxidation and reduction of endothelial dysfunction and then it
decreases the accelerated atherosclerosis of chronic kidney disease patients. Reactive oxygen
species is a fundamental issue in pathogenesis of chronic renal failure causing protein, lipid
and DNA damage. Supplementation with antioxidants such as vitamin C prevents oxidative
stress such as lipid peroxidation and then chronic renal failure and its complications as seen
by (Ratna & Vasudha 2009). Rhabdomyolysis is one of the most important causes of acute
renal failure. Free radicals have a vital role in pathogenesis of myoglobinuric acute renal
failure. Thus Vitamin C has ability to prevent this disease because it is a major antioxidant.
Ustundag et al. (2008) confirmed that 20 mg/kg of vitamin C may be beneficial for better
functional and morphological recovery in rhabdomyolysis-induced acute renal failure.

5. CARDIOVASCULAR EFFECTS

There is an inverse relationship between blood ascorbate concentration and
cardiovascular mortality in old age patients. It showed protective effects of vitamin C for
cardiovascular diseases as seen by Cook et al. (2007). Vitamin C slows down the progression
of atherosclerosis by prevention of plaques formation on arterial walls and keeps flexibility of
arteries as seen by (Lonn, 2001; Langlois et al. 2001). Patients of low levels of vitamin C may
be more likely to have a heart attack or peripheral artery disease such as atherosclerosis.
Physicians recommended that foods rich in antioxidants such as vitamin C for patients of
hypertension because it lowers risk of high blood pressure depending on population based
studies. Oxidative stress and sympathetic activity are main issues for pathogenesis of essential
hypertension. Reactive oxygen species can modulate sympathetic nerve activity. Vitamin C
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has a clear effect on sympathetic activity of muscle and sensitivity of baroreflex in
hypertensive patients as seen by (Shinke et al. 2007).

6. RESPIRATORY EFFECTS

Ascorbic acid plays an important role for lung health especially if it suffers from serious
effects of smoking. Clinical study confirmed that vitamin C may prevent symptoms of airway
diseases such as cystic fibrosis and chronic obstructive lung diseases. Vitamin C maintains
hydration of airway passages. So any shortage of vitamin C supplementation leads to dryness
of airway passages and participation of respiratory infection. Other studies referred to
importance of higher daily intake of vitamin C for good lung function. Recent studies showed
that vitamin C reversed oxidative damage of proteins and lipids which were induced by
cigarette smoke provided that discontinuation of cigarette smokes exposure as seen by
Lykkesfeldt et al. (2000).

Relationship between lack of vitamin C and many respiratory disorders is well
established by many studies in the last years. Enough daily intake of vitamin C for pregnant
woman is essential for maturation of lung of premature baby. Number of recent studies
indicated to importance of this vitamin for decreasing harmful effects of nicotine on fetal lung
tissues as seen by Kompauer et al. (2006).

Some studies confirmed that vitamin C doesn’t cure the common cold but regular daily
intake of vitamin C leads to reduction of common cold duration. Until now, other studies still
referred to the prevention role of vitamin C for common cold as seen by (Douglas et al. 2000;
Braun et al. 2000; and Audera et al. 2001). Depending on population based studies, patients
of bronchial asthma have low levels of vitamin C and then it reduces the risk of asthma
especially exercise-induced asthma as seen by Ram et al. (2004).

7. ANTI-CANCER EFFECTS

According to some studies, antioxidants such as vitamin C reduce incidence of some
cancers such as skin, breast and cervical cancer Rock et al. (2000) but there is one urgent
question for this manner, is taking large doses of vitamin C by cancerous patient to help the
cure from this disease? As seen by Padayatty & Levine (2000). Other studies have the answer
for the previous question and confirmed that it is impossible that vitamin C has protection
role against cancer and referred to large doses of antioxidants interfere with chemotherapy
medications.

Furthermore, new studies referred that vitamin C enhances chemotherapy drugs action
because of its ability to modulate the expression of transcription factor hypoxia inducible
factor 1 (HIF-1) which is responsible for basic cell metabolism and controls cellular response
to hypoxia. HIF-1 regulates many genes, enzymes and proteins coding involved in glycolysis
and angiogenesis which is related to tumor growth. The above mentioned results support the
use of intravenous administration of vitamin C as an adjuvant treatment for cancer as seen by
(Heaney et al. 2008 & Gaziano et al. 2009).
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8. OPHTHALMOLOGICAL EFFECTS

The leading cause of blindness in the United States is a macular degeneration.
Combination of many antioxidants such as Vitamin C, zinc, beta-carotene and vitamin E
protect the eyes against developing macular degeneration. Retinopathy of diabetes is one of
common causes of blindness. Researchers showed that oxidative stress is responsible for
pathogenesis of this condition. Lipid peroxidation and other biomarkers of oxidative stress
such as malondialdehyde, superoxide dismutase and glutathione peroxidase are reduced by
administration of antioxidants such as vitamin C and then severity and progression of this
condition were reversed as seen by Taylor et al. (2002). Other population based studies
observed that daily intake of vitamin C reduces incidence of cataract. These studies
discovered that vitamin C supplementation for at least 10 years prevent occurrence of cataract
as seen by (Head, 2001 & Mare-Perlman et al. 2000).

9. GYNAECOLOGICAL AND OBSTETRICAL EFFECTS

Some obstetricians suggested that vitamin C and vitamin E lowers occurrence of pre-
eclampsia in high risk women. In contrast, some studies don’t agree. There is a relationship
between overdose of vitamin C and abortion, 12 gm per day regularly is effective to induce
abortion. In the majority of cases the fetus dies within 5 days of taking Vitamin C. Ascorbic
acid decreases the response of uterus to progesterone which is necessary for pregnancy as
seen by (Sharma & Mittal 2004; Chappell et al. 2002).

Based on other studies, vitamin C is recommended for bacterial vaginosis of women in
the first trimester of pregnancy because some topical antibiotics are contra-indicated. Vaginal
vitamin C increases local acidification and decreases hydrogen peroxide which results from
reduction of number of lactobacilli in vagina. Vitamin C reduces side effects of oral
contraceptives by reduction of oxidative biomarkers and lipid peroxidation (potential
cardiovascular risk factor) in receiving oral contraceptive pills as seen by
Petersen et al. (2011).

10. TOXICOLOGICAL EFFECTS

This vitamin is one natural antidote and supplementation for many toxicological cases.
Vitamin C enhances detoxification process and then reduces bio-accumulation of toxins and
toxic minerals in body. It has essential role for modulation the toxicity of many agents and
every day we discover a new use of vitamin C in the clinical toxicology field. Vitamin C
modulates toxicity of some agents such as organophosphorous pesticides, aflatoxin induced
liver cancer and monosodium glutamate induced hepatotoxicity as seen by EL-Meghawry et
al. (2013). It abolishes chromosome damage resulted from the effect of toxic substances and
help to protect the body against pollutants. Vitamin C reduces toxic effects of lindane
poisoning on liver and brain because it overcomes oxidative stress induced by lindane. It has
been demonstrated to be highly effective in neutralizing the toxic nature of mercury in all of
its chemical forms. There are many medical reports about role of vitamin C as antidote of
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snake bite especially it is administrated by intravenous route. But its role as antivenin is still
controversial until now. Food allergy can lead to anaphylactic shock for some persons
according to degree of his sensitivity to this food. This condition is a life-threatening and
requires urgent intervention. Vitamin C is a powerful antioxidant that can help to support
immune system and kill free radicals that can lead to food sensitivities and produce symptoms
similar to allergy reactions. Vitamin C should be given with antihistamines. Vitamin c
supplements have capacity to relief mental and physical symptoms of some occupational
diseases such as lead poisoning. It has a protective effect against arsenic, benzene and other
chemicals, as well as such organic poisons as botulism, spider and scorpion bites.

Met hemoglobin is a type of hemoglobin that contains ferric iron and has a decreased
ability to bind oxygen. Methemoglobinemia is abnormal condition characterized by the
presence of a higher level of met hemoglobin in the blood. The ascorbic acid dosage is 200-
500 mg/day can reduce cyanosis associated with chronic methemoglobinemia but long term
oral therapy should be avoided because it can cause the formation of sodium oxalate stones as
seen by Daniel & Nawarskas 2000; Bano & Bhatt 2010).

11. DERMATOLOGICAL EFFECTS

There is relationship between skin aging and low intake of vitamin C. A recent study
including 4,025 women aged 40-74, found that higher vitamin C intake is associated with a
lower incidence of a wrinkled appearance, dryness of the skin and a less skin-aging
appearance. Vitamin C is responsible for collagen formation which makes skin elastic and
reduces the risk of sunburn. It has an advantage for treatment of some dermatological
disorders. Acne is one of these dermatological disorders which affect hair follicles and
sebaceous glands. It is caused by the lack of collagen in the body. Vitamin C is the most
important vitamin for treatment of acne because it is essential for collagen production. It also
removes and prevents the toxins that damage skin cells. Vitamin C also reduces acne scars of
severe cases and helps in their healing. Every day, there is a new fact about therapeutically
benefits of vitamin C. New study revealed that vitamin C can relieve neurological pain and
other dermatological symptoms of herpes zoster if it is administrated by intravenous route. It
improves general fatigue and impaired concentration. It strengths the immunity and act as
antiviral agent in the same time as seen by Masaki (2010).

12. ENDOCRINE EFFECTS

Vitamin C has many healthy effects which provide more viability for the body. It is
involved in biosynthesis of hormone. It helps hormone to be potent action and decreases
undesirable actions of hormone. Functions of neurotransmitter need vitamin C to induce more
effective actions. Vitamin C has a relation for balance of some hormones in the body such as
thyroxin hormone. The thyroid gland needs vitamin C to keep its healthy condition. Negative
feedback of thyroxin level in the body causes the thyroid gland to secrete too much hormone
to compensate this deficiency. There is an increase of thyroid stimulating hormone
concentration, thyroid lipo-peroxidation and the thyroid gland weight. These changes of
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above mentioned parameters are modulated by pretreatment with vitamin C due to its
antioxidant properties. Overactive thyroid needs extra vitamin C which is actually drained
from the tissues of the body as seen by (Padayatty et al. 2007 & Suleiman et al. 2011).

Vitamin C is one of alternative medicine for obesity. It is a cofactor for burning of fat.
Many researches confirmed that eating enough amount of food containing vitamin C which
increases fat burn in the body during exercise by 25 % more than people with low blood
levels of vitamin C.

It has anti- fatigue effect because it decreases heart rate, perception of fatigue and
exertion during exercises. Other recent studies confirmed that obesity is associated with
reduced growth hormone secretion and vitamin C levels are also reduced in obesity.
Researchers discovered that dietary vitamin C intake has role for the regulation of growth
hormone secretion and then the increasing vitamin C concentrations in obese will increase
growth hormone secretion as seen by (Canoy et al. 2005; Furukawaet al 2004 & Flora, 2007).

13. PSYCHOLOGICAL EFFECTS

Stress lowers levels of vitamin C in the body because it is one of the nutrients sensitive to
stress. It weakens immune system and enough daily intake of vitamin C improves condition
of immune system. Some studies discovered that vitamin C decreases physical and
psychological impact of stress. Patients of high levels of vitamin C have not any mental and
physical signs of stress in acute psychological challenges. Vitamin C decreases secretion of
cortisol in animals which is released by the adrenal glands in response to stress. Vitamin C is
considered as an essential part of stress management by researchers (Levine et al., 2006).

14. NEUROPSYCHIATRIC EFFECTS

Psychiatric diseases such as vascular dementia, schizophrenia and Alzheimer have more
benefit from using vitamin C as one of therapeutic option for these diseases because it is
protective and improve cognitive function. Researchers observed that prevalence and
incidence of Alzheimer are reduced among patients who received combination of vitamin C
and E. According to recent experimental studies, vitamin C improves learning and memory in
both sex but with different degree because of its antioxidants effects. Vitamin C may
indirectly improve sleeping schedule and energy levels of daytime. According to the Mayo
Clinic, it may improve iron absorption. Some people suffer from anemia due to poor iron
absorption, which inhibits the ability to produce red blood cells and transport oxygen
throughout the body. This can lead to feeling of fatigue and difficult sleep as seen by (David
et al. 2010; Harrison, 2012).

So far, the relationship between vitamin ¢ and brain function is not established although
it’s high concentration in the brain. Vitamin C improves cognition, alertness, language skills
and increases 1Q scores in normal and Down's. There are many studies about role of vitamin ¢
for treatment of autism. We can use high doses of vitamin C for treatment of autism but by
intravenous route to overcome its high dose side effects such as diarrhea. There is a link
between autism in many children and vitamin C deficiency but this link is not well
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established because some autistic children have normal levels of vitamin C. It has a positive
effect for change of behavior and improvement of autism symptoms such as oversensitivity to
touch, light, or sound, aggression and difficulty with social interactions because it has a
signaling effect on the brain, like a dopamine effect and then it is a cofactor for dopamine
production. Some studies confirm that oxidative stress and free radicals play role for autism
and then antioxidant property of vitamin c helps as alternative therapy line for autism.
Vitamin C is not used as only one of autism treatment but it is added to vitamin mixtures.
Autistic child with low level of vitamin C usually has a normal level after three months of
oral supplementation with vitamin C as seen by (McGinnis, 2004 & Lisa, 2008).

Some studies suggest that vitamin C has high efficacy for treatment of some neurological
disorders such as Parkinsonism. Tyrosine hydroxylase is responsible enzyme of dopamine
biosynthesis. Vitamin C administration helps for regulation and increasing of this enzyme.
Nurrl gene is highly expressed in brain, midbrain dopaminergic cell development and
survival. Vitamin C can increase Nurrl protein expression. The progressive loss of
dopaminergic neuron leads to motor function defect which is the cause of Parkinsonism.
Status epilepticus is a neurologic disorder associated high mortality rate. It is characterized by
alterations of normal brain function and cognitive state. Neurochemical and enzymatic
activities studies suggest that status epilepticus can change free radical metabolism in brain.
The oxidative stress has been associated with neuronal damage induced by seizures. The
membrane lipid peroxidation can be produced by increase in free radicals levels and decrease
in activities of antioxidant defense. The brain is a target for the peroxidative process because
it has a high content of polyunsaturated fatty acids. Vitamin C is an exogenous antioxidant
able to face the brain oxidative stress. According to experimental studies, vitamin C
administration affects on latency of first seizures, percentage of seizures, mortality rate, lipid
peroxidation levels and hippocampal catalase activity after seizures and status epilepticus as
seen by Masaki et al. (2000).

15. ANTI-INFECTIVE AND IMMUNITY EFFECTS

Vitamin C is not an instant cure of whooping cough but it leads to significant decrease in
cough severity because of neutralization of its toxin by this vitamin. Every breastfeeding
mother should keep high levels of vitamin C in her body within 24 hours to relief whooping
cough of her baby rapidly. Vitamin C is not antibacterial agent but it strengthens immune
system by mobilization of neutrophils and phagocytes. There are other functions of vitamin C
to keep the body against other toxins induced infectious diseases such as strengthening
cellular and vascular collagen bonds, detoxifying the body and keeping mitochondria running
properly. Clinical researches confirmed that large doses of vitamin C lead to therapeutic
advantage for bums, injuries, surgical operations and infections. Phagocytosis and
microbicidal activity of leukocytes are one of the major defense mechanisms of the host
against infection. Vitamin C affects oxidative metabolism which causes an increase in hexose
monophosphate shunt (HMS) activity. The process of phagocytosis by human polymorph
nuclear leukocytes (PMN) is associated with changes of oxidative metabolism. HMS activity
of leukocytes has an important role for the bactericidal activity of PMN. Although some
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recommends 2 grams or more of vitamin C for an adult as daily intake, but the use of vitamin
C massive dose is still a controversial issue as seen by Azad et al. (2007).

A vaccination is a controversial issue because parents usually are unsatisfied about its
side effects. Adverse effects and outcomes of vaccines result from allergic reactions
depending on negative interaction with compromised immune systems. Any toxic effect or
allergic reaction leads to oxidation of vital bio-molecules. Vitamin C is nonspecific antidote
to any toxin or excess oxidative stress because its antioxidant effect. It should be included as
part of any vaccination protocol for infants because of two reasons, the first it blocks the
toxicity or side effects of vaccine and the second reason, it increases the antibody response of
the immune system and then it improves efficacy of vaccine. Some studies demonstrated a
protective role for vitamin C to decrease mortality rate of vaccinated infants if it is given
before or after vaccinations as seen by (Amakye-Anim et al. 2000; Lauridsen& Jensen,2005;
Cornford-Nairns 2012).

16. PHYSICAL PERFORMANCE EFFECTS

Vitamin C is useful for exercise metabolism and the health of exercising individuals
because it is involved in some biochemical pathways. Some studies investigate requirement
of vitamin C with exercise based on dietary vitamin C intakes. It assesses the response of
body to supplementation of vitamin C and its changes of concentration in plasma, serum and
leukocyte following both acute exercise and regular training. Exercise usually causes a
transient increase in circulating ascorbic acid in the hours following exercise, but it declines
below pre-exercise levels in the days after prolonged exercise. These changes are associated
with increased exercise-induced oxidative stress. But it is still many questions so far on the
role of regular exercise on increase metabolism of vitamin C. Some indicated that regular
exercise does not increase the requirement of vitamin C in athletes. Others noticed a new
finding such as attenuated levels of cortisol post-exercise after high doses of vitamin c.
Athletes often take vitamin C supplements because severe muscular contractile activity
results in oxidative stress. It is investigated by changes of glutathione concentrations in
muscle and blood with increase in protein, DNA and lipid peroxidation. Oral administration
of vitamin C decreases muscle mitochondrial biogenesis and training efficiency because it
prevents some cellular adaptations to exercise. On the contrary other studies demonstrated
that consuming 2 gram per day of vitamin C through five or more servings of fruit and
vegetables may be sufficient to reduce oxidative stress and provide other health benefits
without impairing training adaptations as indicated by Gandini et al. (2000).

17.VITAMIN C AND MINERALS

Vitamin C has a synergistic or parallel action with some minerals such as calcium. This
action represents as alteration of cell permeability, decrease of nerve irritability, increase of
blood coagulation, inhibition of allergic reactions, participation in tooth and bone growth,
detoxification on heavy metals and arsenic. Vitamin C increases calcium absorption if it is
taken with calcium supplements at the same time. Vitamin C and zinc have many health
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advantages such as potentiating of immunity; reducing the risk of age-related eye diseases
and helping wounds heal. It helps the absorption of iron while zinc is required for the body to
synthesize DNA and for cell division. The oral administration of the antioxidant vitamin C
improves the performance of the iodine retention mechanism and treats defective cellular
transport mechanism for iodine as seen by Morton et al. (2001); Maggini et al.(2012).

18. VITAMIN C AND STEM CELLS

In the last years, researchers discovered that Vitamin C is capable of generation of
embryonic-like stem cells from adult cells by turning on set of genes. Adult cells are
reprogrammed into cells with characteristics similar to embryonic stem cells. The
reprogrammed cells (induced pluripotent stem cells “iPSCs”) are potential for regeneration.
Production of reactive oxygen species occurs during reprogramming. There is a potential link
between high ROS and low reprogramming efficiency. Vitamin C is an essential antioxidant,
so it enhances iPSC generation from both mouse and human cells. Vitamin C accelerated
gene expression changes but other antioxidants do not have the same effect. Effect of Vitamin
C on reprogramming is considered a reversal of the aging process at the cellular level. So it
has anti-aging effects as seen by (Khaw et al. 2001 & Wei et al. 2012).

19. VITAMIN C AND LABORATORY INVESTIGATIONS

Vitamin C has an unwanted effect on laboratory investigations inducing false results and
misdiagnosis. It reacts with chemical reagents of some tests and then it influences the results
of tests. For example, Vitamin C blocks relevant chemical reactions, which may lead to false
low blood glucose value. Two grams of vitamin C per day cause a positive result of urinary
sugar test although glucose is not present, but it produces a negative result when glucose is
present. Vitamin C affects other used tests such as enzymes activity assessment, uric acid and
bilirubin. So physician should advise patient to stop taking the vitamins for two to three days
prior to test. Vitamin C supplementation is recommended in haemodialysis patients because
of diet limitations and losses with dialysis, (Luciak, 2004) but vitamin C effects on results of
laboratory tests in haemodialysis patients. The lowest dose vitamin C leads to a false positive
result whereas higher doses produce a false negative interference. Besides, there is a decrease
in uric acid level with the high doses of vitamin C as seen by (Freemantle et al. 1994; Laight
et al. 2000).

20. MISCELLANEOUS EFFECTS

Vitamin C has many ameliorative effects such as improving vision for uveitis,
maintaining healthy gums, treating allergy conditions (eczema and allergic rhinitis)
(Nurmatov et al. 2011), lowering of blood sugar in diabetic patients (Afkhami-Ardekani et al.
2007), strengthening of immune system and then high dose of vitamin C acts as antiviral
agents. It exerts protective role against acute ultraviolet B-rays (Sunburn). Ascorbic acid has a
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prophylactic or therapeutic effect for some chronic diseases. Daily consumption of 1000 mg
of vitamin C decreases blood glucose and lipids in patients of diabetes and thus reducing the
risk of complications as seen by Tofler et al. (2000). Vitamin C is a new modern therapeutic
line for fatty liver disease also. Increased vitamin C intake could prevent nephrotoxic effect. It
assists in the prevention of blood clotting and bruising. It strengthens the walls of the
capillaries. Vitamin C helps to reduce cholesterol levels and preventing atherosclerosis as
seen by Kurowska et al. (2000). Vitamin C lowers risk of developing gout if it is taken
regularly. It significantly lowered serum uric acid. According to results of previous studies,
every 500 mg increase in vitamin C intake leads to decrease of risk for gout by 17 % as seen
by (Choi et al., 2009).

Any joint consists of two covered bone with cartilage. Collagen is an essential part of
cartilage. Vitamin C helps the body to form collagen. Destruction of this cartilage is called
osteoarthritis. Some studies indicated to free radicals may be involved in destruction of
cartilage. Incidence of this disease is reduced for persons who eat foods rich in vitamin C.
Non-steroidal anti-inflammatory drugs are the first choice for treatment of osteoarthritis but it
reduces levels of vitamin C. So taking of these drugs for osteoarthritis is associated with
vitamin C supplement (Canter et al. 2007).

It protects susceptible cells from genotoxicity associated with antiestrogen metabolite-4-
hydroxyl tamoxifen (4-OH tom) and inhibit DNA adduct induced by tamoxifen. Update study
discovered that electromagnetic field of cell phone affects testes by increase of seminiferous
tubules diameter with disorganization of sperm cycle. Effects of electromagnetic field were
caused by oxidative stress. This study revealed that vitamin C can counter theses effects and
restore the testes to normal condition.

CONCLUSION

Vitamin C (L-ascorbic acid) is an essential nutrient for humans. It scavenges reactive
oxygen species and may, thereby, prevent oxidative damage to the important biological
macromolecules, and could reduce aflatoxin induced liver cancer. Moreover, vitamin C
abolishes chromosome damage resulting from the effect of toxic molecules, and help to
protect the body against pollutants. Vitamin C is a biological reducing agent; it is also linked
to the prevention of degenerative diseases such as cataracts, certain cancers and
cardiovascular diseases. Increased vitamin C intake could possibly reduce and the prevent
nephrotoxic effect. It assists in the prevention of blood clotting and bruising. It also
strengthens the walls of the capillaries and in addition, it is well documented that vitamin C
helps to reduce cholesterol levels, high blood pressure and prevent atherosclerosis. Vitamin C
is absorbed by the intestine using a sodium-ion dependent channel, transported through the
intestine via both glucose-sensitive and glucose-insensitive mechanisms. The presence of
large quantities of sugar either in the intestines or in the blood can slow absorption. The
richest natural sources are fruits, vegetables and some cuts of meat, especially liver. Plants are
generally a good source of vitamin C, the amount in foods of plant origin depends on the
precise variety of the plant, the soil condition, the climate in which it grew the length of time
since it was picked, the storage conditions and the method of preparation. While in animals,
vitamin C is most present in liver, muscle, mother's milk and in a lower amount in raw cow's
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milk, with pasteurized milk containing only trace amount. All excess vitamin C is disposed of
through the urinary system. Moreover, during the cooking of food decomposes vitamin C
chemically. The concentrations of various food substances decrease with time in proportion to
the temperature they are stored at and cooking can reduce the vitamin C content of vegetables
by around 60%.
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ABSTRACT

The irradiation process has been the subject of increasing attention during the last
decades because of the distinct advantages it offers over conventional methods of food
processing: food can be processed after packaging; can be preserved in fresh state and
perishable can be kept longer without quality loss. For fruits; fruit juices and vegetables
are the most promising treatment is the combination of radiation and other treatments for
sterilization. With irradiation alone, it may require higher doses of radiation and
consequently promote enzyme’s inactivation, wich are responsible for sensory changes
during storage of these products. Food irradiation is not a new technology. The lethal
effects of ionizing radiation on organisms are observed and reported since 1898 and
techniques for using radiation in order to kill bacteria in food have been tested since
1916. The amounts of scientific data generated by various countries and international
partnership programs during the past 50 years and together with research outweigh any
other techniques for food processing. The percentage of vitaminis lost in food production
will depend on: irradiation dose; food composition food temperature to be irradiated and
the presence or absence of oxygen. Vitamins are more susceptible to irradiation in the
presence of oxygen at temperatures above freezing. Generally the higher the radiation
dose greatest is the loss of vitamins. Lost vitamins to food treated with irradiation below
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1 kGy are minimum compatible with the loss in regards to heating foods treated and
stored for long periods of time. Already doses above 10 kGy are likely to degrade these
substances; however researchers indicated that these losses can be minimized by
irradiation in oxygen-free packaging (cans or flexible packaging) or at cryogenic
temperatures ranging from -20°C to -40°C. Aqueous solutions of vitamins are more
vulnerable to destruction by irradiation than those in the matrix of dehydrated food or
food. The objective of this study was to conduct a literature review pointing out studies
that assessed changes in vitamin C caused by the action of ionizing radiation.

1. INTRODUCTION

The irradiation process has been the subject of increasing attention during the last
decades due to the distinct advantages it offers over conventional methods of food processing:
food can be processed after packaging; can be preserved in the fresh state; and perishable can
be kept longer without quality loss.

For fruits; fruit juices and vegetables, the most promising treatment is the combination of
radiation and other treatments because the sterilization with irradiation alone may require
high doses of radiation and consequently promote enzyme inactivation responsible for
sensory changes during storage of these products.

The fruits and vegetables treatment with ionizing radiation whose main purpose is to
ensure its preservation, i.e., increase shelf life of food. This process may involve the
inactivation of microorganisms (mainly fungi, bacteria and yeast); delay ripening and
disinfestations among other mechanisms (Iemma et al, 1999).

Like other food processing techniques the irradiation can cause changes in the chemical
composition and nutritional value. The nature and extent of these changes depends essentially
of the type; variety and composition of the food; the radiation dose received and the
environmental conditions during and after irradiation (Wiendl, 1984).

The ascorbic acid is known as a promoter of numerous chemical; biochemical and
physiological characteristics, both in animals and in plants. It performs many functions in the
body related to the immune system; collagen formation; iron absorption; inhibition of
nitrosamines formation and antioxidant activity. Its contents can be influenced by soil type;
cultivation; climatic conditions; agricultural procedures for harvesting and storage.
Furthermore, the ascorbic acid in its pure form is very unstable and is easily destroyed by
oxidation, particularly in high temperature; light; humidity; alkalinity; metal catalysts and
physical damage (O'Keefe, 2001; Silva et al, 2004; Lima et al, 2009).

Studies have shown that among the water-soluble vitamins, the vitamin C is the most
sensitive to radiation (Josephson, 1978). However, is necessary to remember that, the vitamin
C as a relatively labile vitamin and similar results occur in its destruction treatments food by
use of heat (Wiendl, 1984).
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2. EFFECTSOF RADIATION ON FOOD

The food irradiation is not a new technology. The lethal effects of ionizing radiation on
organisms are being observed and reported since 1898 and techniques for using radiation to
kill bacteria in food have been tested since 1916. The amount of scientific data generated by
various countries and international partnership programs during the past 50 years, the
research outweighs any other technique for food processing (Mollins et al., 2001).

The Board of Experts on Food Irradiation Committee, formed by UN (United Nations)
agencies (IAEA, WHO, among others) suggests that the process of food irradiation which is
used gamma radiation from radionuclide originated Cobalto-60; Césio-137; and X-rays with
energy up to SMeV or electrons with energy up to 10MeV (Diehl, 1992; FAO/IAEA 1982).
In general, the irradiation process at recommended doses causes little chemical changes in
foods (Diehl et al., 1994, Al-Masri, 2003) however when inadequate doses are applied in
food, they might have flavor or level components changed, making it unsuitable for
consumption (ICGFI, 1999). According to Diehl (1992a, 1992b, 1995) at doses up to 1kGy
the nutritional losses are considered insignificant and not known changes found in irradiated
foods are harmful or dangerous being within the limits, normally found in foods (Satin, 1993;
Delincee et al. 1998). For higher doses (over 10kGy) which are used for sterilization control
and dangerous pathogens; nutritional losses are evaluated as lower or comparable with those
arising from the cooking and cooling process (Grolinchova et al., 2004).

Radiation in proteins is able to induce changes in their configuration by the breaks
through on the original connections as hydrogen bonds and SS bonds which stabilize their
secondary and tertiary structures. With this change, its features can be compromised. It is
important to note that these changes are related to pure chemicals compounds, when these
elements are irradiated in complex mixtures (foods) there may be a variation in the sensitivity
to the radiation (Grolinchova et al 2004). Fats are classified as one of the components most
sensitive to ionizing radiation which can induce many hydrolytic reactions and auto-oxidant
leading to undesirable organoleptic changes and loss of essential fatty acids. The range and
nature of the changes caused by some radiation doses depend upon the material composition
that is being irradiated; the type of fat and the unsaturated fatty acids content (Grolinchova et
al 2004). Moreover, carbohydrates and minerals in foods are relatively radiation stable until
10kGy (Roberts & Weese, 2006).

The electromagnetic radiation absorption by biological tissues is the food, constitute is a
function of the constituent molecules electron excitation. In the case of gamma radiation, the
electronic excitation produced is sufficient to eject electrons from their respective orbitals
resulting in the molecular ionization. One of the most important free radicals induced by
radiation is the hydroxyl radical (HO-) formation that is involved in reactions of initiation and
propagation of the chain reaction responsible for the effects of radiation (Riley, 1994).

The percentage of lost vitamins in food production will depend on: irradiation dose; food
composition; food temperature to be irradiated; and presence or absence of oxygen. Vitamins
are more susceptible to irradiation in the presence of oxygen at temperatures above freezing.
Generally higher radiation dose causes higher losses of vitamins. A Committee formed by the
FAO (Food and Agriculture Organization); WHO (World Health Organization) and IAEA
(International Atomic Energy Agency) indicated that loss of vitamins to food treated with
irradiation below 1kGy are minimum and are compatible losses in foods heating treated and
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stored for long periods of time (Roberts & Weese, 2006). Already doses above 10kGy can
degrade these substances; however, researchers indicated that these losses can be minimized
by irradiation in oxygen-free packaging (cans or flexible packaging) or at cryogenic
temperatures ranging from -20°C to -40°C. Aqueous solutions of vitamins are more
vulnerable to destruction by irradiation than those in the food matrix or the dehydrated food.
Then the extrapolation of the nutritional losses of aqueous solutions is inappropriate for solid
food (SCF, 2003).

Although there is a minimal vitamin losses associated to irradiation, especially some
more sensitive as vitamins: B1; C and E, it is extremely unlikely that there are vitamins
deficiencies due to consumption of irradiated foods (GAO, 2000). All other vitamins tend to
be relatively stable to irradiation under 5kGy (Roberts & Weese, 2006).

In 1962 the WHO and the American Medical Association reported that irradiated food
was produced according to good manufacturing practices (GMP) and should be considered
safe and nutritionally adequate, because the radiation: a) does not induce a change in the
composition of the food, which the toxicological point of view, that could lead to adverse
effects on human health; b) does not induce changes in the food microflora, which could
increase the microbiological risk to the consumer and; c) does not lead to nutrient losses,
which could impose adverse effects to the individual or population state nutritional (Spolaore
et al., 2003).

The Joint Expert Committee on Food Irradiation (JECFI), formed by FAO; WHO and
IAEA in 1980 granted the 10kGy dose to irradiated foods as a safety condition: "any food
irradiated to a dose of 10kGy did not caused toxicological problems, so toxicology tests with
this kind of food are not necessary anymore". Moreover, the JECFI declared that food
irradiation to a dose of 10kGy does not induce nutritional or microbiological problems. From
these findings the Codex Alimentarius Commission, in association with the International
Recommended Code of Practice for the Operation of Radiation Facilities used for the
Treatment of Food presented in 1983 a General Standard for Irradiated Food. These codes
were followed by many countries in the 80’s and 90’s thereafter initiated the procedures for
this technology adoption for various irradiation applications. Currently 40 countries have
radiating at least one or more products and 29 countries are already applying the irradiation
process on a commercial basis (Kooij, [n/d]).

In 1997 the WHO together with FAO and IAEA held a meeting of experts to examine
issues related to irradiation at doses above 10kGy and concluded that: "The food irradiated to
any dose needs to have an appropriate dose to achieve the intended technological objective
and both safe when to consume are nutritionally adequate" (GAO, 2000; Mollins et al., 2001).
Irradiation doses above 10kGy are used for animal origin and very moist food; full meals for
patients on immunotherapy; astronauts; military; and individuals in special activities outdoors
and for decontamination of low moisture herbs and dried vegetables (SCF, 2003).

3. GAMMA IRRADIATION ON VITAMIN C

As any thermal treatment, loss of nutrients in foods from animal and plant sources occurs
with irradiation, and nutrient loss increases with radiation’s dose. According to the World
Health Organization, thiamin (vitamin B1), vitamin C, and the tocopherols (vitamin E) are
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extremely radiation sensitive. Much of the change in nutrient composition is a result of
irradiation unexplainable-loss of certain nutrients is different for different foods. The most
radiation-sensitive, fat-soluble vitamin is vitamin E, and then Carotene, vitamin A, vitamin D,
and vitamin K follows in decreasing order of sensitivity. Vitamin B1 is the most radiation-
sensitive, water-soluble vitamin, and then vitamin C, vitamin B6, vitamin B2, folate and
niacin, and vitamin B12 follow in decreasing order of sensitivity (FAP/IAEA/WHO, 1999;
Keller, 2013).

The organic and inorganic molecules and atoms, that contain one or more unpaired
electrons, with independent existence, can be classified as free radicals (Halliwell, 1994).
This configuration makes the free radicals highly unstable molecules with very short half-life
and chemically very reactive (Bianchi & Antunes, 1999).

The continuous production of free radicals during the metabolic processes turns the
development of many antioxidant defense mechanisms to limit the intracellular levels and
prevent damage induction (Sies, 1993). Antioxidants are agents responsible for the inhibition
and reduction of injuries caused by free radicals in cells (Bianchi & Antunes, 1999).

A broader definition of antioxidant is: "any substance that when present in low
concentrations compared to oxidizable substrate delays or inhibits oxidation of the substrate
effectively" (Stahl & Sies, 1997; Bianchi & Antunes, 1999).

These agents that protects cells against the effects of free radicals can be classified into
antioxidants enzymatic or non-enzymatic (Sies, 1993). Vitamin C, for example, operates in
the aqueous phase as an excellent antioxidant on free radicals, but it is not able to act on
lipophilic compartments to inhibit the lipid peroxidation. Furthermore, in vitro studies
showed that this vitamin in the presence of transition metals such as iron can act as a pro-
oxidant molecule and generate OH and H202 radicals. Generally these metals are available in
very limited quantities and the antioxidant properties of this vitamin predominates in vivo
(Odin, 1997; Bianchi & Antunes, 1999).

The vitamin C (ascorbic acid) is usually consumed in large doses by humans, being
added to many food products for inhibiting the formation of nitro carcinogenic metabolites.
The vitamin C diet is absorbed quickly and efficiently by an energy-dependent process.
Consumption of high doses can lead to increased concentration of this vitamin in the tissues
and blood plasma (Bianchi & Antunes, 1999).

The benefits obtained in the vitamin C therapeutic use in biological assays with animals
include a protective effect against damage caused by exposure to radiation and drugs (Amara-
Mokrane et al., 1996). Epidemiological studies also attribute this vitamin as a possible
protective role in the development of tumors in humans (Lupulescu, 1993; Duthie et al., 1996;
Bianchi & Antunes, 1999).

However, the recommendation of this vitamin supplementation should be evaluated
specifically for each case where there are many organic and inorganic components in cells
that can modulate the activity of vitamin C, affecting their antioxidant activity (Bianchi &
Antunes, 1999).

According to Graham & Stevenson (1997) the vitamin C content four varieties of
strawberry and it was determined before and after treatment with ionizing radiation at doses
of 1, 2 or 3 kGy and after storage for 5 and 10 days at 6°C, and also in potatoes which having
been allowed a period of one month to recover from the effects of post-harvest stress, were
irradiated at a sprout inhibition dose of 0+15 kGy, followed by storage and cooking. Total
ascorbic acid (TAA), ascorbic acid (AA) and dehydroascorbic acid (DHAA) concentrations
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were measured using the technique of ion-exclusion high-performance liquid
chromatography. Results from analysis of strawberry samples showed the DHAA content
increased immediately following irradiation and must, therefore, be take into account when
reporting vitamin C levels in irradiated produce. In addition, it was observed that whilst
irradiation did affect the vitamin C concentration in all varieties of strawberry, the change
was small in comparison with the large variations observed between varieties. With regard to
potatoes results showed that, whilst irradiation, storage and cooking all had the effect of
reducing vitamin C concentration, irradiated samples stored for 5 months had similar or
marginally higher levels than their non-irradiated counterparts. Cooking did not markedly
reduce TAA content of irradiated potatoes compared to non-irradiated potatoes and it was
also noted that microwave cooking was more destructive than boiling in lightly salted water
(Dionisio et al., 2009).

As seen, the ascorbic acid is one of the vitamins more sensitive font the irradiation.
According to Proctor & Goldblith (1949), there are many fruits in which the level of ascorbic
acid is not reduced significantly in a dose that fruit may tolerate (Maxie et al. 1964). These
doses used to irradiate orange juice are above the tolerance level and the results showed a
decrease in ascorbic acid with increasing radiation dose, reaching a lower value with the
highest 7.5kGy dose (Spoto, 1988). These results are in agreement with those find by
Munhoz-Burgos (1985) who observed a decrease in the vitamin C content with increasing
radiation dose in orange juice; tangerine; tomato and passion fruit, being the orange and
tangerine juices the most sensitive to radiation.

Wilska-Jeszka & Skorupinska (1975) also observed an ascorbic acid drastic decrease in
tomato juices and blackcurrant and red syrups irradiated in relation to pasteurization by
heating. This fact was also observed by Hussain & Maxie (1974) who observed losses of up
to 70% of vitamin C in orange juice irradiated with doses of 2.5 to 10kGy.

Although there are some disagreement about the effects of radiation on the ascorbic acid
content in citrus fruits, the results reported by the majority jobs shows unanimous in saying
this lost in minimal when samples are irradiated with doses up to 1.0kGy. Exposure to doses
higher than 1.0kGy can cause the destruction of this vitamin at a rate that increases
proportionally with increasing doses of radiation to cite the work of: Romani et al., 1963;
Ahmed et al., 1968; Ahmed, 1977; Guerrero et al., 1967; Dennison, 1968; Macfarlane and
Roberts, 1968; Maxie et. al., 1964; Maxie et al., 1969; Kurosaki & Ogatta, 1971; Moshonas
and Shaw 1984; Shaw and Moshonas, 1991.

Minimum ascorbic acid values found by Monseline & Khan (1966) arrived around 84%
compared to controls and the differences were significant only in green fruit over ripe fruit.
Josephson et al. (1978) observed that the retention of ascorbic acid in oranges; tangerines;
tomatoes and papayas had a range of 73% to 100% when they were irradiated with doses
from 0.4 to 3.0kGy. Spoto (1988) found a higher ascorbic acid loss when juices were heated
at 50°C compared to 25°C irradiation temperature being lower than the variation between
doses at that same temperature. Authors like Hussain & Maxie (1974); Dharkar (1964)
reported that there is a higher ascorbic acid loss only by the irradiation than when compared
to the combined treatment of irradiation and heating.

Munhoz-Burgos (1985) gave a better retention of acid ascorbic in tangerine juice
irradiated, previously pasteurized as compared to only irradiated with a dose of 1.0kGy.

Much more pronounced than the effects of radiation dose and temperature of irradiation
according to Spoto (1988) were the temperatures and storage periods which is consistent with
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the work of Wilska-Jeszka & Skorupinska (1975) that observed that the ascorbic acid losses

percentage showed a variation of 15 to 23% in the juice irradiated with different doses of

radiation over the pasteurized juice which was 76 to 80% during the storage period.
According to Dionisio et al. (2009):

— These are reports describing gradual loss of ascorbic acid in apples (Pyrus malus L.)
irradiated with more than 2 kGy (Saito & Igarashi, 1970; Chunyao et al., 1993;
Lastarria-Tapia & Sequeiros, 1985). However, after six months of storage at 0°C, no
alterations in the ascorbic acid content of the fruits were observed (Saito & Igarashi,
1970). Destruction of vitamin C is a consequence of alteration of fruits metabolic
oxidation pathways by radiation, which can convert vitamin C into dehydro-ascorbic
acid, which can still be metabolized as vitamin C (Snauwart, 1973).

— Papaya and mango rot caused by fungi is a major problem during the storage and
marketing. Gamma irradiation treatment was studied to determine its effect on the
quality of papaya and mango irradiated at 0.5 to 0.95 kGy. The content of vitamin C
was not significantly affected by the irradiation (Lacroix et al., 1990).

— Star fruit, mango, papaya, rambutan, and lichia were irradiated with 0.75 kGy and
evaluated the vitamin C retention. Only star fruit presented significant vitamin C loss
(Moy & Wong, 2002).

— Capsicums (green and red), cucumbers, custard apples, lemons, lychees, mandarins,
mangoes, nectarines, papayas, peaches, persimmons, and zucchinis were irradiated at
0, 75, or 300 Gy. Commodities were analyzed shortly after the irradiation and again
after 3 to 4 weeks of storage at 1-7°C for some parameters, such as vitamin C and
dehydroascorbic acid. Significant (p < 0.05) small changes were recorded in some
variables for some commodities. However, storage effects were higher than
irradiation effects (Mitchell et al, 1992).

— Strawberries (Shasta variety, Fragaria sp.) presented minute, non-significant decrease
in vitamin C levels when submitted to 1.0-2.0 kGy doses, during two and 11 days of
storage at 5°C (Maxie et al., 1964). Similar observations were reported by Lopez et
al. (1967). A study using higher radiation doses (3.0 and 4.0 kGy), resulted in 62 and
81% losses of ascorbic acid, respectively (Clark, 1959). However, 1.0-2.0 kGy doses
are deemed enough to extend the shelf life of the fruits. Fruits irradiated with 2.0
kGy doses presented immediate increase in niacin contents, while thiamin was
unaltered (Maxie & Sommer, 1968). A study with Selekta and Parafit varieties
irradiated with 2 kGy doses, showed non-significant differences in riboflavin,
thiamin and niacin contents, evaluated after 24 h. of exposure to the treatment
(Beyers et al., 1979).

— In strawberry, vitamin C content was significantly affected by original content or the
variety rather than treatments such as irradiation, heating or microwave. These
results indicated that the losses of water-soluble vitamins, especially thiamin or
vitamin C, were affected by the food temperature during the irradiation process
(Chung & Yook, 2003).

— Irradiation can be an alternative for quarantining the papayas. Hot water treatment
(immersion of fruits in water at 46 °C) can be used for the fruits smaller than 0.7 kg.
However, it can harm fruit quality. It is not advisable to submit the mangos heavier
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than 0.7 kg to hot water treatment because of lack of efficiency and intolerance of the
product to the binomial time/temperature, which increases according to the fruit size
(Hallman, 1999). Mangos and papayas irradiated with 2.0 kGy doses showed no loss
of carotenoid; however, papayas stored at low temperatures without any kind of
ionizing energy treatment showed large losses of these nutrients (Beyers & Thomas,
1979).

— Lycium, a popular fruit from China, was exposed to severe doses of gamma radiation
(2-14 kGy), and decontaminating efficiency, changes in chemical composition and
sensory characteristics were evaluated. Increasing the radiation dosage gradually
decreased the fruits vitamin C concentration, but no alterations in B-carotene and
riboflavin contents were registered (Wen et al., 2006). Reduction of vitamin C
contents in irradiated Lycium is not a significant problem because this fruit is
ordinarily used in traditional Chinese medicine for vision treatments, as an essential
source of B-carotene and not vitamin C (Hsu et al., 1994).

— The importance of physiological state on vitamin loss was demonstrated with Early
Park n° 7 tomato fruits irradiated with 4.0 kGy doses at the green-ripe stage. After
ripening, tomatoes presented 8.6 % loss of ascorbic acid, while ripe fruits irradiated
with 3.0 kGy showed 20.4% loss. However, because ripe fruits contained almost
twice as much ascorbic acid, even after high destruction percentage of vitamin C by
irradiation, still contained 5mg/100g more vitamin C than the control, harvested at
green-ripe stage (Maxie & Sommer, 1968).

The loss of vitamin C of fresh-cutted lettuce irradiated with 1.0kGy was significantly (a =
0.05) lower than non-irradiated. The best treatment of maintaining quality of fresh-cutted
lettuce appeared to be 1.0kGy irradiation (Zhang et al, 2006).

Adequate doses for insect disinfestations showed non-significant effects in vitamin C
contents of citric fruits (Fan & Mattheis, 2001). Non significant losses of ascorbic acid were
observed in the oranges irradiated and stored at 0°C during 100 days. However, reduction of
ascorbic acid content was observed in the lemons irradiated and stored at 15°C during one
month (Maxie et al., 1964).

Grapefruit Rio Red variety (Citrus paradisi Macf.) in different maturation stages, were
irradiated to evaluate the influence of dose and storage period, showed the loss of some
bioactive components and fruit quality. Fruit's response to irradiation depended on its
maturation stage. Low irradiation doses (<0.2 kGy) applied to fruit harvested in the early
season at 35 days of storage, promoted the formation of bioactive components, including [3-
caroten. Non-significant changes were recorded on vitamin C. High doses (0.4 and 0.7 kGy)
affected the quality of fruit harvested in the early season. However, non-significant effects
were observed in the fruits harvested in the late one (Patil et al., 2004).

Despite divergences regarding the effects of irradiation on ascorbic acid content of citric
fruits, most research results demonstrated that the loss was minimun when doses up to 1.0
kGy were used. Exposure to higher doses can cause destruction of this vitamin in direct
proportion to dose raise (Ahmed, 1977). Retention of ascorbic acid in oranges, tangerines,
tomatoes and papayas varied from 100% to 72% with 0.4 to 3.0 kGy doses (Josephson et al.,
1978).

Although most available data refer to irradiation-induced losses, especially of ascorbic
acid in the reduced form, losses can actually be lower than reported, given that irradiation can
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convert ascorbic acid in reduced form into dehydroascorbic acid, biologically active form
(Snauwart, 1973; Thomas, 1986).

The total of vitamin C in food is calculated by adding up ascorbic acid (AA) and
dehydroascorbic acid (DHAA) activities. Almost all postharvest products contain only AA
and many studies only determined the content of AA as vitamin C concentration
measurement. However, the conversion of AA to DHAA during the storage and processing
elicits significant concentration alterations. Therefore, some results reporting the effects of
irradiation on vitamin C concentration seem conflicting because some studies only refer to
AA concentrations, while others refer to the sum of both, AA and DHAA concentrations
(Kilcast, 1994). Folates resistance to irradiation has not been widely studied yet (Diehl et al.,
1991). Irradiation of spinach, green cabbage, and brussels sprouts reduced only 10% of the
initial vitamins concentration of these produces. When dehydrated, the vitamin stability in
these vegetables is higher than when they are fresh. In studies with fresh vegetables, the
application of 10.0 kGy dose was only used to show that folate losses in analyzed foods
depend on irradiation dosage (Miiller & Diehl, 1996).

Ascorbic acid is one of the most sensitive vitamins to irradiation (Kilcast, 1994), but
there are many fruit in which the level of ascorbic acid is not significantly reduced in
tolerable doses (Maxie et al., 1964). Reduction of vitamin C contents with increasing
irradiation doses were observed in orange, tangerine, tomato and passion fruit juices, with
orange and tangerine being the most sensitive to irradiation (Munhoz-Burgos, 1985). Drastic
reductions of ascorbic acid were observed in irradiated tomato juice and black and red currant
syrups in comparison to losses resulting from pasteurization by heat (Wilska-Jeska &
Skorupinska, 1975). For instance, 70.2 % vitamin C losses were registered for orange juice
irradiated with 2.5 to 10 kGy (Hussain & Maxie, 1974). Studies showed that irradiation dose
and temperature provoked only a slight reduction of ascorbic acid percentage in orange juice.
This percentage was more drastically reduced because of temperature and storage period
(Spoto, 1988).

Studies with carrot and kale juices evaluated the modifications in nutritional,
microbiological and sensitive characteristics regarding irradiation. Results showed an
increased reduction in the total ascorbic acid content with increasing irradiation dosage.
However, total ascorbic acid concentration, including dehydro-ascorbic acid, remained stable
with doses up to 3.0 kGy (Song et al., 2007).

With respect to irradiation in citrus Nagai & Moy (1985) observed that ascorbic acid
losses in irradiated samples and compared with control treatment showed no significant
differences during the storage period. The same result was also observed by Maxie et. al.
(1964) irradiated on oranges and stored at 0°C for a period of 100 days. Lemons already
irradiated and stored for 15°C for a month was had a reduction in the ascorbic acid content.

Most studies found in the literature are unanimous in stating that the losses of ascorbic
acid induced by radiation occur mainly in ascorbic acid present mainly in reduced form.
Probably this effective loss could be lower than that reported because the radiation can
convert the ascorbic acid into the reduced form: dehydroascorbic acid which is biologically
active (Thomas, 1986). In lemons variety Eureka irradiated at a dose of 4.0kGy the ascorbic
acid losses was accompanied by an increase almost equivalent to dehydroascorbic acid
(Romani et el. 1963). Similar findings were reported by Kurosaki & Ogatta (1971) in lemons
and oranges of varieties Natsuma and Natsudaidai.
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According to Oliveira (2011) the content of ascorbic acid was observed that decreased
over the period of kiwifruit storage. On the Ist day the kiwifruits samples showed no
significant difference between treatments. However, on the 7th and 14th day samples showed
difference between them, the kiwifruits who received dose of 2kGy had lower ascorbic acid
content when compared with the control sample. Considering that vitamin C is a water
soluble vitamin and very sensitive to environmental factors such as temperature; light;
presence of oxygen; humidity; pH; among other factors. The gamma radiation can also be a
reducing agent that vitamin being observed during the storage period where it was found that
there was degradation of vitamin C. Kim & Yook (2009) observed that the results for samples
irradiated at doses kiwi O (control); 1 and 2kGy showed no significant difference, only the
sample irradiated with 3kGy showed higher reduction in ascorbic acid content. However, in
general, during the storage period kiwifruit irradiated showed low level of ascorbic acid over
the control.

According to Franco et al. (2003), the losses that occur, specifically vitamins depend on
the sensitivity of vitamins addition; the amount of energy that the food is exposed; and the
nature and physical state of the medium in which it is present. The extent of this destruction is
primarily a function of radiation dose and the medium temperature during irradiation. Some
studies show that among the fat soluble vitamins and water soluble vitamins are more
sensitive to ionizing radiation, and are the vitamins E and C. Samples containing 24 oranges
of the variety pear juice were processed and divided into 7 lots of 100 ml each. Then, the lots
containing 3 replicates were irradiated in an irradiator type Gammabeam 650 with doses of 0
(control); 1.0; 2.0; 3.0; 4.0; 5.0; and 6.0kGy. After irradiation was determined, the ascorbic
acid contented the samples by titrimetric method. By the results obtained was concluded that
the ascorbic acid content in orange juice gradually decreased with increasing radiation dose
applied. At doses of 1.0 and 6.0kGy were decreases of 15.2 and 52.8% when compared with
the control.

Oliveira et al. (2011) irradiated peaches with doses of 0 (control); 1.0 and 2.0kGy and
between the treatments there was no significant difference in the content of vitamin C.

Harder & Arthur (2012) irradiated nectar of kiwi with doses 0 (control), 0,5; 1,0 and 2,0
kGy the results show that gamma radiation did not promote significant alterations in nectar of
kiwi irradiated.

Bezerra, et al. (2012) irradiated lemon Thaiti, with doses of until 200 Gy, the results
showed that the treatments there was no significant difference in the content of vitamin C.

According to Wyler et al. (2008) the increase of radiation dose and storage period in
grapes cv. Niagara pink showed a tendency to decrease the total acidity; there was also dose
versus time interaction regarding the pH; with the doses increasing and the storage period
there was a downward trend, but there was no interaction between these two variables; with
respect the color, the chroma (C *) also showed a change in relation to dose and storage time;
there was no interaction between these variables. The other parameters (soluble solids,
vitamin C, firmness of the berries and TSS/TS) had no significant changes. The grapes
samples were irradiated with the following doses: 0 (control); 0.75; 1.0; 1.5kGy.

Perecin et al. (2009) showed that according to the results obtained in their work it was
only the pH and soluble solids content (°Brix) showed significant difference over the period
of storage and dose of radiation applied. However, no significant differences as to the
parameters of texture, color, acidity and vitamin C content of minimally processed pineapple
irradiated with doses of 0 (control); 1 and 2 kGy. The results related to the vitamin C content
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of pineapple spent through the statistical analysis showed that there was no significant
difference during the entire period of study. However, the figures in the first day after
irradiation, are higher than other results, therefore, it was found that the content of vitamin C
is degraded with respect to applied dose and also over time. According to the authors Silva et
al, (2008) the content of vitamin C decreased during the experiment with irradiated
pineapples saying that this loss can be attributed to degradation or use of this acid in the first
days after physiological maturity, may also be associated with stress the physical
transportation, installation and implementation of treatment of the experiment.

CONCLUSION

Same as for other processing treatments, irradiation induces certains alterations that can
modify the chemical composition and nutritive value of the foods. Vitamins presented
different sensitivities regarding the treatment with ionizing energy. Vitamin C is one of the
most sensitive to radiation and its degradation is proportional with an increase of dose of
ionizing radiation. Neverthless, its sensitivity is also high in relation to several factors
(exposure to oxygen, temperature elevation, pH modifications). In general, lower doses of
irradiation treatment do not cause significant alterations in vitamins contents of foods. This
method should be used because of its efficiency and low cost compared to other traditional
methods.
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ABSTRACT

This chapter reviews experiments conducted to evaluate vitamin C (ascorbic
acid/AA) requirement, sources and deficiency symptoms in marine teleost, Korean
rockfish, (Sebastes schlegeli), Olive flounder (Paralicthys olivaceus), Parrot fish
(Oplegnathus fasciatus) and in freshwater teleost, Japanese eel (4dnguilla japonica).

In the 12 weeks of experiment with rockfish averaging 3.1 = 0.02 g (mean + SD) of
initial body weight, results indicated that vitamin C requirement could be equal to or
greater than 100 but less than 200 (mg AA kg™ diet) in the form of L-ascorbyl-2-glucose
(AA2G) as the dietary vitamin C source (average final body weight 15.3 + 1.9 g). Based
on findings from the 16 weeks of experiment with rockfish averaging 7.12 + 0.02 g of
initial body weight, it was concluded that dietary vitamin C level equal to or greater than
102 but less than 150 (mg AA kg diet) for maximum growth and 1390 (mg AA kg™) in
the form of dietary L-ascorbic acid could be required for the vitamin C saturation in
various fish tissues (average final body weight 17.6 &+ 3.2 g). From 8 weeks of experiment
with rockfish averaging 12.6 + 0.02 g of initial body weight, results indicated that
vitamin C requirement could be equal to or greater than 39.7, but less than 144.6 (mg AA
kg") diet in the form of L-ascorbic acid for the maximum growth (average final body
weight 52.6 = 3.6 g). In the 12 weeks of experiment with juvenile olive flounder
averaging 3 + 0.06 g of initial body weight, the dietary vitamin C requirement could be
equal to greater than 93 but less than 150 (mg AA kg™ diet) in the form of L-ascorbyl-2-
polyphosphate (average final body weight of 16.9 & 3.1g). Findings from the 11 weeks of
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experiment with parrot fish averaging 3.9 + 0.06 g of initial body weight, suggested that
dietary vitamin C requirement could be equal to or greater than 118 + 12 but less than
205 (mg AA kg) diet in the form of L-ascorbyl-2-monophosphate (average final body
weight of 14.3 + 2.9 g). Results from the 12 weeks of experiment with Japanese eel
averaging 15 + 0.3 g of initial body weight, indicated that dietary vitamin C requirement
could be equal to or greater than 41.1 but less than 52 ( mg AA kg") diet in the form of L-
ascorbyl-2-monophosphate (average final body weight of 56.4 + 8.79g).

1. INTRODUCTION

Most of the marine and freshwater teleosts are unable to synthesize vitamin C (ascorbic
acid/AA) from D glucose due to the lack of enzyme, L-gulonolactone oxidase which is
responsible for the synthesis of vitamin C de novo (Dabrowski, 1990; Fracalossi et al. 2001;
Wilson, 1973). Although a few freshwater species such as sturgeon (Acipenser fulvescens)
and marine crustaceans have been reported to have a limited ability to synthesize vitamin C
but the findings are dubious and contradictory in many instances. Worth noting that title of
this chapter covers “vitamin C in marine and freshawater teleost” while species of sturgeon
and crustaceans are not teleost. In general, marine and freshwater teleosts fully depend upon
the dietary supply for their ascorbic acid requirement. Many general physiological functions
of L-ascorbic acid (AA) are well defined, the most important among them, being its capacity
to act as a co-factor in the hydroxylation of proline to hydroxiproline, critical for helical
structure of collagen. AA is also the most powerful reducing agent available to cells, losing
two hydrogen atoms to become dehydroascorbic acid, and is of general importance as an
antioxidant because of its high reducing potential (Bai, 2001). AA requirement in teleosts
greatly varies with respect to differences in the biotic factors (species, age, physiological
condition etc.) as well as various abiotic factors (rearing environmental condition).
Consequently in the last three decades, AA requirement has been a highly debated and vast
studied topic in aquaculture. Majority of economically important aquatic species have been
the subject of AA requirement study and reports have been well documented. The updated
reports in standard reference for aquatic species nutrition, Nutrient Requirements of Fish and
Shrimp (NRC, 2011) evidenced the number of studies devoted to evaluate AA requirement.
The previous edition (NRC, 1993) listed only a few economically important species in
vitamin C section, while the current edition covers majority of commercially important
species. A number of symptoms linked with vitamin C deficiency such as impaired collagen
formation, spinal deformation, haemorrhaging, retarded growth and depressed immunity (Ai,
Q. et al. 2006; Al-Amoudi et al. 1992; Gouillou-Coustans et al. 1998; Halver et al. 1969) used
to be the common problems encountered at aquaculture farms. Aquaculture nutritionists’
knowledge in vitamin C requirements has advanced significantly; as a result fish producers
have got relief of severe economic loss linked with high and frequent incidence of malformed
fish and subsequent mortality.

Whereas, a large discrepancy in quantitative requirements on vitamin C between and
among the fish species has been acknowledged probably due to the differences in fish species,
fish size as well as methodological approach and experimental condition (NRC, 1993).
Dietary source of AA used in different experiments is one of the major and basic differences,
which makes it complex to oversimplify the quantitative requirement of vitamin C in and
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among fish species. L-AA is the traditionally used vitamin C source in fish and shrimp feeds,
but it is thermolabile, unstable and easily oxidized to an inactive form during feed processing
and storage. Various derivatives of AA, including L-ascorbyl-2-sulfate (C2S), L-ascorbyl-2-
monophosphate-Mg (C2MP-Mg), L-ascorbyl-2-monophosphate-Ca (C2MP-Ca), L-ascorbyl-
2-polyphosphate (C2PP) and ascorbate-2-glucose (C2D), have been demonstrated more stable
than the parent compound and have been shown to provide antiscorbutic activity in fish and
shrimp. However, a strict comparison of the potency of each source of AA among different
reports is noticed to be misleading because the experimental condition and purity of these
derivatives also differ (NRC, 2011).

Apart from above mentioned biotic and abiotic factors affecting the level of AA
requirement, the dietary level of various other nutrients has also been reported to alter the
requirement and bioavailability of AA. The ability of AA to regenerate a-tocopherol by
reducing tocopheroxyl radical, has been well characterized by in vitro studies in different
species (Mukai et al. 1991; Packer et al. 1979; Tappl, 1968). On the other hand, bioflavonoids
have been identified as having antiscorbutic (Regnault-Roger, 1988) and antioxidant (Pratt &
Watts, 1964) properties as well as mutagenic activity (Brown, 1980). Rutin, one of the
bioflavonoids, has been reported to produce vitamin C like effects as well as to spare vitamin
C, even though it is not an indispensable food component equivalent to vitamins. The
synergism between ascorbic acid and rutin has been established in guinea pigs (Crampton &
Lloyd, 1950; Douglas & Kamp, 1959; Papageorge & Mitchell, 1949). However, in channel
catfish limited synergetic effects of dietary rutin on vitamin C nutrition could be observed
(Bai & Galtin, 1992). Lee & Dabrowski (2004) already stated that, do we need to reformulate
the requirements of these micronutrients in fish based on their interaction, in comparison to
the dietary requirement estimated for individual vitamins must be varified.

Korean rockfish (Sebastes schlegeli) (Hilgendorf) rank second in marine finfish
aquaculture production in the Republic of Korea. It has been reported that in 2011, the total
aquaculture production of Korean rockfish accounted for 17, 300 tons, contributing 23.89%
of the total marine finfish aquaculture production in the country (KOSTAT, 2012). This
species is having desirable characteristics for aquaculture such as high tolerance to wide
range of temperatures, ease of seedling production due to viviparous reproductive style and
the ability to withstand high stocking density. As a result, commercial fish culture of Korean
rockfish has expanded rapidly in the last four decades. At present besides the indoor culture
system (tank, recirculatory, flow through etc.), this species is also cultured at large scale in
net, pen and cage aquaculture system. Korean rockfish of different age groups have been the
subject of various macro and micronutrients requirement studies. Subsequently, nutrient
requirement for this species have been well defined and established. Considering the
complexity in evaluating the vitamin C requirement in fish, we initiated our research by
developing the experimental model and semipurified diet design for Korean rockfish and
other marine teleosts as well (Bai et al. 1996). Here, we summarize three experimental results,
among a series of long and short term studies with different age group of Korean rockfish
conducted to determine the vitamin C requirement.

Olive flounder (Paralichthys olivaceus) (Temminck & Schlegel) ranks first in the marine
finfish aquaculture sector in Korea. In 2011, olive flounder production has been reported to be
40,800 ton, contributing 56.35% of total marine finfish aquaculture production (KOSTAT,
2012). The Republic of Korea has been the leading flatfish producer around the world. The
establishment of seed production system and the favorable government policy could motivate
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farmers to expand the olive flounder aquaculture in the country. While the culture operation
of this species has expanded rapidly, feeding practice is still dependent on moist pellets and
trash fish. Approximately, 210, 403 tons of moist pellets have been reported to be consumed
exclusively by olive flounder aquaculture in 2012. This feeding method causes many
problems in aquaculture including disease, water pollution, high production cost and
unbalanced nutrient supply. Thus, it is necessary to develop an economical and nutritionally
complete diet in Korea to advance flounder aquaculture. Although Teshima et al. (1991) had
done some vitamin C research in olive flounder, the data on juvenile olive flounder
requirement are scarce. Therefore, we conducted an experiment to re-evaluate the vitamin C
requirement in juvenile olive flounder using L-ascorbyl-2-polyphosphate (ASPP) as the
vitamin C source.

Parrot fish is one of the emerging marine aquaculture species in Korea. Its high
commercial value has attracted fish farmers and this species has been acknowledged as the
promising aquaculture species in the future. However, there is no quantitative estimation of
the dietary vitamin C requirement for this species (Ikeda et al., 1988; Ishibashi et al., 1992).
Therefore, we conducted an experiment to determine the effects of different levels of dietary
vitamin C on growth, tissue ascorbic acid and histolopathological changes in parrot fish.

In the Republic of Korea, freshwater aquaculture is dominated by Japanese eel (4nguilla
Japonica) production due to its overwhelming demand in domestic as well as overseas
market. In 2011, Eel aquaculture production has been reported to be 7,250 tons by volume
contributing 27.33% of the total finfish aquaculture production in the country (KOSTAT,
2012). Consequently, Japanese eel has been the subject of various macro and micro nutrient
requirement studies. Although the dietary vitamin C requirement has been estimated in
Japanese eel using L-ascorbic acid Ca as the source of vitamin C (Ren et al. 2005) this
requirement could vary when other sources of vitamin C are used. Therefore, we conducted a
study to re-evaluate the vitamin C requirement in juvenile eel, using L-ascorbyl-2-
monophosphate as the vitamin C source.

Therefore, this chapter reviews our six experiments conducted to evaluate the vitamin C
requirement in selected marine and freshwater teleosts.

2.VITAMIN C REQUIREMENT IN MARINE TELEOSTS

2.1. Materialsand M ethods

2.1.1. Experimental Semipurified Diets

Semipurified diet developed in our previous experiment (Bai et al. 1996) was little
modified to match up with the nutrient and energy requirement of experimental fish (table
5.1). It was observed that the purified casein-gelatin based diet, low in fish meal (5%), was
not readily accepted by experimental fish. Therefore, fish meal supplementation level was
increased (10%) to enhance the diet palatability for the marine teleosts. Fish meal was
extracted three times with a chloroform/methanol mixture (2:1, v/v) for one day and then air
dried before incorporating into experimental diet (Lee et al. 1998). Vitamin C pre-mixture
was added at different levels at the expense of cellulose.
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Table 5.1. Composition of the basal diet (DM basis)

Ingredient Percentage
Casein, vitamin free' 30.0
Gelatin' 10.0
White fish meal (defatted) 10.0
Dextrin' 27.0
L-Arginine; 0.5
L-Lysine HCI® 0.5
DL-Methionine® 0.5
Pollack oil 5.0
Corn oil* 5.0
Carboxymethycellulose' 2.0
o-Cellulose' 2.5
Vitamin premix(Vit C free)’ 3.0
Mineral premix® 4.0

! United States Biochemical, Cleveland, OH 44122, USA.

2 Kum Sung Feed Co., Pusan, Korea.

3 Yunsei Chemical Co., Japan.

* Corn 0il 4.9% + DHA, EPA 0.1% (25% DHA + EPA mixture).

* Contains (as g per 100g premix): dl-calcium pantothenate, 0.5; choline bitartrate, 10; inositol, 0.5;
menadion, 0.02; niacin, 0.5; pyridoxine HCI, 0.05; riboflavin, 0.1; thiamine mononitrate, 0.05; dI-
a-tocopherylacetate, 0.2; retinyl acetate, 0.02; biotin, 0.005; folic acid, 0.018; Bj,, 0.0002;
colecalciferol, 0.008; a-cellulose, 87.06.

% H-440 premix No.5 (mineral) (NRC 1973).

Vitamin C concentrations in the experimental diets determined at the beginning and at the end
of feeding trial by the modified procedure of Thenhen (1998) as described by Bai & Gatlin
(1992). Less than 20% loss of AA activity was observed in the experimental diets during
storage at -35°C for up to 4 months.

2.1.2. Experimental Diet, Fish and Feeding Trails

Experiment 1 (Korean Rockfish 3.1+ 0.02 g)

Seven semipurified diets were prepared containing the equivalent of 0, 50, 100 or 200 mg
L-AA kg diet in the form of L-ascorbyl-2-glucose (AA2G) or L-ascorbyl-2-monphosphate
Na/Ca (AMP-Na/Ca). The feeding trial was conducted in a flow-through system with 60-L
aquaria receiving filtered seawater at a rate of 1 L min™'. Supplemental aeration was provided
to maintain dissolved oxygen level near saturation. Water temperature was maintained at 20 +
1.5°C. Experimental fish averaging 3.1 + 0.06g (mean + SD) were randomly distributed into
each group of 20 fish. Triplicate group of fish were fed with one of the seven experimental
diets at 4-5% body weight/day for a period of 12 weeks.

Experiment 2 (Korean Rockfish 7.12 + 0.02 g)

Six semipurified diets were formulated to contain 0, 25, 50, 75, 150, or 1500 mg AA kg'1
by adding the appropriate amounts of vitamin C pre-mixture (10 mg L-AA g”' cellulose) at the
expense of cellulose. The feeding trial was conducted in a flow-through system with 60-L
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aquaria receiving filtered seawater at a rate of 1L min”'. Supplemental aeration was provided
to maintain dissolved oxygen level near saturation. Water temperature was ranged from 18 +
0.5°C at the begining to 13 + 0.2'C (mean + SD) at the end of the experiment because of the
natural fluctuation in sea water temperature. Experimental fish averaging 7.12 + 0.02 g (mean
+ SD) were randomly distributed in each aquarium as a group of 25 fish. Triplicate group of
fish were fed with one of the six experimental diets at approximately 3% body weight/day for
16 weeks. Fish were fed twice a day during the first 8 weeks and then once a day until the end
of experiment.

Experiment 3 (Korean Rockfish 12.6 + 0.02 g)

Six semipurified diets were formulated to contain 0, 25, 50, 75, 150 or 1500 mg AA kg'1
by adding appropriate amount of vitamin C pre-mixture (10 mg AA g cellulose) at the
expense of cellulose. The feeding trial was conducted in a flow-through system with 60-L
aquaria receiving filtered seawater at a rate of 1L min”'. Supplemental aeration was provided
to maintain dissolved oxygen near saturation. Water temperature ranged from 15 £ 0.5C at
the beginning to 17 + 0.5°C (mean = SD) at the end of the experiment. Experimental fish,
averaging 12.6 £ 0.02 g (mean + SD), were randomly distributed in each aquarium in groups
of 25 (total weight 316.3 £ 0.58 g). Experimental diets were fed at the rate of 2% of wet body
weight per day for the experimental period of 8 weeks.

Experiment 4 (Olive Flounder 3+ 0.06 Q)

Semipurified diet developed for Rockfish experiment was little modified to match up
with the protein (53%) and energy (17 kJ g") requirement of olive flounder. Defated white
fish meal (25%) and vitamin free casein (25%) was added as the dietary protein source. Six
experimental diets were prepared containing equivalents of 0, 25, 50, 75, 150 or 1500 mg L-
ascorbic acid (AA) kg diet in the form of L- ascorbyl-2-polyphosphate (ASPP). Diets
supplemented with an ascorbic acid source, an equivalent amount of cellulose was removed.
The feeding trial was conducted in a recirculatory system with 54-L aquaria receiving filtered
seawater at a rate of 1L min". Supplemental aeration was provided to maintain dissolved
oxygen level near saturation. Water temperature was maintained at 17 + 1°C. Experimental
fish averaging 3 + 0.06g (mean + SD) were randomly distributed into each group of 30 fish.
Triplicate groups of fish were fed with one of the seven experimental diets at 2.5-4% body
weight/day for a period of 12 weeks. The total fish weight in each aquarium was determined
every 4 weeks, and the amount of diet fed was adjusted accordingly.

Experiment 5 (Parrot Fish 3.9 + 0.06 g)

Semipurified diet developed in our previous experiment was little modified to match up
with the protein (50%) and energy (21.7 kJg™") requirements of parrot fish. Defated fish meal
(27.5%) and casein (27.5%) was added as the dietary protein source. Six diets were
formulated to contain 0, 60, 120, 240, 480 and 2000 mg L-ascorbic acid (AA) per kg diet in
the form of L-ascorbyl-2-monophosphate (AMP) on an AA equivalent basis, and two other
diets were formulated to contain 60 and 240 mg L-ascorbic acid per kg diet. However, the
analyzed AA levels were 0, 50, 100, 205, 426 and 1869 mg AA per kg diet in AMP-
supplemented diets; 36 and 149 mg AA per kg diet in L-ascorbic acid supplemented diets.
Thus, the diets were designated as AA-free, AMPsy, AMP g9, AMPyps, AMP4r6, AMP g0,
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AA;¢ and AA 4. The feeding trial was conducted in a flow-through system with 60L aquaria
receiving filtered seawater at a rate of 1.2 L/min. Supplemental aeration was provided to
maintain dissolved oxygen level near saturation. Water temperature was 22°C at the
beginning of the feeding trial and was 17 C at the end of the feeding trial according to the
normal changes of natural water temperature. Fish averaging 3.9 + 0.06g (mean + SD) were
randomly distributed to each aquarium as groups of 20 fish and fed the experimental diets in
triplicate at the rate of 4% to 5% of wet body weight per day for 11 weeks.

2.1.3. Sample Collection and Analyses

At the end of feeding trails, all fish were weighed and counted to calculate various
biological parameters and morphological indices such as weight gain (WG), specific growth
rate (SGR), feed efficiency (FE), protein efficiency ratio (PER), protein productive value
(PPV), hepatosomatic index (HSI), condition factors (CF) and survival rate.

Weight gain (WG, %) = (final wt. - initial wt.) x 100 / initial wt

Specific growth rate (SGR, %) = (log, final wt. - log, initial wt.) x 100 / days

Feed efficiency (FE, %) = (wet weight gain / dry feed intake) x 100

Protein efficiency ratio (PER) = (wet weight gain / protein intake)

Protein productive value (PPV, %) = (body protein deposit/feed protein intake) x 100
Hepatosomatic index (HIS, %) = (liver weight/body weight) x100

Condition factor (CF, %) = [fish wt (g)/fish length (cm)3] x100

Blood samples were collected from the caudal Vessel of experimental fish. Hematocrit
(PCV) was determined by the microhematocrit method (Brown, 1980) and hemoglobin was
measured in the same fish by cyanmethemoglobin procedure using Drabkin’s solution. Hb
standard prepared from human blood (Sigma Chemical, St. Louis, MO) was used. Tissue
vitamin C concentrations of liver, muscle, gill and brain of fish were determined in triplicates.
Each sample was prepared from five fish randomly selected per aquarium. In the experiment
(1, 2, 3, and 4) Vitamin C was analyzed by the dinitrophenyldrazine (DNPH)
spectrophotometric method (Schaffert et al. 1955) as described by Bai & Gatlin (1992). While
in the experiment 5, Ascorbic acid concentrations in diets supplemented with L-ascorbic acid
were determined directly by HPLC, and ascorbic acid concentrations in diets supplemented
with AMP was calculated after analyzing the AMP contents in diets by HPLC (AMP was
produced by Hoffman La Roche, containing 35% ascorbic acid activity). Ascorbic acid
concentrations in gill, muscle, liver, and brain of pooled fish (five fish per aquarium) were
determined by HPLC (Syknm, German) with a UV detector at 254 nm. The mobile phase was
0.1 M KH,PO, at pH 2.8 and the flow rate was 0.4 ml/min. Preweighed samples were
homogenized in 10% cold metaphosphoric acid. Homogenates were centrifuged at 10061g for
25 min and supernatants were analyzed on HPLC after filtered through a 0.45 mm pore-size
syringe filter (Sartorius, Go“ttingen, Germany). Whole body proximate composition including
crude protein, moisture and ash were analyzed by AOAC methods (AOAC, 1995). Crude fat
was determined by Soxtec system 1046 (Tecator AB, Swedan) after freeze drying the sample
for 12 hours. All data were subjected to ANOVA using Statistix 3.1 (Analytical Software, St.
Paul, MN). When a significant treatment was observed, a least significant difference test was
used to compare means. Treatment effects were considered with the significant level at P <
0.05.
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Table 5.2. Biological performances and mor phological indices*

Diets

Vitamin AMP-  AMP- AMP-

C free Na/Cas, Na/Ca;og Na/Caygg
WG (%)  285.1°  362.8™  4474™ 4758 386.9®  391.9®  411.1%® 13.7

Pooled
AA2Gsy, AA2G9 AA2G,,, SEM

FER (%)  57.4° 70.1° 80.9° 82.9* 71.7° 76.3% 78.1° 2.0

HSI (%)  3.76° 4.05° 4.50° 4.16® 3.86° 4.05° 4.10% 0.09
CF 1.47° 1.59®  1.63° 1.60° 1.55%® 1.57% 1.58%® 0.02
Hb 5.67 5.80 5.84 5.92 5.74 5.87 5.86 0.07
PCV (%) 38.7° 39.0° 40.7% 44.8° 39.2° 39.7° 40.3° 0.87
SR (%) 88° 96.7° 98.3° 98.3° 96.7° 100° 98.3° 1.05

! Values are means from triplicate groups of fish, and the means in each row with a different superscript
are significantly different (P<0.05).

Table 5.3. Vitamin C concentration in different tissuest

Diets Pooled
VitC  AMP-  AMP- AMP-
SEM
free Na/Casy, Na/Cajog  Na/Caygg AA2Gso  AA2Gio  AA2Goo
Muscle  ND 6.7° 12.5%® 19.9° 6.8° 11.9® 20.1° 25
Liver ND 22.9° 31.4° 75.9° 23.5 30.4° 77.8° 6.7

' Values are means from triplicate groups of fish, and the means in each row with a different superscript
are significantly different (P<0.05).

2.2. Resaults

Experiment 1 (Korean Rockfish 3.1+ 0.02 g)

The results of the biological performances and morphological indices are summarized in
table 5.2. After 12 weeks of feeding, WG, FER and survival of fish fed vitamin C free diet
were significantly lower than those of fish fed vitamin C supplemented diet in either form
(AA2G or AMP-Na/Ca). WG, HSI, CF and survival of fish fed the vitamin C free diet were
significantly lower than that of fish fed vitamin C supplemented diets, except those of fish fed
the AMP-Na/Casy, There was no significant difference in Hb in fish fed any of the
experimental diets. AA concentration in muscle and liver tissue could not be detected among
the group fed vitamin C free diet. While, the AA concentrations in muscle and liver from fish
fed diets containing 200 mg AA kg ™' diets were significantly higher than those from fish fed
vitamin C free or 50 mg AA kg™ diet with either of the dietary vitamin C sources (P < 0.05).
However, no differences existed in muscle AA concentration between fish fed AMP-Na/Cas,
AMP-Na/Ca;g9, AA2Gso and AA2Gy diets (table 5.3). After the experimental period of nine
weeks, fish fed vitamin C free diet began to show initial vitamin C deficiency signs such as
anorexia and lethargy. At the end of 12 weeks, deficiency signs such as anorexia, scoliosis,
exophthalmia and fin hemorrhages were pronounced. Overall performances indicated that
optimum vitamin C requirement in Korean rockfish size 3.1 + 0.02 g could be equal to or
greater than 100 but less than 200 mg AA™" diet in the form of L- ascorbyl-2-glucose (AA2G)
as the dietary vitamin C source (average final body weight of 15.3 £ 1.9 g). WG, FE data and
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improved survival indicated that Korean rockfish can utilize AA2G effectively as a source of
vitamin C as well as AMP-Na/Ca, which is extensively used in the aquatic feed industry.

Experiment 2 (Korean Rockfish 7.12 + 0.02 g)

Results of biological performances and morphological indices are summarized in table
5.4 WG, SGR, PER, PPV and CF of fish fed vitamin C free diet were significantly lower than
those of fish fed 150 mg AA™" diet. While, there was no significant difference in these
parameters among the group fed Cy5-Cjsop diets. Survival rate (SR) of fish fed vitamin C free
diet was significantly lower than those of fish fed other diets. HSI of fish fed vitamin C free
diet was lower than those of fish fed diets Cso-Cisqo diets (P < 0.05). After 12 weeks of
experimental period, fish fed vitamin C free diet exhibited a range of deficiency signs
including scoliosis, shortened operculae, exophthalmia and fin hemorrhage. While, at the end
of experiment, spinal deformity (5.3 + 1.08%), shortened operculae, exopthalmia and fin
hemorrhages were distinct among the group of fish fed vitamin C free diet. No significant
difference existed in hematocrit, hemoglobin, whole body protein, whole body lipid and
whole body moisture content among different groups (P < 0.05). However, ash contents of
fish fed Cy and C,s diets were higher than those of fish fed the other diets (P < 0.05). Muscle
and liver AA concentration of fish fed Cy diet were higher than those of fish fed C;50and Cjsgg
diets (table 5.5). Broken line analysis of WG (figure 5.1) suggested the optimum dietary
vitamin C level in Korean rockfish size 7.12 £+ 0.02 g, could be equal to or greater than 102
but less than 150 mg AA kg™ diet (average final body weight of 17.6 + 3.2 g).

Table 5.4. Biological performances and mor phological indices*

Diets

C Cos Cao Crs Cw Comg | LCOledSEM
Weight gain(%) 61° 144° 151°° 159°¢ 177 191 10.25
FCR 323 1.79¢ 1.63%  1.63% 149  131°  0.15
SGR(%) 0.44%  0.85° 0.89 0.90°° 099  1.08"  0.05
PER 0.50°  1.10° 1.18° 1.22° 131 151" 0.08
PPV (%) 8.8° 17.3° 19.1° 19.6° 212 249* 123
HIS 273 3.4 365" 388  4.04° 433" 0.15
CF 1.32°  1.43° 1.52° 1.47° 1.48° 1.61°  0.02
Haematocrit(%) 33.5 37.3 373 36.7 35.5 38.7 0.74
Haemoglobin(g/dl) ~ 9.03 8.91 9.71 9.71 9.45 10.9 0.28
Survival 89° 96° 96° 100° 100° 100° 1.11

' Values are means from triplicate groups of fish, and the means in each row with a different superscript
are significantly different (P<0.05).

Table 5.5. Vitamin C concentration in different tissuest

Diets
Co Cos Cro Crs Crso Crsoo Pooled SEM
Muscle  28.3° 18.9°¢ 18.1%¢ 18.8"¢ 24.8° 60.6° 3.77
Liver 14.9° 33.9%¢ 35.3% 35.7%¢ 55.8° 180.0° 12.95
Gill 33.2° 36.5° 52.5° 53.5° 70.3° 143.0° 9.65
Brain  30.4° 37.2¢ 39.8° 54.6° 86.0° 247.0° 18.06

' Values are means from triplicate groups of fish, and the means in each row with a different superscript
are significantly different (P<0.05).
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Figure 5.1. Broken line analysis based on weight gain.

Table 5.6. Biological performances and morphological indices'

Diets
C9 C25 CSO C74 C150 C1500
Weight gain (%) 73.3° 82.64" 81.85®  77.52" 8435  87.09°
+1.87 +3.84 +0.75 +2.76 +4.39 +1.59
FCR(%) 86.1° 94 3% 90.2% 94.9% 100.4*  103.8*
+2.1 +3.7 +2.8 +0.5 +2.0 +2.8
Hematocrit(%) 34.7° 41.3 42.0" 41.4° 41.3 42.3°
+0.77 +1.79 +0.24 +0.92 +0.80 +0.65
Hemoglobin(g/dl)  8.00° 8.34° 8.01° 8.08" 8.28" 8.23"
+0.23 +0.26 +0.31 +0.23 +0.17 +0.14
CF 1.79* 1.84° 1.80° 1.80° 1.81° 1.81°
+0.02 +0.02 +0.03 +0.02 +0.03 +0.03

' Values are means from triplicate groups of fish, and the means in each row with a different superscript
are significantly different (P<0.05).

Table5.7. Vitamin C concentration in different tissuest

Diets Pooled

Co Cos Cso Css Ciso Ciso0 SEM
Muscle  4.84° 10.70°  10.37" 12.36™ 13.73 63.15° 5.46
Liver 32.56° 41.15°  46.66° 58.21° 76.12° 179.74° 13.16
Gill 21.62° 18.60°  23.97° 23.98° 39.79° 139.50°  8.78
Brain 181.76°  233.01° 203.94®>  221.48>  24447° 39458 922
! Values are means from triplicate groups of fish, and the means in each row with a different superscript
are significantly different (P<0.05).
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Experiment 3 (Korean Rockfish 12.6 £ 0.02 g)

Results of biological performances and morphological indices are summarized in table
5.6. WG and FE of fish fed vitamin C free diet were significantly lower than those of fish fed
diets C;spand C;sgp (P < 0.05), while those of fish fed Cy, C,sp or C;so diet (P < 0.05). Average
hematocrit (PCV) of fish fed Cy was significantly lower than those of fish fed the other diets.
No significant difference existed in survival rate, Hb, CF, whole body protein, whole-body
lipid, whole body ash and whole body moisture content among the group fed six different
level of vitamin C (P < 0.05). Muscle L-ascorbic acid (AA) concentrations of fish fed C, diet
were lower than those of fish fed Ci50 and Cysop diets (P < 0.05), while there was no
significant difference among fish fed diets Cy-Cy5 diet (P < 0.05). Liver, gill and brain AA
concentrations of fish fed C,s¢9 diet were significantly higher than those of fish fed diets Co-
Cis0 (P < 0.05), while these values were not significantly different among fish fed diets Coy-
Cis0 (table 5.7). Overall results suggested the optimum dietary vitamin C level in Korean
rockfish size 12.6 + 0.02 g, could be equal to or greater than 39.7 mg AA, but less than 144.6
mg AA kg™ diet in the form of L-ascorbic acid for the maximum growth (average final body
weight of 52.6 + 3.6 g)

Table 5.8. Biological performances and mor phological indices"

Diets Pooled

Co Cys Cso Css Ciso Cisoo SEM
WG (%) 270.6° 460.4°  480.8°  477.6° 543.1*  557.9° 22.0
FER (%) 413" 65.8° 74.6b° 73.5% 76.3% 78.7% 3.37

PER 1.28¢ 1.66° 1.73b° 1.73% 1.88%® 1.95° 0.06
HIS 2.01° 1.98° 226 2.22% 2.69* 2.52% 0.08
CF 0.85° 0.88% 0.89% 0.91% 0.90® 0.93" 0.10
SGR 1.56° 2.05° 2.11° 2.07° 2.14% 2.24° 0.05

PCV (%) 20.4% 26.1° 23.3% 19.7° 22.7% 25.3% 0.89
Hb(gdL")  3.76° 4.44° 3.71¢ 4.34° 4.41° 5.71° 0.25
Survival 76.7 77.8 88.9 88.9 91.1 85.6 2.09
' Values are means from triplicate groups of fish, and the means in each row with a different superscript
are significantly different (P<0.05).

Table 5.9. Vitamin C concentration in different tissuest

Diets Pooled

Co C25 C50 C75 C150 C1500 SEM
Gill 36.1° 40.1% 51.3% 55.6° 79.4° 166.9° 11.94
Kidney — 24.5° 36.2 45.0 67.1¢ 97.6° 254.9° 20.90
Liver 27.7° 37.0¢ 39.1%¢ 46.6° 63.8° 163.6 12.38
Muscle  16.6° 21.6° 29.5% 30.7% 36.6° 56.2° 3.37

' Values are means from triplicate groups of fish, and the means in each row with a different superscript
are significantly different (P<0.05).
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Experiment 4 (Olive Flounder 3 + 0.06 g)

Results of bilological performances and morphological indices are summarized in table
5.8. WG and PER of fish fed the vitamin C free diet were significantly lower than those of
fish fed the other diets (P < 0.05) and those of fish fed the C,s, Cso, C75 diets were significantly
lower than those of fish fed the C;5q0 diet (P < 0.05). No significant difference existed in HSI,
haematocrit, haemoglobin and survival among all the dietary treatments (P < 0.05). AA
concentration in kidney, liver and muscle of fish fed vitamin C free diet were significantly
lower than those of fish fed the C;50 and Cysp diets (P < 0.05), while there was no significant
difference among fish fed the Cy C,s and Cs diets. However, AA concentration in kidney,
liver and muscle from fish fed the C,so diet were significantly higher than those of fish fed
Cis0 diet (P < 0.05). Gill AA concentration of fish fed the Cis50 and Cysoo diets were
significantly higher than those of fish fed the Cy, Cys, Cso, and Cs diets (table 5.9). The initial
symptoms of AA deficiency such as anorexia and lethargy were observed in fish fed the C,
diet at the end of second week of the experimental period. Fish fed the vitamin C free diet
exhibited scoliosis by the end of fourth week of the experimental period. Fin hemorrhage
became apparent during the eleventh week in fish fed the vitamin C free diet. By the end of
the tenth week, fish fed the C,5 diet also exhibited initial deficiency symptoms exhibited by
the fish fed the vitamin C free diet. While, no visible deficiency symptoms appeared in fish
fed the Csg, C7s, Cy50 and Cy590 diet during the 12 weeks of experimental period. Broken line
model of WG suggested that optimum dietary level of AA in juvenile olive flounder size 3 +
0.06 g, could be equal to greater than 93 mg but less than150 mg AA kg™ diet in the form of
L-ascorbyl-2-polyphosphate (average final body weight of 16.9 + 3.1 g).

Table 5.10. Biological performances and mor phological indices"

Diets

AA-free AMPs;, AMP;y AMP,s AMPss AMPigge  AAss  AApg
WG (%) 47 180  271° 291° 306™ 334 150¢  282°
FE (%) 40.8° 567  62.5° 65.1° 749 37.6°  68.2°
HSI (%) 3.04 3.8 3.34 3.53 3.63 3.11  3.16
SR (%) 567 91.7% 917" 917" 98.3° 36.7¢  83.3
PCV (%) 319 332 36.5 37.5 36.3 33.1 355
Hb (g/dl) 7.2 7.5 8.7 7.9 7.5 72 82

' Values are means from triplicate groups of fish, and the means in each row with a different superscript
are significantly different (P<0.05).

Table 5.11. Vitamin C concentration in different tissues!

Diets

AA-free  AMPs, AMP;jy AMPys AMPyns AMPro AAss  AAjg
Muscle - 162  19.9*  331° 35.6° 45.6" 13.4°  27.5°
Liver - 31.9¢ 381  484° 55.0° 109.6°  37.7% 429
Gill - 33.1¢ 72.4° 90.5*  107.3° 177.2°  24.4% 873%™
Brain 315" 89.6°  131.7° 289.9°  368.1° 467.0°  79.9° 253.6°

' Values are means from triplicate groups of fish, and the means in each row with a different superscript
are significantly different (P<0.05).
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Figure 5.2. Broken line analysis based on weight gain.

Experiment 5 (Parrot Fish 3.9 £ 0.06 Q)

Results of biological performances and morphological indices are summarized in table
5.10. WG of fish fed AMP5, and AAj;¢ diets were significantly lower than that of the other
groups, and fish fed AMP,gs showed a significant higher WG than did fish fed AMPs,
AMP, o), AMPyps, AAjzs and AAj4 diets (P< 0.05). However, there was no significant
difference in WG between fish fed AMP,ys and AMP g9 diets, and among fish fed AMP;y,
AMP,ps, AMPss and AAj4e dicts. Fish fed the AA-free diet began to show vitamin C
deficiency signs, such as retarded growth, darkening, anorexia, opercular deformity and high
mortality, after 3 weeks of the feeding trial. By the end of the seventh week, all fish fed the
AA-free diet were dead. There were no significant differences in HSI, hematocrit (PCV) and
hemoglobin (Hb) among fish fed the various diets. Muscle, liver, gill and brain AA
concentrations of fish fed AMPg diet were significantly higher than those from the other
dietary groups (table 5.11). In general, there were no significant differences in tissue AA
concentrations from fish fed AMP,gs, AMP4,6, and AA ;49 diets. Tissue AA concentration in
fish fed AMP diets was higher than those from fish fed the AA diets at the same
supplemented AA level. Broken line analysis of WG (figure 5.2) suggested that the optimum
dietary vitamin C level in parrot fish size 3.9 + 0.06 g could be equal to or greater than 118 £
12 mg but less than 205 AA kg diet in the form of L-ascorbyl-2-monophosphate (average
final body weight of 14.3 £ 2.9 g).

2.3. Discussion

Prior to the start of each experiment, fish were fed the vitamin C free diet for 1- 4 weeks
to adjust to the semi-purified diet and to reduce possible body reserves vitamin C.
Furthermore, the anterior panels of the every aquaria were scrubbed once per week in
addition to the daily siphoning of feaces to minimize algal and fungal growth, which could
potentially provide vitamins C. Recorded WG in our few experiments could be lower than the
reported value for the same species by other authors. The reason could be attributed
differences in size of the fish, the experimental period, environmental condition and most
importantly, the use of semipurified diets in these investigations. It was observed that the
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purified casein-gelatin based diet, low in fish meal (5%), was not readily accepted by
experimental fish. Therefore, fish meal supplementation level was increased (10%) to
enhance the diet palatability. Fish meal was extracted three times with a chloroform/methanol
mixture (2:1, v/v) for one day and then air dried before incorporating into experimental diet
(Lee et al. 1998).

The reduction in growth performance of fish fed the vitamin C free diet in these
experiments may indicate that dietary AA has a specific effect on growth as suggested by
Ram (1966). Similar results have been reported for tilapia (Shiau & Hsu, 1995) and channel
catfish (Wilson et al. 1989). Fish species and age group responded differently to the different
levels of dietary AA in terms of WG. Observation from the experiment 1, indicated that
optimum vitamin C requirement in Korean rockfish size 3.1 + 0.02 g could be equal to or
greater than 100 but less than 200 mg AA ™ diet in the form of L-ascorbyl-2-glucose. While,
in the experiment 2, broken line model of WG indicated the optimum dietary vitamin C level
could be equal to or greater than 102 mg AA™ in the form of L-ascorbic acid for Korean
rockfish size 7.12 + 0.02 g. Results from the experiment 3, it is suggested that AA
requirement is greater than 39.7 mg AA kg, whereas 144.6 mg AA kg™ in the form of L-
ascorbic acid is adequate for the maximum growth of Korean rockfish size 12.6 £ 0.02 g.
While, in the case of olive flounder (experiment 4), 93 mg AA kg™ diet in the form of L-
ascorbyl-2-polyphosphate was estimated to be required to support the reasonable growth in 3
+ 0.06 g size flounder. Teshima et al. (1991) could not detect significant differences among
Japanese flounder fed 10-100 mg L-ascorbyl-2-phosphate-Mg (AMP) kg™ diet fish meal
based diets in flounder averaging 43 + 5 g (mean + SD) reared in a flow through system for
24 weeks. They concluded that 60-100 mg of AMP kg-' diet was sufficient to support good
growth and survival in Japanese flounder. Nevertheless, they did not observe any external
signs of vitamin C deficiency in fish fed the control diet (without AMP supplementation) and
diets containing AMP. They further postulated that a supplement of approximately 60 mg of
AMP (equivalent to 28 mg of AA) kg™ diet was sufficient to support the good growth and
survival of the young Japanese flounder without external signs of vitamin C deficiency. The
discrepancy from these two studies might demonstrate that the dietary requirement of AA
might decrease with fish size, as has been shown in other studies (Hilton et al. 1978; Li &
Lovell, 1985). The other reasons could be attributed such as differences in experimental
condition as well as experimental diet. Furthermore, the native AA in the fish meal basal diet
that Teshima et al. (1991) used might have also contributed some AA to the experimental
diets and thus decreased apparent requirement level of supplemented AA in their diets.
Broken line analysis of WG in parrot fish sized 3.9 + 0.06 g suggested the dietary vitamin C
requirement to be equal or greater than 118 + 12 mg AA kg™ diet in the form of L-ascorbyl-2-
monophosphate. The value was higher than the dietary vitamin C requirement of catfish (Lim
& Lovell, 1978), rainbow trout (Halver et al. 1969; Hilton et al. 1978), and Korean rockfish
(Lee et al. 1998). It may indicate that parrot fish may have a higher vitamin C requirement
than the other fish species. However, the vitamin C requirement value from the present study
was much lower than 250 mg AAkg™ diet reported in parrot fish from Ishibashi et al. (1992)
using AA as the dietary vitamin C source. The main reason for the discrepancy among these
two studies could be attributed the difference in source of vitamin C used for experimental
diet.

Whereas various previous reports suggested that special attention must be given to
vitamin C storage. Tissue levels of a given vitamin may be useful as an index of nutritional
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status of the animal with respect to that vitamin. In that case, they are complementary to
growth studies in accessing the adequacy of the dietary concentration (Gouillou-Coustans &
Kaushik, 2001). Liver AA concentration has been widely used as an index of AA status of fish
(Hardie et al. 1991; Hilton et al. 1977; Murai et al. 1978; Skelbaek et al. 1990). Lim & Lovell
(1978) and Murai et al. (1978) found a good correlation between the dietary and liver AA
concentration in channel catfish. Hilton et al. (1977) and Skelbaek et al. (1990) also found
significant correlation in rainbow trout. Whereas, Halver et al. (1975) preferred anterior
kidney AA concentration although Lim & Lovell (1978) suggested that the kidney AA
concentration of channel catfish did not reflect the differences among the AA concentartions
of the diet. In our first experiment, the AA concentrations in the muscle and liver tissues from
Rockfish fed diets containing 200 mg AA kg'1 diets were significantly higher than those from
fish fed the vitamin C free or 50 mg AA kg diets with either of the dietary vitamin C
sources. Although, this experiment was confined by limited number of treatments but the
observation is well supported by our previous long-term study. Juvenile Korean rockfish fed
1500 mg AA kg™ diet for 28 weeks showed the liver AA concentration of 180.2pg AA g
tissue (Bai et al. 1996). A gradual increasing trend in the liver, muscle, gill and brain tissue
AA concentration with a crossponding increase in dietary vitamin C concentration clearly
observed in our second and third experiment. In these experiments, the AA concentrations of
these four tissues from fish fed the diet supplemented with 1500 mg AA kg were 2-5 times
higher than those of rockfish fed the diets supplemented with 25-150 mg AA kg™ In our
investigation with olive flounder (experiment 4), liver AA concentrations showed the positive
correlation (r* = 0.98) with dietary AA concentrations. The trend was similar in our
experiment with parrot fish as well (experiment 5), muscle, liver, gill and brain AA
concentrations of fish fed 1869 AMP kg™ were significantly higher than those of group fed 50
- 426 AMP kg™ diet. The results from the tissue vitamin C analyses indicated that the unit
vitamin C concentration was highest in the brain and the lowest in muscle. Although the unit
vitamin C concentration is lowest in muscle, the calculated total amounts of vitamin C in fish
is the highest. This was well supported by the results from Al-Amoundi et al. (1992), Bai et
al. (1996) and Bai & Lee (1996), Jauncey (1985), Soliman et al. (1986). Al-Amoudi et al.
(1992) stated that AA in muscle may be in the consumable form which is readily available for
physiological activities.

Overall observations in these experiments suggested a much higher dietary vitamin C
requirement for the saturation of various tissues in fish body as compared to optimum dietary
level estimated upon growth performance. Nevertheless, estimation of vitamin C requirement
varies with the response criteria as well as methodological approach. We proposed the
depletion-replition method to estimate a true quantitative requirement of a nutrient (Bai et al.
1991, 1998). Without having knowledge of nutritional history as well as the body reserved
vitamin C concentration, true estimation could be missleading. Prior to the start of each
experiment, fish were fed the vitamin C free diet for 1-4 weeks to deplete possible body
reserves vitamin C. In our opinion, vitamin C requirement should be recommended at a level
which could provide additional benefit beyond the basic requirement of fish. Taking into
account the vitamin C saturation in various tissues, our results may suggest that requirement
level could be greater than 1390mg AA kg™ diet in the form of L- ascorbic acid for Korean
rockfish, greater than 150 but less than 1500mg AA kg diet in the form of L-ascorbyl-2-
polyphosphate for juvenile olive flounder, while for parrot fish the level could be greater than
1869mg AA kg™ in the form of L-ascorbyl-2-monophosphate.
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The initial symptoms of AA deficiency were observed such as anorexia and lethargy just
after an experimental period of 2-3 weeks in olive flounder and parrot fish experiments.
While, Korean rockfish fed vitamin C free diet, exhibited these symptoms after an
experimental period of 8-10 weeks, when the liver concentration amounted to <30pg AAg™
tissue. Lim & Lovell (1978) observed deficiency symptoms in 2.3 g channel catfish after
8~12 weeks when liver AA concentrations was <30 pug AAg™” tissue. Hilton et al. (1977)
found that rainbow trout given an AA-free diet suffered from deficiency symptoms such as
anorexia, lethargy and prostration when the liver concentration amounted to be <20 ug AAg”
tissue after 12-14weeks. Hepatic atrophy symptoms were observed among the parrot fish fed
vitamin C free diet after 3 weeks of feeding trail. In fact, parrot fish was found to be
extremely sensitive to vitamin C deficiency, deficiency signs such as retarded growth,
darkening, anorexia, opercular deformity as well as high mortality were pronounced just after
an experimental period of 3 weeks. By the end of seventh weeks, all the parrot fish fed the AA
free diet were dead. In all of our experiments deficiency symptoms were followed by
deficiency signs such as scoliosis, shortened operculae, exopthalmia, and fin hemorrhage
among the fish fed vitamin C free diet. Overall observation were identical with the signs and
symptoms reported in various other fish species such as channel catfish (Andrew & Murai,
1975; Lim & Lovell, 1978; Murai et al. 1978; Wilson & Poe, 1973) coho salmon,
Oncorohynchus kisutch (Walbaum), (Halver et al. 1969), rainbow trout (Hitlon et al, 1978;
Sato et al, 1983; Tsujimura et al., 1978), carp, and yellow tail, Seriola quinqueradiata
(Sakaguchi et al. 1969) fed vitamin C free or deficient diets. While, no such deficiency signs
or symptoms were observed among fish fed vitamin C supplemented diet at different levels as
reported in other studies.

L-AA is the traditionally used vitamin C source in fish and shrimp feeds, but it is
thermolabile, unstable and easily oxidized to an inactive form during feed processing and
storage. Derivatives of AA that are more stable than AA during diet processing and storage
have antiscorbutic activity in many fish species (NRC, 1993). AA derivatives with sulfate and
phosphate moitiies at the unstable carbon C-2 position in the lactone ring are highly resistant
to oxidation (Shiau, 2001; Tolbert et al. 1979). Phosphate derivatives of AA have been shown
to have antiscorbutic activity in channel catfish (El Naggar & Lovell, 1991), tilapia (Shiau &
Hsu, 1995; Soliman et al. 1986), rainbow trout (Cho & Cowey, 1993; Dabrowski et al. 1996;
Miyasaki et al. 1992), yellowtail (Kanazawa et al. 1992), Japanese flounder (Teshima et al.
1993) and marine shrimp (Shigueno & Itoh, 1988; Shiau & Hsu, 1994). Findings with 3.1 +
0.02 g size rockfish (experiment 1) confirmed an equal efficiency of AA2G as the dietary
vitamin C source compared to AMP-Na/Ca. L-Ascorbyl-2-glucose (AA2G), an AA derivative
derived from Kimchi, a Korean traditional fermented vegetable food, is an a-glucose
conjugate of AA at the C-2 position. AA2G is stable to ascorbate oxidase and heating, and it
can be effectively hydrolysed in vitro by the rice seed enzyme a-glucosidase. AA2G was
reported to have same vitamin C activity as AA on a molar basis for oral supplementation in
guinea-pigs (Kumano et al. 1998; Wakamiya et al. 1992). However, it was the first
experiment to measure the bioavailability of this derivative. Overall results suggested that for
Rockfish dietary AA2G could be equally effective and practical derivative as a source of
vitamin C like AMP-Na/Ca, which is extensively used in the aquatic feed industry.
Matusiewicz & Dabrowski (1995) showed that phosphate derivatives of AA could be
hydrolyzed by the action of rainbow trout intestinal alkaline phosphatase. While, taking into
account the reason attributed before for the discrepancy between the reports of Teshima et al.
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(1991) and our finding on vitamin C requirement for olive flounder. In our experiment with
olive flounder (experiment 4), L-ascorby-2-polyphospahte (ASPP) as vitamin C source
showed similar ascorbic activity as compared to other phosphate derivative of ascorbic acid.
Moreover, obtained results with parrot fish reconfirmed that use of ascorbic monophosphate
(AMP) as dietary vitamin C source can lead to significantly reduced loses and consequently
lower the level of minimum requirement as described by Gouillou-Coustans & Kaushik
(2001). As mentioned before the vitamin C requirement value from our study was much
lower than 250 mg AA kg™ diet reported in parrot fish from Ishibashi et al. (1992) using AA
as the dietary vitamin C source. Observed results demonstrated a higher efficiency of
phosphate derivative (AMP) in parrot fish as well.

Various derivatives of AA, including L-ascorbyl-2-sulfate (C2S), L-ascorbyl-2-
monophosphate-Mg (C2MP-Mg), L-ascorbyl-2-monophosphate-Ca (C2MP-Ca), L-ascorbyl-
2-polyphosphate (C2PP) and ascorbate-2-glucose (C2D), have been tested and encouraging
results have been reported as compared to traditional source of vitamin C L-ascorbic acid. As
mentioned in standard reference book NRC (2011), a strict comparison of the potency of each
source of AA among different reports could be misleading because the experimental
condition and purity of these derivatives may also differ.

3. VITAMIN C REQUIREMENT IN FRESHWATER TELEOSTS
3.1. Materialsand M ethods

3.1.1. Experimental Semipurified Diets

The experimental diets were formulated to contain 50% crude protein and 19.8 kJ gross
energy g diet (excluding indigestible gross energy). Fish meal was extracted four times by
using 75-80°C hot ethanol (fish meal/ethanol = 1:2, W/V) before incorporation into the diet
(Kosutarak et al. 1995). Vitamin-free casein and defatted fish meal were used as the main
protein sources. Experimental diets were prepared by mixing the dry ingredients in an electric
mixer, followed by the addition of oil and water. This mixture was formed into dough, and
dry pellets were made by passing the dough through a screw-type pelleting machine and air
drying the formed pellets for approximately 48 h. After drying, the pellets were broken up,
sieved into the proper pellet size, sealed and stored at -20°C until use.

3.1.2. Experimental Diet, Fish and Feeding Trail

Five experimental diets were prepared to contain 0, 30, 60, 120 or 1,200 mg AMP kg
diet (dry matter basis, DM) in the form of L-ascorbyl-2-monophosphate (AMP) by adding
appropriate amounts of AMP pre-mixture (10 mg AMP g™ cellulose). The actual ascorbic acid
concentrations of the experimental diets were determined by high-pressure liquid
chromatography (HPLC) to be 0 (AMPy), 24.1 (AMPy,), 52.3 (AMPs;), 107.9 (AMP;s) and
1,137 (AMP,37) mg kg-1 diet. In diets supplemented with ascorbic acid, equivalent amounts
of cellulose were removed. The feeding trail was conducted in a recirculatory system with a
biofilter installed in a concrete water reservoir. All aquaria were equipped with the aeration
system and water was heated by electric heaters in the concrete reservoir. Water temperature
was maintained at 25 + 1.0°C (mean + SD) and water flow rate was 1 L min”'. Experimental
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fish averaging 15+0.3g were randomly distributed to each of 15 aquaria (60 L capacity) as
groups of 20 fish. Each diet was fed to triplicate groups of fish at a feeding rate of 3% of wet
body weight for an experimental period of 12 weeks.

3.1.3. Sample Collection and Analyses
Weight gain (WG), specific growth rate (SRG), feed efficiency (FE), protein efficiency
ratio (PER) and survival rate were measured and calculated after each weighing.

Weight gain (WG, %) = (final wt. - initial wt.) x 100 / initial wt

Specific growth rate (SGR, %) = (log, final wt. - log, initial wt.) x 100 / days
Feed efficiency (FE) = (wet weight gain / dry feed intake) x 100

Protein efficiency ratio (PER) = (wet weight gain / protein intake)

Samples of 20 fish at the beginning of the experiment and 6 fish per tank at the
termination were collected and stored frozen at -20°C for determination of proximate carcass
composition. Proximate composition analyses of experimental diets and fish bodies were
performed by the standard methods of AOAC, (1995). Samples of diets and fish were dried to
a constant weight at 105°C to determine moisture content. Ash was determined by
incineration at 550°C, crude lipid by soxhlet extraction using the Soxtec system 1046 (Tecator
AB, Hoganas, Sweden), and crude protein by the Kjeldahl method (Nx6.25) after acid
digestion. Vitamin C concentrations in experimental diets and carcasses of pooled fish (five
fish per aquarium) were determined by high performance liquid chromatography (HPLC;
Sykam, Eresing, German) with a UV detector at 254 nm.

Table 5.12. Composition of the basal diet (DM basis)

Ingredients % of drymatter
Casein' 27.5
Defatted fishmeal® 27.5
Wheat flour® 11.3
Corn starch® 16.0
Fish oil* 3.1
Corn oil’ 6.2
Vitamin premix (free vitamin C)° 3.0
Mineral premix’ 3.0
Vitamin E premix® 0.0
Carboxymethylcellulose' 2.4

! United States Biochemical, Cleveland, Ohio, USA.

> Han Chang Fishmeal Co., Pusan, Korea.

3 Young Nam Flour Mills Co., Pusan, Korea.

* E-Wha oil Co., Ltd., Pusan, Korea.

> Dong Suh Oil & Fats, Changwon, Korea.

® Vitamin premix (Wang et al., 2003a).

7 Contains (as g kg-1 premix): NaCl, 43.3; MgS04-7H20, 136.6; NaH2PO4-2H20, 86.9; KH2PO4,
239.0; Ca(H2PO4)2-H20, 135.3; ZnSO4-7H20, 21.9; Fe-citrate, 29.6; Ca-lactate, 303.89;
AICI3-6H20, 0.15; KIO3, 0.15; Na2Se03, 0.01; CuCl2, 0.2; MnSO4-H20, 2.0; CoCI2-:6H20, 1.0.

¥ L-ascorbyl-2-monophosphate, Sigma, St. Louis, USA.
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All the analyses were conducted according to standard methods (AOAC, 1995). All data were
analyzed by one-way ANOVA to test for the effects of the dietary treatments. When a
significant treatment effect was observed, a Least Significant Difference (LSD) test was used
to compare means. Treatment effects were considered with the significance level at P <0.05.
Broken-line analysis (Robbins et al. 1979) was used to estimate the optimum dietary level of
vitamin C. All statistical analyses were carried out by SAS version 9.0 software (SAS
Institute, Cary, NC, USA).

Table 5.13. Biological performances and mor phological indices

WG (%) SGR (% day")  FE (%) PER Survival(%)
Vitamin C (L-ascorbyl-2-monophosphate, AMP mg kg™ diet)
AMP, 68.2+£5.22° 0.74+0.04° 48.0+7.66°  0.96+0.15° 83.3+7.64°
AMP,, 85.6+2.60" 0.88+0.02% 59.8+3.65"  1.20+0.07% 96.7+5.77°
AMPs, 98.0+6.84° 0.98+0.05° 65.3+4.56°  1.31+0.09" 96.7+5.77°
AMP, ¢ 91.6+6.36° 0.9340.05° 63.9+7.01"  1.28+0.14™ 97.8+2.89°
AMP, 5, 89.1+4.84% 0.91+0.04™ 62.247.56®  1.24+0.15% 98.342.89°

Values are means from triplicate groups of fish, and the means in each row with a different superscript
are significantly different (P<0.05).

Table 5.14. Whole body proximate composition and vit C concentration®

Moisture Ash Protein Lipid Vltarr_llln ¢
(hgg)

Vitamin C (L-ascorbyl-2-monophosphate, AMP mg kg™ diet)

AMP, 61.0 32 17.1 44.5 ND
AMP,, 62.4 32 16.3 46.7 16.4°
AMPs, 62.5 33 18.2 46.3 20.8°

AMP g 63.3 3.1 18.4 46.6 46.5°
AMP, 3, 62.8 3.4 18.4 46.6 78.3"
Pooled SEM®  0.58 0.09 0.42 0.42 9.13

" Values are means from triplicate groups of fish, and the means in each row with a different superscript
are significantly different (P<0.05).

120
5 y=0.5692x + 693506
S 60 [ | y'=52.9
E‘ R*=0.5803
Z 30 | |

Pl 4
0 LY
0 200 400 600 800 1000 1200

Dietary vitamin C level (mg kg*)

Figure 5.3. Broaken line abalysis based on weight gain.
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3.2. Reaults

Biological performances of the experimental fish are summarized in table 5.13. WG and
SGR for fish fed AMPs, and AMP;¢3 were significantly higher than those of fish fed vitamin
C free diet (P<0.05). However there were no significant difference among fish fed AMP,4,
AMPs,, AMPos and AMP,;37 or among those fed AMPy, AMP,, and AMP,,3;7. Similarly FE
and PER of fish fed AMPs, were significantly higher than those of fish fed the diet without
AMP supplementation (p<0.05). However, there were no significant differences in these
parameters among fish fed AMP,4, AMPs;, AMPos and AMP 37 or among those fish fed
AMP,,, AMPs,, AMPos and AMP,j3; or among those fed AMPy,, AMPy;, AMP s and
AMP)37. Survival of fish fed the AMP-supplemented diets was significantly higher than
those of fish did not receive vitamin C supplementation. No vitamin C could be detected in
whole body of fish fed AMP, diet. While the vitamin C level in fish fed AMP108 diet were
significantly higher than those in fish fed AMP,, and AMPs, Vitamin C level in fish fed
AMP| ;37 diet were significantly higher than those in fish fed all other diets (table 5.14).

3.3. Discussion

Observed results indicated the essentiality of dietary vitamin C in juvenile eel. However,
based on ANOVA test of growth parameters, there seemed to be no benefits of increasing
vitamin C supplementation in diets beyond 24 mg AMP kg diet, as fish fed any of the
vitamin C supplemented diets had similar growth performance. Broken-line regression
analysis on the basis of WG showed the dietary vitamin C requirement of juvenile eel could
be equal to or greater than 41.1 mg kg diet. The determined requirement based on broken-
line analysis of WG is comparable to values obtained in common carp, Cyprinus carpio (45
mg AA kg diet) (Gouillo-Coustan et al. 1998). Ren et al. (2005) reported the optimum
dietary level of AA for the Japanese eel juvenile growth to be more than 27mg AA/kg without
stating an upper limit. Although no significant differences were recorded above this minimum
level, SGR continued to increase numerically up to the maximum supplementation level in
their study. Ren et al. (2005) study was done using L-ascrobic acid Ca as the vitamin C source
while L-ascorbyl-2-monophosphate was used in our study. Any differences could be
attributed to the difference in the vitamin C source. But if broken line analysis had been done
on the data in the previous study, the requirement might be similar, suggesting no differences
in the availability of these vitamin C sources. Furthermore, no vitamin C deficiency signs
such as anorexia, abnormal swimming, and hemorrhagic areas under the skin could be
observed in our study in contrast to aforementioned study.

In our knowledge, number of studies devoted to investigate the vitamin C requirement in
freshwater teleosts is less than the number of experiments conducted in marine teleost. For
O.mykiss and O. kisutch, the minimum AA requirement based on WG and absence of
deficiency signs has been reported to range between 20 - 100 mg kg A”. In the case of
Atlantic salmon, Salmo solar, a dietary supplemental level of 50 AA mg kg has been
reported to be sufficient to support optimum growth (Lall et al. 1989). Sannes et al. (1992)
concluded that the minimum dietray requirement for the optimal growth of Atlantic salmon
could range between 10-20 mg AA kg™ diet in the form of AMP.
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However requirements recorded for Japanese eel experiments seem to be low when
compared to the results obtained in marine teleosts mentioned in this article. Even though the
value is lower than the reported value for vitamin C requirement in aquatic invertebrate, sea
cucumber, Apostichopus japonicas (OKorie et al. 2008). Based upon a few existing reports, it
would be misleading to conclude that freshwater teleost have a comparatively lower vitamin
C requirement than the marine teleosts. Further studies are warranted to confirm the
differences in efficiency of different AA derivatives in freshwater fish including eel.

4. GENERAL DISCUSSION AND SUMMARY

Aquaculture nutritionists’ knowledge on vitamin C requirements has advanced
significantly in the last three decades. Estimation of the true quantitative requirements of any
nutrient is a critical issue. However, previously it was suggested that Salmonids differ from
mammals with respect to vitamin C metabolism in being able to synthesize L-ascorbyl-2-
sulphate (AS) and to use this compound as a storage form (Tucker & Halver, 1986). Also,
Guerin (1986) found that AA concentrations were very low in tissues of channel catfish and
these concentrations were postulated not to reflect dietary ascorbic acid levels. Thus, he
concluded that AA was not an important storage form of vitamin C in channel catfish. While,
in our experiment with channel catfish, ascorbic acid concentrations and thiobarbituric acid
(TBA) values of fillet indicated that improved stability of channel catfish fllets may be
achieved by enhancing tissue levels of vitamin C through dietary supplementation. Therefore,
we proposed that Vitamin C can be stored in animal body (Bai & Galtin, 1992). The
requirements of fat-soluble vitamins have been proposed by Shiau & Chen (2000) for vitamin
A, by Shiau & Hwang (1994) for D, by Lee & Shiau (2004) for E and by Shiau & Liu (1994)
for K.

Since vitamin C can be stored in the teleost body, body reserve and the nutritional history
of experimental teleost must be taken into account prior to viamin C requirements study. Two
approaches may be followed to determine the dietary requirement of an essential nutrient for
growth. When turnover of the nutrient is rapid, or whole body has low reserves of that
nutrient, normal growing animals can be fed diets containing graded levels of the nutrient and
the requirement determined. However, for nutrients which require long time to deplete,
animals may continue growing during early nutrient depletion by utilizing body reserves of
the nutrient (Bai et al. 1989). In general, a requirement determined on repleted animals may
result in an underestimation of the true requirement, because of the contribution of the body
reserved vitamins. An alternate procedure to determine the requirement for a nutrient
including vitamin C is to initially deplete animals by feeding a vitamin C deficient diet.
Response criteria can be evaluated in animals repleted with graded of vitamin C. A
requirement determined by the depletion - repletion method, unlike that determined on
repleted animals, will tend to overestimate the true requirement, because some of the nutrient
may be used to support compensatory growth or may be diverted to replenish body stores
(Bai et al. 1991; 1998). In all the experiments experiments summarized in this chapter, the
depletion- repletion procedure was adopted to estimate a true quantitative requirement of
vitamin C.
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Moreover, because of its reducing properties, vitamin C may influence the bioavailablity
and thus the dietary requirement of other nutrients (Lovell, 2001). Rutin, one of the
bioflavonoids, has been reported to produce vitamin C like effects as well as to spare vitamin
C, eventhough it is not an indispensable food component equivalent to vitamin C. The
synergism between ascorbic acid and rutin has been well established in guinea pigs
(Crampton & Lloyd, 1950; Douglas & Kamp, 1959; Papageorge & Mitchell, 1949). While in
our experiment with channel catfish dietary rutin was observed to have limited synergetic
effect on vitamin C requirement. Duncan & Lovell (1994) reported a 10 times lower
requirement for dietary folate in channel catfish when fish were fed at a marginal level of
vitamin C excess 200 mg AA kg' diet. Among various other micronutrients, interaction
effects of vitamn C and vitamin E has been well characterized. Packer et al. (1979)
demonstrated that vitamin C spares vitamin E by regenerating it from tocopheroxyl radicals.
Further studies investigated the interaction between AA and a -T in vivo in several animal
species (Igarashi et al., 1991; Liu & Lee, 1998) and humans (Hamilton et al., 2000; Jacob et
al., 1996;). The major concern as allready pointed out by Lee & Dabrowski (2004) remain
unclear, do we need to reformulate the requirements of these micronutrients in fish based on
their interaction, in comparison to the dietary requirement estimated for individual vitamins
must be varified.

Based on findings under our experimental condition and methodological approach, the
vitamin C requirement level for marine teleost Korean rockfish size 3.1 + 0.02 g could be
equal to or greater than 100 but less than 200 mg AA™ diet in the form of either L-ascorbyl-2-
glucose or L-ascorbyl-2-monophosphate. While, for Korean rockfish size 7.12 £ 0.02 g the
requirement level could be equal to greater than 102 but less than 150 mg AA™ diet while L-
ascorbic acid used as the source of vitamin C. The requirement level is equal to greater than
39.7 mg AA kg, whereas 144.6 mg AA kg™ is for the maximum growth of Korean rockfish
size 12.06 + 0.02 g. While, in the case of olive flounder, equal to or greater than 93 but less
than 150 mg AA kg diet in the form of L-ascorbyl-2-polyphosphate was estimated to be
required to support the reasonable growth in 3 + 0.06 g size fish. In parrot fish sized 3.9 +
0.06 g the dietary vitamin C requirement could be equal to greater than 118 £+ 12 mg but less
than 205 mg AA kg™ diet in the form of L-ascorbyl-2-monophosphate. While, for freshwater
teleost, Japanese eel the requirement level could be equal to or greater than 41.1 mg but less
than 52 mg kg™ diet when L-ascorbyl-2-monophosphate was used as the dietary vitamin C
source. Taking into account the vitamin C saturation in different tissues to provide an
additional benefit beyond the basic vitamin C requirement, the level could be greater than
1390 mg AA kg™ diet in the form of L- ascorbic acid for Korean rockfish, greater than 150 but
less than 1500 mg AA kg™ diet in the form of L- ascorbyl-2-polyphosphate for juvenile olive
flounder. While for parrot fish the level could be greater than 1869 mg AA kg™ in the form of
L-ascorbyl-2-monophosphate. For the vitamin C saturation in muscle of Japanese eel, the
requirement level could be greater than 1137 mg AA kg in the form of L-ascorbyl-2-
monophosphate.

Furthermore, various derivatives of ascorbic acid could be more effective and practical
source of vitamin C as compared to the traditional L- ascorbic acid. For rockfish an equal
efficiency of L-Ascorbyl-2-glucose (AA2G) was observed as compared to AMP-Na/Ca.
(AA2G), an AA derivative derived from Kimchi, a Korean traditional fermented vagetable
food, is an a-glucose conjugate of AA at the C-2 position. In olive flounder, L-ascorbyl-2-
polyphospahte (ASPP) as vitamin C source showed similar ascorbic activity as compared to
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other phosphate derivative of ascorbic acid. Moreover, obtained results with parrot fish
reconfirmed that use of ascorbic monophosphate (AMP) as dietary vitamin C source could
lead to significantly reduced loses and consequently lower the level of minimum requirement.
However, in the case of freshwater teleost, Japanese eel no difference could be postulated
between the bioavailability of L-ascrobic acid Ca and L-ascorbyl-2-monophosphate as the
source of vitamin C source.

CONCLUSION

Observed results indicated the essentiality of dietary vitamin C in different species of
marine and freshwater teleost. Overall observations from all these experiments demonstrated
a specific vitamin C requirement in different species and size of marine and freshwater
teleosts. Differences in AA requirements were noted based on the fish species, size,
experimental period and the dietary vitamin C source as well. Variability in vitamin C
requirements were also due to the differences in stability and bioavailability of different AA
derivatives as dietary vitamin C sources. Phosphate derivatives of L- ascorbic acids
demonstrated to be more stable and bioavailable than their parent compound. Findings were
encouraging with AA2G, an AA derivative derived from Kimchi, a Korean traditional
fermented vegetable food. Vitamin C deficiency symptoms such as scoliosis, shortened
operculae, exophthalmia and fin hemorrhage exhibited among the group of fish fed vitamin C
free diet. The deficiency symptoms were distinct in marine fish after an experimental period
of 8 to 10 weeks. While, marine teleost parrot fish was found to be extremely sensitive, group
of fish fed AA-free diet began to show deficiency signs just after 3 weeks. By the end of the
seventh week, all the parrot fish fed the AA-free diet were dead. Adequate dietary supply of
AA is obligatory to control the high incidences of malformed fish and subsequent mortality in
practical fish farming. Although, deficiency signs and symptoms could not be observed in our
experiment with freshwater teleost Japanese eel, growth parameters indicated dietary
essentiality of vitamin C in freshwater teleost as well. In our knowledge, the number of
vitamin C requirement studies devoted to freshwater teleosts is fewer than those of the marine
teleost.

Based upon our earlier observation with channel catfish (Ictalurus punctatus), we
proposed animal may store vitamin C in their muscle tissue (Bai & Galtin, 1992). A similar
trend of gradual increase in fish muscle tissue vitamin C concentration with a corresponding
increase in the dietary vitamin C level was observed in these experiments also. Dietary
vitamin C requirement level must take in account the tissue vitamin C saturation also beside
growth and disappearance of deficiency signs. Since, a large discrepancy on vitamin C
requirement has been acknowledged in and among the different fish species, estimation of
true quantitative requirement for vitamin C is a critical issue. Nutritional history of the fish as
well as the knowledge of body reserved vitamin C are imperative prior to quantitative
requirement study. Repletion-depletion method (Bai et al., 1991, 1998) should be followed to
avoid the over estimation of true quantitative requirement. The interaction and synergetic
effect of various nutrients altering the dietary vitamin C requirement level raises the concern
as already pointed out by Lee & Dabrowski (2004), do we need to reformulate the
requirements of these micronutrients in fish based on their interaction, in comparison to the
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dietary requirement estimated for individual vitamins must be varified. Vitamin C and E have
long been known as strong antioxidant due to their protective role in scavenging free radical.
Though considerable attention has been paid to study the antioxidant activity of vitamin E,
vitamin C lags in enquiry. In a recent study conducted at our laboraotaory, dietary vitamin C
at the concentration of 200 ppm demonstrated to have detoxification effects on induced
inorganic mercury (Hg) toxicity in juvenile olive flounder (oral presentaion). Moreover,
taking into account the ability of vitamin C to regenerate vitamin E from its tocopheroxyl
radical, dietary combination of these two vitamins may have more protective effects on heavy
metal toxicity in marine and freshwater teleosts. Furher studies are warranted to evaluate the
detoxification effects of vitamin C individually as well as with the combination of other
antioxidant micronutrients such as vitamin E and selenium (Se).
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ABSTRACT

Vitamin C or ascorbic acid, has long been known to have an important role in the
synthesis of collagen in connective tissue. In fact, its name reflects its relation with
scurvy, the disease caused by Vitamin C deficiency. Therefore, it’s only natural that its
recommended dietary allowance has traditionally been based on the prevention of this
disease. However, higher intakes of vitamin C may exert additional health benefits.

For the past few decades vitamin C has been the subject of many investigations in
order to have a better understanding of the biological mechanisms in which it is involved
and its possible effects on the primary prevention of chronic low grade systemic
inflammation. It has been found that vitamin C supplementation ameliorates
atherosclerosis, diabetes, cancer and aging. As an antioxidant, vitamin C influences
various metabolic processes that are directly associated with inflammation and immune
functions.

Therefore, the objective of the present chapter is to clarify the interactions between
the immune system and micronutrients, with a focus on the immunobiologically relevant
functions of vitamin C. Its ability to decrease low grade systemic inflammation, thus
preventing and improving chronic diseases, is another main point of this chapter.
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Finally, a concentration-function approach will be taken in order to review vitamin
C’s recently discovered physiological and pharmacological effects.

1. INTRODUCTION

Ascorbic acid is a simple six carbon compound whose IUPAC nomenclature is (2R)-2-
[(1S)-1,2-dihydroxyethyl]-4,5-dihydroxyfuran-3-one. From a chemical point of view, it is a
sugar acid well soluble in water and poorly penetrating into lipid fraction. Ascorbic acid salts
(sodium, calcium and potassium) and acid esters are frequently used as food additive.

In the body, L-Ascorbic acid (L-Ascorbic acid, AA, 2, 3-endiol-L-gulonic acid-g-lactone)
(Figure 6.1) acts as Vitamin C. Its discovery, that in 2013 celebrates its 85" anniversary, was
considered an important landmark due to the fact that vitamin C malnutrition has a serious
impact on human health. The name ascorbic acid is an acronym of the two Latin words:
scorbutus referring to scurvy and prefix "a" indicating that there is no scurvy during the
adequate compound intake. Scurvy is then a disease caused by a lack of ascorbic acid intake
and was well recognized for thousands of years typically affecting sailors whose diet is scanty
in fresh fruits and vegetables. While cutaneous manifestations, bleeding and gum symptoms
are the most striking symptoms of scurvy, the disease also leads to psychical alterations
(Verrax and Calderon, 2008). Though scurvy is not a typical disease in population with an
adequate access to food, the disease is still diagnosed.

The Recommended Dietary Allowances (RDA) are about 75 mg/day and 90 mg/day,
established for adult women and men, respectively; and 45 mg/day for children 9—-12 years
old (Food and Nutrition Board, Institute of Medicine, 2000). There are practically no toxicity
problems related to ascorbic acid, since its excess is rapidly excreted in urine due to it being
water-soluble, as seen by Korolkovas and Burckhalter (2008).

The water-soluble vitamin C influences biochemical reactions that involve oxidation and
acts as an antioxidant in aqueous environments of cellular components (Institute of Medicine,
2000). Vitamin C has been shown to play an important role in immune system function when
supplied at dietary levels higher than standard doses, namely in several fish groups (Blazer,
1992).

I
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Figure 6.1. L-Ascorbic Acid.
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Vitamin C is mainly found in fruits and vegetables. Fruit sources rich in vitamin C
include cantaloupe, grapefruit, honeydew, kiwi, mango orange, papaya, strawberries, tangelo,
tangerine and watermelon. Fruit juices containing vitamin C in abundance include grapefruit
and orange juices, while several others, such as the apple, cranberry and grape juices, are
fortified with vitamin C. Rich vegetable sources of vitamin C include asparagus, broccoli,
brussels sprouts, cabbage, cauliflower, kale, mustard greens, pepper (red or green), plantains,
potatoes, snow peas, sweet potatoes and tomatoes. Variables that affect vitamin C content of
fruits and vegetables are harvesting season, duration of transport to the marketplace, period of
storage and cooking practices (Wanden-Berghe and Martin-Rodero, 2012).

Although most mammals are capable of synthesizing ascorbate endogenously, during
evolution humans lost the capacity to produce this vitamin as seen by Aguirre and May
(2008). Ascorbic acid (AA) is a cofactor in numerous physiological reactions, including the
post-translational hydroxylation of proline and lysine residues in collagen and other
connective tissue proteins, collagen gene expression, synthesis of norepinephrine and adrenal
hormones, activation of many peptide hormones and synthesis of carnitine (Johnston et al.,
2007). Ascorbic acid also participates in numerous cellular processes such as phenylalanine
and tyrosine oxidation. The recommendations for human intake of vitamin C should take into
account ascorbate absorption and excretion, which are governed by the following: (i)
bioavailability and absorption in the gastrointestinal tract; (ii) concentrations in circulation;
(i) tissue distribution; (iv) excretion and (v) metabolism, as seen by Rumsey and Levine
(1998). Despite the fact that ascorbic acid was discovered long time ago and that its role in
the body is relatively understood, an extensive research focusing on both benefits of the
compound and the role of its depletion during deterioration processes in the organism is still
ongoing. In recent years, endogenous as well as exogenous ascorbic acid have been
investigated as an antioxidant with treatment potential in low grade systemic inflammatory
diseases. The present chapter aims to summarize the immunobiologically relevant functions
of vitamin C. Its ability to decrease low grade systemic inflammation, thus preventing and
improving chronic diseases and conditions, such as atherosclerosis, diabetes, cancer and
aging, is another of the main points of this chapter. Finally, a concentration-function approach
will be taken in order to review vitamin C’s recently discovered physiological and
pharmacological effects and its potential therapeutic usages.

2. GENERAL ASPECTSOF THE INFLAMMATORY
PROCESSAND THE ROLE OF VITAMIN C

Inflammation is a physiological response to infection and tissue injury; it initiates
pathogen killing as well as tissue repair processes and helps to restore homeostasis at infected
or damaged sites. According to the different mechanisms activated in response to injury,
inflammation may be classified into four types:

1 inflammation caused by innate and acquired immunity against infectious agents, in
which cells are activated and mediators released to prevent or combat infection and
remove foreign material;

ii  inflammation caused by different inhaled agents (‘irritants’);
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iii  allergic inflammation, in which specific IgE antibodies bound to mast cells upon
cross-linking by an allergen cause the immediate release of a number of
inflammatory mediators and activation of inflammatory cells;

iv neurogenic inflammation, mediated by the nervous system.

All these different forms of inflammation have in common a first moment where the
presence of an unfamiliar substance is sensed by different kinds of cells and a second moment
where the intruder is eliminated by the inflammatory response.

The acute response to inflammation involves:

i An increased blood supply to the site of inflammation.

ii  An increased capillary permeability (caused by retraction of endothelial cells). These
allow larger molecules to traverse the endothelium and thus deliver soluble mediators
to the site of inflammation.

iii Leucocyte migration from the capillaries into the surrounding tissue. This is
promoted by the release of chemoattractants from the site of inflammation (in a
process called chemotaxis) and by the upregulation of adhesion molecules on the
endothelium. Once in the tissue the leucocytes move to the site of inflammation.

iv  The release of mediators from leucocytes at the site of inflammation.

Depending on the cell type involved, the nature of the inflammatory stimuli, the
anatomical site involved and the stage of the inflammatory response, the released mediators
may include lipid mediators (e.g. prostaglandins (PG), leukotrienes), peptide mediators (e.g.
cytokines), reactive oxygen species (ROS, e.g. superoxide), amino acid derivatives (e.g.
histamine) and enzymes (e.g. matrix proteases).

All these mediators normally play a role in host defense, but when produced
inappropriately or in an unregulated fashion, they can lead to disease. Several of these
mediators may amplify the inflammatory process acting, for example, as chemoattractants.
These inflammatory mediators can also exert systemic effects if they escape into circulation.
For example, the cytokine interleukine-6 (IL-6) induces hepatic synthesis of the acute phase
C-reactive protein (CRP), while the cytokine tumor necrosis factor-a (TNF-a) elicits
metabolic effects within skeletal muscle, adipose tissue and bone.

Acute inflammatory reactions are usually self-limiting and resolve rapidly, due to the
involvement of negative feedback mechanisms.

However, inflammatory responses that fail to regulate themselves can become chronic
and contribute to the perpetuation and progression of disease. Therefore, regulated
inflammatory responses are essential to remain healthy and maintain homeostasis.

In the following sections the effects of vitamin C in the acute response to inflammation
(innate immune system) will firstly be discussed; followed by the connection between acute
and chronic inflammation and the putative effects of vitamin C not only in the mechanisms of
chronic low inflammation but also the effects on several non-transmissible chronic diseases,
including atherosclerosis, diabetes, cancer and aging.
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2.1. Actions of Vitamin C in the Innate Immune System

The immune system is an intricate network of specialized tissues organs, cells and
substances, protecting the host from infectious agents and other noxious insults. Although
defense mechanisms of both innate and adaptive immunity are very complex, they can be
described as being organized in three main clusters: physical barriers (e.g. skin, mucosa,
mucus secretions), immune cells and antibodies. Inter-individual variations in many immune
functions exist within the normal healthy population and are due to genetics, age, gender,
smoking habits, habitual levels of exercise, alcohol consumption, diet, stage in the female
menstrual cycle and stress, as seen by Calder and Kew (2002). Nutrient status is an important
factor contributing to immunocompetence and the profound interactions between nutrition,
infection and health have been recognized by Calder and Jackson (2000). In the recent
decade, substantial research has focused on the role of nutrition and especially on the
contribution of the role of micronutrients to an optimum functioning of the immune system.

A number of studies (Padayatty and Levine, 2001; Kaelin, 2005; Mandl et al., 2009;
Siddiq et al., 2008) focus on the role of ascorbate in various hydroxylation reactions and in
the redox homeostasis of subcellular compartments including mitochondria and the
endoplasmic reticulum. Of particular importance is its role in hydroxylation reactions
catalyzed by mono- and dioxygenases, which include, among others:

i the cotranslational hydroxylation of residual proline and lysine in procollagen;

it the hydroxylation of tryptophan in serotonin biosynthesis;

ii  the synthesis of catecholamines;

iv the o-amidation in the biosynthesis of numerous peptide hormones such as gastrin,
cholecystokinin, calcitonin, vasopressin and oxytocin;

v the hydroxylation of [-hydroxy-e-N-trimethyllysine and ¥-butyrobetaine in
endogenous carnitine synthesis.

Other physiological activities of ascorbic acid include:

1 arole in iron transfer from the iron transporting protein transferrin to the iron storage
protein ferritin,

ii  detoxification of numerous substances in the liver by stimulating the synthesis of
cytochrome P450,

iii promotion of intestinal iron absorption by reducing non-absorbable Fe’" to more
casily absorbable Fe*" and by inhibiting the production of insoluble iron-tannin and
iron-phytate complexes.

iv the participation in the antioxidant defense localized in the hydrophilic compartment
of cells.

The immunological function of vitamin C is indicated by the fact that the concentration
of vitamin C in immunocompetent cells (lymphocytes, neutrophils and monocytes) is 10 to
100 fold higher than its concentration in plasma (Wintergerst et al., 2006; Vissers and Wilkie,
2007).

In adults, the association between vitamin C dose intake and immune cell concentration
underlines the specific function of vitamin C in cellular immune response.
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Indeed, experimentally-induced vitamin C deficiency impairs cellular but not humoral
immune defense (Levine et al., 2001; Vissers and Hampton, 2004). Webb and Villamor
(2007) reviewed the impact of vitamin C supplementation on parameters of innate and
adaptive immunity and mentioned the association between high circulating levels of serum
vitamin C and enhanced antibody response, neutrophil function and mitogenic response. The
functional significance of vitamin C in infection resistance in humans and other species has
also been proven. Vitamin C deficiency reduces resistance to various microbial agents, such
as Mycobacterium tuberculosis and Rickettsia, as well as fungal infections such as Candida
albicans (Strohle and Hahn, 2009). An improved vitamin C supply increases the antibody
reaction and the activity of neutrophils as well as resistance to infections (White et al., 1986;
Cathcart, 1984; Hovi et al., 1995; Harakeh, et al., 1995; Hemild and Douglas, 1999).

Based on the biochemical functions of vitamin C the immunomodulating effects of this
micronutrient probably result from its antioxidant potential as seen by Wintergerst et al.
(2006); its role in the de-novo synthesis of carnitine (Rebouche, 1991; Carr et al., 2013); its
relevance to the synthesis of tetrahydrobiopterin (Huang et al., 2000; Nakai et al. 2003) and
its iron metabolism modulating effects (Hallberg and Hulthén, 2000; Hurrell and Egli 2010).

2.1.1. Immunabiological Relevance of the Antioxidant Capacity of Vitamin C

Wintergerst et al. (2006) have observed that during infections, the concentration of
vitamin C in the plasma and leukocytes rapidly decline during infections and stress because
ascorbate is oxidized due to augmented production of ROS and the fact that the endogenous
enzymatic reduction have reached their functional limit.

It is well known that reactive oxygen species (ROS), generated by activated immune cells
during the process of phagocytosis, can be scavenged by non-enzymatic antioxidants, such as
vitamin C or by enzyme action. While ROS play essential roles in intracellular killing of
bacteria and other invading organisms, the immune system and other molecules may also be
vulnerable to oxidative attack. If ROS are produced in high concentrations, they can cause
oxidative stress, leading to an impaired immune response, loss of cell membrane integrity,
altered membrane fluidity and alteration of cell-cell communication, as seen by Maggini et al.
(2007). These alterations can contribute to degenerative disorders such as cancer and
cardiovascular disease. Therefore, vitamin C plays a pivotal role in the integrity of
phagocytes because it acts as an effective water-soluble antioxidant, trapping excess oxygen
radicals and thus protecting immune cells against damage (Dagher and Pick, 2007).
Biophysically, this can be explained by the ability of the organism to efficiently regenerate
the oxidized form of ascorbic acid, which ensures that sufficient amounts of biologically
active vitamin C are available (Murphy and DeCoursey, 2006; Mizrahi et al., 2006; Kunes et
al., 2009; Loyd and Lynch, 2011).

2.1.2. Immunobiological Relevance of Vitamin C by Its Involvement in the Carnitine
Synthesis
The hydroxycarbonic acid carnitine (3-hydroxy-4-N-trimethylaminobutyric acid)
metabolite is essential for the transport of long-chain fatty acids from the cytosol into the
mitochondrial matrix and is an important player in energy production via -oxidation.
Therefore, carnitine depletion causes a failure of ATP production and an accumulation of
triglycerides in tissues, such as the liver, skeletal muscle and heart (Ramsay et al., 2001).
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Carnitine is endogenously synthesized from the aminoacids lysine and methionine in a multi-
stage process. Vitamin C is required for its synthesis serving as a cofactor for two enzymes
involved in the process: B-hydroxy-N-trimethyl lysine hydroxylase (EC 1.14.11.8) and
butyrobetaine hydroxylase (EC 1.14.11.1). The first enzyme catalyzes the mitochondrial
hydroxylation of e-N-trimethyl lysine, which is released by cellular proteins, whereas the
second enzyme promotes the hydroxylation of butyrobetaine localized in the cytosol (Ramsay
et al., 2001; Famularo et al., 2004).

In addition to its function as a carrier of long-chain fatty acids, several authors suggest
carnitine has important immunological effects, such as the stimulation of phagocytosis and
chemotaxis in granulocytes and macrophages (Izgiit-Uysal et al., 2003, 2004), the stimulation
of immunoglobulin synthesis (IgG) (Mast et al., 2000) and the stimulation of the acute phase
response (Buyse et al., 2007).

2.1.3. Influence on the Synthesis of Tetrahydrobiopterin and Nitric Oxide

Tetrahydrobiopterin (BH,4) acts as a single-electron donor and is a cofactor of inducible
nitric oxide (NO) synthase that oxidizes arginine via multiple steps, generating citrulline and
NO. BHy, easily reacts with ROS and RNS, especially peroxynitrite (Patel et al., 2002). Being
oxidized to a trihydrobiopterin radical in this process, BHy is inactivated and thus removed
from NO synthesis (Patel et al., 2002; Schmidt and Alp, 2007). Ascorbate increases NO
synthesis by reducing trihydrobiopterin radicals to active tetrahydrobiopterin (BH,) and/or
protecting BH, against oxidation (Gorren and Mayer, 2002; Wu and Meininger, 2002).
Therefore, vitamin C plays an important role for the NO supply of the cell. The
immunological relevance of this fact becomes clear when the role of NO as a key substance
for cellular immunity is considered. Cytokine-activated macrophages produce increasing
amounts of NO (Korhonen et al., 2005; Coleman, 2001; Hibbs, 2002), which exhibit
microbicidal effects (Hibbs, 2002; Nagy et al., 2007), modulate the function of T
lymphocytes (Nagy et al.; 2007; Nagy et al., 2008) and induce the transformation of Thl to
Th2 helper cells (Korhonen et al., 2005).

2.2. Chronic Inflammation

As mentioned above, inflammation is defined as a wide variety of adaptive physiological
and pathological processes to avoid infection and repair damage, restoring the organism to the
usual state of homeostasis; inflammation is usually triggered by harmful stimuli and agents
like infection and tissue injury.

The organism may have different forms of adaptation and maintenance of tissue/cell
homeostasis in relation to inflammation. If conditions waver in between homeostasis and
infection, such as mild/slowly progressive stress or modest malfunction, the tissue/cells tend
to finely adapt to the slightly changed conditions and restore tissue/cell functionality by
inducing para-inflammation, sub-inflammation, low-level inflammation, sterile inflammation,
physiological inflammation or “inflammaging”, as Franceschi proposed (Franceschi and
Bonafe, 2003; Giunta, 2006). A significant body of evidence highlights the key role of
abnormal innate immune responses and chronic low-grade inflammation.

However, if the response is not properly phased and the process lasts for a long period of
time, chronic low-grade inflammation sets and may predispose the host to various illnesses,
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as well as forming the underlying basis for several body systems and tissues, including the
circulatory (atherosclerosis, heart failure), endocrine (insulin resistance, metabolic syndrome,
type 1 and type 2 diabetes, obesity), skeletal (sarcopenia, arthritis, osteoporosis), pulmonary
(chronic obstructive pulmonary disease) and neurological (dementia, depression) systems; in
addition, some data strongly suggests that chronic inflammation aging-related disability and
Alzheimer’s disease are connected (Niklas and Brinkley, 2009).

Emerging evidence suggests that during inflammation, mast cells and leukocytes are
recruited to the site of damage, leading to a respiratory “burst” due to an increased uptake of
oxygen and consequently to an increased release and accumulation of reactive oxygen (ROS)
and nitrogen species (RNS) at the site of damage (Zhou et al., 2009). The excessive release of
pro-inflammatory cytokines and chemokines that takes place during chronic inflammation can
result in dysregulation of processes such as glucose and lipid metabolism and vascular
function, via the effects of cytokines on adipocytes, muscle tissue, the liver and blood vessels
(Garcia-Bailo et al., 2011; Fernandez-Real and Pickup, 2007).

In addition, chronic inflammation is closely associated with oxidative stress, which is
characterized by an elevated presence of highly reactive, potentially harmful molecular
compounds, such as reactive oxygen and nitrogen species and free radicals (Abd et al., 2011;
Daet al., 2012).

These reactive molecules contribute to further oxidative damage and inflammation
through their ability to generate pathways leading to the activation of transcriptor factors of
nuclear factor-kB family as well as other molecules such as signal transducer and activator of
transcription 3 (STAT3), hypoxia-inducible factor-1 a (HIF1-a), activator protein-1 (AP-1),
nuclear factor of activated T cells (NFAT) and NF-E2 related factor-2 (Nrf2), which mediate
immediate cellular stress responses. Induction of cyclooxygenase-2 (COX-2), inducible nitric
oxide synthase (iNOS), aberrant expression of inflammatory cytokines (TNF-a, interleukin-1
(IL-1), IL-6, interleukin-8 (IL-8); chemokine receptor 4 (CXCR4)) as well as alterations in
the expression of specific microRNAs have also been reported to play a role in oxidative
stress-induced inflammation (Oeckinghaus et al., 2011; Wan and Lenardo, 2010).

Thus we may consider that the potential forces that drive low grade systemic
inflammation are pro-inflammatory cytokines and substances as listed in Table 6.1. CRP and
fibrinogen, the major clinical markers of inflammation, have been significantly associated
with coronary disease, myocardial ischemia and myocardial infarction, in association with IL-
1, IL-1 receptor antagonist, IL-6, soluble IL-6 receptor, IL-18, TNF-a, serum amyloid A and
soluble intercellular adhesion molecule 1 (ICAM-1) (Van Den Biggelaar et al., 2004).

Considering the critical role of oxidative stress in inflammation and consequently in the
pathogenesis of different chronic diseases, numerous therapeutics have been developed,
which incorporate antioxidants into the management of diseases (Valko et al., 2007). Many
naturally occurring dietary supplements have been shown to mitigate low-grade inflammation
by specific mechanisms.

Several studies reported that Vitamin C exhibited an important role in immune function
and in various oxidative/inflammatory processes, such as scavenging ROS and RNS,
preventing the initiation of chain reactions that lead to protein glycation and lipid
peroxidation (Garcia-Bailo et al., 2011; Moore et al., 2010).
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Table 6.1. Main agentsinvolved in the inflammatory process, which areincreased in
inflammation

Agentsinvolved in the inflammatory process

Inflammatory proteins

CRP

Pro-inflammatory mediators
Interleukin-1

Interleukin-4

Interleukin-6

Interleukin-12
Interleukin-15
Interleukin-18

Gamma-Interferon
Tumor Necrosis Factor, alfa, beta
Transforming Growth Factor
Chemokines
Interleukin-8
Monocyte chemoattractant protein-1 (MCP-1)
Anti-inflammatory mediators
Interleukin-1ra
Interleukin-10
Pro-inflammatory enzimes
Inducible nitric oxide synthase (iNOS)
Cyclooxygenase-2 (COX2)
Prostaglandin E2 (PGE2)
Adhesion molecules
Intracellular adhesion molecule-1 (ICAM-1)
Vascular cell adhesion molecule-1 (VCAM-1)
Hypoxic markers
Hypoxia inducible factor-1lalpha (HIF-1 o)
Vascular endothelial growth factor A (VEGF-A)

Findings from epidemiologic studies show an inverse association between ascorbic acid
and CRP, suggesting an anti-inflammatory effect of this micronutrient at the systemic level
(Aggarwal et al., 2009). However, several intervention trials reported no association between
vitamin C intake, circulating ascorbic acid and various inflammatory biomarkers (Ulrich et
al., 2006; Casciari et al., 2005; Dworacki et al., 2007; Mikirova et al., 2012). In the following
sections the effects of Vitamin C in different chronic diseases will be discussed.

3.VITAMIN C AND Low GRADE
SYSTEMIC INFLAMMATORY DISEASES

The necessity for looking for solutions to prevent diseases has become quite significant

and the possibility of reducing the risk of diseases using vitamins has been instituted in
literature (Keaney, 2000; Christen et al., 2000, Manson et al., 2012; Krishnan et al., 2012).
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Vitamin C is very popular for its antioxidant properties and keeps having the ‘‘miracle-
pill’” denomination, being capable of acting as therapeutics or as a coadjuvant of the
treatment in a variety of chronic inflammatory and non-transmissible diseases. However,
many other important aspects of this multifaceted molecule are often underestimated or even
ignored.

In the following sections the role of vitamin C in different low grade inflammatory
diseases and conditons, such as atherosclerosis, diabetes, cancer and aging will be considered.

3.1. Atherosclerosis

Atherosclerosis is an inflammatory disease of the blood vessel wall, characterized in
early stages by endothelial dysfunction, recruitment and activation of
monocytes/macrophages, differentiation and migration of vascular smooth muscle cells
(VSMCs) to later form the bulk of the atherosclerotic plaque (Hansson, 2005). Whereas
inflammation may initiate the disease, it is likely that the resulting oxidative stress propagates
it and worsens injury (Stocker and Keaney, 2004).

Considering the importance of oxidative stress and inflammation in the initiation and
progression of atherosclerosis it is plausible that antioxidants such as ascorbate might mitigate
the earliest stages of inflammatory atherosclerosis; nevertheless, vitamin C seems to have
lesser effects on established lesions. In Table 6.2 some of the results obtained by
administrating Vitamin C are summarized.

Table6.2. Main effects of ascor bate on ather osclerosis

Different phases of the ather oscler atic process Effects of vitamin C
Direct oxidation of LDL i
Endothelial cell dysfunction

Nitric oxide generation 1
Collagen synthesis 1
Endothelial cell proliferation i
Endothelial cell death T
VSMC’s

Recruitment and proliferation 1
Dedifferentiation 1
Collagen synthesis i
Monocyte/macrophages

Inflammatory markers 1
Nitric oxide release |

1 (prevents, enhances, stimulates); | (inhibits).

Injury to the vascular endothelium represents a critical event for the initiation of
atherosclerosis (Hansson, 2005), since endothelial denudation promotes VSMC activation,
proliferation and migration to form the neointima (Seed et al., 2003). Reestablishing the
endothelium prevents this response (Ulrich-Merzenich et al., 2004) and decreases neointimal
mass (Stocker and Keaney, 2004).
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Opposing the healing process of endothelial proliferation is the apoptosis of endothelial
cells, which contributes to endothelial dysfunction (Rdssig et al., 2001). Apoptosis in
endothelial cells can be induced by a variety of factors, including hyperglycemia, oxidized
low density lipoprotein (Ox-LDL), TNF-a and angiotensin II (Recchioni et al., 2002).

Vitamin C has long been known to protect the vascular endothelium. Ascorbate increases
the synthesis and deposition of type IV collagen in the basement membrane, stimulates
endothelial proliferation and inhibits apoptosis, scavenges radical species and spares
endothelial cell-derived nitric oxide to modulate blood flow; it can also prevent the
endothelial dysfunction that is the earliest sign of many vascular inflammatory diseases
(Aguirre and May, 2008; May and Harrison, 2013). An important role for ascorbate in
preventing vascular smooth muscle cells (VSMCs) proliferation/dedifferentiation is
evidenced by the results obtained by Tomoda and co-workers (1996) in a clinical trial of
restenosis after angioplasty, in which subjects receiving oral ascorbate supplements of 500
mg three times daily for 4 months had 25% larger luminal diameters compared to matched
controls who did not receive ascorbate. Treated group also present a 50% decrease in the need
for intervention compared to the control group (Tomoda et al., 1996). Resembling results
were observed in studies of coronary restenosis in pigs using combinations of ascorbate and
a-tocopherol (Orbe et al., 2003). Evidence also exists that ascorbate protects VSMCs from
apoptosis/necrosis due to injury by oxidized LDL (Ulrich-Merzenich et al., 2002; Watanabe
et al., 2001). In contrast to endothelial cells, where there is substantial support for a beneficial
use of ascorbate, the results observed in macrophages are contradictory. More research should
be done using better defined cellular models. Although there may be little benefit in
increasing cellular ascorbate concentrations to near maximum values in normal people, many
diseases and conditions have either systemic or localized cellular ascorbate deficiency as a
cause for endothelial dysfunction, including early atherosclerosis, sepsis, smoking and
diabetes (May and Harrison, 2013; Agarwal et al., 2012).

3.2. Type 2 Diabetes Mdllitus

The incidence of type 2 diabetes mellitus (T2DM) is increasing worldwide and certain
population subgroups are especially vulnerable to the disease, such as the Hispanics, Africans
and Aboriginals, as well as children (Wild et al., 2004; Costan et al., 2010). T2DM is a
multifactorial disease characterized by chronic hyperglycemia, altered insulin secretion and
insulin resistance, a state of diminished responsiveness to normal concentrations of
circulating insulin (Defronzo, 2009). T2DM is also defined by impaired glucose tolerance
(IGT) that results from islet B-cell dysfunction, followed by insulin deficiency in skeletal
muscle, liver and adipose tissues (Defronzo, 2009). In individuals with IGT, the development
of T2DM is governed by genetic predisposition and environmental variables (a hypercaloric
diet and the consequent visceral obesity or increased adiposity in liver and muscle tissues)
and host-related factors (age, imbalances in oxidative stress and inflammatory responses)
(AbdulGhani et al., 2009; Isharwal et al., 2009, Badawi et al., 2010).

A significant body of evidence highlights the key role of abnormal innate immune
responses and chronic low-grade inflammation resulting from oxidative stress in obesity,
metabolic syndrome and insulin resistance, which are critical stages in the development and
progression of T2DM.
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Therefore, inflammation may play a causal role in the pathogenesis of T2DM and
reducing it via modulation of oxidative stress and the innate immune response could lead to a
status of improved insulin sensitivity and delayed disease onset. Dietary supplementation
with anti-inflammatory and antioxidant nutritional factors, such as micronutrients, might
present a novel strategy toward the prevention and control of T2DM at the population level
(Lamb and Goldstein, 2008).

As previously mentioned, vitamin C has an important role in immune function and
various oxidative/inflammatory processes, such as scavenging ROS and RNS, preventing the
initiation of chain reactions that lead to protein glycation (Calder et al., 2009). The oxidized
products of vitamin C, ascorbyl radical and dehydroascorbic acid, are easily regenerated to
ascorbic acid by glutathione, NADH or NADPH (Calder et al., 2009). In addition, ascorbate
can recycle vitamin E and glutathione back from their oxidized forms (Bartlett et al., 2008).
For this reason, determining if vitamin C can be used as a therapeutic agent against the
oxidative stress and subsequent inflammation associated with T2DM has been an important
area of interest. Several epidemiologic studies have assessed the effect of vitamin C on
biomarkers of oxidation, inflammation and/or T2DM risk (Wannamethee et al., 2006; Hamer
and Chida, 2007; Gao et al., 2004; Garcia-Bailo, 2012).

The European Prospective Investigation of Cancer - Norfolk Prospective Study examined
the association between fruit and vegetable intake and plasma levels of vitamin C and risk of
T2DM. During a 12-year follow-up, 735 incident cases of diabetes were identified among
nearly 21,000 participants. A significant inverse association was found between plasma levels
of vitamin C and risk of diabetes. In the same study, a similar association was observed
between fruit and vegetable intake and T2DM risk (Harding et al., 2008).

Although epidemiologic findings generally point towards an association between
increased vitamin C and reduced oxidation and inflammation, intervention trials assessing the
effect of vitamin C supplementation on various markers of T2DM have yielded inconsistent
results. The trial conducted by Lu and colleagues (2005) reported no improvement in fasting
plasma glucose and no significant differences in levels of CRP, IL-6, IL-1 receptor agonist or
(Ox-LDL) after supplementation with 3000 mg/day of vitamin C for 2 weeks in a group of 20
T2DM patients, compared to baseline levels. Chen and colleagues (2006) performed a
randomized, controlled, double-blind intervention on a group of 32 diabetic subjects with
inadequate levels of vitamin C and found no significant changes in either fasting glucose or
fasting insulin after intake of 800 mg/day of vitamin C for 4 weeks. Furthermore, Tousoulis et
al (2007) reported that the treatment with 2000 mg/day for 4 weeks had no effect on levels of
CRP, IL-6, TNF-a or soluble vascular cell adhesion molecule-1 in 13 T2DM patients.

On the other hand, the works of Wang et al. (1995) and Paolisso et al. (1995) showed an
improvement on red blood cell sorbitol/plasma glucose ratio, in fasting plasma insulin, LDL
and total cholesterol and free radicals. The results obtained by Wang et al. (1995) also suggest
an inhibition of the polyol pathway by vitamin C.

The evaluation of the different results of intervention trials in T2DM using vitamin C
whether as a supplement or as part of a diet rich in fruits and vegetables are conflicting. Small
sample sizes, genetic variation, short intervention duration, insufficient dosage and disease
status of the assessed cohorts may account for the lack of effect and the inconsistent outcomes
observed in intervention studies. Therefore, further research and long-term prospective
studies are needed to elucidate the role of vitamin C as a modulator of inflammation and
T2DM risk and to evaluate its potential role as a preventive agent.
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3.3. Cancer

Chronic inflammation has been linked to various steps involved in carcinogenesis.
Inflammation plays a key role in tumor development, affecting tumor proliferation,
angiogenesis, metastasis and resistance to therapy (Balkwill et al., 2005; Bartsch and Nair,
2006; Hussain and Harris, 2007). Key features of cancer-related inflammation (CRI) include
leukocyte infiltration, cytokine build-up, tissue remodelling and angiogenesis. Infiltrating
leukocytes such as tumor associated macrophages (TAMs), neutrophils, dendritic cells and
lymphocytes establish an inflammatory microenvironment (Lu et al., 2006) and are key
components in tumors of epithelial origin. These leukocytes secrete pro-inflammatory
cytokines (IL-1, IL-6, TNF-a, TGF-B, fibroblast growth factor (FGF), epidermal growth
factor (EGF) and hepatocyte growth factor (HGF21)), as well as chemokines (CCL2 and
CXCLS) (Joyce and Pollard, 2009). While immune cells may suppress tumor growth in some
cases, there is increasing concern that inflammatory microenvironments caused by infiltrating
leukocytes can facilitate cancer development (Aggarwal et al., 2009; Zhang et al., 2004). In
clinical studies, TAMs are associated with poor prognosis, while the use of anti-inflammatory
agents is associated with reduced instances of certain cancers (Roxburgh and McMillan,
2010; Ulrich et al., 2006). Several studies indicate that inflammation is a marker of high
cancer risk and poor treatment outcome (Moore et al., 2010).

Cancer is one of the diseases for which a beneficial role of vitamin C has been most
frequently claimed. Dietary use of vitamin C has been proposed as part of cancer prevention
for several years and is recently evidenced by Jansen and co-workers (2013). Apart from this
nutritional side, an extensive and often confusing literature exists about the use of vitamin C
in cancer that has considerably discredited its use. Emerging evidence indicates that ascorbate
in cancer treatment deserves reexamination. Studies in healthy men and women show that
ascorbate concentrations in plasma and tissue are tightly controlled as a function of oral dose.
Pharmacokinetic facts suggest that this millimolar ascorbate concentrations obtained by oral
administration are not usually considered ‘physiological’ and thus it does not have a
therapeutic role in cancer. The effective concentrations only can be achieved if the vitamin is
administered intravenously (i.v.) at high dose. Intravenous injection of ascorbate bypasses
tight control and produces plasma concentrations as much as 70-fold greater than those
produced by maximal oral dosing (Sebastian et al., 2004; Verrax and Calderon, 2008).

Intravenous vitamin C therapy has been used in the treatment of cancer (Riordan et al.,
2005; Du et al,, 2012; Chen et al., 2005). Rationales for intravenous vitamin C (IVC) therapy
include preferential toxicity of ascorbate toward cancer cells (Casciari et al., 2001), potential
benefits of ascorbate for immune cells (Riordan et al., 2005) and ascorbate inhibitory effect
on angiogenesis (Mikirova et al., 2008; Mikirova et al., 2010). In a study with guinea pigs,
tumor growth was significantly reduced in cases where intra-tumor ascorbate concentrations
reached the millimolar level (Casciari et al., 2005). In addition, inflammation and oxidative
stress can cause down-regulation of immune system associated with T cell dysfunction, which
has been described in cancer, infectious and autoimmune diseases.

In addition, in cancer and other inflammatory conditions, the T-cell receptor (TCR) zeta
chain is cleaved resulting in anergic T and Natural Killer (NK) cells (Dworacki et al., 2007).

As the in vitro tissue cultures have shown a reversal of TCR cleavage by antioxidants
(Nambiar et al., 2002) the result of treatment by ascorbic acid may augment T-cell and NK
cell immunity.
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Vitamin C should be considered as a part of the treatment protocol for cancer therapy
since it seems to improve quality of life and extend survival time (Vollbracht et al., 2011; Du
et al., 2012). Nonetheless, further pharmacokinetic, pharmacodynamic and clinical studies are
needed in order to understand the full potential of pharmacological vitamin C in cancer
treatment.

3.4. Aging

Aging is a complex natural biological process characterized by a progressive declination
of physiological functions that affects many tissues, with a more pronounced effect on brain
functions; it is influenced by the individual’s genetics, his lifestyle and environmental factors.
Aging and especially human aging, can be explained by the emerging concept of para-
inflammation-driven "inflammaging" a coinage of "inflammation" and "aging" (Franceschi et
al., 2000; Franceschi, 2003). The characteristic consequence of aging in the immune system is
the progressive filling of the immune system by activated lymphocytes, macrophages and
dendritic cells in response to chronic/continuous subtle stress either due to pathological or
physiological antigens/toxins. Therefore, the condition of inflammaging provides a
continuous mild antigenic challenge leading to a pro-inflammatory condition associated with
the progressive stimulation/depletion of the immune system and other systems of the
organism (Franceschi and Bonafe, 2003; Franceschi et al., 2000; Giunta, 2006). This
perspective fits with basic assumptions of the evolutionarily antagonistic pleiotropy theory
regarding aging, which suggests that a trade-off between early beneficial effects and late
negative outcomes can occur at the genetic and molecular level.

The aging process involves the deterioration of several organic systems and the
appearance of different diseases that we may group as connective tissue disorders, endocrine
metabolic disorders, immune disorders, neurodegenerative disorders, cancer, hypertension
and atherosclerosis. All of these pathologies are associated with low chronic inflammation
and thus vitamin C may act as previously mentioned.

Figure 6.2 summarizes both the major molecular pro-inflammatory pathways involved in
chronic non-transmissible diseases associated with low grade systemic inflammation
mentioned in this chapter and the possible sites where vitamin C can exert its effects.

4. PHARMACOLOGICAL APPROACH OFVITAMIN C

In order to address ascorbate therapeutic concentrations it is important to describe
plasmatic and intracellular ascorbate availability, which will be focused in the present section.

For many years, the RDA for all vitamins was based on preventing deficiency, with a
margin of safety. As previously mentioned there is great interest in the clinical roles of
vitamin C because evidence suggests that inflammation and oxidative stress are a root cause
of many non-transmissible diseases.
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Figure 6.2. Major molecular pro-inflammatory pathways involved in low chronic inflammatory diseases
and the possible sites of action of vitamin C.

In fact, plasma ascorbic acid concentrations may be low in chronic or acute inflammatory
states. The Food and Nutrition Board (FNB) of the Institute of Medicine US National
Academies established in 2000 a system of dietary reference intake (DRI) values for the US
population that, for the first time, provides advice on the safety of the nutrients. “Safety” is
defined as presenting no “unreasonable risk of illness or injury” or “a reasonable certainty of
no harm,” under labeled or ordinary conditions of use, as set forth in US laws and regulations
for dietary supplements and food additives.

The DRI system includes the estimated average requirement, the recommended dietary
allowance (RDA) [or the acceptable intake for some nutrients] and the tolerable upper intake
level (UL). In 2010 the FNB established a RDA for Vitamin C of: 90 mg/day for men; 75
mg/day for women; 85 mg/day during pregnancy and 120 mg/day for lactating women, with
an upper limit (UL) of 2000 mg/day. In European countries, the average daily intakes
reported in surveys are above the recommended daily intakes, with the 95" percentile intakes
from food and supplements ranging up to about 1 g/day.

These dietary intakes do not represent a cause for concern. The Expert Group on
Vitamins and Minerals in the UK (EGVM, 2003) has recommended an upper level of 2 g/day
and a guidance level of 1 g/day, as a supplemental intake, respectively.
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Despite the fact that vitamin C has a well known beneficial effect in preventing disease,
the therapeutic effects of vitamin C are very hard to summarize mainly because:

i ascorbate is added mostly in different combinations with other drugs, antioxidants,
vitamins or other (natural) antioxidant diet constituents;

ii  several studies have an insufficient number of subjects, leading to equivocal results
and consequently to conflicting conclusions;

iii the therapeutic use of ascorbate in everyday treatment by physicians is conflicting;

iv there are major differences with respect to the oral and intravenous use of ascorbate.
Ascorbate added intravenously is much more effective in elevating serum ascorbate
levels, while several randomized clinical trials that have utilized oral administration
of ascorbate have been unsuccessful (Padayatty and Levine, 2001)

In humans, the requirement for vitamin C is satisfied by natural sources and in some
situations by supplements in the ordinary diet. Humans consume vitamin C orally with
subsequent gastrointestinal absorption and distribution or they can receive it parenterally. The
two major forms of vitamin C in the diet are L-ascorbic acid and L-dehydroascorbic acid
(DHA). Both ascorbate and DHA are absorbed along the entire length of the human intestine,
as shown by the measurement of transport activity in luminal (brush border) membrane
vesicles (Wilson, 2005). Transporters for vitamin C and its oxidized form DHA are crucial to
keep the optimal intracellular vitamin concentrations. In humans, cells may accumulate
ascorbate by the Na'-dependant vitamin C transporters SVCT1 (SLC23A1) and SVCT2
(SLC23A2) (Savini et al., 2008). SVCT1 is expressed in epithelial tissues such as the
intestine, where it contributes to the maintenance of whole-body ascorbic acid levels, whereas
the expression of SVCT?2 is relatively widespread either to protect metabolically active cells
and specialized tissues from oxidative stress or to deliver ascorbic acid to tissues that are in
high demand of the vitamin for enzymatic reactions. DHA, the oxidized form of ascorbic
acid, is taken up and distributed in the body by facilitated transport via members of the
SLC2/GLUT family (GLUT1, GLUT3 and GLUT4). Absorption of vitamin C occurs in the
small intestine via active transport through SVCTI1. This receptor also exists in the renal
proximal tubules, where it reabsorbs filtered ascorbate and is expressed throughout the body
(Aguirre and May, 2008).

The characteristics of DHA uptake by luminal membranes of the human jejunum clearly
differ from those of ascorbate uptake (Wilson, 2005). DHA is taken up by low-affinity (Km
~0.8 mM) sodium-independent facilitated diffusion. Glucose inhibits ascorbate uptake but not
that of DHA. However, the transport inhibition profile ruled out the role of the sodium-
dependent glucose co-transporter in ascorbate transport (Malo and Wilson, 2000). The
transport protein responsible for the intestinal absorption of DHA has not yet been identified.
Plasma concentrations of vitamin C are tightly controlled when the vitamin is taken orally.
Peak plasma vitamin C concentration seemed to plateau with increasing oral doses (Padayatty
et al., 2004). There are two simple reasons for this: on the one hand, as mentioned in the
previous paragraph, the capacity of the transporters is limited; on the other hand, the two Na'-
dependent transporters can be subjected to fine tuned regulation by their own substrate. An
elevated level of ascorbate in the intestinal lumen leads to down-regulation of SVCT1 mRNA
in enterocytes (MacDonald et al., 2002). A similar self-regulatory role for ascorbate was
demonstrated for SVCT2 in platelets (Savini et al., 2007).
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Recently, it was shown that skeletal muscle cells modulated the expression of the SVCT2
carrier according to their redox balance. Both mRNA and protein levels of SVCT2 were up-
regulated in hydrogen peroxide-treated myotubes, while antioxidant supplementation with LA
lowered the expression of SVCT2 (Savini et al., 2007b). It seems likely that the redox state of
the cell can influence the expression of SVCT2, thus regulating the transport and intracellular
level of ascorbate. Plasma levels of vitamin C are not only limited by intestinal absorption,
but also by reabsorption in the kidneys by SVCTI.

The works of Corpe and co-workers (2008) and those of Sotiriou and co-workers (2002)
using knockout mice highlight the importance of the SVCT-type transporters to the
maintenance of intracellular ascorbate concentrations in the low millimolar range. Knockout
of the SVCT]1 resulted in a normal appearing and fertile phenotype, but caused a 2 to 7-fold
increase in the renal loss of ascorbate and a 50% decrease in plasma ascorbate (Corpe et al.,
2008). This result clearly documents an important role for this transporter in ascorbate
retention by the kidney. Knockout of the SVCT?2 resulted in phenotypically normal and fertile
heterozygotes with a 40-50% decrease in the ascorbate content of muscle and blood, despite
the fact that these mice can still synthesize ascorbate (Sotiriou et al., 2002). Although there
were no embryonic or fetal losses, homozygotes died at birth with cerebral hemorrhage and
failure of the lungs to expand (Sotiriou et al., 2002). Ascorbate was very low in the brain,
muscle tissue and liver (Sotiriou et al., 2002), indicating that SVCT2 is the only functional
transporter in these tissues.

4.1. Vitamin C Concentration in Humans As a Function of Dose

Levine and co-workers (2001) clearly demonstrated that Vitamin C concentrations in
plasma are tightly controlled as a function of dose. They observed healthy young women with
a controlled intake of 30-2,500 mg of vitamin C from food and showed that in the women’s
plasma there was a steep sigmoidal relationship between vitamin C doses and resulting
concentrations for doses of 30—100 mg daily, with an approximate 5-fold increase in plasma
concentration over this dose range. At doses of 200 mg daily and higher, there was little
change in plasma concentrations, with saturation between 200 and 400 mg daily. Circulating
neutrophils, monocytes and lymphocytes contained 0.5-4.0 mM concentrations of vitamin C
and also saturated between 200 and 400 mg daily. At doses of 400 mg daily and higher,
vitamin C plasma concentrations did not increase, in part because of increasing vitamin C
excretion in urine. At plasma concentrations less than 4 pM, symptoms of scurvy may occur.
Doses of 30 mg daily yield steady-state plasma concentrations of approximately 7 uM for
men and 12 pM for women. For both genders, there is a steep sigmoid relationship between
dose and plasma concentrations at doses between 30 and 100 mg daily (Padayatty et al.,
2003). At 100 mg daily steady-state plasma concentrations are slightly less than 60 uM for
men and slightly greater than 60 uM for women. However, the dose-concentration curve
between 30 and 100 mg daily is shifted to the left for women compared to men. At doses of
200 mg daily and higher, steady-state plasma values for both genders are similar. Plasma is
completely saturated at doses of 400 mg daily and higher, producing a steady-state plasma
concentration of approximately 80 uM (Calder et al., 2009). Accordingly, the maximum
bioavailability of vitamin C is usually attained at lower doses and declines with the elevation
of oral supplements (Levine et al., 1996).
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Circulating concentrations of ascorbate in blood are considered adequate if they are at
least 28 uM, but they are considerably higher in most cells due to active transport by SVCT2.

This observation was further confirmed by data from the three compartment
pharmacokinetic model for vitamin C. According to this model, a single oral dose of 3 g — the
maximum tolerated single dose — produces a peak plasma concentration of 206 mM, while the
1.25 g oral dose results in a slightly lower concentration of 187 mM (Padayatty et al., 2004).
Hence, pharmacological plasma concentrations of vitamin C can only be reached through the
intravenous administration of the vitamin (Padayatty et al., 2004). The only clinical benefit of
ascorbate addition, with a proven mechanism of action, is the prevention of scurvy. However,
intake of as little as 10 mg/day of vitamin C is appropriate for this purpose. This amount
results in plasma vitamin C concentrations below 10 mM. When ‘therapeutic’ levels or even
‘normal’ levels of vitamin C are present in the diet, plasma ascorbate concentrations are at
least one order of magnitude higher than that necessary to prevent scurvy (Padayatty et al.,
2003).

The short half-life of vitamin C during the rapid excretion phase pointed out by Hickey
and co-workers (Hickey et al., 2005) is sometimes ignored. Plasma levels above 70 uM have
a half-life of approximately 30 minutes, so large doses taken several hours apart should be
considered independent, as should their bioavailability. This cumulative pattern means that
splitting a single large dose into several smaller ones, taken a few hours apart, increases the
effective bioavailability of the large dose. This schedule-dependant phenomenon needs to be
taken into consideration for any further interpretation of ascorbate pharmacokinetic and
pharmacodynamic results.

The bioavailability of ascorbate is clearly different if administered i.v. or orally and this
important point must be considered. Pharmacologic doses of ascorbate can produce plasma
concentrations 70-fold higher than those possible with maximally tolerated oral doses (Chen
et al., 2007). With infusion rates of 0.5—1 g/min plasma concentrations of 10 mmol/L (10,000
umol/L) were predicted to be attainable for >3 h. For i.v. administration, plasma
concentrations are expected to vary depending on the dose, rate and frequency of infusion.
This was subsequently confirmed in animals and humans (Chen et al., 2008; Stephenson et
al., 2013). In contrast to data from i.v. (parenteral) administration, maximal peak plasma
concentrations from oral dosing were predicted and subsequently found by others to be <0.25
mmol/L (Park et al., 2009; Micallef et al., 2009). Although peak oral concentrations can
possibly vary with the dose frequency, variations are minimal compared with concentrations
attainable with i.v. administration.

Neutrophils, when exposed to bacteria, oxidize extracellular ascorbic acid to form
dehydroascorbic acid, which is transported into the neutrophil and rapidly reduced to ascorbic
acid by the protein glutaredoxin. As a result of this recycling of extracellular ascorbic acid,
the neutrophil internal concentration of ascorbic acid increases 10-fold. Ascorbic acid may
quench oxidants generated during phagocytosis and thus protect the neutrophil and
surrounding tissues from oxidative damage (Padayatty and Levine, 2001).

Ascorbate appears in the urine at intakes of roughly 60 mg/day. However, in a
depletion/repletion study in healthy young women, ascorbate plasma and white blood cell
concentrations saturated at intakes of 200 mg/day or higher (Levine et al., 2001).

The plasma half-life of ascorbate is widely reported to be between 8-40 days (Kallner et
al., 1979). However, this applies only to periods of deficient intake, when the renal
transporters actively reabsorb the vitamin to prevent acute scurvy.
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When intake levels are higher, more rapid excretion occurs. During this phase, ascorbate
has a half-life of about 30 minutes (Kallner et al., 1979; Berger, 2009).

Tubular reabsorption is influenced by the concentration of ascorbic acid in the tubule.
When the transport reabsorption mechanism approaches maximal velocity, additional vitamin
C cannot be absorbed and is excreted in urine. The dose at which reabsorption saturates is the
threshold dose for vitamin C excretion and occurs at an intake of 100 mg/day, corresponding
to a plasma concentration of approximately 55 to 60 umol/L. Maximal tubular reabsorption
was shown to be 1.5 mg/ml of glomerular filtrate (Oreopoulos et al., 1993). Its reabsorption
and excretion by the kidney play a key part in the tight control of vitamin C plasma and tissue
concentrations in healthy humans. It is unclear, however, whether other mechanisms of
regulation of ascorbic acid reabsorption exist and if there is a mechanism of an active
secretion of ascorbic acid into the renal tubules.

4.2. Vitamin C: Use Asa Pro-Drug and Safe Profile Evidences

The preponderance of scientific evidence, which has been thoroughly reviewed by
several authors, consistently shows that vitamin C is safe at intakes of <2000 mg/d (Jialal and
Devaraj, 2003; Levine et al., 1999). Oral administration of vitamin C is limited by the
saturation of osmotic intestinal absorption and diarrhea (Padayatty et al., 2004).

It is also known that high amounts of ascorbate can be harmful due to oxalate formation
(Levine et al., 1999). Therefore, administration of high doses of vitamin C is contraindicative
for patients with oxalate kidney stones or hyperoxaluria (Levine et al., 1999; Schmidt et al.,
1981, Siener and Hesse, 2002). In patients with renal failure, vitamin C is retained and
converted to insoluble oxalate, which can accumulate in various organs. Subsequent to kidney
transplantation, the administration of vitamin C (self-medication 2 g/day for 3 years while in
dialysis) led to the development of renal failure due to the widespread deposition of calcium
oxalate crystals (Nankivell and Murali, 2008). Therefore, high-dose vitamin C therapy should
be avoided in patients with renal failure or renal insufficiency and in patients undergoing
dialysis (Levine et al., 1999). Intravascular haemolysis occurred after high-dose vitamin C
administration in patients with a deficiency in glucose-6-phosphate dehydrogenase (Levine et
al., 1999). It is also contraindicated in patients with systemic iron overload (Rivers, 1987;
Levine et al., 1999). Some studies have also observed increased uric acid concentrations
(Stein et al., 1976), but others did not find increases of uric acid in either plasma or urine
(Huang et al., 2005).

There are fears that vitamin C may have pro-oxidant (Podmore et al., 1998) or mutagenic
(Lee et al., 2001) effects. In fact, the rationale for the use of vitamin C in cancer is based on
its pro-oxidant effects (Hoffer et al., 2008; Vollbracht et al., 2011). In the biological milieu,
pharmacologic ascorbate may set in motion a preponderance of reactions that favor formation
of H,0,, the key cytotoxic effector species. Hydrogen peroxide was proposed to achieve
effective steady-state concentrations of >25-50 umol/L to elicit cell death (Chen et al., 2005
and 2008). However, the concentration of H,O, induced by pharmacologic ascorbate is far
higher, as much as 2 orders of magnitude, than those which regulate normal cellular processes
(Stone and Yang, 2008).
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It has been shown by Chen and co-authors (2005 and 2008) that extracellular ascorbate
was able to selectively kill cancer cells by generating hydrogen peroxide. However, it is
unknown why only cancer cells were affected.

There was no correlation with ascorbate-induced cell death and glutathione, catalase
activity or glutathione peroxidase activity. The data presented by Chen and co-workers
showed that ascorbate initiated H,O, formation extracellularly, but H,O, targets could be
either intracellular or extracellular, because H,O, is membrane permeant (Antunes and
Cadenas, 2000; Chen et al., 2005). For example, extracellular H;O, might target membrane
lipids, forming hydroperoxides or reactive intermediates that are quenched or repaired in
normal cells but not in sensitive cancer cells. In sensitive (but not resistant) cancer cells,
intracellular H,O, can target DNA, DNA repair proteins or mitochondria because of
diminished superoxide dismutase activity (Oberley, 2001; Pani et al., 2004). New insights
may follow from future studies of a very broad range of tumor cells or from microarray
analysis of resistant and sensitive cells derived from the same genetic lineage.

If pharmacologic parenteral ascorbate is a pro-drug for selective H,O, delivery to the
extracellular space, then therapeutic use should consider a broader use of H,O, in situations
where it may have clinical benefit. In addition to cancer treatment, another potential
therapeutic use is for treatment of infections. Pharmacological ascorbate administration was
able to generate in vivo H,O, concentrations of 25-50 uM that are bacteriostatic (Hyslop et
al., 1995). Further research is needed to learn whether some bacteria are especially sensitive
to clinically possible H,O, concentrations, whether there is synergy with antibiotic therapy
and whether such synergy can be used to treat problematic resistant species, such as
Acinetobacter or methicillin-resistant Staphylococcus aureus. H,O, concentrations only
slightly higher than those presented in this paper are selectively toxic to hepatitis C virus
replication in cell culture models (Choi et al., 2004). Other virally infected cells may also be
candidates (Chen et al., 2005) and should be investigated, particularly those for which there
are no current therapies.

Ascorbate administered intravenously has already been tested in a phase I clinical trial, is
in wide use by complementary and alternative medicine (integrative medicine) practitioners
and appears to have minimal side effects in patients who are properly screened. Nevertheless,
more research should be done in order to enhance basic and clinical knowledge in these areas
so that patients can benefit from it.

CONCLUSION

Given the diverse pathways it regulates and/or participates, as well as the beneficial
effects presented throughout this chapter, ascorbic acid might be suitable for therapeutic use
in various diseases as well as a preventive natural substance. Introducing novel and effective
prevention strategies in a public health setting needs considering approaches with the least (if
any) side effects and the maximal preventive efficacy and outcome.

In this context, applying nutritional intervention to attenuate inflammation and oxidative
stress would be a feasible public health strategy for prevention of chronic low grade systemic
inflammation, in various diseases and conditions, such as atherosclerosis, T2DM, cancer and

aging.
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There is evidence supporting the idea that vitamin supplementation can modify the innate
immune response (i.e., the proinflammatory and inflammatory markers) and that it
ameliorates oxidative stress and the subsequent proinflammatory signaling.

Taking this into account, the mechanism by which nutritional factors (such as vitamin C)
prevent or delay disease development can be understood, allowing for its introduction and use
in the general population, as well as in particularly susceptible subpopulations. However, new
metabolic approaches may be useful and will help develop a more exhaustive portrait of the
manifold roles of vitamin C in human nutrition in the next few years.

Future research focused on the potential of high-level therapy in particular cases,
including treatment of cancer and in stem cell development, will yield a better understanding
of potential vitamin C therapeutic benefit.
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Chapter 7

VITAMIN C DEFICIENCY ENHANCES DISRUPTION OF
ADRENAL NON-ENZYMATIC ANTIOXIDANT DEFENSE
SYSTEMSIN ODSRATSWITH WATER-IMMERSION
RESTRAINT STRESS

Yoshiji Ohta” and Kaji Yashiro'
Department of Chemistry, Fujita Health University
School of Medicine, Toyoake, Japan

ABSTRACT

In the present study, we examined whether and how vitamin C (VC) deficiency
affects water-immersion restraint stress (WIRS)-induced disruption of adrenal non-
enzymatic antioxidant defense systems in Osteogenic Disorder Shionogi (ODS) rats
genetically unable to synthesize VC. Five-week-old male ODS rats received scorbutic
diet with either distilled water containing VC (1 g/L) or distilled water not containing VC
for 2 weeks, VC-deficient ODS rats (VC-D group) and VC-sufficient ODS rats (VC-S
group) were exposed to WIRS for 1, 3 or 6 h. Before the onset of WIRS, serum VC
concentration in the VC-D group was 31% of that concentration found in the VC-S group
and serum lipid peroxide (LPO) concentration was higher in the VC-D group than in the
VC-S group. The VC-D group had higher serum corticosterone (CORT), and glucose
concentrations and higher adrenal CORT content than the VC-S group. The VC-D group
had 21% of adrenal VC concentration in the VC-S group but there were no differences in
adrenal LPO, vitamin E (VE), and reduced glutathione (GSH) concentrations between the
two groups. When the VC-S group was exposed to WIRS, serum VC, CORT, and
glucose concentrations increased in a stress time-dependent correlation, and serum LPO
concentration started increasing after 3 h of WIRS and further increased thereafter.
Regarding these serum concentrations in the VC-D group with WIRS, VC concentration
further decreased at 6 h of the stress and decreases in increased CORT and glucose
concentrations and further increase in increased LPO concentration occurred in a stress
time-dependent manner.
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Moving forward to the variations in the adrenal gland in the VC-S group after being
exposed to WIRS, it was observed that a decrease in VC concentration and an increase in
CORT concentration occurred in a stress time-dependent manner, a decrease in GSH
concentration and an increase in LPO concentration occurred after 6 h, and VE
concentration increased after 1 h. The VC-D group with WIRS showed further reduction
in adrenal VC concentration, decreases in adrenal CORT and GSH concentrations, and an
increase in adrenal LPO concentration. These changes depended on stress time. The
adrenal VE concentration increased at 1 h of WIRS but decreased stress time-dependently
thereafter. After exposure to 6 h of WIRS, the VC-D group had higher serum and adrenal
LPO concentrations and lower serum and adrenal VC and adrenal GSH concentrations
than the VC-S group. These results indicate that VC deficiency enhances WIRS-induced
disruption of adrenal non-enzymatic antioxidant defense systems in ODS rats.

1. INTRODUCTION

The adrenal gland is among the organs with higher concentration of vitamin C (VC) (or
ascorbic acid) in the body. Both the adrenal cortex and the adrenal medulla accumulate such
high levels of VC. VC present in the adrenal gland works as an important cofactor at its
physiological functions (Patak et al., 2004). When compared with rat’s main organs,
including adrenal gland, brain, heart, kidney, liver, lung, skeletal muscle, spleen, and testis,
the adrenal gland contains the highest concentrations of non-enzymatic antioxidants such as
vitamin E (VE), reduced glutathione (GSH), and VC, which is the most abundant, non-
enzymatic antioxidant present in rat’s adrenal gland (Azhar et al., 1995). Comparatively, the
content of lipid peroxide (LPO), which is generated via reactive oxygen species, in the
adrenal gland of rats is the lowest among the main nine organs (Azhar et al., 1995).

VC is a water-soluble antioxidant and scavenges reactive oxygen species such as
superoxide anion radical, hydroxyl radical, and peroxyl radical by itself (Rose and Bode,
1993). VC also supports the chain-breaking antioxidant action of VE by recycling VE radical
to VE in the liquid/aqueous interface (Liebler, 1993). Oxidized VC (or dehydroascorbic acid)
is returned to VC via reduced glutathione (GSH) itself in a non-enzymatic manner or via the
enzymatic VC recycling system in which GSH participates as a cofactor (Winkler et al.,
1994). Thus, VC exerts its antioxidant action by interacting with VE and GSH as well as by
itself.

Water-immersion restraint stress (WIRS) is a test designed to induce emotional stress in
the subject submitted to it, being considered a panoply of physical and psychological
stressors. WIRS-induced gastric mucosal damage in experimental animals is widely used as a
stress-induced gastric ulcer model (Jaggi et al., 2011). It has been shown in rats exposed to
WIRS over a 6-h period that VC concentration decreases with a concomitant increase in LPO
concentration and followed by a decrease in VE concentration in the gastric mucosa, although
the concentration of non-protein sulthydryl including GSH begins to decrease before the
onset of decrease in VC concentration in the tissue (Ohta et al., 2005). It has also been shown
that a decrease in VC concentration occurs with a concomitant decrease in GSH concentration
and a concomitant increase in LPO concentration in rat’s liver when exposed to WIRS over a
6-h period; however, VE concentration remains stable in the tissue (Ohta et al., 2007). It has
also been reported that decreases in VC and GSH concentrations occur with a concomitant
increase in LPO concentration followed by a decrease in VE concentration in the brain of rats
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exposed to WIRS over a 6-h period (Ohta et al., 2012). Furthermore, it has been reported that
when rats with WIRS receive a single oral VC pre-administration, WIRS-induced disruption
of non-enzymatic antioxidant defense systems in the gastric mucosa, liver, and brain is
attenuated with the recovery of decreased VC content in those tissues (Kaida et al., 2010;
Ohta et al., 2005, 2010, 2012). Thus, it has been suggested that VC plays an important role in
WIRS-induced disruption of non-enzymatic antioxidant defense systems in the gastric
mucosa, liver, and brain of rats.

In experimental animals with acute emotional stress, the stress response occurs mainly
via the hypothalamic-pituitary-adrenal (HPA) axis and the sympathetic-adrenal system
(Pignatelli et al., 1998). The HPA axis is a complex set of direct influences and feedback
interactions among the hypothalamus, the pituitary gland, and the adrenal gland. Secretion of
corticotropin-releasing hormone, adrenocorticotropic hormone (ACTH), and corticosteroids
such as cortisol and corticsterone (CORT) via the HPA axis occurs in response to stress. The
sympathetic-adrenal system is one of the major pathways mediating physiological responses
and plays an important role in the regulation of blood pressure, glucose, sodium, and other
key physiological and metabolic processes. Secretion of adrenaline and noradrenaline via the
sympathetic-adrenal system occurs in response to stress. It has been reported that, in rats
exposed to WIRS for a 6-h period, rapid increases in plasma adrenaline, noradrenaline, and
glucose levels occur through activation of the sympathetic-adrenal system (Arakawa et al.,
1997). It has also been reported that a single exposure of rats to WIRS for a 6-h period causes
rapid increases in serum ACTH and CORT levels through activation of the HPA axis and
serum glucose level through activation of the sympathetic-adrenal system (Ohta et al., 2012,
2013). It is known that a single treatment with ACTH causes a rapid reduction of VC level in
the adrenal gland of rats (Lahiri and Lloyd, 1962; Overbeek, 1985). It is also known that
ACTH inhibits the uptake of VC into isolated rat adrenal glands or isolated rat adrenocortical
cells (Clayman et al., 1970; Leonard et al., 1983). In addition, it has been reported that human
adrenal glands secrete VC in response to ACTH (Padayvatty et al., 2007). It has been shown
that a single subcutaneous treatment of rats with sympathomimetic amines such as adrenaline
and noradrenaline causes VC depletion in the adrenal gland (Nasmyth, 1949). Thus, it is
implicated that VC depletion in the adrenal gland of stressed rats is closely associated with
activation of the HPA system and the sympathetic-adrenal system. It has been reported that a
single exposure of rats to immobilization (or restraint) stress over 4-h period causes a marked
decrease in adrenal VC content with a concomitant increase in serum VC concentration
(Nakano and Suzuki, 1984). Our recent report has shown that, in the adrenal gland of rats
exposed to WIRS over a 6-h period, rapid VC depletion occurs at 0.5 h and further VC
depletion continues followed by a decrease in GSH concentration and an increase in LPO
concentration thereafter, although transient increases in GSH and VE concentrations occur at
1.5 h and that VC pre-administered to rats with 6 h of WIRS attenuates WIRS-induced
disruption of adrenal non-enzymatic antioxidant defense systems with the recovery of
decreased adrenal VC concentration (Ohta et al., 2013). Thus, it has been suggested that VC
plays a critical role in WIRS-induced disruption of non-enzymatic antioxidant defense
systems in the adrenal gland of rats.

The strain of Osteogenic Disorder Shionogi/Shi-od/od (ODS) rats is a colony of mutant
Wistar rats defective in the ability to synthesize VC due to the loss of the gene that encodes
for L-gulonolactone oxidase, an enzyme working at the final step of VC synthesis, in the liver
tissue (Mizushima et al., 1984).
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It is known that exposure of ODS rats to VC deficiency for more than 10 days causes a
severe VC depletion in the plasma and tissues including adrenal gland and stomach
(Tokumaru et al., 1998). Our previous study has shown that VC deficiency aggravates tissue
damage by enhancing oxidative stress associated with disrupted non-enzymatic antioxidant
defense systems in the gastric mucosa of ODS rats with WIRS (Ohta et al., 2006).

In the present study, therefore, we examined whether and how VC deficiency affects
WIRS-induced disruption of non-enzymatic antioxidant defense systems in the adrenal gland
of ODS rats unable to synthesize VC in order to further clarify the role of VC in WIRS-
induced disruption of non-enzymatic antioxidant defense systems in the adrenal gland of rats.

2. MATERIALSAND METHODS
2.1. Materials

L-Ascorbic acid (VC), CORT, oa,o’-dipyridyl, 5,5’-dithiobis(2-nitrobenzoic acid)
(Ellman’s reagent), ethylenediaminetetraacetic acid (EDTA), GSH, 2-thiobarbituric acid
(TBA), tocopherol (Toc) standards (a-Toc and 8-Toc), and other chemicals were purchased
from Wako Pure Chemical Ind., Ltd. (Osaka, Japan). All chemicals used were of reagent
grade and were not further purified.

2.2. Animals

Male ODS rats aged five weeks were purchased from Nippon Clear Co. (Tokyo, Japan).
The animals were housed in cages in a ventilated animal room with controlled temperature
(23 £+ 2°C) and relative humidity (55 + 5%) with 12 h of light (7:00 to 19:00). The animals
were maintained with free access to rat chow, CL-1 (Nippon Clear Co., Tokyo, Japan) and
distilled water with and without VC (1g/L) ad libitum for two weeks to make VC-sufficient
and VC-deficient status, respectively, accordingly to the report of Tokumaru et al. (1996).
VC-deficient ODS rats showed no clear signs of scurvy.

All animals received humane care in compliance with the Guidelines of the Management
of Laboratory Animals in Fujita Health University. The animal experiment was approved by
the Institutional Animal Care and Use Committee and its approved protocol number was M
14-02.

2.3. Induction of WIRS

It is known that WIRS causes a reliable severe stress in conscious rats under 24-h
starvation, resulting in the reproducible occurrence of gastric mucosal damage (Landeria-
Femandez, 2004). Therefore, all seven-week-old ODS rats used were starved for 24 h before
the onset of WIRS but were allowed free access to water, The conscious starved ODS rats
were restrained in wire cages and immersed up to the depth of the xiphoid process in a 23°C
water bath to induce WIRS, as described in our previous reports (Kaida et al., 2010; Ohta et
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al., 2005, 2006, 2007, 2012, 2013). Exposure of VC-deficient and sufficient ODS rats to
WIRS was started at 9:00 am and was lasted for 1, 3 or 6 h.

2.4. Assays of Adrenal and Serum Components

ODS rats were weighed and then sacrificed under ether anesthesia at 0, 1, 3 or 6 h after
the onset of WIRS and blood samples were collected from the inferior vena cava.
Immediately after sacrifice, adrenal glands were isolated, washed in ice-cold 0.9% NacCl,
wiped on a filter paper, and then weighed. The collected blood was separated into serum by
centrifugation. The collected adrenal glands and serum were stored at -80°C until use. Each
adrenal gland was homogenized in 9 volumes of ice-cold 50 mM Tris-HCI buffer (pH 7.4)
containing 1 mM EDTA to prepare 10% homogenate using a Physcotron handy
microhomogenizer (Microtec Co., Funabashi, Japan). The adrenal homogenate was used for
the assays of CORT VC, VE, GSH, and LPO. The serum was used for the assays of CORT,
glucose, VC, VE, and LPO. CORT in the serum and adrenal homogenate was
fluorometrically assayed by the method described by Guillemin et al. (1959) using authentic
CORT as a standard. Serum glucose was assayed using a kit of Glucose CII-Test Wako
(Wako Pure Chemical Ind., Ltd., Osaka, Japan). Serum LPO was assayed by the fluorometric
TBA method of Yagi (1976) using tetramethoxypropane as a standard. The o,o’-dipyridyl
method described by Zannoni et al. (1974) was used to determine serum and adrenal VC
concentrations using authentic L-ascorbic acid as a standard. GSH in the adrenal homogenate
was assayed by the method of Sedlak and Lindsay (1968) using Ellman’s reagent and GSH as
a standard. VE in the serum and adrenal homogenate was assayed by the method using high-
performance liquid chromatography and electrochemical detection and 6-Toc was used as an
internal standard as described in our previous report (Kamiya et al., 2005). The amount of VE
in the serum and adrenal homogenate is expressed as that of a-Toc. LPO in the adrenal
homogenate was assayed by the colorimetric TBA method of Ohkawa et al. (1979) using
tetramethoxypropane as a standard except that 1 mM EDTA was added to the reaction
mixture. The amount of LPO in the serum and adrenal homogenate is expressed as that of
malondialdehyde (MDA) equivalents.

2.5. Statistical Analysis
All results obtained are expressed as means + standard deviation (S.D.). The statistical
analyses of the results were performed using a computerized statistical package (StatView).

Each mean value was compared by one-way analysis of variance (ANOVA) and Bonferroni
for multiple comparisons. The significance level was set at p < 0.05.

3. RESULTS

VC-deficient ODS rats (VC-D group) had significantly higher serum CORT and glucose
concentrations than VC-sufficient ODS rats (VC-S group) before the onset of WIRS (Figure
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7.1). When the VC-D group was exposed to WIRS for 1, 3 or 6 h, increased serum CORT
concentrations in the VC-D group decreased stress time-dependently ((Figure 7.1A). In the
VC-S group with the same period of WIRS, serum CORT and glucose concentrations
increased stress time-dependently (Figure 7.1B). At 6 h of WIRS, there was no significant
difference in serum CORT concentration between the VC-D and VC-S groups and the serum
glucose concentration was 1.6-fold higher in the VC-S group than in the VC-D group (Figure
7.1A and B).

Before the onset of stress, body weight was significantly less in the VC-D group (121.3
+ 5.4 g, n=32) than in VC-S group (154.1 = 1.9 g, n = 20) (p < 0.05). Exposure to WIRS
for 1, 3 or 6 h had no significant effect on the body weight in the VC-D and VC-S groups
(data not shown).

There was no significant difference in adrenal weight between the VC-D and VC-S
groups, while adrenal CORT concentration was significantly higher in the VC-D group than
in the VC-S group (Figure 7.1C and D).
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Figure 7.1. Stress time-related changes in serum CORT (A) and glucose (B) concentrations, adrenal
weight (C) and adrenal CORT content (D) in VC-deficient and sufficient ODS rats with WIRS. Open
bar, VC-sufficient ODS rats; closed bar, VC-deficient ODS rats. The weight of adrenal gland is
expressed as the weight of the sum of both adrenal glands. Each value is a mean + S.D. (n = 5 for each
group at 0 h of WIRS; n = 7 for each group at 1, 3 or 6 h of WIRS). "p < 0.05 (vs. the corresponding
unstressed group); “p < 0.05 (vs. the unstressed VC-deficient group) ; p < 0.05 (vs. the unstressed VC-
sufficient group); » < 0.05 (vs. the value at the previous time point in the corresponding group).

The adrenal weight in the VC-D group exposed to 1 h of WIRS was significantly heavier
than that found before the onset of stress and a reduction of the increased adrenal weight was
observed until 6 h, while the adrenal weight in the VC-S group exposed to WIRS for 6 h of
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WIRS was significantly heavier than that weight found before the onset of stress (Figure
7.1C). The increased adrenal CORT concentration in the VC-D group was significantly
reduced by exposure to WIRS for 3 or 6 h and this reduction occurred in a stress time-
dependent manner, while the adrenal CORT concentration in the VC-S group exposed to
WIRS over a 6-h period increased significantly in a stress time-dependent manner (Figure
7.1D). After 6 h of WIRS, there were no significant differences in adrenal weight and adrenal
CORT concentration between the two groups (Figure 7.1C and D).

Before the onset of stress, serum VC concentration in the VC-D group was 31% of that
concentration in the VC-S group and serum VE concentration in the VC-D group was 78% of
that concentration in the VC-S group (Figure 7.2). The decreased serum VC concentration in
the VC-D group remained unchanged at 1 and 3 h of WIRS but further decreased
significantly at 6 h, while the serum VC concentration in the VC-S group exposed to WIRS
over a 6-h period increased in a stress time-dependent manner and this increase was
statistically significant at 3 and 6 h (Figure 7.2A).
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Figure 7.2. Stress time-related changes in serum VC (A) and VE (B) concentrations in VC-deficient and
sufficient ODS rats with WIRS. Open bar, VC-sufficient ODS rats; closed bar, VC-deficient ODS rats
with WIRS. Each value is a mean + S.D. (n =5 for each group at 0 h of WIRS; n = 7 for each group at
1, 3 or 6 h of WIRS). *p < 0.05 (vs. the corresponding unstressed group); #p < 0.05 (vs. the unstressed
VC-deficient group) ; +p < 0.05 (vs. the unstressed VC-sufficient group); §p < 0.05 (vs. the value at the
previous time point in the corresponding group).

When the VC-D group was exposed to WIRS, a gradual increase in the decreased serum
VE concentration occurred in a stress time-dependent manner, being statistically significant
after 6 h of WIRS, while exposure of the VC-S group to the same period of WIRS had no
significant effect on the serum VE concentration (Figure 7.2B).
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Before the onset of stress, serum LPO concentration was significantly higher in the VC-D
group than in the VC-S group, while there was no significant difference in adrenal LPO
content between the two groups (Figure 7.3). When the VC-D group was exposed to WIRS
over a 6-h period, the increased serum LPO concentration further increased and the
concentration found at 6 h of WIRS was1.3-fold higher than that found before the onset of
stress (Figure 7.3A). The serum LPO concentration in the VC-S group exposed to WIRS for
the same period increased significantly at 6 h, although the serum LPO concentration in the
VC-S group was significantly less than that in the VC-D group at 6 h of WIRS; the VC-S
group had 87% of serum LPO concentration in the VC-D group at 6 h of WIRS (Figure
7.3A). The VC-D group exposed to WIRS over a 6-h period had a significant increase in
adrenal LPO concentration in a stress time-dependent manner and the adrenal LPO
concentration in the VC-D group with 6 h of WIRS was 3.2-fold higher than that
concentration found before the onset of stress (Figure 7.3B).
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Figure 7.3. Stress time-related changes in LPO concentrations in the serum (A) and adrenal gland (B) of
VC-deficient and sufficient ODS rats with WIRS. Open bar, VC-sufficient ODS rats; closed bar, VC-
deficient ODS rats with WIRS. Each value is a mean + S.D. (n =5 for each group at 0 h of WIRS; n=7
for each group at 1, 3 or 6 h of WIRS). *p < 0.05 (vs. the corresponding unstressed group); #p < 0.05
(vs. the unstressed VC-deficient group) ; +p < 0.05 (vs. the unstressed VC-sufficient group); §p < 0.05
(vs. the value at the previous time point in the corresponding group).

The VC-group exposed to WIRS for the same period had a gradual increase in adrenal
LPO concentration in a stress time-dependent manner and a significant increase in adrenal
LPO concentration was found at 3 or 6 h of WIRS, although adrenal LPO concentration in the
VC-S group was 70% of that concentration in the VC-D group at 6 h of WIRS (Figure 7.3B)
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Before the onset of stress, adrenal VC concentration was significantly less in the VC-D
group than in the VC-S group; adrenal VC concentration in the VC-D group was 21% of that
concentration in the VC-S group, while there were no differences in adrenal GSH and VE

concentrations between the two groups (Figure 7.4).
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Figure 7.4. Stress time-related changes in adrenal VC (A), GSH (B), and VE (C) concentrations in VC-
deficient and sufficient ODS rats with WIRS. Open bar, VC-sufficient ODS rats; closed bar, VC-
deficient ODS rats with WIRS. Each value isamean + S.D. (n =5 for each group at 0 h of WIRS n=7
for each group at 1, 3 or 6 h of WIRS). p < 0.05 (vs. the corresponding unstressed group); p <0.05
(vs. the unstressed VC-deficient group) ; 'p < 0.05 (vs. the unstressed VC-sufficient group); 'p < 0.05
(vs. the value at the previous time point in the corresponding group).

Exposure of the VC-D group to WIRS over a 6-h period caused further reduction of the
decreased adrenal VC concentration in a stress time-dependent manner and exposure of the
VC-S group to the same period of WIRS caused a significant reduction of the adrenal VC
concentration stress time-dependently (Figure 7.4A). The adrenal VC concentration in the
VC-D group was 22% of that concentration in the VC-S group at 6 h of WIRS (Figure 7.4A).
Adrenal GSH concentration in the VC-D group was significantly reduced by exposure to
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WIRS over a 6-h period and this reduction occurred in a stress time-dependent manner, while
a significant reduction of adrenal GSH concentration in the VC-S group exposed to WIRS for
the same period occurred at 6 h, although the adrenal GSH concentration in the VC-S group
was 1.6-fold higher than that concentration in the VC-D group at 6 h of WIRS (Figure 7.4B).
The VC-D group exposed to WIRS over a 6-h period had a significant increase in adrenal VE
concentration at 1, 3 or 6 h but the adrenal VE concentration found at 1 h of WIRS decreased
stress time-dependently thereafter, while the VC-S group exposed to WIRS for the same
period had a significant increase in adrenal VC concentration at 1 h, although the adrenal VE
concentration in the VC-S group was significantly less than that concentration in the VC-D
group at 1, 3 or 6 h of WIRS and the former group had 62% of adrenal VE concentration in
the latter group at 1 h of WIRS (Figure 7.4C).

4. DISCUSSION

It has been shown that when Wistar rats which can synthesize VC in the liver are exposed
to WIRS over a 6-h period, rapid increases in serum CORT, glucose, and ACTH
concentrations occur and the increased levels are maintained thereafter (Ohta et al., 2012,
2013). Horio et al. (1985) have reported that when ODS rats unable to synthesize VC are fed
a VC-deficient diet for 20 days, the serum and adrenal CORT levels are markedly higher than
those in ODS rats fed a VC-sufficient diet for the same period. Ikeda et al. (1998) have
reported that ODS rats given a VC-deficient diet over a 14-day period have a marked increase
in serum CORT concentration and that serum CORT concentration in adrenalectomized ODS
rats given a VC-deficient diet for 14 days does not differ from that concentration in
adrenalectomized ODS rats and sham ODS rats without adrenalectomy which are given a
VC-sufficient diet for the same period. Thus, continuous VC deficiency causes stress-like
status in ODS rats. In the present study, serum CORT concentration in ODS rats with 14-day
VC deficiency was significantly higher than that in ODS rats with the same period of VC
sufficiency.

In addition, the VC-deficient ODS rats were found to have a higher serum glucose
concentration than the VC-sufficient ODS rats. These findings suggest that VC deficiency
should cause stress responses through activation of both the HPA axis and the sympathetic-
adrenal system in ODS rats. When VC-deficient and sufficient ODS rats were exposed to
WIRS over a 6-h period, the increased serum CORT and glucose concentrations in VC-
deficient ODS rats decreased in a stress time-dependent manner, while those concentrations
in VC-sufficient ODS rats increased in a stress time-dependent manner. The stress time-
related changes in serum CORT and glucose concentrations in VC-sufficient ODS rats
exposed to WIRS over a 6-h period were found to occur more slowly than those in Wistar rats
exposed to WIRS for the same period (Ohta et al., 2012, 2013).

Thus, the increased serum CORT and glucose concentrations in VC-deficient ODS rats
were found to be reduced by WIRS exposure unlike the case of VC-sufficient ODS rats,
although there were no significant differences in serum CORT and glucose concentrations
between VC-deficient and sufficient ODS rats after 6 h of WIRS. Hodges and Sadow (1967)
have reported that when conscious rats are exposed to restraint stress just after subcutaneous
injection of CORT (1 mg/100 g body weigh), the plasma CORT level is reduced with 1 h of
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lag time at which time the pituitary adrenocorticotropic activity is reduced. Similarly,
Ginsberg et al. (2003) have reported that when conscious rats receive a single intraperitoneal
(i.p.) administration of RU 28362, a selective glucocorticoid receptor agonist, (1 to 150 pg/kg
body weight) at 1 h before the onset of 1-h immobilization stress, the increased plasma CORT
level in stressed rats is reduced dose-dependently and corticotrophin-releasing hormone
hnRNA expression in the paraventricular nucleus of stressed rats is reduced at a dose of 150
png/kg body weight. The same authors have shown that pre-administered CORT (5 mg/kg
body weight, i.p.) decreases the ACTH response to 1-h immobilization stress in conscious
rats (Ginsberg et al., 2003). These findings may allow us to suggest that the reduction of
increased serum CORT concentration found in VC-deficient ODS rats with WIRS is due to
suppression of CORT secretion via the HPA axis. Kvetnansky et al. (1995) have shown that a
single pre-administration of excessive cortisol (30 mg/kg body weight, i.p.) reduces increases
in plasma adrenaline and noradrenaline levels in conscious rats with immobilization stress. It
has been shown that the sympathetic-adrenal system is interacted with the HPA axis under
stress conditions (Kvetnansky et al. 1995). These findings may allow us to assume that the
reduction of increased serum glucose concentration in VC-deficient ODS rats with WIRS is
due to suppression of adrenaline secretion via the sympathetic-adrenal system.

It is known that an increase in adrenal weight occurs in rats with repeated immobilization
stress (Monteiro et al., 1989). Our recent report has shown that an increase in adrenal weight
occurs in Wistar rats with 6 h of WIRS (Ohta et al., 2013). In the present study, VC-deficient
ODS rats exposed to WIRS over a 6-h period showed an increase in adrenal weight at 1, 3 or
6 h, although it decreased stress time-dependently. In contrast, VC-sufficient ODS rats
exposed to WIRS for the same period showed an increase in adrenal weight at 6 h as in the
case of Wistar rats with WIRS (Ohta et al., 2013). However, there was no significant
difference in the increased adrenal weight between VC-deficient and sufficient ODS rats with
6 h of WIRS. Akana et al. (1983) have reported that the adrenal weight of rats begins to
increase when ACTH secretion reaches a certain level and is sustained. Therefore, it is
suggested that the increase in adrenal weight in VC-deficient and sufficient ODS rats with
WIRS could be due to long-lasting secretion of ACTH. In the present study, adrenal CORT
concentration was much higher in VC-deficient ODS rats than in VC-sufficient ODS rats. The
increased adrenal CORT concentration in VC-deficient ODS rats was reduced by exposure to
WIRS over a 6-h period and this reduction occurred in a stress time-dependent manner.
Therefore, it is suggested that the reduction of increased serum CORT concentration found in
VC-deficient ODS rats with WIRS could be due to suppression of CORT synthesis and
secretion in the adrenal gland by negative feedback via the HPA axis. In contrast, the adrenal
CORT concentration in VC-sufficient ODS rats was increased by exposure to WIRS for the
same period and this increase occurred in a stress time-dependent manner, although the stress
time-dependent increase in adrenal CORT concentration in VC-sufficient ODS rats with
WIRS proceeded more slowly than the case of Wistar rats with WIRS shown in our recent
report (Ohta et al., 2013). However, there was no significant difference in adrenal CORT
concentration between VC-deficient and sufficient ODS rats with 6 h of WIRS as in the case
of the aforementioned serum CORT concentration. Taking into consideration the stress time-
related changes in serum CORT and glucose concentrations in VC-deficient ODS rats with
WIRS, it is suggested that ODS rats with VC deficiency have suppressive responses to WIRS
which occur through the existence of increased serum CORT before the onset of stress.

Complimentary Contributor Copy



152 Yoshiji Ohta and Koji Yashiro

In the present study, serum VC concentration was markedly lower in VC-deficient ODS
rats than in VC-sufficient ODS rats, as reported previously (Tokumaru et al., 1996). The
serum VC concentration in VC-deficient ODS rats exposed to WIRS over a 6-h period
remained unchanged until 3 h but was significantly, although slightly, reduced after 6 h. In
contrast, serum VC concentration in VC-sufficient ODS rats exposed to WIRS over a 6-h
period increased gradually in a stress time-dependent manner, although this increase was
lower than in Wistar rats exposed to the same conditions (Ohta et al., 2013). In VC-deficient
and sufficient ODS rats exposed to WIRS over a 6-h period, the stress time-related change in
serum VC concentration was similar to those in serum CORT and glucose concentrations,
although the stress time-related change in serum VC concentration was smaller than those in
serum CORT and glucose concentrations.

These findings suggest that responses to WIRS via the HPA axis and the sympathetic-
adrenal system affect serum VC concentration in VC-deficient and sufficient ODS rats in a
different manner. Serum VE concentration in VC-deficient ODS rats was less than that in
VC-sufficient ODS rats, as reported by Tanaka et al. (1997). VC-deficient ODS rats exposed
to WIRS over a 6-h period maintained the serum VE concentration, although it increased
significantly, but slightly, after 6 h of WIRS.

In contrast, there was no change in serum VE concentration in VC-sufficient ODS rats
exposed to WIRS over a 6-h period as in the case of Wistar rats exposed to WIRS for the
same period (Ohta et al., 2013).

Tanaka et al. (1997) have shown that ODS rats fed a VC-deficient diet for 21 days have
higher plasma LPO level, an oxidative stress marker, than in ODS rats fed a VC-sufficient
diet for the same period. In the present study, serum LPO concentration was significantly
higher in ODS rats with 2-week VC deficiency than in ODS rats with the same period of VC
sufficiency. However, there was no difference in adrenal LPO content between VC-deficient
and sufficient ODS rats.

These results suggest that systemic oxidative stress occurring in VC-deficient ODS rats
could not cause oxidative stress in the adrenal gland. When VC-deficient ODS rats were
exposed to WIRS over a 6-h period, serum and adrenal LPO concentrations increased stress
time-dependently.

Though VC-sufficient ODS rats exposed to WIRS for the same period showed increases
in serum and adrenal LPO concentrations, the increases in serum and adrenal LPO
concentrations occurred later than those in VC-deficient ODS rats with WIRS. In addition,
the increased serum and adrenal LPO concentrations in VC-sufficient ODS rats with 6 h of
WIRS were considerably less than those present in VC-deficient ODS rats submitted to the
same conditions. The stress time-related changes in serum and adrenal LPO concentrations in
VC-sufficient ODS rats with WIRS were similar to those in Wistar rats exposed to the same
period of WIRS (Ohta et al., 2013). Accordingly, these findings indicate that VC deficiency
enhances WIRS-induced oxidative stress associated with enhanced lipid peroxidation in the
adrenal gland of ODS rats.

It is also suggested that systemic oxidative stress could contribute to the occurrence of
oxidative stress in the adrenal gland of VC-deficient ODS rats with WIRS, because serum
LPO concentration was higher in VC-deficient ODS rats than in VC-sufficient ODS rats at
each period of WIRS, as described above.

In the present study, adrenal VC concentration was markedly less in VC-deficient ODS
rats than in VC-sufficient ODS rats, as reported previously (Tokumaru et al., 1996).
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Regarding adrenal GSH and VE concentrations, there were no differences between VC-
deficient and sufficient ODS rats before the onset of stress. Thus, adrenal GSH and VE
concentrations were found to be maintained in VC-deficient ODS rats. Such a maintenance of
adrenal GSH and VE concentrations in VC-deficient ODS rats may contribute to the
aforementioned no increase in adrenal LPO concentration. In VC-deficient ODS rats exposed
to WIRS for a 6-h period, the decreased adrenal VC concentration was further reduced
gradually in a stress time-dependent manner. The observed change in adrenal VC
concentration in VC-deficient ODS rats with WIRS was similar to the above-described stress
time-related change in serum VC concentration. VC-sufficient ODS rats exposed to WIRS for
the same period also showed a stress time-dependent decrease in adrenal VC concentration,
although the adrenal VC concentration in VC-sufficient ODS rats with 6 h of WIRS was
much higher than that in VC-deficient ODS rats with the same stress exposure. This change in
adrenal VC concentration in VC-sufficient ODS rats with WIRS was the reverse to the above-
described stress time-related change in serum VC concentration. Such a reverse relationship
between adrenal and serum VC concentrations has been shown in Wistar rats submitted to the
same conditions (Ohta et al., 2013). These findings allow us to assume that VC in the adrenal
gland of VC-sufficient ODS rats with WIRS not only is consumed in the tissue to protect
against WIRS-induced oxidative stress but also is released from the tissue like the case of
Wistar rats with WIRS. The decrease in adrenal VC concentration over time in VC-sufficient
ODS rats exposed to WIRS over a 6-h period proceeded more slowly than the decrease found
in Wistar rats with the same period of WIRS (Ohta et al., 2013). VC-deficient ODS rats
exposed to WIRS over a 6-h period showed a stress time-dependent decrease in adrenal GSH
concentration and a transient increase in adrenal VE concentration at 1 h of WIRS. The
increased VE concentration was reduced to the initial level after 6 h of WIRS. Therefore,
changes in adrenal GSH and VE concentrations in VC-deficient ODS rats submitted to WIRS
seemed to occur in compensation for the induced disruption of non-enzymatic antioxidant
status under continuous severe VC depletion in the tissue. VC-sufficient ODS rats exposed to
WIRS over a 6-h period showed a decrease in adrenal GSH concentration at 6 h and a
transient increase in adrenal VE concentration at 1 h, although the decrease in adrenal GSH
concentration was much less than that in VC-deficient ODS rats with 6 h of WIRS and the
transient increase in adrenal VE concentration was much lower than that in VC-deficient
ODS rats with 1 h of WIRS. The transiently increased adrenal VE concentration in VC-
sufficient ODS rats exposed to WIRS over a 6-h period was returned to the level found before
the onset of stress at 3 h of WIRS, the returned adrenal VE conceentration being maintained
until the 6th hour of WIRS. These changes were similar to those found in Wistar rats exposed
to WIRS for the same period (Ohta et al., 2013), although a transient increase in adrenal GSH
concentration was found in the stressed Wistar rats (Ohta et al., 2013) and was not observed
in the stressed VC-sufficient ODS rats. Therefore, the stress time-related changes in GSH and
VE concentrations in the adrenal gland of VC-sufficient ODS rats with WIRS seemed to
occur in compensation for WIRS-induced disruption of non-enzymatic antioxidant status
under continuous stress time-dependent VC reduction in the tissue as in the case of Wistar
rats exposed to WIRS for the same period (Ohta et al., 2013). It is unclear how the transient
increase in adrenal VE concentration occurs in VC-deficient and sufficient ODS rats with
WIRS. Taking into consideration the above-described stress time-related changes in adrenal
VC, VE, GSH, and LPO concentrations in VC-deficient ODS rats exposed to WIRS over a 6-
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h period, it can be proposed that VC deficiency enhances WIRS-induced disruption of non-
enzymatic antioxidant defense systems in the adrenal gland of ODS rats.

CONCLUSION

The results obtained from the present study indicate that VC deficiency enhances WIRS-
induced disruption of non-enzymatic antioxidant defense systems in the adrenal gland of ODS
rats unable to synthesize VC under suppressive stress responses possibly due to increased
serum CORT existing before the onset of stress. In addition, the results allow us to confirm
that VC plays a critical role in WIRS-induced disruption of non-enzymatic antioxidant
defense systems in the adrenal gland of rats.
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ABSTRACT

The myeloid produces about 2-3 million erythrocytes (red blood cells, RBCs) sec™
amounting to 200 billion day" and replaces the ones that are lost. The main functions of
RBC:s are transportation of oxygen throughout the body, of carbon dioxide as carbamino—
haemoglobin and maintenance of the acid-base status in the blood. The normal blood
which is alkaline turns acidic under lowered pH. However, the functions of the
erythrocytes may be disrupted prematurely under several environmental stressors
including osmotic shock, oxidative stress (OS), ligation of cell membrane antigens and
energy depletion, and may result in cell shrinkage, membrane blebbing, activation of
proteases and phosphatidylserine (PS) exposure on the outer membrane leaflet. PS at the
erythrocyte surface is recognised by macrophages which engulf and degrade the affected
cells. Although eryptosis is envisaged as a mechanism of defective erythrocytes to
escape, eryptosis in excess leads to altered physiological situations that reduce the normal
life span of erythrocytes in circulation resulting in iron deficiency, sickle cell anemia,
thalassemia, and glucose-6- phosphate dehydrogenase deficiency, malaria and infection
with hemolysin-forming pathogens. However, antioxidants can regulate several cellular
events by mechanisms related to their ability to clear free radicals and membrane
stabilization. Vitamin C, also referred as L-ascorbic acid(ASC) is a well known water-
soluble vitamin that is ingested through natural food or as dietary supplements. Further,
deficiency of vitamin C is linked to premature eryptosis. This chapter presents a
comprehensive report of in vivo and in vitro studies as well on how administration of
vitamin C singly or co-administered with other antioxidants such as vitamin E (o-
tocopherol) can impact erythrocyte function under OS, and surveys the advances in the
field from a clinical perspective.

f E-mail: sambe.ashadevi@gmail.com.
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1. INTRODUCTION

Erythrocytes (RBCs) are specialized cells for transporting oxygen, carbon dioxide and all
essential nutrients due to their unique cellular and non-cellular components. They have an
average life span of 120 days in humans and from 60 days to 90 days in mice and rats
respectively following which they undergo apoptosis referred to as eryptosis and are
subsequently cleared from the circulation by the macrophages. During their short stay in
circulation, erythrocytes assist the vital functions of the body while simultaneously
overcoming the various adverse conditions including oxidative stress (OS). However,
erythrocytes have antioxidative mechanisms for defending not only themselves but also other
tissues from the toxic effects of free radicals (FRs) in our body (Siem, 2000; Arbos et al.,
2008). Being carriers of oxygen, erythrocytes are most susceptible to OS and are responsible
for the progression of conditions such as diabetes, rheumatoid arthritis, dementia,
Alzheimer’s disease, Parkinson’s disease, cataract and aging (Halliwell and Guterridge, 2007;
Pandey et al., 2010, 2011).

It is widely known among health specialists and the general public that vitamin C is
beneficial to health because of its protective effect against OS. Many cells have transporters
for vitamin C unlike mature erythrocytes which cannot take up vitamin C from plasma (May,
1998). However, glucose transporter GLUT 1 permits efficient uptake of dehydroascorbic
acid (DHA) (Montel-Hagen et al., 2008). In all the species examined DHA enters the
erythrocyte considerably more rapidly than ascorbic acid (vitamin C). The uptake is pH-
dependent and the rate of uptake of DHA is influenced by the activity of the erythrocyte
DHA-reducing system. Dehydro-iso ascorbic acid (dehydro-d-araboascorbic acid) enters the
erythrocyte considerably less rapidly than DHA. Ascorbic acid (ASC) is released from the
erythrocyte at a slow rate (Hughes and Maton, 1968). Although human and animal studies are
accumulating in support of vitamin C as an antioxidant, a number of scientists are
apprehensive of its benefits due to the discrepant literature in the field because of the
prooxidant and toxic effects of vitamin C in high doses. Therefore, our aim in this chapter is
to present the current understanding of vitamin C as an antioxidant of erythrocytes from
studies in our laboratory as well as of many scientists across the globe.

2. ERYTHROCYTESAND OXIDATIVE STRESS

Differentiation of erythrocytes starts from the hematopoietic stem cells in the bone
marrow. As the erythrocytes are released from the bone marrow, they lose their nucleus,
ribosomes and mitochondria. The mature erythrocyte is biconcave and of 5 to 8 microns and
has a number of membrane proteins, most importantly the highly specialized spectrin network
that renders high elasticity to overcome shear stress (An et al, 2002; Mozhanova et al., 2003;
Dulinska et al., 2006), and a lipid bilayer (de Oliveira and Saldanha, 2010). Unlike the human
and subhuman species, erythrocytes in the lower vertebrates, fishes, reptiles and aves are
nucleated and have intracellular organelles such as mitochondria. The high arterial O, tension
and heme Fe in the enucleated erythrocytes are responsible for the generation of reactive
oxygen species (ROS) including the super oxide (0O,.), hydrogen peroxide (H,O,) and
hydroxyl radical (OH')(Burak Cimen, 2008). Since erythrocytes lack mitochondria, glycolysis
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is the only source of ATP molecules and about 90% of influxed glucose is used by glycolysis
while 10% is directed to the hexose monophosphate pathway, and the latter pathway is
efficiently used for generating NADPH which are utilized by erythrocytes to reduce
glutathione (GSH), an endogenous antioxidant (Sivilotti, 2004). Hemoglobin (Hb) is an
abundant protein in erythrocytes that ferries high amounts of oxygen, its ferrous iron
undergoing oxidation to methemoglobin (metHb) which is a non-carrier of oxygen. The
human body contains an average of 750 g of Hb (Nagababu and Rifkind, 2004) most of which
is contained in the erythrocytes. It is known that erythrocytes have about 270 million Hb
molecules which comprise greater than 95% of the cytoplasmic proteins (Telen and Kaufen,
2004). Each Hb molecule can bind four oxygen molecules and hence enables each erythrocyte
to carry about 1 billion oxygen molecules. It is therefore, not surprising that owing to their
enormous capacity, erythrocytes are also subjected to Hb disorders. Oxidative injury to the
erythrocytes affects the overall cellular structures of the erythrocyte and its Hb. The most
striking aspect is that irrespective of the causes, all of these disorders are known to share the
same characteristics of OS, lipid peroxidation (LPO) and protein oxidation of erythrocyte
membrane, hemolysis and release of the denatured products into circulation (Stephen et al.,
1985; Chaves et al., 2008). It is reported that under normal conditions, the concentration of
metHb is about 1% and there is a several fold increase under OS (Arbos et al, 2008). Hemin,
which is one of the denatured components of metHb, is demonstrated to intensify the
inflammation reactions of endothelial cells and promote the progression of atherosclerosis by
the oxidation of low density liporptoteins (Umbreit, 2007). Several in vivo and in vitro studies
on OS have proven inactivation of membrane bound receptors and enzymes (Halliwell and
Gutteridge, 2007), ionic balance (Maridonneau et al., 1983), intracellular pH (Asha Devi et
al., 2009), increased oxidation of proteins and lipids (Pasini et al., 2006; Lykkesfeldt et al.,
2007), and increased intracellular calcium and externalization of phosphatidyl serine (Figure
8.1) to signal irreversibly damaged cells to the reticulo-endothelial system for their removal
(Kuypers, and de jong., 2004; Asha Devi et al.,, 2011). In diseases such as diabetes,
uncontrolled hyperglycemia leads to increased binding of glucose to Hb and formation of
glycated haemoglobin (HbA1C) which in Type-II diabetics is a reliable diagnostic marker of
protein oxidation (Cakatay et al., 2004; Kostolanska et al., 2009). Hence, in diabetes,
increased eryptosis is observed (Calderon-Salinas et al., 2011; Maellaro et al., 2011) due to
increased stimulation of scrambling by glucose (Kucherenko et al., 2010). Excess eryptosis is
also reported in hyperthermia resulting in fever (Foller et al., 2010) and in septic patients
whose plasma has a factor that stimulates increased entry of calcium in their erythrocytes
(Lang et al., 2010).

The effect of certain FRs such as peroxyl on erythrocytes is reported for varying
atmospheric exposures of various organisms including humans. For instance, peroxyl-
mediated increased hemolysis has been documented in studies on humans (Sandhu et al.,
1992) and rat erythrocytes (Shiva Shankar Reddy et al., 2007). Figure 8.2 shows the
irreversible membrane changes that occur in the presence of peroxyl radicals. ROS oxidized
amino acid side chains form protein-protein cross-linkages, fragments and generate many
products (Pandey et al, 2010). It is known that a step-wise oxidative attack on the peptide
backbone is due to an .OH—dependent removal of a-hydrogen atom of an amino acid to form
a carbon-centered radical. Alkoxyl radicals are responsible for the cleavage of peptide bond
as a consequence of ROS interaction with glutamyl and aspartyl side chains. Few of the
protein oxidation products include lipofuscin, advanced oxidation protein products and
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protein carbonyls and are recognized markers of OS due to their stability and early formation
(Dalle-Donne et al, 2003).

Figure 8.1. Externalization of phosphatidyl serine in rat erythrocytes as seen through annexin-V- Cy 3
binding. (A) Transmission (B) Fluorescence microscopy.

Figure 8.2. Morphological changes in rat erythrocytes exposed to peroxyl radicals induced by AAPH.
A, normal erythrocyte; B, membrane invaginations; C, spheroechinocytes; D, membrane blebs over the
cell surface, Scale =2 pm.

Persisting with the idea of measuring OS in erythrocytes, our laboratory tested the impact
of vitamin C in combination with vitamin E and carnitine in rats that were subjected to
intermittent hypobaric hypoxia at 5,100 and 6,700 meters. The combined effects were more
effective in terms of reduced LPO and protein oxidation in the erythrocytes (Vani et al., 2010)
although single supplements of vitamin C and E were also effective (Asha Devi et al., 2007).

The life span of erythrocytes in different species are related to their antioxidant defense
enzymes such as catalase (CAT), glutathione peroxidase (GSH-Px), superoxide disutase
(SOD), glutathione S -—transferase (GST), glutathione reductase (GR) and the ROS
concentration (Kurata et al, 1993). A study conducted by Ozturk and Gumuslu (2004) on
male Wistar rats of 1, 6 and 12 months of age reports age-related decreases in erythrocyte
antioxidant, GSH, oxidized GSH (GSSG), total GSH and thiobarbituric acid reactive
substance (TBARS) levels, GSH/GSSG ratio and the redox index.

It is well known that the FRs, moreso oxygen radicals, is related to the process of aging.
Studies by Baur et al.(1982) on isolation of human erythrocytes as young, middle-age and
senescent cells using continuous Percoll gradient have characterized highest activity of
glucose-6-phosphate dehydrogenase, catalase (CAT), glutathione peroxidase (GSH-Px),
glutathione reductase (GR) and GSH in the youngest cell compared to the senescent cells
wherein, the enzymes decreased by about 20-30%. The malondialdehyde (MDA) content
indicative of LPO increased by 35% in the eldest cell population. Erythrocytes from 10
anemic patients exhibited less GSH and also less MDA, while GSH-peroxidase and GSSG-
reductase contents were higher proving that LPO is one of the causal events in erythrocytes

aging.

Complimentary Contributor Copy



Vitamin C and Erythrocytes 161

Hence given that erythrocytes are associated with a plethora of OS-related pathological
conditions, their morphology may serve as a useful indicator to detect inflammatory situations
and atheroma progression in patients with coronary artery disease (Berliner et al., 2005).
Figure 8.2 shows the normal discoid rat erythrocytes which when exposed to peroxyl radicals
undergo irreversible membrane changes.

3.VITAMIN C AND ERYTHROCYTES: OBSERVATIONS
IN ANIMALSAND HUMANS

Vitamin C is a vital antioxidant humans require and must be obtained from dietary
sources unlike most vertebrates wherein vitamin C is synthesized de novo from glucose. It
exists in two biological forms; the reduced form, ASC and oxidized form, DHA, and
functions intracellularly through specific membrane transporters. Ascorbic acid is transported
by the SVCT family of sodium-coupled transporters, with two isoforms molecularly cloned,
the transporters SVCT1 and SVCT2, which exhibit differential tissue and cell expression.
Recycling of ascorbic acid from its oxidized state assists in maintaining sufficient tissue
levels of this vitamin in human erythrocytes. In order to determine the contribution of
recycling from the ascorbate radical and dehydroascorbic acid May and his collaborators
(2004) conducted a series of experiments using ferricyanide as an oxidant stress across the
erythrocyte membrane. Ferricyanide was used to induce oxidant stress and quantify ascorbate
recycling as well. Interestingly, their results showed that ferricyanide also generated DHA
that accumulated in the cells. Further, ferricyanide-stimulated ascorbate recycling from DHA
was dependent on intracellular GSH. However, in the absence of GSH, ferricyanide-
stimulated ascorbate recycling from DHA was efficiently maintained at the expense of
intracellular ascorbate reflecting on continued ascorbate radical reduction, independent of
GSH. These studies suggested a two-tiered system wherein high affinity reduction of the
ascorbate radical is itself sufficient to eliminate low levels of this radical that might be
experienced by erythrocytes under non-oxidant conditions, with a supporting high capacity
system for reducing DHA under severe oxidant stress. Further, in humans, the maintenance of
a low daily requirement of vitamin C is reached through an efficient system for the recycling
of the vitamin involving the two families of vitamin C transporters (Rivas et al., 2008).
Similar concentrations of plasma and erythrocyte concentration are seen and the levels being
lower than those of the nucleated cells (May et al., 2007). The low capacity of erythrocytes to
concentrate ascorbate is related to low uptake rates of the molecule due to the absence of
ascorbate transporter SVCT2 that is seen in the reticulocyte stage in the bone marrow.
Johnston et al (1993) have shown that 500 mg/d of vitamin C supplementation increases
plasma C level and also assists in the maintainence of reduced glutathione (GSH) levels in
blood and thereby increase the plasma antioxidant capacity of the blood.

Erythrocytes undergo eryptosis when subjected to OS or when food in the form of
glucose is depleted and vitamin C is known to protect the erythrocytes from premature cell
death (Mahmud et al., 2010). Postaire and his co-workers (1995), while studying the effects
of vitamins on human erythrocytes have demonstrated that vitamin E (15 mg/day) and
vitamin C (30 mg/day) for 15 days can protect the erythrocytes from the singlet oxygen.
Similarly, the oxidative process in human erythrocytes can be lowered by combined effects of
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vitamin C and E (Claro et al., 2006). A study by Garibella and his co-scientists (2013) on
obese diabetic patients in the Arab populations, daily oral antioxidants supplementation
comprising of 221 mg of a-tocopherol and 167 mg of vitamin C along with B-vitamins, 1.67
mg folic acid, 1.67 mg vitamin B-2, 20 mg vitamin B-6, 0.134 mg vitamin B-12 showed
enhanced antioxidant capacity and anti-inflammatory effect. In vitro studies on rat (Figure
8.3) and duck (Figure 8.4) erythrocytes in our laboratory have shown 10 mM vitamin C
treatment is effective in lowering oxidative injury induced by peroxyl radicals generated by
2,2’-azo-bis(2-amidinopropane) hydrochloride (AAPH).

Figure 8.3. Normal rat erythrocytes (A), AAPH-exposed cells showing membrane vesciculations and
shrinkage (B), cells treated with vitamin C+AAPH (C), Scale = 10 pm.

Figure 8.4. Bright field microphotographs of duck erythrocytes showing elliptical shape with distinct
membrane and nucleus (A); cells treated with AAPH to induce oxidative stress(B). Arrow indicates
membrane disruption under oxidative stress. Scale = 10 um.

Although vitamin C is beneficial and non-toxic, it causes toxicity at high concentrations
and is a pro-oxidant rather than an antioxidant (Duarte and Lunee, 2005; Markovic et al.,
2010). In vitro studies on human erythrocytes have reported the oxidizing effect of vitamin C
in high doses with high conductivity at increasing temperatures (Ibrahim et al., 2006).

Studies on erythrocytes in guinea pigs have shown that high levels of vitamin C, 30
mg/100 g body weight/day can increase the haemolytic and peroxidative effects of vitamin C
and these effects could be overcome by vitamin E (Chen and Chang, 1979). Vitamin C
exhibits a synergistic effect in inhibiting LPO when combined with phenolic compounds,
catechin and epicatechin in human erythrocytes and liposomes as well (Liao and Yin, 2000).
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Table 8.1. Few situations that generate oxidative stress in human and subhuman
erythrocytes and the beneficial effects of vitamin C in alleviating the stress

Human/ Oxidative stress Oxidative effects Benefits of vitamin C References

Subhuman Agents

Erythrocyte

Human Dimethoate(Dim) Increased MDA levels Significant protection against Abdallah et al.,
0-20 mM Dim cytotoxic effects 2011

Increasesd membrane

Rats(Wistar) | Carbofuran fragility, elevated SOD Marked lowering of OS Rai et al., 2009
Sub-acute dose and CATactivities, parameters

diminished GST
activity

Increased LPO and
reduced AOEs

Rat (Wistar) | Chlorpyrifos-ethyl Combined supplement of Gultekin et al.,
(CE) vitamin C and E at 200 and 150 2001
41mg Kg' CE mg kg reduces lipoperoxidative

effect
Human Mercury as HgCl, | Increased MDA levels, Significant protection against Durak et al, 2010
1.052 to 10.52M decreased SOD, CAT LPO
and GPx activities
Human Chromate Increased peroxidation Vitamin C at 1| mM significantly | Fernandes et al.,
increases chromate-induced Hb 2000
oxidation

Human Acetaminophen Increased oxidation of Partial protection of Hb, SOD Tiikel, 1995
0.3-14.5 metHb, increased SOD and ATPase by Vitamin C at
micromoles activity,lowered Na(+)- | Img/dl

K(+) ATPase activity

Domestic Transportation Increased osmotic 650 mg Kg' diet. Azeezetal., 2011

chick (Nera resistance Antagonizing effect of vitamin C

black)

Rat (Wistar) | Intermittent Increased MDA, Alleviated LPO Asha Devi et al.,
hypobaric lipofuscin-like 2007
hypoxia(IHH) substances
5700 m and 6300
m

Guinea-pigs | Low vitamin E- Low membrane fluidity | Supplements of 1, 10, and 100 Tatara and
fed Increased LPO mg/animal/ day. Ginter, 1994
9-11 weeks Dosage-dependent increase in

fragility

AOEs, antioxidative enzymes; ATPase, adenosine triphosphatase; CAT, catalase ; GPx, glutathione
peroxidase; GST, glutathione-S-transferase; Hb, hemoglobin; LPO, lipid peroxidation; MDA,
malondialdehyde; metHb, methemoglobin; OS, oxidative stress; SOD, Superoxide dismutase.

3.1. Vitamin C and Storage of Human Erythrocytes

Few indexes such as ATP and SOD is higher than MDA and O," levels in human RBCs
stored in citrate-phosphate-dextrose (CPD) medium at 25° C in plastic bags containing
vitamin C (Kanias and Acker., 2010; Zan et al., 2010). Long-term storage of erythrocytes for
transfusion results in oxidative damage with changes to the structure of band 3 and LPO,
apoptotic changes with racemisation of membrane phospholipids and loss of parts of the
membrane through vesiculation (D’Allesandro et al., 2010). It is reported that glutathione-
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dependent enzymes such as GSH-Px, glutathione transferase (GSH-S-T) and glutathione are
depleted in RBCs stored in citrate-phosphate-dextrose-adenine (CPDA) during long periods
in plastic bags (Korgun et al., 2005). However, the blood undergoes peroxidative processes
making it unsuitable for transfusion. Hence the length of storage is an important factor to be
considered prior to transfusion since blood stored for 40 days in CPDA-1 with antioxidants
have shown 25% increase in plasma MDA on day 15 and 27% decrease in plasma total
antioxidant status (TAS). The same study showed decreases in SOD and CAT activities in the
RBC depending on storage length. The study finally concluded that a 10 day period can be a
safe limit for transfusion in relation to the oxidative stress the RBCs were subjected to in the
storage medium (Ogunro et al., 2001). Despite recent advances in erythrocyte engineering
from several stem cell sources, none of them have succeeded in the generation of functional
erythrocytes in the absence of serum or plasma and feeder cells. It is well known that in the
presence of serum and plasma, human erythrocyte engineering in a large scale is impossible,
especially for the future bioreactor system. Kim and Baek (2012) have demonstrated through
a combination of cost-effective and safe reagents, the terminal maturation of hematopoietic
stem cells into enucleated RBCs, which are functional comparable to donated human
erythrocytes. Interestingly, the viability of erythroid cells is higher in these serum- and feeder
- free culture conditions than in the serum - containing condition and is made possible by
supplementation with vitamin C in media and hypothermic conditions.

3.2. Vitamin C and Erythrocyte Diseases

Erythrocyte deformability resulting in negative variations under experimental
osteoporosis resulting in reduced blood flow and hence lowered tissue perfusion affects bone
metabolism. Interestingly, vitamin C supplementation has been shown to positively reverse
the above variations in female Wistar rats (Arslan et al., 2011). In their studies on ischaemic
rat model, Coban et al.(2005) have observed higher erythrocyte antioxidant capacity in
vitamin C reperfusion after ischaemia. Similarly, dexmedetomidine, an anesthetic agent that
is used in the intensive care units is known to cause disrupted erythrocyte deformability and
experiments conducted on male rats have shown the reversibility of such changes by vitamin
C (Kurtipek et al., 2012). However, these results need to be validated in clinical trials.
Vitamin C is also shown to be effective in inhibiting metHb formation in human erythrocytes
subjected to oxidative stress (Krukoski et al., 2009). One of the symptoms of the well known
vitamin C deficiency disease, scurvy is reduced erythrocyte life span (Troadec and Kaplan,
2008). Combined supplements of vitamin C and E with beta-carotene in 300 elderly subjects
ranging between 60 and 75 years of age are reported to result in a regain of membrane fluidity
lost from H,0,-induced oxidative stress (Li et al., 2008). Similarly, combined vitamin C and
vitamin E are effective in decreasing OS effects in human erythrocytes resulting from the
oxidative action of phenylhydrazine hydrochloride (Claro et al., 2006). Organophosphate and
carbamate pesticides that are extensively used are known to cause OS resulting in increased
osmotic fragility of the erythrocytes (Table 8.1). Heme (irom protoporphyrin IX) is a
functional group in many proteins, including hemoglobin and myoglobin. Under pathological
conditions, such as thalassemia, sickle cell anemia, glucose 6-phosphate dehydrogenase
deficiency which are among the more frequent genetic anomalies accompanied by OS, and
hemorrhage and muscle injury, hemin is released and an excess of hemin can interact with
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erythrocyte cell membranes resulting in the generation of ROS and cellular injury (Wagener
et al., 2001). The toxic effects of hemin on erythrocytes are manifested in the form of enzyme
inhibitions, and dissociation of erythrocyte skeletal structures. Further hemin is known to
cause hemolysis by a colloid-osmotic mechanism that is charactertized by loss of potassium
from erythrocytes followed by hemolysis. However, ASC can inhibit hemin-induced
hemolysis only if glutathione is present (LI et al., 2006). Vitamin C inhibits PS
externalization at the erythrocyte surface in clinical conditions such as immunosuppressive
drug treatments causing anemia in patients wherein the clearance of erythrocytes is greater
than its turnover. In sickle ghosts exposed to H,O,, ascorbate at low concentrations, 20 puM,
can inhibit LPO, whereas it increases LPO at high concentrations, >50 uM (Repka et al.,
1991). OS contributes to the sickle process of the erythrocytes and one of the factors that
predispose them to the hemolytic process is the oxidative degradation of the hemoglobin S
and deoxygenation leading to hemichrome formation and precipitation as Heinz bodies
(Chaves et al., 2008). Vitamin C also protects membrane o-tocopherol in Plasmodium
vinckei-infected erythrocytes (Stocker et al., 1986).

CONCLUSION

Currently, vitamin C is an indisputable essential vitamin for erythrocytes. Although
erythrocyte hypothermic storage is successful, it is still not devoid of oxidative injury since ex
vivo storage has compromised antioxidant enzymes, high glucose levels in the storage media
and high concentrations of molecular oxygen. Further, for an effective treatment of patients, it
is necessary to use the right dose of vitamin C. The ongoing trends in the field are
applications of the antioxidant functions of vitamin C in erythrocyte storage with an ultimate
aim of quality erythrocyte transfusions.

ACKNOWLEDGMENTS/REVISION

One of the authors (S.Asha Devi) acknowledges LSRB (LSRB-32/2002/EPB) and DST
(SR/SO/AS-58/2004), Govt.of India, New Delhi for providing financial assistance during
which period the present review article was conceived.

The present chapter has been reviewed by:

e Sumathi Swaminathan (PhD), St.John’s National Academy of Health Sciences,
Sarjapur Road, Bangalore 560 034, Karnataka, India

e M.V.V. Subramanyam (PhD), Laboratory of Physiology, Department of Life
Sciences, Bangalore University, Bangalore 560 056, Karnataka, India

Complimentary Contributor Copy



166 Sambe Asha Devi and Challaghatta Seenappa Shiva Shankar Reddy

REFERENCES

Abdallah, F.B.; Gargourim, B.; Bejaoui, H.; Lassoued, S. & Ammar-Keskes, I. Dimethoate-
induced oxidative stress in human erythrocytes and the protective effect of vitamin C and
E in vitro. Environ Toxicol., 23, 287-281.

An, X.; Lecombte, M.C.; Chasis, J.A.; Mohandad, N. & Grutzer, W.(2002). Shear stress
response of the spectrin dimer-tetramer equilibrium in the red blood cell membarne.
J.Biol Chem., 277, 31796-317800.

Arbos, K.A.; Claro, L.M.; Borges, L.; Santos, C.A. & Weffort-Santos, A.M.(2008). Human
erythrocytes as a system for evaluating the antioxidant capacity of vegetable extracts.
Nutr Res., 28, 457-463.

Arslan, A.; Aydin, G.; Keles, I.; FM, C. & Arslan, M. (2011). Evaluation of erythrocyte
deformability in experimentally induced osteoporosis in female rats and the effects of
vitamin C supplementation on erythrocyte deformability. Bratis! Lek Listy, 112, 605-609.

Asha Devi, S.; Shiva Shankar Reddy, C.S. & Subramanyam, M.V.V.(2009). Oxidative stress
and intracellular pH in the young and old erythrocytes of rat. Biogeron., 10, 659-669.

Asha Devi, S.; Shiva Shankar Reddy, C.S. & Subramanyam, M.V.V. (2011). Peroxyl-induced
oxidative stress in aging erythrocytes of rat. Biogeron., 12, 283-292.

Asha Devi, S.; Vani, R. & Subramanyam, M.V.V.; Reddy, S.S. & Jeevaratnam, K.(2007).
Intermittent hypobaric hypoxia-induced oxidative stress in rat erythrocytes: protective
effects of vitamin E, vitamin C and carnitine. Cell Biochem Funct., 25,221-231.

Azeez, O.1.; Oyagbemi, A.A. & Oyewale, J.O. (2011). Erythrocyte membrane stability after
transportation stress in the domestic chicken as modulated by pretreatment with vitamins
C and E. J Animal Vet Adv., 10, 1273-1277.

Baur, G.; Jung, A. & Wendel, A. (1982). Activity of the glutathione redox system in human
erythrocytes at various ages. Klin Wochenschr., 60, 867-869.

Berliner, S; Rogowski, O.; Aharonov, S; Mardi, T.; Tolshinsky, T.; Rozenblat, M.; Justo, D.;
Deutsch, V.; Serov, J.; Shapira, 1. & Zeltzer, D. (2005). Erythrocyte adhesiveness/
aggregation: a novel biomarker for the detection of low-grade internal inflammation in
individuals with atherothrombotic risk fcators and proven vascular disease. Am Heart J,
149, 260-267.

Burak Cimen, M.Y. (2008). Free radical metabolism in human erythrocytes. Clinica
Chim.Acta, 390, 1-11.

Cakatay, U. (2005). Protein oxidation parameters in type 2 diabetic patients with good and
poor glycaemic control. Diabetes Metab., 31, 551-557.

Calderon-Salinas, T.V.; Munas-Reiyes, E.H.; Guerrero-Romero, J.F.; Rodriguez-Moran, M.;
Bracho-Riqulam, R.I.; Carrera-Gracia, M.A. & Quintanar-escorza, M.A. (2011).
Eryptosis and oxidatiev damage in type 2 diabetic mellitus patient with chronic kidney
disease. Mol Cell Biochem., 357,3171-3179.

Chaves, M.A.F.; Leonart, M.S.S. & Nascimento, A.J. (2008). Oxidative process in
erythrocytes of individuals with with hemoglobin S. Hematology, 13, 187-192.

Chen, L.H. & Chang, H.M. (1979). Effects of high level of vitamin C on tissue antioxidant
status of guinea pigs. Int J Vitam Nutr Res., 49, 87-91.

Coban, Y.K.; Bulbuloglu, E.; Polat, A. & Inanc, F. (2005). Improved preservation of
erythrocyte antioxidant capacity with ascorbic acid reperfusion after ischemia: A

Complimentary Contributor Copy



Vitamin C and Erythrocytes 167

comparative study in a rat hindlimb model. The Internet J Alternative Med., 2(1). DOI:
10.5580/c56.

Claro, LM; Leobart, MSS; Comar, SR; do Nascimento, AJ. (2006). Effcet of vitamins C and
E on oxidative processes in human erythrocytes. Cell Biochem Funct., 24, 531-535.

Dalle-Donne, 1.; Rossi, R.; Giustarini, D.; Milzani, A. & Colombo, R. (2003). Protein
carbonyls as markers of oxidative stress. Clinica Chimica Acta 329, 23— 8

de Oliveira, S. & Saldanha, C. (2010). An overview about erythrocyte membrane. Clin
Hemorheol Microcirc, 44, 63-74.

D’Allesandro, A.; Liumbruno, G.; Grazzini, G. & Zolla, L. (2010). Red blood storage: the
story so far. Blood Transfus. 8, 82—88.

Duarte, T.L. & Lunec, J. (2005). When is an antioxidant not an antioxidant? A review of
novel actions an dreactions of vitamin C. Free Rad Res., 39, 671-686.

Dulinska, I.; Targosz, M.; Strojny, W.; Lekka, M.; Czuba, P.; Balwierz, W. & Szymonski, M.
(2006). Stiffness of normal and pathological erythrocytes studied by means of atomic
force microscopy. J Biochem Biophys Meth. 66, 1-11.

Durak, D.; Kalender, S.; Uzun, F.G.; Demyr, F. & Kalender, Y. (2010 ). Mercury chloride-
induced oxidative stress in human erythrocytes and the effects of vitamins C and E in
vitro. African J Biotech., 9, 488-495.

Fernandes, M.A.; Geraldes, C.F.; Oliveira, C.R. & Alpoim, M.C. (2000). Chromate-induced
human erythrocyte haemoglobin oxidation and peroxidation: influence of vitamin E,
vitamin C, salicylate, deferoxamine, and N-ethylmaleimide. Toxicol Letts., 114, 237-243.

Foller, M., Braun, M., Qadri , S.M., Lang, E., Mahmud, H & lang, F. (2010). Temperature
sensitivity of suicidal erythrocyte death. Fur J Clin Invest., 40, 534-540.

Garibella, S.; Afandi, B.; AbuHalten, MN.; Yassin, J.; Habib, H. & Ibrahim, W. (2013)..
Oxidative damage and inflammation in obese diabetic Emirati subjects supplemented
with antioxdiants and B-vitamins: a randomized placebo-controlled train. Nutr.
Metabolism. 10, 21.

Gultekin, F.; Delibas, N.; Yasar, S. & Kilinic, A. (2001). In vivo changes in antioxdiant
systems and protective role of melatonin and a combination of vitamin C and vitamin E
on oxidative damage in erythrocytes induced by chlorpyrifos-ethyl in rats.
Arch.Toxicol.75, 88-96.

Halliwell, B. & Gutteridge, J.M.C. (2007). Cellular responses to oxidative stress: adaptation,
damage, repair, senescence and death. In: Free Radicals in Biology and Medicine. 4th ed.
New York: Oxford University Press, 187-267.

Hughes, R.E. & Maton, S.C. (1968). The passage of vitamin C across the erythrocyte
membrane. Brit J Haematology,14, 247-253.

Ibrahim, I.H.; Sallam, S.M.; Omar, H. & Rizk, M. (2006). Oxidative hemolysis of
erythrocytes onduced by various vitamins. Int J Biomed Sci., 2, 295-298.

Johnston, C.S.; Meyer, C.G. & Srilakshmi, J.C. (1993). Vitamin C elevates red blood cell
glutathione in healthy adults. Amer J Clin Nutr, 58, 103-05.

Johnston CS, Meyer CG, Srilakshmi JC. (2005). Vitamin C elevates red blood cell
glutathione in healthy adults. J. Exp. Haematology, 13, 1106-1108.

Kanias, T. & Acker, J.P. (2010). Biopreservation of red blood cells — the struggle with
hemoglobin oxidation. FEBS J., 277, 343-356.

Kim, H.O.& Baek, E.J. (2012). Red blood cell engineering in stroma and serum/plasma-free
conditions and long term storage. Tissue Engineering Part A, 18, 117-126

Complimentary Contributor Copy



168 Sambe Asha Devi and Challaghatta Seenappa Shiva Shankar Reddy

Korgun, DK; Bilmen, S; Yesilkaya, A. (2005). Alterations in the erythrocyte antioxidant
system of blood stored in blood bags. Clin.Biochem., 38, 1009-1014.

Kostolanska, J.; Jakus, V. & Barak, L. (2009). HbAlc and serum levels of advanced glycation
and oxidation protein products in poorly and well controlled children and adolescents
with type 1 diabetes mellitus. J Pediatr Endocrinol Metab., 5, 433442

Krukoski, D.W.; Comar., S.R.; Claro, L.M.; Leonart., M.S. & do Nascimento, A.J. (2009).
Effect of vitamin C, deferoxamine, quercetin and rutin against tert-butyl hydroperoxide
oxidative damage in human erythrocytes. Hematology. 14, 168—172.

Kucherenko, Y.U.; Bhauser, S.F.; Grischenko, V.I.; Fischer, U.R.; Huber, S.H.& Lang,
F.(2010). Increased cation conductance in human erythrocytes artificially aged by
glycation. J Membr Biol., 235, 177-189.

Kurata, M,, Suzuki, M. & Agar, N.S. (1993). Antioxidant systems and erythrcoyte life-span
in mammals. Comp Biochem Physiol B., 106, 477-87.

Kurtipek, O.; Comu, F.N.; Ozturk, L.; Alkan, M.; Pampal, K. & Arslan, M. Does vitamin C
prevent the effects of high dose dexmedetomidine on rat erythrcpyte deformability?
Bratislavské lekdrske listy PMID 22428760.

Kuypers, F.A. & de Jong, H. (2004). The role of phosphatidylserine in recognition and
removal of erythrocytes. Cell Mol Biol., 50, 147-158.

Lang, F.; Gulbins, E.; Lang, P.A.; Zappulla, S.& Foller, M. (2010). Ceramide in suicidal
death of erythrocytes. Cell Physiol Biochem., 26, 21-28.

Li, Y; Ma, A; Shao, X. & Du, Z. (2008). Study the effect of antioxidant vitamin E, vitamin C
and beta-carotene supplement on erythrocyte functions in elderly persons. Wei sheng Yan
Jiu, 37, 305-308.

LL S; Su, Y; LO, M. & Zou, C. (2006). Hemin-mediated hemolysis in erythrocytes: effects of
ascorbic acid and glutathione. Acta Biochimica et Biophysica Sinica, 38, 63-69.

Liao, K. & Yin, M. (2000). Individual and combined antioxidant effects of seven phenolic
agents in human erythrocyte membrane ghosts and phosphatidylcholine liposome
systems: importance of the partition coefficient. J Agric Food Chem., 48, 2266-2270.

Lykkesfeldt, J. (2007). Malondialdehyde as biomarker of oxidative damage to lipids caused
by smoking. Clin Chim Acta, 380, 50-58.

Mahmud, H.; Qadri, S.M.; Foller, M.& Lang, F. (2010). Inhibition of suicidal erythrocyte
death by vitamin C. Nutrition, 26, 671-676.

Maellaro, E.; Leoncini, S.; Boretti, D., Del Bello, B.; Tanganelli, I.; De Felica, C. & Cilcdi, L.
(2011). Erythrocyte caspase-3 activation and oxidative imbalance in erythrocytes and in
plasma of type 2 diabetic patient. Acta Diabetol. DOI 10.1007/s00592-011-0274-0.

Markovic; S.D.; Dacic; D.D.; Cvetkovic., D.M.; Obradovic., A.D.; Zizic., J.B.; Ognjanovic.,
B.I.; Stajn, A.S.; Saicic., Z.S. & Spasic, M.B. (2010). Effects of acute treatment of
vitamin C on redox and antioxidative metabolism in plasma and red blood cells of rats.
Kragujevac J. Sci., 32, 109-116.

Maridonneau, 1.; Barquet, P. & Garay, R.P. (1983). Na+ K+ transport damage induced by
oxygen free radicals in human red cell membranes. J Biol Chem., 258, 3107-3117.

May, J.M. (1998). Ascorbate function and metabolism in human erythrocyte. Front Biosci., 3,
1-10.

May, J.M..; Qu, Z. & Cobb, C.E. (2004). Human erythrocyte recycling of ascorbic acid. J
Biol Chem., 279, 14975-14982.

Complimentary Contributor Copy



Vitamin C and Erythrocytes 169

May, J.M.; Qu, H. & Koury, M.J. (2007). Maturational loss of the vitamin C transporter in
erythrocytes. Biochem Biophys Res Commun., 360, 295-298.

Montel-Hagen, A.; Kinet, S.; Manel, N.; Mongellaz, C.; Prohaska, R.; Battini, J.L.; Delaunay,
J.; Sitbon, M. & Taylor, N. (2008). Erythrocyte GLUT 1 triggers dehydroascorbic acid
uptake in mammals unable to synthesize vitamin C. Cell, 132, 1039-1048.

Mozhanova, A.A.; Nurgazizov, N.I. & Bukharaev, A.A. (2003). Local elastic properties of
biological materials studied by SFM. SPM-2003. In: Proceedings Nizhni Novgorod,
March 2-5, 266-267.

Nagababu, E. & Rifkind J.M. (2004). Heme degradation by reactive oxygen species. Antioxid
Redox Signal, 6, 967-978.

Ogunuro, P.S.; Ogungbamigbe, T.O. & Muhibi, M.A. (2001). The influence of storage period
on the antioxidants level of red blood cells and the plasma before transfusion. Res
Commun Mol Pathol Pharmacol., 109, 357-363.

Oztiirk, O. & Giimiislii, S. (2004). Changes in g;ucose-6-phosphate dehydrogenase, copper,
zinc-superoxide dismutase and catalase activities, glutathione and its metabolizing
enzymes, and lipid peroxidation in rat erythrocytes with age. Exp Gerontol., 39, 211-216.

Pandey, K.B. & Rizvi, S.I. (2011). Biomarkers of oxidative stress in red blood cells. Biomed
Pap Med Fac Univ Palacky Olomouc Czech Repub., 155, DOI 10.5507/bp.2011.027

Pandey, K.B. & Rizvi, S.I. (2010). Markers of oxidative stress in erythrocytes and plasma
during aging in humans. Oxid Med Cell Longev., 3, 2-12.

Pasini, E.M.; Kirkegaard, M.; Mortensen, P.; Lutz, H.U.; Thomas, A.W. & Mann, M. (2006).
In-depth analysis of the membrane and cytosolic proteome of red blood cells. Blood, 108,
791-801.

Postaire, E.; Regnault, C.; Simone, L.; Rousset, G. & Bejot, M. (1995). Increase of singlet
oxygen protection of erythrocytes by vitamin E, vitamin C, and beta carotene intakes.
Biochem Mol Biol Int., 35, 371-374.

Rai, D.K.; Rai, P.K.; Rizvi, S.I.; Watal, G. & Sharma, B.(2009). Carbofuran-induced toxicity
in rats: protective role of vitamin C. Exp Toxicol Pathol., 61, 531-535.

Repka, T & Hebbel, R.P., (1991). Hydroxyl radical formation by sickle erythrocyte
membranes: Role of pathological iron deposits ad cytoplasmic reduicng agents. Blood,
87,2753-2758.

Rivas, C.I.; Zuniga, F.A.; Salas-Burgos, A.; Mardones, L.; Ormazabal, V. & Vera,
J.C.(2008). Vitamin C transporters. J Physiol Biochem., 64, 357-375.

Sandhu, L.S.; Yadav, R.; Trivedi. & Bhatnagar, D.J. (1992). Peroxyl radical-mediated
hemolysis : role of lipid, protein and sulfhydryl oxidation. Free Radic.Res.. 16, 111-122.

Shiva Shankar Reddy, C.S.; Subramanyam, M.V.V.; Vani, R. & Asha Devi, S. (2007). In
vitro models of oxidative stress in rat erythrocytes. Effect of antioxdiant supplements.
Toxicol. In Vitro. 21, 1355-1364.

Siems, W.G.; Sommerburg, O. & Grune, T.(2000). Erythrocyte free radical and energy
metabolism. Clin Nephrol, 53, S9-S17.

Sivilotti, M.L (2004). Oxidant stress and haemolysis of the human erythrocyte. Toxicol Rev.
23, 169-188

Stephen, M.W. & Philips, L.(1985). Hemicrome binding to band 3: Nucleation of Heinz
bodies on the erythrocyte membrane. Biochem., 24, 34-39.

Complimentary Contributor Copy



170 Sambe Asha Devi and Challaghatta Seenappa Shiva Shankar Reddy

Stocker, R.; Hunt, N.H; Weidemann, M.J & Clark, I.A. (1986). Protection of vitamin E from
oxidation by incrased ascorbic acid ciontent within Plasmodium vinckei-infected
erythrocytes. Biochimica et Biophysica Acta. 876, 294-299.

Tatara, M. & Ginter, E. (1994). Erythrocyte membrane fluidity and tissue lipid peroxides in
female guinea-pigs on graded vitamin C intake. Physiol.Res., 43, 101-105.

Telen, M.J. & Kaufman, R.E (2004). Part II: Normal hematologic system, the mature
erythrocyte. In Wintrobes Clinical Hematology (Greer JP, Foerster J, Lukens JN, Rodgers
GM, Paraskevas F, Glader B eds), pp.217-248. Lippincott Williams & Wilkins,
Philadelphia.

Tiikel, S.S. (1995). Effects of acetaminophen on methemoglobin, superoxide dismutase and
Na(+)-K(+) ATPase activities of human erythrocytes. Exp. Toxicol Pathol., 61, 531-535

Umbreit, J. (2007). Methemoglobin — it’s not just blue: a concise review. Am J Hematol., 82,
134-144.

Vani, R.; Shiva Shankar Reddy, C.S. & Asha Devi, S. (2010). Oxidative stress: a study on the
effect of antioxidant mixtures during intermittent exposures to high altitude. Int J
Biometeorol, 54, 553-562.

Wagener, F.; Eggert, A.; Boerman, O.C.; Oyen, W.J.G.; Verhofstad, A.; Abraham, N.G. &
Aedema, G. Heme is a potent inducer of inflammation in mice and is counteracted by
hemeoxygenase. Blood, 98, 1802-1811.

Zan, T.; Tao, J.; Tang, R.C.; Liu, Y.C.; Liu, Y.; Huang, B.; Zhou, J.Y.; Wu, M.H. & Liu,
H.L.(2010). Effect of vitamin C antioxidative protection in human red blood cells.
J.Exp.Haematology, 39, 99-104.

Complimentary Contributor Copy



In: Vitamin C ISBN: 978-1-62948-154-8
Editor: Raquel Guiné © 2013 Nova Science Publishers, Inc.

Chapter 9

VITAMIN C: LOSSTHROUGH COOKING
AND CONSERVATION METHODSAND
SYMPTOMS OF DEFICIENCY

Marcela A. Leal* and | vana Lavanda’

School of Nutrition Director, Faculty of Health Sciences,
Maimonides University, Buenos Aires City, Argentina

ABSTRACT

Humans are unable to synthesise L-ascorbic acid (L-AA, ascorbate, vitamin C), and
are thus entirely dependent upon dietary sources to meet needs. Vitamin C (ascorbic acid)
is a water-soluble vitamin, necessary for the formation of collagen in bones, cartilage,
muscle, and blood vessels; it is also required for the conversion of ferric iron to ferrous
iron, which enables the organism to better absorb this mineral. In addition, this vitamin
plays an important antioxidant role, contributing to the prevention of degenerative
diseases. Human organisms cannot synthesize ascorbic acid; this is why its incorporation
through food is essential. Vitamin C requirements vary throughout different stages of life.
As years pass by, the recommendations for this vitamin increase and men usually require
higher intakes than women. An adult man needs a 90mg daily intake of vitamin C while
an adult woman needs a 75mg intake per day.

Vitamin C is mostly found in fresh fruits and vegetables: rosehip, green peppers,
citric fruits, strawberries, cabbage, spinach, broccoli, Brussels sprouts, potatoes, amongst
other food products. In case of deficient vitamin C consumption, the following symptoms
might appear: overall weakness, irritability, pain in muscles and joints, weight loss,
weariness, gum bleeding, hemorrhages apparition under the skin, difficulty for wound
healing, anaemia.

Vitamin C is easily destroyed by the following factors: heat, contact with oxygen,
alkali presence, and dissolution in water. In order to prevent vitamin C loss, foods
containing this nutrient must be prepared and served as soon as possible.

“Marcela A. Leal: School of Nutrition Director, Faculty of Health Sciences, Maimonides University, Buenos Aires,
Argentina. E-mail: leal.marcela@maimonides.edu.
"Ivana Lavanda: E-mail: nutricion@maimonides.edu.
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1. INTRODUCTION

The content of vitamin C in fruits and vegetables can be influenced by various factors
such as genotypic differences, preharvest climatic conditions and cultural practices, maturity
and harvesting methods, and postharvest handling procedures (Seung KL, Kader AA, 2000).

It is important to note that fresh produce, like manufactured foods also undergoes post-
harvest change during distribution, marketing and in-home storage, as well as during end-
cooking. These changes are such that the nutritional value of the fresh produce as eaten is
often quite different to that of the fresh product.

Vitamin C is an important nutrient that carries out several key functions in the organism.
Deficiency is not commonly manifested through clinical signs or symptoms or biochemical
analysis of nutritional status. The most frequently observed signs of impairment are
manifested in dentistry. This chapter explains functions of this nutrient as well as sources of
increased consumption.

Finally, it collects information about the most frequent signs of its deficiency as well as
usual sources of supplementation and food fortification.

2.VITAMIN C: LOSSTHROUGH COOKING
AND CONSERVATION METHODSAND
SYMPTOMSOF DEFICIENCY

2.1. Sourcesof Vitamin C

Ascorbate is found in many fruits and vegetables. Citrus fruits and juices are particularly
rich sources of vitamin C but other fruits including cantaloupe and honeydew melons,
cherries, kiwi fruits, mangoes, papaya, strawberries, tangelo, tomatoes, and water melon also
contain variable amounts of vitamin C. Vegetables such as cabbage, broccoli, Brussels
sprouts, bean sprouts, cauliflower, kale, mustard greens, red and green peppers, peas, and
potatoes may be more important sources of vitamin C than fruits, given that the vegetable
supply often extends for longer periods during the year than does the fruit supply. The
vitamin C content of food is thus strongly influenced by season, transport to market, length of
time on the shelf and in storage, cooking practices, and the chlorination of the water used in
cooking (WHO -FAO, 2004).

Fruits and vegetables provide different amounts of vitamin C, considering that fruits
containing a greater proportion can be consumed raw, which maintains the initial content of
vitamin C. Tables 9.1 and 9.2 show several fruits and vegetables that are richest in vitamin C;
the values are expressed for each 100 g of food product.

2.2. Function

The biological functions of ascorbic acid are based on its ability to provide reducing
equivalents for a variety of biochemical reactions. Because of its reducing power, the vitamin
can reduce most physiologically relevant reactive oxygen species.
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Table 9.1. L-Ascorbic acid content of selected fruitsand vegetables

Source in fruit mg/100gr
Acerola (west Indian cherry) 1300
Avocado 15-20
Banana 10-30
Blackcurrant 200-210
Redcurrant 40
Passion fruit 25
Grapefruit 40
Guava 230-300
Kiwi 60
Lemon 50
Lychee 45
Melon 10-35
Orange/Organe juice 50
Tangerine 30
Peach 7-31
Pineapple 12-25
Raspberry 25
Rosehip 1000
Strawberry 59-60
Tomato/Tomate juice 25/16

Adapted of: Davey et al., 2000.

Table 9.2. L-Ascorbic acid content of selected vegetables

Source in vegetable mg/100gr
Brocoli/ Brocoli cooked 113/90
Brussels sprouts 87-109
Cabbage (raw) 46-47
Cauliflower / Cauliflower cooked 72/ 55
Horseradish 120
Kale/ Kale cooked 186/ 62
Potato (new) 30
Potato (oct, Nov) 20
Potato (Dec) 15
Potato (Jan, Feb) 10
Potato (Mar, May) 5
Potato (boiled) 16
Spinach/ Spinach cooked 51/28
Waltercress 68-79

Adapted of: Davey et al., 2000.

As such, the vitamin functions primarily as a cofactor for reactions requiring a reduced
iron or copper metalloenzyme and as a protective antioxidant that operates in the aqueous
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phase both intra- and extracellularly. Both the one- and the two-electron oxidation products of
the vitamin are readily regenerated in vivo—chemically and enzymatically—by glutathione,
nicotinamide adenine dinucleotide (NADH), and nicotinamide adenine dinucleotide
phosphate (NAD-PH) dependent reductases.

Vitamin C is known to be an electron donor for eight human enzymes. Three participate
in collagen hydroxylation; two in carnitine biosynthesis; and three in hormone and amino acid
biosynthesis. The three enzymes that participate in hormone and amino acid biosynthesis are
dopamine-fB-hydroxylase, necessary for the biosynthesis of the catecholamines
norepinephrine and epinephrine; peptidyl-glycine monooxygenase, necessary for amidation of
peptide hormones; and 4-hydroxyphenylpyruvatedioxygenase, involved in tyrosine
metabolism. Ascorbate's action with these enzymes involves either monooxygenase or
dioxygenase activities.

As a cofactor for hydroxylase and oxygenase metalloenzymes, ascorbic acid is believed
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. The
best known of these reactions is the posttranslational hydroxylation of peptide-bound proline
and lysine residues during formation of mature collagen.

In these reactions, ascorbate is believed to reactivate the enzymes by reducing the metal
sites of prolyl (iron) and lysyl (copper) hydroxylases Evidence also suggests that ascorbate
plays a role in or influences collagen gene expression, cellular procollagen secretion, and the
biosynthesis of other connective tissue components besides collagen, including elastin,
fibronectin, proteoglycans, bone matrix, and elastin-associated fibrillin). The primary
physical symptoms of ascorbic acid's clinical deficiency disease, scurvy, which involves
deterioration of elastic tissue, illustrate the important role of ascorbate in connective tissue
synthesis.

Ascorbic acid is involved in the synthesis and modulation of some hormonal components
of the nervous system. The vitamin is a co-factor for dopamine-B-hydroxylase, which
catalyzes hydroxylation of the side chain of dopamine to form norepinephrine, and o-
amidating monooxygenase enzymes, involved in the biosynthesis of neuropeptides. Other
nervous system components modulated by ascorbate concentrations include neurotransmitter
receptors, the function of glutamatergic and dopaminergic neurons, and synthesis of glial cells
and myelin.

Because of its ability to donate electrons, ascorbic acid is an effective antioxidant. The
vitamin readily scavenges reactive oxygen species (ROS) and reactive nitrogen species (RNS)
(e.g., hydroxyl, peroxyl, superoxide, peroxynitrite, and nitroxide radicals) as well as singlet
oxygen and hypochlorite. The one- and two-electron oxidation products of ascorbate are
relatively nontoxic and easily regenerated by the ubiquitous reductants glutathione and
NADH or NAD-PH.

The relatively high tissue levels of ascorbate provide substantial antioxidant protection:
in the eye, against photolytically generated free-radical damage; in neutrophils, against ROS
produced during phagocytosis; and in semen, against oxidative damage to sperm
deoxyribonucleic acid (DNA). Ascorbic acid protects against plasma and low-density
lipoprotein (LDL) oxidation by scavenging ROS in the aqueous phase before they initiate
lipid peroxidation and possibly by sparing or regenerating vitamin E.
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Evidence suggests that ascorbate also provides antioxidant protection indirectly by
regenerating other biological antioxidants such as glutathione and a-tocopherol back to their
active state (FNB, 2000).

Table 9.3 shows the daily recommended intakes of Vitamin C, according to biological
group and age group. As shown in the table, the values slightly vary according to each
submitting entity. However, after analysis, the main result shows a very high upper limit
intake; making it impossible to reach these higher values through food fortification.

2.3.1. Potential for Maintaining Levels Found in the Fresh Produce

All foods are complex mixtures of components that have the potential to react and
interact with each other. In broad terms the milder the treatment and the lower the
temperature the better the retention of the vitamin, but there are a host of interacting factors
which affect ascorbic acid retention. Firstly, the rates of loss from raw (unprocessed) fruits
and vegetables differ widely (Shewfelt RL et al., 1990), and are affected by such factors as
surface area (spinach more vulnerable than sprouts), pH (stability in citrus fruits), exposure
(peas in pod), protection by other oxygen scavengers (broccoli), and also enzyme (AO,
ascorbic acid oxidase) activity.

Table 9.3. Recommended intakes of Vitamin C (mg/day)

Life stage —Group | EAR (IOM) | RDA (IOM) | UL (IOM) RNF (FAO)
Infants 0 to 6 mo 40 ND 25
6 to 12 mo 50 ND 30°
Children | 1-3y 13 15 400 30°
4-8y 22 25 650 30°/35°
Males 9-13y 39 45 1200 40°
14-18 y 63 75 1800 40°
19-30y 75 90 2000 45
31-50 y 75 90 2000 45
51-70 y 75 90 2000 45
>70y 75 90 2000 45
Females | 9-13y 39 45 1200 40°
14-18 y 56 65 1800 40°
19-30y 60 75 2000 45
31-50 y 60 75 2000 45
51-70 y 60 75 2000 45
>70y 60 75 2000 45
Pregnancy | 14-18'y 66 80 1800 55
19-30 y 70 85 2000 55
31-50 y 70 85 2000 55
Lactation | 14-18y 95 115 1800 70
19-30y 100 120 2000 70
31-50 y 100 120 2000 70

aAmount required to half saturade body tissues with vitamin C in 97.5% of the population. Larger
amount may often be required to ensure an adequate absorption of non-haem iron.
bArbitrary values.
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The mechanisms of such losses have not been established for specific fruit and
vegetables, and are likely to involve some or all of these processes to varying extents. Storage
temperature however is a factor common to all the above mechanisms. Thus, storage at
ambient temperatura (20°C) results in greater losses than at chilling temperatures (4°C),
which in turn has higher losses than deep frozen (-20°C) produce. Cut spinach deteriorates
very rapidly at ambient temperature, with most of ascorbic acid lost in two days, whilst
broccoli and podded peas retain their quality for a week at ambient temperature and for
several weeks at chill temperature. Not all fruit and vegetable produce is acceptable after
freezing but for those that can tolerate it, both ascorbic acid and overall quality can be
maintained for a few months. However, losses cannot be eliminated, and for long-term
storage, some form of processing is necessary.

Processing, such as blanching and canning, involves heat and water, and with ascorbic
acid being heat-sensitive and water-soluble, losses are inevitable. The crucial factor is the
time/temperature integral needed to inactivate the key enzymes. Thus, ideally, the fruit or
vegetable produce should attain the inactivation temperature rapidly, in the minimum of
water, and be held at this temperature for the minimum amount of time possible. It should
then be rapidly cooled with the minimum of contact with water. Inevitably compromises have
to be made and it is virtually impossible to avoid some loss. The trade-off is that there is
minimal further loss from the processed product during long-term storage.

2.3.2. Effects of Processing

The different conservation methods and the following cooking methods applied to
different foods determine, in great measure, the specific nutrient content at the moment of
food consumption. This particularly happens in vegetables and its relation with certain
vitamins’ stability. The processing techniques most relevant to fruits and vegetables are
canning, freezing and dehydration.

These techniques have been important during the past 50 to 100 years, and will continue
to be important in helping to provide all-year-round availability of these foods. All fruits and
vegetables are ‘seasonal', and all, with the exception of certain root crops (eg potatoes),
undergo progressive and in some cases quite rapid changes if stored untreated at ambient
temperature. These changes are brought about by the various enzymes in the fruit/vegetable in
the presence of air, and can affect colour, taste and hence overall palatability, in addition to
having profound effects on nutritive values. Vitamin C is used as a marker of deterioration,
but as one of the most susceptible nutrients during processing of food. Therefore, eliminate
enzyme activity, is essential to to ensure the long-term storage stability (months rather than
days) of fruits and vegetables (Breene 1994, Clydesdale 1991, Favel 1998)

The food conservation conventional methods through heat, lead to physicochemical
reactions that deteriorate their nutritional value.

In order to guarantee the microbiological security and stability in food, currently there are
combined conservation methods that are employed through a sum of obstacles that reduce the
intensity of the thermic treatment and maintain the sensory and nutritional characteristics of
food products (Fernandez de Rank et al., 2005, Sluka, E. et al., 2004).

In fact, the combined methods application makes it possible to preserve elaborated
products, in a secure way at room temperature. In case of vegetables, the microbiological
stability is affected by the pH parameter. In this case, the addition of acidifiers is used,
amongst which we can find citric, ascorbic and lactic acids.
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This addition as an objective to take the pH to values under 4,6 in vegetables that will be
heat processed, considering clostridium botulinum as the indicator for microbiological
security. This microorganism grows in pH higher than 4,6.

During the canning process, this involves high-temperature treatment (sterilisation) and
sealing to exclude air; the freezing process involves a blanching stage, prior to freezing to
below -20°C; and dehydration involves hot air treatment to drive off the water. In all cases the
temperature and time of treatment reduce unwanted enzyme activity to an acceptable minimal
level. Unsurprisingly, this heat treatment also has consequences or labile nutrients and in
particular for ascorbic acid (Breene 1994, Clydesdale 1991, Favel 1998).

2.3.3. Industrial Processing

The care to be taken during harvesting of food, as the time it takes place, will have a
direct impact on the nutritional quality of the food, like during processing.

Green leafy vegetables, peas (ex-pods), and green beans are particularly vulnerable in the
immediate post-harvest period and losses of over 20% of ascorbic acid can occur The thermal
treatments (sterilisation in the canning process, blanching in the freezing process, fuidised-
bed hot air treatment for the dehydration process, result in further losses which can be
particularly significant during canning and dehydration. However, the extent of these losses is
highly variable, and during canning is reported to be dependent on such factors as container
construction (glass, metal etc.), pH of the food, type of steriliser (batch, continuous, ultra-high
temperature) and conduction versus convection heating (Ang CYW and Livingstone GE,
1974). Losses of well over 50% are typical for vegetables, but are much less for most fruits
and in particular acid fruits because of the stabilising effects of low pHs.

The dehydration process, which is generally more widely applied to potatoes than to fruit
and vegetables, can be very destructive to ascorbic with losses of 75% being reported
(Mishkin M, Saguy I and Karel M,, 1984).

The losses that occur during the freezing process occur mainly at the blanching stage,
again due to thermal degradation, but also through leaching of nutrients into the blanching
medium. In a detailed laboratory study (Klein BP, 1997), ascorbic acid losses during
blanching were found to be 10% for sweetcorn, 20% for Green beans and 30% for broccoli.
In other work by the same autor (Wu Y, 1992) blanching losses of 20% and 40% were found
for green beans and broccoli, respectively. In a more recent study on commercially frozen
produce (Favell DJ, 1998) average of ascorbic acid losses during the freezing process were
reported to be 30% for peas, 10% for green beans, and 20% for broccoli and in three
individual studies on peas, blanching losses were between 26% and 37%, illustrating the
extent of variation in a well-controlled commercial system. Such losses will additionally
depend on such factors as harvest damage, cutting/slicing, particle size, and type of blancher
(steam/water, rotary/cabin). Thus for vegetables, losses through the freezing process are
typically in the range of 10 to 40%.

In a study that was focused on capsicum, green beans, and eggplant; applied combined
techniques: conservation, based on heat and acid application through scalding with
subsequent packing in acid solution, without use of preservatives or sterilization during the
elaboration. The conservation process for these vegetables consisted in washing, cutting and
scalding at 82°C, during two minutes in citric, lactic and acetic acids solution. The following
step consisted in placing them in glass jars with filling solution until they are covered.
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This solution has the acids that were mentioned before; ascorbic acid was added at the
end of the scalding to avoid losses by heat (Fernandez de Rank et al., 2005).

Through analysis in fresh vegetables and conserved vegetables at 48hs, 3 months and 6
months after elaboration, vitamin C was assessed with the iodine solution qualification
method. The analysis showed that the pH values in fresh vegetables are higher than the
conserved products values. The reason is the addition of acids in the scalding and filling
solution. There are no significant differences for this variable at 48hs, 3 or 6 months of
elaboration. Regarding vitamin C, the values in vegetables are higher in conserved products,
due to the filling solution composition, which contributes positively to their nutritional value.
However, there are significant differences in the storage time, presenting a vitamin C
decrease at 3 and 6 months. It is important to point out that even though the decrease in the
vitamin C content occurs during storage, the final product is enriched with this vitamin, in
relation to the fresh vegetable (Table 9.4) (Fernandez de Rank et al., 2005).

As a conclusion of this study, it needs to be pointed out that the use of combined
conservation methods, as the ones previously presented allows the preservation of food
products at room temperature and maintains the microbiological safety. Regarding the
vegetables that were previously mentioned, fresh green beans and eggplant do not have
vitamin C, which means that the use of the filling solution incorporates this nutrient,
improving their nutritional quality. Even though the pepper already contains vitamin C, the
content of this nutrient was increased through the presented method (Fernandez de Rank et
al., 2005).

The low temperature conservation methods (refrigeration and freezing) promote a better
vegetable conservation, because they slow down and inhibit enzymatic, respiration and
bacterial multiplication activity.

It is important to point out that previousto freezing, vegetables require blanching. This
procedure is responsible for the enzymatic inactivation, microorganism elimination and color
fixation.

Table 9.4. Vitamin C content in fresh vegetables and conserved vegetables by combined
methods (CCM) in capsicum, green beans and eggplant

VEGETABLE VITAMIN C mg/100gr
Fresh Capsicum 160 + 0,75
Capsicum 48hs CCM 290 £ 0,82°
Capsicum 3 months CCM 250 +0,92°
Capsicum 6 months CCM 234 +0,49¢
Fresh Green Beans 19+ 0,75
Green Beans 48hs CCM 348 +0,85°
Green Beans 3 months CCM 255 +0,90°
Green Beans 6 months CCM 220 +0,75°¢
Fresh Eggplant 6,0+ 0,75
Eggplant 48 hs CCM 295 +0,82°
Eggplant 3 months CCM 188 £1,43¢
Eggplant 6 months CCM 158 £1,00°

*abc Different literals in the same column for the same vegetable differ, P < 0,05.
Adapted of: Fernandez de Rank, E. et al., 2005.
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One freezing technique is super-freezing, a method that is usually employed in the
processed foods elaboration, which combines short time factors and very low temperatures.
Food is submitted to a -40°C temperature, and then conserved at -18°C, which allows the
conservation of the nutritional and sensory characteristics, and consequently, its quality.

Nevertheless, there is an existent consumer tendency to consider that food products that
were submitted to these techniques are of a lower quality, prioritizing the consumption of
fresh foods.

Studies that analyze the ascorbic acid content in fresh and ultra-frozen broccoli and
cauliflower, and then are submitted to different standardized cooking methods in time, show
nutritional quality differences in relation to the techniques that were employed.

Studies that were made in the cruciferous vegetable family or Brassica oleracea, and
their ascorbic acid content, in relation to the used conservation and post-cooking methods.
Through particularly analyzing broccoli and cauliflower, it is observed that they present high
respiration rates and sensitivity to heat, highly impacting in considerable loss of nutritional
characteristics. In a research carried out in Sao Paulo City, the ascorbic acid in fresh and
ultra-frozen broccoli and cauliflower was determined, before and after each cooking method,
through spectrophotometers, detecting differences in the content of this vitamin (Borges,
R.M. et al., 2004).

In both fresh broccoli and two brands of ultrafrozen broccoli, the major loss is due to
boiling, obtaining relevant differences only in ultrafrozen broccoli (in comparisson to the
fresh broccoli), and the minor loss is obtained through microwave use. Regarding the
cauliflower, in an ultrafrozen brand of this vegetable, the major loss happens during boiling
and in the other brand through steam. It can be observed that the ascorbic acid content in fresh
broccoli and cauliflower was higher than in the respective samples that were put down
through ultra-freezing. Broccoli presents significant differences (p< 0.05), whereas fresh
cauliflower is not significantly different from one of the analyzed ultra-frozen brands. This
vitamin instability, followed by the processing of vegetables, such as blanching, freezing and
type of cooking, has a repercussion in the difference regarding the vitamin C content.
Considering the cooking methods of ultra-frozen broccoli, we can observe significant
differences between them (p<0.05), in which cooking through boiling lead to a higher loss of
vitamin C. In the other cooking methods for broccoli and cauliflower no significant
differences were observed. Regarding the methods that best preserve the content of vitamin C
in raw vegetables compared to their final content after each cooking method, it can be
observed that the steam and microwave methods are the ones that mostly preserve the
ascorbic acid. This higher retention of the vitamin is because vegetables are not in contact
with water during cooking, avoiding solubility losses. When buying fresh and ultra-frozen
vegetables, it is observed that after cooking the first ones present a higher ascorbic acid
retention that the second ones (Figure 9.1) (Borges, R.M. et al., 2004).

This difference between fresh and ultra-frozen vegetables can also be attributed to the
juice loss, due to cell precipitation, as a consequence of processing, with the following loss of
nutrients.

In this way, it can be observed that the fresh vegetables’ nutritional quality is higher than
in the ultra-frozen, taking the ascorbic acid as an indicator. Nevertheless, this quality can be
lower if vegetables are not consumed right after their purchase. Considering this last
characteristic and the fact that fresh vegetables are stored before their consumption, the ultra-
frozen vegetables’ nutritional quality does not compromise the diet’s nutritional value.
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On the other hand, the time/temperature relation, and the water volume that is employed
in vegetables’ cooking will determine, more or less, the losses of vitamins, and consequently
these food product’s nutritional quality. The consumer’s capacity to control the parameters
that were previously mentioned will determine their election between fresh or processed
vegetables (Borges RM et al., 2004 ; Leja M et al. 2001; Barret, D.M. et al., 2000; Marrizal,
M.A. et al., 1997).

The Eugenia stipitata or araza, known as guava, is a bush that belongs to the Myrtaceae
family, which is continuously cultivated, with great adaptation capacities. Nevertheless,
because of its short life, when the fresh fruit is stored, it shows antioxidant substances losses,
like the ascorbic acid.

Several food products, such as nectar, juices, marmalades and yoghurt, are elaborated
from the azara fruit. Considering its application and the fact that this is a very perishable fruit,
there is a need to look for alternatives for the conservation of its pulp. One of these
alternatives is the pulp freezing to increase its shelf life.

This method, along with scalding, and the control of the freezing and defrosting speed,
can contribute to longer product duration. The scalding function is to inactivate enzymes such
as catalase, lipase, lipoxygenase, among others, contributing to the decrease of ascorbic acid
loss. Nevertheless, this technique, being a thermic treatment, must be properly controlled to
avoid a cooked flavor, texture damages and ascorbic acid degradation (Millan, E. et al.,
2007).

Studies show that the slow freezing at -20°C maintains the sensory features during the
first month of storage. The nutritional quality half-life (time required for the degradation of
50% of the ascorbic acid content) is 80 days.
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Figure 9.1. Percentage of ascorbic acid retention in fresh and ultrafrozen broccoli and cauliflower
submitted to several cooking methods.
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The difference between slow freezing and fast freezing is in the size, shape and position
of ice crystals. The first ones give the formation of big, extracellular crystals, which cause
membrane breaking, deteriorating the plant tissue. On the other hand, the fast freezing leads
to the intracellular microcrystal formation that cause less damage to membranes, increasing
the food product’s shelf life. Regarding the defrosting speed, in fruits and vegetables, its
cooking is recommended without previous defrosting.

A study carried out in Bogota evaluated the effect of scalding, freezing speed and
defrosting speed over the nutritional quality of the araza frozen pulp, taking the ascorbic acid
as a quality indicator. The scalding was evaluated; two types of defrosting were tested: slow
and fast, and short 15 day storage at -20°C. This research shows that de freezing speed and
the type of defrosting used do not have an influence on the ascorbic acid stability. However,
this stability is decreased, by comparing the ascorbic acid levels in the non-frozen pulp in
comparison to the frozen stored pulp after 15 days.

In relation to scalding, it is observed that when the pulp wasn’t scalded, the degradation
due to the frozen storage effect was increased. At the same time, the degradation during
freezing is lower as the scalding time is higher. As a result of what was observed in this study,
the araza pulp scalding at times equal or over 7 minutes is a good alternative as a pre-freezing
treatment, because as it destroys part of vitamin C, by the effect of heat, it avoids its future
degradation during the freezing storage. This is due to the inactivation of enzymes that
participate in the degradation of ascorbic acid (ascorbate peroxidase and ascorbate reductase).
Less time of scalding will not inactivate these enzymes, with which, during frozen storage,
the ascorbic acid degradation would be continuous and higher each time (Millan, E. et al.,
2007).

In conclusion, implementing the scalding technique for at least 7 minutes (Temperature
in the center equal to 72°C), followed by a fast freezing and slow defrosting is the best
combination to control de ascorbic acid degradation, while it alleviates the deterioration of
other parameters such as fluid retention, firmness, viscosity index, cohesivity and consistence
(Mejia HLJ, 2006, Vargas AM et al. 2005, Zhang M et al. 2004).

In potato strips was evaluated the effect of cutting and storage in air (AIR), modified
atmosphere packaging (MAP) and deep-freezing (DF) on the vitamin C content. The L-
ascorbic acid content of potato strips derived from five potato cultivars (‘Agria’, ‘Cara’,
‘Liseta’, ‘Monalisa’ and ‘Spunta’) previously held in long-term storage was determined. In a
second experiment, new-season potato tubers of ‘Agria’ and ‘Spunta’ cvs were used. Fresh-
cut potato strips were stored for 6 days at 4°C while DF strips were evaluated up to 5 weeks
upon storage at —22°C.

All fresh-cut samples stored in AIR showed an increase in ascorbic acid content (16—
108%) after 2—4 days at 4°C. At the end of storage, all fresh-cut potatoes stored in AIR had
ascorbic acid contents at or above initial concentrations, except new-season ‘Spunta’ tubers
which experienced a 26% decrease. Moreover, potato strips from new-season ‘Agria’ tubers
increased in vitamin C content after 6 days by 12%. Steady state MAP conditions were
reached after 2 days with concentrations of 8.2-9.8 kPa CO,and 3.1-3.8 kPa O, within the
packages. Potato strips stored in MAP decreased in ascorbic acid content by 14-34%
compared to samples held in AIR.

Frozen storage resulted in a reduced vitamin C content (23%) of ‘Spunta’ potato strips
after 5 weeks while ‘Agria’ tubers did not show any change. A general increase over time in
the respiration rate of potato strips was observed during storage at 4°C.
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As a conclusion, vitamin C content of fresh-cut potatoes was retained in AIR storage
after 6 days at 4°C while it was reduced in MAP storage and frozen storage at —22°C (Tudela
et al., 2002). In general, losses of ascorbic acid are greatest during dehydration, are
substantial but slightly less during canning, and are lowest during freezing. These conclusions
need however to be viewed in the context of subsequent storage and end-cooking (Davey
MW et al., 2000).

2.3.4. Losses during Storage

All raw fruits and vegetables undergo a series of postharvest changes, and the key to the
stability of ascorbic acid is the enzyme-catalysed oxidation reactions. As such the
composition of the fruit or vegetable, its pH, as well as its integrity (eg whole or chopped, the
extent of damage etc) all have a bearing on ascorbic acid retention. As might be expected, the
vulnerability of different vegetables and fruits to oxidative loss of ascorbic acid varies greatly,
as indeed do general quality changes (ie spoilage). Low pH fruits (citrus fruits) are relatively
stable, whereas soft fruits (strawberry, raspberry) undergo more rapid changes. Leafy
vegetables (eg spinach) are very vulnerable to spoilage and ascorbic acid loss, whereas root
vegetables (eg potatoes) retain quality (and ascorbic acid) for many months. However, with
all these products, there is a progressive loss of ascorbic acid with time and the extent of loss
is profoundly affected by temperature. Reducing the temperature from ambient (20°C) to chill
(4°C) significantly reduces losses in peas, broccoli and spinach, and further temperature
reduction to freezer temperatures (ie -18°C) will additionally reduce the rate of loss. Even at
these temperatures however, losses of ascorbic acid and overall quality continue to occur. The
enzyme catalysed oxidation reactions responsible for this spoilage can be eliminated by
thermal treatment and as a result of processing, frozen and canned vegetables and fruits do
survive subsequent long-term storage with little or no further loss of ascorbic acid (Favell DJ
1998).

2.3.5. Conservation and Domestic Cooking

In-home freezing of vegetables and fruit is often used to extend the storage life of
seasonally available fruit and vegetable produce. There is little reported literature on the
nutritional value of such products, but where the methods employed mimic the corresponding
commercial processes, then losses during processing can be expected to be much the same.
Differences arise when the vegetable produce is not blanched, and in this case, while losses
during the freezing process would be expected to be small, the storage capabilities of the
product will be much reduced and the rate of loss of ascorbic acid much higher. In-home
cooking can have quite a significant effect on the ultimate nutrient delivery to the consumer,
particularly that of the labile, water-soluble ascorbic acid. The losses of ascorbic acid that
occur during the cooking of fresh fruits and vegetables are as high, if not higher, than those
that occur during the cooking of processed produce (Davey MW et al., 2000).

In a study on fresh vegetable produce average losses from spinach were reported to be
60% through boiling, 46% through steaming, and 58% through pressure cooking (Rumm-
Kreuter D and Demmel I, 1990). The same authors conformed that in the cooking of broccoli
and green beans, the largest losses occurred during boiling and the smallest during steaming.
Surprisingly the paper also reported that large losses occur during microwave cooking, but the
inference from the paper was that the microwave cooking was done in the same ratio of water
to vegetable as boiling.
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This contrasts markedly with a cooking study on six different frozen vegetables (Gould
M and Golledge D 1989) which reported that significantly higher levels of ascorbic acid were
retained in microwave cooking versus conventional boiling; in this case minimal water was
added to vegetables during the microwave cooking.

In a study (Novello B, 1999) the retention of ascorbic acid in cooked frozen spinach and
the losses of the nutrients in the cooking water were examined. The study showed the
importance of the ratio of water to vegetable employed, with most of the cooking loss from
the vegetable being due to leaching into the water rather than thermal degradation. Again the
losses were lowest with microwave cooking in minimal water.

In other study, fresh spinach was assayed for total reduced ascorbic acid content, before
and after cooking by a microwave and conventional method. Mean ascorbic acid content of
raw, microwave cooked and conventionally cooked spinach was 26.5 mg/I0Og, 13.5 mg/
100g, and 17.0 mg/100g, respectively. Ascorbic acid content was decreased significantly by
both cooking methods; retention was 47% in microwave and 51% in conventionally cooked
spinach (Klein BP et al., 1981).

In a study on the nutrient quality of vegetables prepared by conventional and cook-freeze
methods, four selected vegetables prepared by boiling were frozen and stored for six months
at -18°C. Ascorbic acid was determined on the raw vegetables, again immediately after
cooking (boiling), and then after microwave heating of the stored produce. The greatest loss
of ascorbic acid occurred during boiling, with only small further losses during storage and
microwave re-heating.

Losses during re-heating of canned produce are generally small, as are the losses during
the reconstitution of dehydrated vegetables. However, as with all vegetables ascorbic acid
contents will decrease if the produce is maintained at an elevated temperature, for instance if
food is placed in a ‘bain-marie' for a long time prior to serving and ascorbic acid losses of
40% have been reported for cooked mashed potatoes held on a “steam table” for a period of
1h (Augustin J et al. 1977).

2.4. Symptoms of Deficiency of Vitamin C

2.4.1. Evidence on Dental Health and Vitamin C
Vitamin C can intervene in the periodontal disease through one or more mechanisms
(Castro Porras 1, 2009):

1 Vitamin C low levels affect the collagen metabolism of periodontum, which affects
the tissue capacity for its regeneration and repair. At the cellular level, the deficiency
is shown as the lack of collagen formation that affects the proline hydroxylation.

2 Vitamin C deficiency intervenes with bone formation and leads to alveolar bone loss
(Klokkevold et al., 2004; Staudte et al., 2005).

3 Vitamin C deficiency increases the permeability oral mucous and the gum line
epithelium for endotoxins (Klokkevold et al., 2004). Some studies show that it can
increase significantly the non-keratinized oral mucous epithelium for bacterial
endotoxins; this is why vitamin C might play an important role in the gum epithelium
decreased permeability and in preventing the penetration of these toxic substances
towards the periodontal tissues (Nishida et al., 2000).
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4 Low vitamin C levels decrease the neutrophil chemotaxis, which affects the
microorganisms’ oxidative destruction. In addition, the neutrophil and the host’s
tissue integrity preservation is altered to neutralize the neutrophil oxidation products
during the respiration metabolic process (Nishida et al., 2000).

5 If vitamin C does not achieve its optimum values, the periodontal microvessels’
integrity is altered as well as the vascular response towards the bacterial irritation and
the wound healing process (Klokkevold et al., 2004).

6  The vitamin C depletion may interfere with the ecological balance of dental plaque
and increase its pathogenicity (Klokkevold et al., 2004). As it is a physiological
antioxidant, it may generate an unfavorable environment for the presence and
optimum P. gingivalis growth. It is possible that its extreme deficiency increases the
P. gingivalis colonization, which can also affect the periodontal tissue’s healing.

In senior citizens (ages 50 years old and over ) that participated in the third National
Health and Nutrition Examination Survey (NHANES III) survey (5,958 participants), the
associations between the number of posterior occlusal pairs of teeth and the nutritional status
was examined. Impaired dentition was assessed by number of posterior occluding pairs of
teeth (grinding teeth, n_8 pairs), and complete denture status. Nutritional status was measured
by nutrient intake, Healthy Eating Index (HEI) score, serum values, and body mass index
(BMI). The results indicated that the subjects that had more dental occlusions presented lower
HEI scores: lower consumption of servings of fruits, lower serum values of beta carotene and
ascorbic acid.

At the same time, participants in one or more groups with impaired dentition had lower
dietary intake levels of vitamin A, carotene, folic acid, and vitamin C, and presented a lower
score in diet variety, cholesterol, and sodium components of the HEI. Among dentate
individuals over age 65, more than 50% had at least one missing premolar or molar tooth.
Replacement of missing posterior teeth is not a universally accepted practice. The cost of
prosthetics may be an important issue for elderly people, many of whom do not have dental
insurance or do not make regular visits to the dentist. This suggests that tooth loss prevention
is important. It also indicates that dental health should be obtained as an integral component
of nutrition assessment and be acknowledged as part of nutrition counseling (Sahyoun et al.,
2003).

In Brazil, the relationship between inadequate nutrient intake and oral health was
evaluated in a sample of 887 non-institutionalized elderly people. Oral examination was
performed by trained and calibrated examiners and three measurements were considered:
number of posterior occluding pairs of natural teeth (POP), number of teeth and overall dental
status. Nutrient intake was assessed by a 24-hour diet recall interview. People with no POP
were more likely to have inadequate intake of vitamin C (OR = 2.79; 95% CI: 1.16-6.71) than
those with 5 or more POP. In conclusion, this study showed that oral health was related to
inadequate intake of important nutrients among non-institutionalized elderly people (Andrade
etal., 2011).

In an elderly Japanese population, the relation between dental and nutritional status was
assessed. The subjects were 182 individuals, aged 65-85 years, who voluntarily participated
in a health seminar at Kyoto Prefectural University of Medicine. These subjects were divided
into two groups according to the occlusion.
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The subjects in the retained contact group were those who had retained molar occlusion
with natural teeth. The lost contact group were those who retained molar occlusion with
removable partial dentures. The lost contact group reported significantly lower consumption
of vegetables and higher consumption of confectionaries (foods rich in sugar) than the
retained contact group (P < 0.05); and therefore had significantly lower intake of vitamin C
and dietary fibre (P < 0.05). It can be concluded that natural tooth contact loss in the posterior
region affects the intake of vitamins and dietary fibre (Yoshida et al., 2011).

The relationship between vitamin C and the severity of periodontitis was studied in the
Java project on periodontal diseases. The assessed population consisted on subjects from the
Malabar/Purbasari tea estate on West Java, Indonesia. Clinical measurements were performed
in 123 subjects, including evaluation of plaque, bleeding on probing, pocket depth and
attachment loss. Plasma levels of vitamin C were between 0.02 to 34.45 mg/l with a mean of
7.90 mg/l (£5.35). The coefficient correlation between plasma vitamin C level and
periodontal attachment loss was —0.199 (p<0.05); stepwise linear regression revealed that
vitamin C levels explained 3.9% of the variance in periodontal attachment loss. Subjects with
vitamin C deficiency (14.7% of the study population) had more attachment loss compared
with those with depletion or normal plasma vitamin C values. Therefore, the negative
association between plasma vitamin C levels and periodontal attachment loss suggests that
vitamin C deficiency may contribute to the severity of periodontal breakdown (Amaliya et al.,
2007).

The relation between vitamin C and periodontitis has been shown with higher evidence in
a random sample that included 431 men, 194 from Finland and 237 from Russia. The plasma
vitamin C concentration was determined by o-phtaldialdehyde—fluorometry, and serum
immunoglobulin G antibodies to Actinobacillus actinomycetemcomitans and Porphyromonas
gingivalis were determined by a multiserotype enzymelinked immunosorbent assay (ELISA).
In the combined Finnish and Russian population, the antibody levels to P. gingivalis were
negatively correlated with vitamin C concentrations (r = -0.22; P < 0.001); this association
remained statistically significant (P = 0.010) in a linear regression model after adjustment for
confounding factors. The proportion of P. gingivalis-seropositive subjects decreased while
increasing vitamin C concentrations (P for trend, <0.01), but no trend was seen among A.
actinomycetemcomitans-seropositive subjects. In this way, authors conclude that P. gingivalis
infection is associated with low concentrations of vitamin C in plasma, which may increase
colonization of P.gingivalis or disturb the healing of the infected periodontium (Pussinen et
al., 2003). A research evaluated the vitamin C plasma levels and inflammatory measures in
periodontitis patients before and after the consumption of grapefruit. Fifty-eight patients with
chronic periodontitis were assigned to the test group (non-smokers n=21, smokers n=17) and
a diseased control group (non-smokers n=11, smokers n=9). Furthermore, 22 healthy subjects
were recruited to compare vitamin C plasma levels between periodontally diseased and
healthy subjects. Clinical evaluations, including plaque index (PI), sulcus bleeding index
(SBI), probing pocket depths (PPD) and plasma vitamin C levels, were performed at baseline,
and after two weeks of grapefruit consumption. Significantly reduced plasma vitamin C levels
in the test group and diseased controls were observed in comparison to the healthy controls.
Firstly, smokers showed lower levels of vitamin C (mean 0.39+0.17 mg dl-1) than non-
smokers (mean 0.56+0.29 mg dl-1). After grapefruit consumption, the mean plasma vitamin
C levels rose significantly in the test group compared to the diseased controlled group (non-
smokers: 0.87+0.39 mg dl-1, smokers: 0.74+0.30 mg dI-1).
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Furthermore the SBI was reduced in the test group (non-smokers: from 1.68+0.6 to
1.05+0.6, p<0.001), whereas PI and PPD were unaffected. The present results show that
periodontitis patients are characterised by plasma vitamin C levels below the normal range,
especially in smokers. The intake of grapefruit leads to an increase in plasma vitamin C levels
and improves sulcus bleeding scores. Longer term studies are necessary to determine whether
other periodontal outcomes improve with such supplementation, particularly in smokers. It is
possible that the recommendation of vitamin C rich foods could support the management of
periodontal disease (Staudte et al., 2005).

2.4.2. Vitamins and the Treatment of Oral and Dental Diseases

While vitamin therapies are important in the treatment of vitamin deficiencies, current
literature reveals only limited success of vitamin therapies in the treatment of oral and dental
diseases. Furthermore, vitamin therapy has potential toxicity issues. A review evaluated the
relevance of vitamin therapy regarding oral and dental conditions. There are a number of
nutritional deficiencies that are manifested within the oral cavity. Therefore, the inference of
nutritional deficiencies may be first discovered upon an oral examination and often by
dentists. Any utilization of pharmacotherapy must begin with a risk-benefit analysis. If the
risk/benefit appraisal is within a grey area, it is then necessary for the clinician to educate the
patient and allow the patient to be part of the discussion and decision.

It is established that several water soluble vitamins have relatively low toxicity levels and
at least a premise for successful therapy (Brown et al., 2010).

A new therapy that has been tested was the vitamin C incorporation in chewing gum. To
indicate the effectiveness of its use and as a prophylaxis for the plaque formation prevention,
a study took place to assess the release of vitamin C from chewing gum and its effects on
supragingival calculus formation. It was evaluated whether vitamin C in chewing gum, alone
or in combination with carbamide, (i) influences calculus formation, and (ii) whether
carbamide affects the release, stability and uptake of vitamin C in chewing gum. A significant
reduction in the total calculus score was observed after the use of vitamin C (33%) and
vitamin C + carbamide (12%) gums compared with no gum use; this reduction was mostly
pronounced in the heavy calculus formers. A reduced amount of visible plaque was also
observed after use of vitamin C and non-vitamin C gum, but only the vitamin C gum reduced
the number of bleeding sites (37%). In a separate study, the release, stability and uptake of
vitamin C were evaluated using the iodine titration method in both saliva and urine after
exposure to the following gums: vitamin C + carbamide (30 mg + 30 mg) and vitamin C (30
mg). There was no indication that carbamide affected the release, stability or uptake of
vitamin C when used in a chewing gum (Lingstrom et al., 2005).

CONCLUSION

Fruits and vegetables are the major food source of vitamin C, but it is necessary to
consider a number of factors that modify its contents from the moment of harvest and since
ascorbic acid is one of the more reactive compounds it is particularly vulnerable to treatment
and storage conditions.
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In broad terms the milder the treatment and the lower the temperature the better the
retention of the vitamin, but there are a host of interacting factors which affect ascorbic acid
retention. In general, losses of ascorbic acid are greatest during dehydration, are substantial
but slightly less during canning, and are lowest during freezing.

Previous studies demonstrate a relationship between the lack of vitamin C and an
increased risk of periodontal disease. Vitamin C is involved in immunological functions, for
eg. Phagocytosis, wound healing and it also presents antioxidant properties. These functions
make periodontal therapy and prevention relevant.
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Chapter 10

PHARMACOLOGICAL EFFECTSOFASCORBICACID
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ABSTRACT

Ascorbic acid (also known as vitamin C) is one of the most widely used vitamin both
medically and pharmaceutically. Since its discovery, ascorbic acid (AA) has been found
to be of great importance due to its effectiveness and antioxidant properties in various
clinical applications. Scurvy was the first disease condition that was effectively cured by
using AA. However, since then a number of investigations have been made to further
evaluate the effectiveness of this vitamin in different clinical symptoms. Based on the
recent literature findings, the pharmacological applications of AA in various conditions
such as osteoarthritis, common cold, heart diseases, hypertension, cancer, diabetes
mellitus, asthma, pregnancy, wound healing, gout, cataract and glaucoma, depression,
Parkinsonism, schizophrenia, Alzheimer disease, and urinary tract infections have been
reviewed along with the adverse effects and some contraindications associated with the
vitamin.

1. INTRODUCTION

L-ascorbic acid (or simply ascorbic acid) is also known as Vitamin C, antiascorbutic
vitamin, cevitamic acid, L-xyloascorbic acid, Acidum ascorbicum, 3-oxo-L-gulofurano-
lactone, L-threo-hex-2-enonic acid y-lactone, etc. (O’Neil, 2013; Sweetman, 2009; Moffat et
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al., 2004; Rowe et al., 2009). It is a well-known vitamin, with people claiming it as a cure for
almost many diseases and problems such as from cancer to the common cold. Ascorbic acid
(AA) is water soluble and is easily destroyed by oxidation (Rowe et al., 2009; Ahmad et al.,
2010, 2011, 2012a,b; Sheraz et al., 2011).

Plants and most animals synthesize their own AA but humans are unable to synthesize it.
They lack this ability due to the deficiency of an enzyme, L-gulono-gamma-lactone oxidase,
which catalyzes the terminal step in AA biosynthesis (Nishikimi et al., 1994). AA is
extensively used in its native or in the form of a derivative such as sodium ascorbate and
ascorbyl palmitate as an ingredient in variety of pharmaceutical and anti-aging cosmetic
products (Rowe et al., 2009; Ahmad et al., 2011, 2012a,b; Sheraz et al., 2011).

2. PHARMACOLOGICAL UTILIZATION OF AA

A number of pharmacological effects in addition to the treatment of scurvy have been
identified for AA since its discovery. Majority of these findings are still under investigation
and needs further evaluation before being recommended clinically. The well-recognized
biological activities of AA are as follows:

2.1. Scurvy

The most common disease resulting with the deficiency of AA is scurvy. Early symptoms
associated with scurvy may be non-specific such as weakness and muscular pain. Other
clinical indications may include keratosis of hair follicles with ‘corkscrew’ hair, spontaneous
and / or perifollicular hemorrhages, swollen and spongy gums with bleeding and infection,
loosening of teeth, bruising, anemia, delayed wound healing, etc. (Kumar and Clark, 2009).

The treatment includes administration of AA in a divided dose of 250 mg per day for few
days. Daily intake of fresh fruits and vegetables is also recommended (British National
Formulary, 2011; Porter, 2011; Kumar and Clark, 2009).

2.2. Osteoarthritis

AA is involved in the synthesis of collagen, which helps in the formation of cartilage.
Osteoarthritis is a disease condition which affects cartilages and exerts pressure on bones and
joints. Similarly, formation of free radicals in the body is also considered to be involved in the
destruction of cartilage along with the damage to the cells and DNA. The use of AA in the
treatment of osteoarthritis is not fully understood and clinically supported.

However, few studies have reported the beneficial role of AA in the treatment, whereas
some other studies have shown no significance of the use of this vitamin in the treatment of
osteo- or any other type of arthritis (Frech and Clegg, 2007; Peregoy and Wilder, 2011;
Canter et al., 2007; Rosenbaum et al., 2010).
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2.3. Common Cold

AA in the treatment of common cold has been recommended and used for almost six
decades. However, some controversy has so far been accumulated regarding its clinical
effectiveness in the treatment of common cold. Various workers have reported it to be of
significance but similarly many studies have rejected it to be of any value in common cold
(Nahas and Balla, 2011; Uchide and Toyoda, 2011; Audera et al., 2001; Douglas et al., 2004,
2007; Maggini et al., 2012). Recently, Hemila and Chalker (2013) have extensively reviewed
the use of AA in common cold. After reviewing a number of studies, they concluded that AA
supplementation had failed to reduce the incidence of common cold in general population but
it still might be useful for people exposed to brief periods of severe physical exercise.
However, few studies have shown the effectiveness of this vitamin but others failed to
reproduce those clinical findings. Therefore, more trials are needed to be carried out to further
understand the importance of AA in the treatment of common cold (Hemila and Chalker,
2013).

2.4. Heart Diseases

Consumption of fruits and vegetables has been associated with reduced risk of
cardiovascular diseases but there is no consistent data available regarding the therapeutic use
of various vitamins in heart diseases (Block et al., 2001; Michels et al., 2005; Pfister et al.,
2011; Riccioni et al., 2012). The plasma concentration of AA is considered as a biomarker
which reflects fruits and vegetables consumption (Michels et al., 2005; Harding et al., 2008;
Pfister et al., 2011).

In the study performed on healthy men and women an inverse relationship was observed
between the plasma AA concentration and risk of heart failure (Pfister et al., 2011). Oral
intake of AA has been found to improve sympathetic functioning of patients with myocardial
infarction that resulted in better exercise capacity (Kato et al., 2006). Its higher intake is also
associated with a decreased risk of angina in drinkers due to a biological interaction between
AA and alcohol (Simon and Hudes, 1999). In contrast, some workers have reported no
beneficial effect of AA in heart diseases (Gomes et al., 2011; Bjordahl et al., 2012; Riccioni
et al., 2012).

2.5. Hypertension

Like heart diseases, various studies have also shown an inverse relationship between
plasma AA concentrations and hypertension. A reduction of both systolic and diastolic blood
pressure has been reported by the intake of AA (Lee et al., 2010; Mohammad et al., 2010;
Donpunha et al., 2011; Fernandes et al., 2011; Myint et al., 2011; Juraschek et al., 2012).

In addition, restoration of the peripheral vasodilation response in mentally stressed obese
children was also noted (Fernandes et al., 2011). Majority of these findings are based on
several short term trials, therefore, it has been recommended to carry out trials on large
population groups before recommending this vitamin in the prevention of hypertension
(Juraschek et al., 2012).
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2.6. Cancer

AA is known to have potent antioxidant and pro-oxidant properties that reduces or
neutralizes the oxidative stress by scavenging reactive oxygen species (ROS). The formation
of ROS is associated with the nucleic acid damage and carcinogenesis (Crott and Fenech,
1999; Mamede et al., 2011; Du et al., 2012; Kim et al., 2012; Ullah et al., 2012; Putchala et
al., 2013).

A number of in vitro and in vivo studies involving both animals and humans have shown
the potential of this vitamin in the treatment of melanoma, lung cancer, thyroid cancer, breast
cancer, oesophageal and colorectal adenocarcinoma, gastric cancer, pancreatic cancer,
prostate cancer, bladder cancer, B-cell lymphoma, etc. (Lukic et al., 2012; Mamede et al.,
2012; Mikirova et al., 2012; Nagappan et al., 2012; Cha et al., 2013; Putchala et al., 2013). In
some cancer patients, intravenous use of high dose of AA is associated with the reduction in
the tumor size.

Its intravenous administration is generally considered safe if the patient does not have
any history of stone formation in the kidney (Riordan et al., 2005). Oral intake of AA is
generally not preferred in cancer patients as it fails to yield high plasma concentration
(Cullen, 2010), whereas same intravenous dose was reported to give 25-folds higher blood
plasma concentrations of the vitamin (Padayatty et al., 2006).

Intravenous administration of high dose of AA is also known to reduce inflammation in
cancer patients by affecting C-reactive protein level and pro-inflammation cytokines
(Mikirova et al., 2012). In spite of these outcomes, the use of AA in the treatment of cancers
requires further trials and reassessment (Grober, 2009; Padayatty et al., 2006; Hoffer et al.,
2008; Ohno et al., 2009).

2.7. Diabetes M dllitus

Some studies have reported a correlation between fruits and vegetables consumption and
the incidence of diabetes mellitus. However, like heart diseases, no conclusive evidence has
been provided (Ford and Mokdad, 2001; Liu et al., 2004; Harding et al., 2008; Kurotani et al.,
2013). In some studies, a lower level of AA has been observed in diabetic patients (Harding et
al., 2008; Shim et al., 2010; Dakhale et al., 2011) whereas some others have reported
beneficial effect of AA supplementation in type 2 diabetes (Mazloom et al., 2011; Odum et
al., 2012; Franke et al., 2013). Extensive study performed on US oldsters concluded a lower
diabetes risk among people taking AA or calcium supplements whereas no beneficial
correlation was observed for any other multivitamin (Song et al., 2011). Antioxidants such as
AA have found useful in diabetic retinopathy due to scavenging the ROS, produced in the
retinal cells as a result of insulin therapy (Wu et al., 2012). AA has also found to improve cell
survival in diabetic patients by reducing cytotoxicity (Franke et al., 2013).

Another clinical study has recommended the use of oral supplementation of AA with
metformin in patients with type 2 diabetes. The combined therapy resulted in better
therapeutic outcome as compared to metformin alone in maintaining good glycemic condition
(Dakhale et al., 2011).
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On the contrary, the use of AA in diabetes mellitus has been discouraged by some
workers as no beneficial outcome was observed in their studies (Cuerda et al., 2011; Golbidi
et al., 2011; Kataja-Tuomola et al., 2011).

2.8. Asthma

During an acute attack of asthma, an increased amount of ROS is formed due to the
oxidative stress (Al-Abdulla et al., 2010). Lower levels of AA were reported to be associated
with increased frequency of asthmatic attacks (Kalayci et al., 2000; Kongerud et al., 2003;
Harik-Khan et al., 2004; Rubin et al., 2004; Allen et al., 2009). Due to this property, the use
of AA in the treatment and prevention of asthma has gained some popularity (Shidfar et al.,
2005; Patel et al., 2006; Riccioni et al., 2007).

It has also proved to be effective in the treatment of patients with exercise-induced
bronchoconstriction, cough and wheezing (Omenaas et al., 2003; Tecklenburg et al., 2007;
Allen et al., 2009). However, more clinical trials should be undertaken to further confirm the
protective role of this vitamin in the treatment of asthma and associated conditions (Kaur et
al., 2001, 2009; Ram et al., 2004).

2.9. Pregnancy

During pregnancy an appropriate amount of minerals and vitamins is extremely important
for consumption for both mother and the child. Like all other vitamins, AA deficiency is
associated with some severe complications in pregnancy including eclampsia, pre-eclampsia,
premature rupture of membranes, abortion, preterm birth, increased risk of infections, etc.
(Dror and Allen, 2012; Kiondo et al., 2011; Osaikhuwuomwan et al., 2011; Ikpen et al.,
2012). Although AA is excreted in the milk and is also known to be actively transported to
the fetus, it is still considered safe because no maternal toxicity or teratogenic effects have
been reported (Dror and Allen, 2012).

2.10. Wound Healing

AA has also been found to be effective in the healing of wounds. Wound healing is a
complex procedure that involves a number of steps including collagen deposition and
formation of ROS by the inflammatory cells at the wound site.

Various studies involving animal models such as rats and mice have reported effective
recovery of the wounds when treated with AA thus showing the potential of this vitamin in
healing and reducing inflammation (Collins, 2009; Lima et al., 2009; Ekci et al., 2011; Jewo
et al., 2012; Konerding et al., 2012; Lee et al., 2012).
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2.11. Gout

AA has also demonstrated some potential in lowering of serum uric acid level, hence, a
supplementation of this vitamin may reduce the symptoms of gout. Further trials can establish
the usefulness of this vitamin in lowering hyperuricemia and preventing gout (Suresh and
Das, 2012; Huang et al., 2005; Gao et al., 2008; Choi et al., 2009; Juraschek et al., 2011).

2.12. Catar acts and Glaucoma

Oxidative stress and formation of ROS are considered to be the major reasons behind the
development and progression of age related cataracts. Humans and other diurnal animals
contain 20-70 times higher concentrations of AA in ocular tissues as compared to its plasma
concentration. High concentration of AA in aqueous humor is known to protect the lens of the
eye from the penetration of UV light, thus preventing photo as well as oxidative damage of
the eye tissue (Kisic et al., 2012). A strong and inverse correlation has been observed between
AA concentration and development of cataracts. Various studies have reported lower levels of
the vitamin in elderly patients as compared to normal individuals (Rodriguez-Rodriguez et al.,
2006; Yoshida et al., 2007; Linetsky et al., 2008; Nourmohammadi et al., 2008; Jalal et al.,
2009; Leite et al., 2009; Ravindran et al., 2011; Kisic et al., 2012). Similarly in the other
study, diabetic patients were characterized by lower level of AA radical in cataract lenses as
compared to patients without diabetes (Goslawski et al., 2008). In spite of these findings,
some workers on the basis of their results have opposed this concept and the use of vitamins
in age related cataracts (Christen et al., 2010; Mathew et al., 2012).

Not much work has been carried out regarding the use of AA in the prevention or
treatment of glaucoma. However, few studies have reported a reduction of AA level in
patients with glaucoma indicating a potential role of this vitamin in the prevention of this
disease (Aleksidze et al., 1989; Leite et al., 2009; Yuki et al., 2010).

2.13. Depression

ROS species were reported to play a role in the progression of depression (Moretti et al.,
2012). Anxiety and depression are the most common stress-induced psychiatric disorders. A
comparative study between anxiety, depression and healthy volunteers was carried out with
an aim to establish any correlation in blood serum levels of vitamin A, C and E. Antioxidant
therapy as an adjuvant was found useful in the stress-induced psychiatric patients (Gautam et
al., 2012) and is suggested for the used in the management of depression (Moretti et al.,
2012). In another study, performed on mice, AA produced effects similar to antidepressants
(Binfare et al., 2009). Some studies have also reported development of scurvy in patients
suffering from depression (Nguyen et al., 2003; Chang et al., 2007).
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2.14. Parkinsonism

Oxidative stress is suggested to be one of the factors involved in the etiology and
progression of Parkinson’s disease (PD) (Paraskevas et al., 2003; Jomova et al., 2010;
Sutachan et al., 2012). A new finding based on AA and zinc deficiency-associated
Parkinsonism has been recently reported in an 83 years old man (Noble et al.,, 2013).
Intravenous administration of AA and zinc in Parkinsonism or other movement disorders has
also been suggested by Shavit and Brown (2013). Paraskevas et al. (2003) measured the
levels of vitamin A, E and AA in patients with PD, vascular Parkinsonism (VP) and other
syndromes of Parkinsonism, and noted decreased levels of AA and vitamin E in patients of
VP only.

However, their findings were opposed by Iwasaki et al. (2004) as no difference in the
vitamins level was observed by them in various PD and VP patients. Similarly, Zhang et al.
(2002) has reported insignificant correlation between the use of AA with the risk of PD. AA
has also been shown to improve the pharmacokinetics of levodopa in patients with PD, which
is the most effective drug against this disease (Nagayama et al., 2004).

2.15. Schizophrenia

Schizophrenia is a mental disorder, which is associated with the formation of ROS in
response to the use of antipsychotic drugs. Addition of vitamins, especially AA, has been
reported to improve the symptoms of schizophrenia as well as in reducing the side effects of
the antipsychotic drugs (Hoffer, 2008; Michael et al., 2002; Arvindakshan et al., 2003;
Dakhale et al., 2004, 2005; Sivrioglu et al., 2007; Heiser et al., 2010).

Reduced levels of leucocyte AA have been observed in schizophrenic patients. This
reduction indicates the depletion of AA body stores with advancing age and hence worsening
of the diseased condition (Dadheech et al., 2006).

2.16. Alzheimer Disease

Oxidative stress can induce protein and DNA damage in Alzheimer disease (AD) patients
and is therefore related to its pathophysiology (Bowman, 2012; Gackowski et al., 2008;
Jomova et al., 2010; Murakami et al., 2011). The concentration of AA is 3—4 times higher in
cerebrospinal fluid and about 200 times higher in the neurons as compared to plasma
(Bowman, 2012).

Some studies have shown protective activity of AA in the treatment of AD (Bowman,
2012; Harrison, 2012; Bowman et al., 2009; Murakami et al., 2011) while others have
discourage the use of this vitamin on the basis of their results or inconsistent data (Landmark,
2006; Boothby and Doering, 2005; Fillenbaum et al., 2005; Galasko et al., 2012).

Complimentary Contributor Copy



198 Muhammad Ali Sheraz, Marium Fatima Khan, Sofia Ahmed et al.

2.17. Urinary Tract Infections

AA may also be used in the treatment and prevention of urinary tract infections (UTI).
Low levels of plasma AA have been observed in patients with UTI (Ciftci et al., 2008).
Dietary and endogenous nitrates are excreted in urine, which are reduced to nitrites by nitrate-
reducing bacteria such as E. coli, Pseudomonas aeruginosa and Staphylococcus aureus. The
acidification of urine by AA converts this nitrite into a variety of nitrogen oxides which are
toxic to a variety of microorganisms (Carlsson et al., 2001, 2003). Daily oral administration
of 100 mg AA has also been found to reduce the chances of UTI development in pregnant
women (Ochoa-Brust et al., 2007).

3. ADVERSE EFFECTSAND CONTRAINDICATIONS

Not much adverse effects or toxicities are associated with the use of AA (Combs, 2008).
However, some adverse events associated with its consumption in large doses are as follows:

3.1. Kidney Stones

The use of AA is associated with the formation of kidney stones due to its enzymatic
conversion into oxalate. Various workers have reported the formation of stones in individuals
consuming AA (Allison, 2013; Combs, 2008; Sweetman, 2009; Baxmann et al., 2003; Traxer
et al., 2003; Taylor et al., 2004; Massey et al., 2005; Moyad et al., 2009). Formation of
kidney stone has also been reported in a cancer patient treated with intravenous AA who was
initially diagnosed with reduced plasma AA levels (Riordan et al., 2005).

3.2. Other Complications

High dose usage of AA may cause diarrhea and other gastrointestinal disturbances. Large
doses may also result in disturbed water and electrolyte balance, increased red cell lysis,
rebound scurvy and renal calcification (Dollery, 1991; Combs, 2008; Sweetman, 2009).
Hemolysis in patients with G-6-PD deficiency following large doses of AA either
intravenously or in soft drinks has also been reported (Reynolds, 1993; Sweetman, 2009).
Dental enamel erosion has been observed in patients as a consequence of AA consumption
(Giunta 1983; Sweetman, 2009; Beyer et al., 2011).

3.3. Contraindications
AA is contraindicated in patients with hyperoxaluria and G-6-PD deficiency (Dollery,

1991; Sweetman, 2009) hemochromatosis or other forms of excess iron accumulation
(Combs, 2008).
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CONCLUSION

On the basis of the findings of a number of studies, it is now proved that the clinical use
of ascorbic acid is not only limited to the treatment of scurvy. This antioxidant has
demonstrated a tremendous potential in the prevention and curing of various pathological
cases. Its use is associated with very few toxicities or adverse events, which further enhances
its medical importance. However, due to some contradictory data, it is necessary to further
evaluate the effectiveness of ascorbic acid especially against some devastating disease
conditions such as hypertension, various heart diseases, cancers, etc. Future investigations on
the vitamin may prove its therapeutic efficacy in a number of diseases and it may be used as a
safe supplement for currently available drugs.
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ABSTRACT

Vitamin C (ascorbic acid) has numerous physicochemical properties that are
fundamental to the proper functioning of the human body; it promotes collagen
production, carnitine, biosynthesis of neurotransmitters, among many other functions.
Different from others living things, we humans are incapable of synthesize vitamin C,
due to the absence of the enzyme that promotes their conversion (gulonolactone oxidase).
A deficiency of this vitamin can lead to severe clinical manifestations being the most well
documented scurvy. Therefore, the daily intake of vitamin C is essential for the proper
maintenance of human life. In this sense, the consumption of dietary sources of vitamin C
should be present in our daily diet including citrus fruits and vegetables. The
Recommended Dietary Allowance (RDA) for vitamin C (ascorbic acid) is 100-120
mg/day for adults. However, it is important to highlight that there is controversy about
the benefits of ascorbic acid consumption on human health. The literature points,
especially that the antioxidant properties may contribute on the neutralize free radicals,
delaying the premature aging, the protective effect against viral infections, property anti-
atherogenesis and anti-carcinogenesis of vitamin and also the immunomodulatory.
Taking into consideration the functional importance of vitamin C as a component of the
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human food to the promotion of health and prevention of disease, it has beene noted the
growth of a variety of food products fortified with ascorbic acid which are available to
world population. Moreover, the excessive intake of this vitamin can lead to clinical
condition, such as diarrhea, indigestion and the development of kidney stones. We
acknowledge that a detailed study on the adverse effects of vitamin C on the health of
populations is an important, current and relevant theme. In this perspective, the objective
of this chapter is to review the main evidence on the benefits of vitamin C in human
health, and to highlight the adverse effects most commonly observed in the excessive
consumption of this vitamin A in populations. The purpose is to present the ambivalences
and contradictions of the theme on a contemporary basis, contigent on a review of a
consistent literature.

1. INTRODUCTION

Vitamin C, also called ascorbic acid is widely recognized in the scientific field, for
performing different physiological functions in the human body and for being used as a
preservative in the food industry. Like other water-soluble vitamins, it must be derived from
exogenous sources, since they cannot be synthesized by the body. The main dietary sources of
this vitamin are citrus fruits, and some vegetables.

The extensive disclosure regarding the consumption of vitamin C in health promotion and
disease prevention,generates great interest at society, researchers, food (Abassa et al., 2011)
and pharmaceutical industry that may lead to increase production, acquisition and or
consumption of foods rich in such vitamin.

In healthy adult humans, the reserve of ascorbic acid is approximately 1500 mg with an
average daily intake 45-75 mg. When there isn’t the intake of the vitamin, about 3% of the
reserves are diminished daily and clinical symptoms of scurvy is presented in about 30 to 45
days when the organic reserve reach below 300 mg (Guilland and Lequeu, 1995). Thus, there
has been a longtime recognition that the lack of vitamin C leads to scurvy, a disease that
manifests through a variety of clinical symptoms including petechiae, ecchymosis,
hyperkeratosis, purpura, gum disease, tooth loss, anemia, muscle degeneration, cardiac
hypertrophy, arthritis, swelling, and alopecia. In this situation, the mere treatment with
ascorbic acid solves the manifestations of the disease (Olmedo et al., 2006).

Recent work has been attributed to vitamin C many benefits, such as protection against
viral infections, antiatherogenic effect (Aguirre et al., 2008; Lee et al., 2004; Osganian et al.,
2003; Neumann et al., 2006; Sesso et al., 2008; Who et al., 2002; Who et al., 2001; Wilcoxet
et al., 2008; Ye et al., 2008), anticancer (Hutchinson et al., 2012, Yang et al., 2009), and
Immunomodulation (Yang et al., 2009). There are reports of vitamin C has been involved in
the protection of the vascular endothelium in situations of oxidative stress (Dias et al., 2012;
Weinstein et al., 2001), collagen biosynthesis and optimization of iron absorption in humans
(Day et al., 2012; Chen et al., 2003). Studies also report that oxidation of lipids in our body
causes the production of free radicals and that such action could result in tissue damage and
toxic production or harmful compounds, a process known as oxidative stress. In this context
the antioxidant compounds are considered very important because they act in order to prevent
oxidative stress (Cerqueira et al., 2007, Dias et al., 2012; Frei and Lawson et al., 2008; Yang
et al., 2009) or inflammatory processes triggered by exercise (Silva et al., 2012). In contrast,
if they are consumed in excess, they can cause vitamin C to produce pro-oxidative effect
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(Cerqueira et al., 2007; Green et al., 1994; Halliwell et al., 1999, Lenita et al., 2006; Podoaro
et al.,, 1998, Rover Junior et al., 2001, Welch et al., 1999) and can be involved in the
development of kidney stones (Rivas et al. and Yang et al., 2008, 2009).

The science clash about the therapeutic effect of vitamin C is still persistent and often
paradoxical because of the contradictions and ambiguities on the consumption of this vitamin.
Therefore, this chapter will present the actions and benefits of the micronutrient for human
health, based on scientific evidence and epidemiological studies which has recently been the
most published.

2. BENEFICIAL EFFECTSOF VITAMIN C INHUMAN HEALTH

Some studies have associated the consumption of fruits and vegetables rich in vitamin C
to prevent the development of cancers of the esophagus, stomach, oral cavity and pancreas,
although the mechanisms are still controversial and poorly understood (Gonzalez et al., 2005;
Ramos et al., 2009), It is worth noting that most of these studies are restricted to animal
testing.

Several epidemiological evidence suggests that high doses of ascorbate can act as a pro-
oxidant in order to reduce the development of cancer cells, while other studies using this and
other supplemental antioxidant vitamins (A, C, E and B-carotene) administered alone or in
combination, showed no protective effects against carcinomas (Du et al., 2012).

According to a review by Sampaio and Almeida (2009), vitamin C ensures a protective
effect on cancer of the cervix, due not only for being an antioxidant, but because of its
essential roles in maintaining the integrity and regeneration of the epidermis. These authors
also report that it can increase immunity against infections caused by human papillomavirus
(HPV). Other studies, however, depict inconsistent investigations as a prevention mechanism.
Furthermore, according to Gold et al. (2003) and Halliwell et al. (2001) showed that vitamin
C stimulates the immune system, inhibits the formation of nitrosamines and blocks the
metabolic activation of carcinogens. However, tumor cells appear to require ascorbic acid and
compete with healthy cells of this nutrient.

The relationship among the vitamin C in the prevention and control of chronic diseases
has also been discussed in the scientific field. A prospective study that followed European
adults for 12 years showed a strong inverse association between serum concentrations of
vitamin C and the risk of type 2 diabetes mellitus (Harding et al., 2008). In the same study,
the authors found that the consumption of fruits and vegetables were also associated with a
lower risk of type 2 DM. It is known that patients with metabolic syndrome or type 2 diabetes
have reduced serum concentration of vitamin C supplementation but high doses (800 mg
daily) were not able to completely restore the serum concentrations of vitamin C, or to
improve the dysfunction Endothelial and insulin resistance in these individuals (Chen et al.,
2006).

Observational epidemiologic studies conducted by Catania, et al. (2009) suggest that the
high intake of antioxidants from the diet, and especially those diets rich in fruits and
vegetables reduce the risk of cardiovascular disease. Moreover, the same authors show that
when investing in a micronutrient supplementation with specific antioxidant, such as vitamin
C to reduce the incidence of cardiovascular disease, the impact is non —existent or sometimes
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negative. Regarding mortality, in a study conducted in Sweden, with approximately 40 .000
men aged 45 to 79 years, who were followed for about eight years, there were no associations
between vitamin C intake and cardiovascular mortality (Messerer et al., 2008). However,in
this same study, men who reported improper diet and use of multivitamin supplements,
showed a significant reduction of cardiovascular mortality.

In the neurological, more specifically in Alzheimer's disease, the benefit of vitamin C and
other antioxidants has been controversial. In a large observational study showed a reduction
in the prevalence and incidence of the disease after three years of supplementation with 500
mg / day. Another similar study found no difference in the incidence of dementia, after
monitoring for four years.

For these individuals although the risks of moderate doses of vitamin C are relatively
low, a lack of consistent evidence of the efficacy of the vitamin discourages its use in the
prevention of disease (Boothby and Doering, 2005).

Vitamin C appears to be involved with strengthening of the immune system. In the
systematic review by Douglaset al., (2006) which analyzed the doses of vitamin C in reducing
the duration or severity of symptoms of common cold (both prophylaxis and continued after
onset of symptoms) revealed the reduction in duration of clinical 8% of adults and 13.5% of
the children who were studied. In 15 comparative studies, the severity of respiratory episodes
under different measures decreased with intake of vitamin C. The authors also demonstrated
that the duration of symptoms showed no significant difference when vitamin C was
compared with placebo. Other studies show that despite the significant reduction in the
frequency of disease, severity and duration of cold are not affected (Sasazuki et al., 2006).

Several studies report the action of vitamin C as an antioxidant essential for humans. This
action is only possible due to its ability to provide electrons, becoming in ascorbic acid
(reduced form) or acid dehydroascorbic, its oxidized form (Cerqueira et al., 2007, Dias et al.,
2012; Frei and Lawson et al., 2008), can neutralize free radicals (Costa, 2004, Dias et al.,
2012; Frei and Lawson et al., 2008). According Cerqueira et al., (2007), oxidative stress is
characterized by an imbalance in the relationship between the oxidant system and the body's
antioxidant defenses, noting a increased with the first one. Oxidative stress is produced by
free radicals, ie, molecules that contain one or more unpaired electrons. Due to this feature,
free radicals are very unstable and reactive, and pilfer electrons from other molecules in order
to pair their electrons. After losing their electrons, those molecules whose electrons are
transferred, become unstable and turn into free radicals.

Several authors have reported that the antioxidant defenses of the body become
insufficient against oxidative stress acute and chronic oxidative stress, there is a
predisposition for the development of a number of degenerative diseases, such as
atherosclerosis and diabetes (Lankin et al., 2005), ischemic injury (Saito et al., 2005), cancer
(Valko et al.,, 2006), neurological disorders (Parkinson's disease, amyotrophic lateral
sclerosis, Down's syndrome, Alzheimer's disease (Bondy et al., 1995), Hypertension (de la
Fuente et al., 2005), eye diseases, including age-related macular degeneration and cataracts
(Santosa et al., 2005), among lung diseases such as asthma and chronic obstructive pulmonary
disease (Ramhman et al., 2002) and inflammatory diseases such as rheumatoid arthritis (Tak
et al., 2000), ulcerative colitis (Prauda et al., 2005) and pancreatitis (Andican et al., 2005).
Besides the fact that the chronic effects of free radicals are considered key players in the
aging process (Droge et al., 2003; Halliwell et al., 1999).
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According Auguto et al. (2006) and Rover Junior et al. (2001) the main substances
capable of generating free radicals are oxygen in the ground state (O2) and nitric oxide (NO).
The molecules whose electrons are focused on free O2 and nitrogen receive designations of
reactive oxygen species (ROS) and nitrogen (ERN), respectively. The main examples of free
radicals are super-oxide (O2 ¢ -), the hydroxyl (OH °¢), thiol (RS ), the trichloromethyl
(CHCI3 ) and nitric oxide (NO ¢). According Chauhan and Chauhan (2006), low
concentrations of free radicals, ERROR and RNA are important for the maintenance of
cellular redox state for the proper functioning of the immune system and appropriate cell
signaling. However, if they are not neutralized, they often react with proteins, lipids and
acids, nucleic causing damage to cellular functions. According Cerqueira et al. (2007)
Oxidative damage to biomolecules can lead to enzyme inactivation, mutation, membrane
rupture, increase in the atherogenicity of low density lipoproteins and cell death.

The authors Chauhan and Chauhan (2006) and Zhu et al. (2007) reported that the central
nervous system is particularly vulnerable to damage caused by lipid peroxidation due to its
high oxygen consumption, large amounts of polyunsaturated fatty acids and decreased level
of antioxidant enzymes compared to other tissues, contributing much to neurodegenerative
disorders such as Alzheimer's disease (Bains and Shaw, 1997; Bourdel-Marchasson et al.
2001).

Castro and Freeman (2001), Cui et al. (2004) and Brenneisen et al. (2005) have described
the actions for combating cytotoxic ROS cells are equipped with a variety of antioxidant
defenses, which include enzymes such as super-oxide dismutase (SOD), catalase and
glutationaperoxidase (GPx). Although endogenous antioxidant defenses are effective and not
infallible, there is a continuously forming reactive species of oxygen and nitrogen (ROS /
RNS) that interact at different levels with the cellular environment prior to disposal, which, at
first glance, it may seem an evolutionary failure (Burdon et al., 1996).

Other authors (Apleton et al., 2009; Dauchet et al., 2006; Dias et al., 2012; Hardling et
al., 2008, Holt et al., 2009; Lampe et al., 1999) describes the context which is reported as
indisputable health benefits associated with the consumption of fruits and vegetables and their
antioxidant vitamins. Castro and Freeman (2001) and Mas et al. (2006) reported that vitamins
C and E after neutralizing free radicals can be regenerated by the antioxidant system. They
work in a synergistic way, so the vitamin E and form the tocoferoxil compound and in order
to be regenerated they need electrons provided by vitamin C.

Other authors (Cuddihy et al., 2008; Dias et al., 2012; Foyer and Frei et al., 2011;
Halpner et al., 1998; Jacob, 1998; Lawson et al., 2008; Valero et al., 2009) reported on their
studies that the most important indirect functions of vitamin C is its ability to regenerate other
biologically important antioxidants such as vitamin E and glutathione in its reduced state.

3. ACTION OF VITAMIN C ASA PRO-OXIDANT

Despite the great efficiency of antioxidants, vitamin C also acts, paradoxically, as a pro-
oxidant "in vitro" (Yang et al., 2009). This is very reactive when consumed in high doses, and
it can cause the pro-oxidant effect (Cerqueira et al., 2007; Green et al., 1994; Halliwell et al.,
1999; Lenita et al., 2006; Podoaro et al., 1998; Rover Junior et al., 2001; Welch et al., 1999).
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This oxidizing effect of vitamin C, inclusive, has been used for decades to induce
oxidative modification of lipids, proteins and DNA. Another example of vitamin C act as a
pro-oxidant is the Fenton reaction, reduction of hydrogen peroxide by Cul + or Fe 2 + to
hydroxyl radical, when it is favored in the presence of vitamin C can reduce the transition
metals, making them suitable for this reaction. /n vivo, metals are found complexed in protein
thus unavailable (Halliwell et al., 1999).

Many intervention studies in humans relate to supplementation with vitamin C and
oxidative lesions in DNA, including injury and nitrogenous bases of DNA strand breaks. The
results are contradictory. It has already occurred a decrease (Green et al., 1994) and a increase
(Podoaro et al., 1998) of injuries and in some cases the effects were null (Welch et al., 1999).
Despite conflicting data, these authors reiterate the importance of vitamin C as an antioxidant
considering the recommended doses, which is usually achieved through food. Halliwell
(2000) reported that micronutrients are coenzymes for many enzymes involved in DNA
synthesis and repair and apoptosis.

In cell culture studies demonstrate that vitamin C can alter the expression of genes
involved in inflammatory response (Berneti et al., 2003), apoptosis (Catani et al., 2002), and
cell differentiation (Alcain et al., 1994). The mechanism which this occurs is still unknown,
but it is assumed that it acts indirectly by altering the gene expression of endogenous
antioxidants or directly modulating the binding of some transcription factors to the core (Lee
et al., 2003).

4. THE HYPERVITAMINOSISC

Excessive consumption of Vitamin C has been reported in some studies. The most
common symptom of hypervitaminosis C is diarrhea, probably determined by carrying of
large amounts of water into the intestine. Other clinical symptoms also seem to be present
such as nausea, vomiting, increased iron absorption and renal damage and the bladder, due to
the increase of their excretions, because ascorbic acid is partially converted into oxalic acid,
and this may induce lithiasis oxalic (Guilland, 1992).

5. CONSIDERATIONSON THE EFFECTSOF VITAMIN C,
I TSCONSUMPTION AND THE ESTABLISHMENT
OF NUTRITIONAL RECOMMENDATIONSFOR POPULATIONS

Despite all the benefits that described Vitamin C as an antioxidant, it can be too reactive
when consumed in high doses, causing the pro-oxidant effect (Cerqueira et al., 2007; Green et
al., 1994; Halliwell et al., 1999; Lenita et al., 2006; Podoaro et al., 1998; Rover Junior et al.,
2001, Welch et al., 1999). Faced with these contradictions and ambivalences of the subject, it
is up to the researchers in the nutrition, epidemiology and statistics fields to institute an
organized reference in health, assessing the benefits and risks of excessive consumption,
mediating information and publishing secure recommendations.
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In this sense, even in response to the proven benefits, dietary doses of vitamin C
recommended by the "Recommended Dietary Allowance-RDA" (1989) were higher in 2000
at 15 mg for women over 19 years and 30 mg and for men of the same age.

The U. S. daily recommendation for vitamin C intake in 1989 was 60 mg and it was
increased to 75 mg for women and 90 mg for men in the international level by publication of
"Dietary Reference Intakes" IOM / FNB (2000). Taking into consideration that this
recommendation does not correspond either the tenth fraction of 2 g proposed by Pauling in
1970 as the ideal for maintaining health and or below the amount consumed daily by our
Paleolithic ancestors (Key et al., 1996). Including 2000 mg which was considered as the
maximum level of intake for individuals with more than 19 years old.

For children 1-3 years is 15mg/day, increasing the doses as the age advances 75 mg / day
for male adolescents 14-18 years (IOM / FNB, 2000e RDA, 1989). For women the
recommendation increases slightly during pregnancy and lactation 80 and 115 mg / day,
respectively. For minors below 18 years of age is 85 and 120 mg /day and for adults over 19
respectively (IOM/ FNB, 2000).

Despite the increase recommendation of vitamin C in 2000, international studies show
that the consumption of vitamin C remains inadequate in many places. Researchers add that
the insufficient intake of micronutrients is among the ten leading risk factors of the global
total disease burden worldwide and it is considered the third risk factor for preventable
diseases and non-communicable diseases (Leo and Santos, 2012.)

When Canoy et al. (2005) was evaluating the nutritional status DEI19, thousand
Englishmen between 45-79 years reported that they had low plasma concentrations of
ascorbic acid. Other European prospective study, lasting 12 years, found a high prevalence of
low serum concentrations of vitamin C (Harding et al., 2008). Moreover, Appleton et al. also
found inadequate consumption of fruits and vegetables among older adults in Great Britain
(England, Wales and Scotland) and those living in socially deprived areas in 2009. After
selecting 426 individuals, the authors observed an average of 4 and 4.1 of fruits and
vegetables which were served and consumed on weekdays and weekends, respectively. The
same author reports that the amount of fruits and vegetables reported in this study is slightly
higher than reported in population from elderly people in Britain.

Ma et al. (2009) studied, in great detail, the data consumption of more than 24 000
Chinese adults between 50 and 79 years by 24 h recalls of the "Health and Nutrition Survey"
conducted in 1991, 1993, 1997, 2000, 2004, 2006 and 2009 in nine provinces. These authors
observed that the consumption of vitamin C of the population of the rural area decreased
between the years 1991 and 2009, an average of 12.1 mg and 11.8 mg for men and women,
respectively. Moreover, they observed that the intake of vitamin C, increased by 8.7 and 10.2
mg, respectively, among men and women who lived in the cities. It was reported yet that the
intake of vitamin C, from dark green vegetables, decreased 15.1 mg in males and 13.9 mg
females from rural areas. The adjustments were found for this vitamin from 19.8% to 30.4%
for men in urban, 31.1% to 43.9% for men living in rural areas and in the range of 15.9% to
24, 9% and 26.4% to 38.1% for women in urban and rural areas, respectively. Furthermore,
the amount of vitamin C intake by the population of rural and urban is getting closer to the
consumption of vegetables and fruits, They are still insufficient.

Su et al. (2012) on the other hand is interested in comparing the eating habits of Chinese
born in 1960 and 1980. It was observed that the data of micronutrient intakes were
significantly lower in Chinese born in the 60s. Griep et al., for their part in 2013, when they
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compared the consumption of fruit in the U.S. and in China found that the average
consumption in the first country was 52-65 kcal gm/1000 while the second is 68-70 g / 1000
kcal. Azadbakhtet al. (2007) in the district of Tehran, Iran, have identified low vitamin C
intake when assessing 926 women.

Particularly in Brazil, for example, there is almost the same consumption profile in
several states. Analyzing the data on Brazilian states with higher purchasing power were
found inadequate intake of antioxidant nutrients (food sources of vitamin C, A, E, beta
carotene, zinc and selenium). Silva et al. (2012) observed that a high percentage of women
who engage in regular physical activity in Sdo Paulo, had antioxidant intake below
recommended levels (52% compared to the consumption of Vitamin C, 57% relative to
Vitamin E consumption, 52% consumption compared to Vitamin A, 52% in simultaneously,
ie, the best public awareness about healthy eating and at the same time improving their
purchasing power may occur excessive vitamin C intake by this population. Abassa et al.
(2011) reports that the scientific evidence on health promotion and consumption of vitamin C
has encouraged the emergence of research on food fortification.

In the study by Dias et al. (2012) the authors reported that approximately 90% of vitamin
C in the typical human diet comes from vegetables and fruits, such as citrus fruits (lemon,
orange), green leafy vegetables (Yang et al., 2009), chilies, papayas, kiwi and tomatoes.
According to Liu et al. (2009) Vitamin C can be obtained by daily consumption of fruits,
vegetables and supplements. Lenita et al. (2006), however, disagree with the authors
mentioned above and reports that ascorbic acid comes from the intake of various food,
especially citrus fruits, strawberries, green vegetables and tomatoes, and the evidence on the
benefit from vitamin C does not establish its supplementation indiscriminately.

In the work of Key et al. (1996) the authors reported that the bioavailability of vitamin C
consumed from fruits and vegetables is approximately 100%. He also reports that the
bioavailability is impaired only if this consumption is above 200 mg / day, due to saturation
of tissue with consequent lower absorption, or due to processing effects or the presence of
flavonoids or other compounds or the effects in processing it Szeto et al. (2004) and Choi et
al. (2004) reported that vitamin C is very well absorbed in the gastrointestinal tract. Yang et
al. (2009) reported that plasma levels may be increased in response to a diet rich in fruits and
vegetables for long periods of time or in cases of supplementation and the vitamin C in these,
it is only reduced during the storing and processing. Dias et al. (2012) reported that water
soluble vitamin is highly sensitive to water and air temperature and about 25% may be lost by
bleaching (boiling or steaming the food for a few minutes). This same degree of loss occurs in
freezing vegetables.Cooking for long periods of time (10-20 minutes) may result in a loss of
more than 50% of the total content of vitamin C.

For these reasons, the best way to maximize the consumption of vitamin C is to ingest
raw vegetables. In this sense, to encourage consumption of healthy foods and optimize the
nutritional value of foods, contributes to increase the level of this vitamin in most plant foods.
The content of Vitamin C may also be increased by increasing expression of the enzyme
responsible for recycling ascorbate (Chen et al., 2003).

Other studies are reflections on the use of supplements containing vitamin C. Dias et al.
(2012) reported that high doses of vitamin C may interfere with copper metabolism. Lenita
(2006) reports that the widespread use of vitamin C, alone or in combination with other
nutrients, a priori cannot be recommended until new and more robust evidence is found. The
explanation is that many biochemical functions occurring in different tissues of the body are
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related to vitamin C and the evidence points to contemporary benefit with few indications, ie
in scurvy and age-related macular degeneration. Predominating the lack of efficacy in many
others, such as the common cold, preeclampsia, atherosclerosis, hypertension, cataracts, pain
and changes in muscle function after exercise, Alzheimer's disease, bronchial asthma and
hemodialysis.

Results jobs Osganian et al. (2003) suggest that the intake of vitamin C supplements have
a negative association with early atherosclerosis, while vitamin C from foods has a protective
association. The results also suggest that adverse reactions of vitamin C supplements may be
relatively higher among individuals with elevated cholesterol levels.

Studies report that while diets rich in fruits and vegetables are associated with a reduction
in cardiovascular disease (Dauchet et al., 2008, Li et al., 2007, Willcox et al., 2008; Ye et al.,
2008) antioxidants from vitamin supplements containing vitamin C, failed to reduce
cardiovascular events in randomized controlled trials (Augusto et al., 2006; Cook et al., 2007,
Dauchet et al., 2008; Halliwell et al., 2000, Li et al., 2007; Knoops et al., 2004; Sesso et al.,
2008; Willcox et al., 2008; Ye et al., 2008). Lee et al. (2004) and Muntwyler et al., (2002)
reported, however that the mechanisms for this differential impact between fruits and
supplements have not been fully understood.

Halliwell et al. (2000) tried to list some explanations for this dichotomy. When analyzing
supplements containing beta-carotene he noted that this is the only one of 600 identified
carotenoids,and it may not be the most active. Gray et al. (2008) also described this fact,
reporting that while supplements have only one of the existing forms of vitamin, foods rich in
these vitamins have combinations among different forms of vitamin. Recent publications
suggest that antioxidants are effective in the prevention of chronic diseases associated with
oxidative stress when administered to groups that have inadequate plasma concentrations of
these micronutrients. The study called SUVIMAX (The Supplémentationen Vitamines et
MinérauxAntioxydants) that followed for 7.5 years thousands of French people receiving
daily doses of ascorbic acid, alpha-tocopherol and beta carotene found that the reduction of
cancer incidence and mortality was observed among males. These were defective in plasma
levels of antioxidants administered prior to the study (Hercberg et al., 2004). These authors
report that there is no evidence that consumption of foods rich in antioxidants will bring
harmful effects throughout the life —cycle. On the contrary, there is strong epidemiological
evidence that it is associated with healthy aging and functional longevity.

Other authors explain that maybe the intake of fruits and vegetables will prove more
effective than consuming supplements, because they contain components and photochemical
that interact, potentialized beneficial effects in the body (Cannella, 2007; Cerqueira et al.,
2007; Dai et al., 2006; Halliwell, 2000; Levine et al. 1996). Due the above mentioned, it is
believed that supplementation is little recommended because the literature is still
inconclusive. It is unable to establish safe and effective dosages. Thus, it is suggested that
prospective studies in this area need a longer follow-up (Cardoso et al., 2009).

CONCLUSION

Reviewing this literature we conclude that the role of ascorbic acid on human health is
still controversial. More researches and discussions on the mechanisms of action are
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"

necessary.Such as "in vivo"”’(experimentation using a whole, living organism as opposed to a
partial or dead organism, or an in vitro ("within the glass", i.e., in a test tube or petri dish) to
understand and elucidate the properties and benefits of ascorbic acid to population health.
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ABSTRACT

Vitamin C (chemical names: ascorbic acid and ascorbate) is a six-carbon lactone
which is synthesized from glucose by many animals. Vitamin C is synthesized in the liver
of some mammals and in the kidney of birds and reptiles. However, several species,
including humans, non-human primates and guinea pigs are unable to synthesize vitamin
C. It is one of the important water soluble vitamins for human health. Vitamin C is
needed for many physiological functions in our body, such as, for collagen, carnitine and
neurotransmitters biosynthesis. These physiological functions are largely dependent on
the oxido-reduction properties of this vitamin.

The most widely known health beneficial effect of vitamin C is in the the prevention
or relief of common cold. However, the role of oral vitamin C in the prevention and
treatment of colds remains controversial despite many controlled trials.

Vitamin C plays a critical role in wound repair and in the healing/regeneration
process by stimulating collagen synthesis. It also protects against oxidation of isolated
low density lipoproteins by different types of oxidative stress, including metal ion
dependent and independent processes, some implicated in development of
atherosclerosis. Some scientific findings also refer to the positive role of Vitamin C in
cancer treatment.

In sport, some recent studies indicate important effects of Vitamin C in reducing
inflammation secondary related to exercise and improving recovery.

The present chapter provides an up-to-date overview of the different Vitamin C roles
in promoting human health, preventing disease and sport performance.

* Email: goreti@esac.pt
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1. INTRODUCTION

Vitamin C, also known as ascorbate or ascorbic acid, is synthesized by all animals except
humans, monkeys, guinea pigs, bats, and several bird species (Linster et al., 2007). L-ascorbic
acid (C¢HgOg) is the trivial name of vitamin C and the chemical name is 2-oxo-L-threo-
hexono-1,4-lactone-2,3-enediol. L-ascorbic and dehydroascorbic acid are the major dietary
forms of vitamin C (Moser & Bendich, 1990). In this chapter the terms vitamin C and
ascorbic acid will be used synonymously.

During recent decades, in clinical and experimental research, attention is paid to the role
of antioxidant defense systems in the prevention of human diseases such as cancer, diabetes
mellitus, and cardiovascular pathologies (Cross et al., 1987; Sabuncu et al., 2001; Vural et al.,
2000; Vural et al., 2001). During the progression of these diseases, oxidative stress events
occur, and free radicals and reactive oxygen species (ROS) are generated from the molecular
oxygen to form superoxide radical, hydrogen peroxide, hypocloride, hydroxyl, and peroxyl
radicals.

These free radicals and ROS are thought to contribute to lipid peroxidation (LPO)
(Hochstein & Ernster, 1963), DNA damage (Kasai et al., 1986), and protein degradation
(Dreher & Junod, 1996). Host survival depends upon the ability of cells and tissues to adapt
to or resist the stress and repair or remove damaged molecules and cells. Multiple enzymatic
and nonenzymatic antioxidant defense systems present in cells inactivate those free radicals
and reduce the amount of cellular oxidative damage they cause.

These antioxidants include free radical scavengers; exogenous vitamins A, C, E and
endogenous like glutathione (GSH) and enzymatic systems; and superoxide dismutase (SOD),
catalase (CAT) and glutathione peroxidase (GSH-Px), uric acid, bilirubin, and albumin. The
beneficial effects of the antioxidant supplements have been assessed in many degenerative
diseases that are recognized as being a consequence of oxidative stress and free radical
damage (Abe et al., 1994; Cross et al., 1987; Montilla et al., 1998; Rosenblat & Aviram,
2002; Sabuncu et al., 2001; Vural et al., 2000; Vural et al., 2001).

Vitamin C can limit the formation of carcinogens, such as nitrosamines (Carr & Frei,
1999; Hecht, 1997), in vivo; modulate immune response (Carr & Frei, 1999; Jacob &
Sotoudeh, 2002); and, through its antioxidant function, possibly attenuate oxidative damage
that can lead to cancer (Li & Schellhorn, 2007).

Several scientific studies have been undertaken on how the vitamin C is involved in the
delay or prevention of the onset or progression of the diseases and their complications. By
this, the relationship between vitamin C and disease/health condition will be the focus of the
first section on the present chapter.

The second section describes the effects of vitamin C intake on human physiologic
function during exercise and physical performance.

2.VITAMIN CINHUMAN HEALTH AND DISEASE

Ascorbic acid is one of the most important water soluble vitamins present in foods and is
readily available and easily absorbed by active transport in the intestine (Sauberlich, 1985).
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Most of it (80-90 %) will be absorbed when the intake is up to 100 mg/day, whereas at higher
levels of intake (500 mg/day) the efficiency of absorption of ascorbic acid rapidly declines.

As ascorbic acid is a water soluble compound, it is easily absorbed but it is not stored in
the body. The average adult has a body pool of 1.2-2.0 g of ascorbic acid that may be
maintained with 75 mg/day of ascorbic acid. About 140 mg/day of ascorbic acid will saturate
the total body pool of vitamin C (Sauberlich, 1990). The average half life of ascorbic acid in
adult human is about 10-20 days, with a turnover of 1 mg/kg body and a body pool of 22
mg/kg at plasma ascorbate concentration of 50 pmol/L. (Hellman & Burns, 1958; Kallner et
al., 1982). Hence ascorbic acid has to be regularly supplemented through diet or tablets to
maintain ascorbic acid pool in the body.

Deruelle & Baron (2008), from the current literature, advise healthy people to consume
five servings of fruits and vegetables daily, added to 1 g of vitamin C supplementation
divided in two or three doses during the day, in order to ensure an optimal allowance in
vitamin C.The recommended dietary allowance (RDA) for vitamin C was set at 75 mg daily
for adult females and 90 mg daily for adult males, an increase of 25 % for women and 50%
for men, over the previous recommendation (FNB, 2000). Gram doses (1-2 g/day) of vitamin
C are well tolerated by most individuals. A number of studies suggest that optimal health
benefits are achieved at intakes of 100200 mg/day. Supported by clinical trial evidence from
several studies, Hathcock et al. (2005), concluded that vitamin C supplements of < 2000
mg/day are safe for most adults. The Food and Nutrition Board’s panel on Dietary
Antioxidant and Related Compounds of the NAS (National Academy of Sciences) has
defined an antioxidant as ‘‘any substance that, when present at low concentrations compared
to those of an oxidizable substrate (e.g., proteins, lipids, carbohydrates, and nucleic acids),
significantly delays or prevents oxidation of that substrate’” (FNB, 1998).

Table 1. Tissue concentrations of ascorbic acid in rat and human body
(adapted from Banhegyi et al., 1998, with permission).

Tissue Rat (mg/100 g) Human (mg/100 g)
Adrenal glands 280-400 30-40
Pituitary gland 100-130 40-50
Liver 25-40 10-16
Spleen 40-50 10-15
Lungs 20-40 7
Kidneys 15-20 5-15
Testes 25-30 3
Thyroid 22 2
Thymus 40

Brain 35-50 13-15
Pancreas 10-16

Eye lens 8-10 25-31
Skeletal muscle 5 3-4
Heart muscle 5-10 5-15
Bone marrow 12

Plasma 1.6 0.4-1.0
Saliva 0.07-0.09
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Many cells accumulate ascorbic acid against a concentration gradient. Intracellular
concentrations of ascorbic acid are up to 40-fold higher than plasma concentrations (Banhegyi
etal., 1998, Table 1).

When activated, neutrophils accumulate ascorbate with intracellular ascorbic acid levels
ranging from 2 mM to as much as 10 mM. Although simple diffusion accounts for some of
this movement, ascorbic acid transport is primarily carrier-mediated (Goldenberg &
Schweinzer, 1994; McCormick & Rose et al., 1998; Rumsey et al., 1997; Zhang, 1993).

Ascorbic acid enters cells on a sodium- and energy-dependent transporter, and with the
exception of the intestine, simple diffusion is of minor importance. Most of the intracellular
ascorbate, however, is derived from rapid conversion of dehydroascorbic acid (Behrens &
Madere, 1994; Rumsey & Levine, 1998). Dehydroascorbic acid enters cells on GLUT 1, 2, or
4 transporters, and this transport is inhibited by glucose in vitro.

Oxidative stress is now known to be implicated in the pathogenesis of a wide variety of
health disorders, including coronary heart diseases, cerebrovascular diseases, emphysema,
bronchitis, chronic obstructive lung disease, some forms of cancer, diabetes, skeletal
muscular dystrophy, infertility, cataractogenesis, dermatitis, rheumatoid arthritis, AIDS-
related dysfunctions, and Alzheimer’s and Parkinson’s diseases (Davies & Ursini 1995; Sen
& Hanninen 1994). In addition, reactive oxygen species are thought to critically contribute to
ageing and age-related disorders (Levine & Stadtman 1996).

Ascorbic acid readily scavenges reactive oxygen and nitrogen species, such as superoxide
and hydroperoxyl radicals, aqueous peroxyl radicals, singlet oxygen, ozone, peroxynitrite,
nitrogen, dioxide, nitroxide radicals and hypochlorous acid. Moreover, ascorbic acid
supplementation has been associated with reduced lipid, DNA, and protein oxidation in
experimental systems (Bors & Buettner, 1997; Halliwell &Whiteman, 1997).

Due to its function as an antioxidant and its role in immune function, vitamin C has been
promoted as a means to help prevent and/or treat numerous health conditions. This chapter’
section focuses on diseases and unhealthy habits in which vitamin C might play a role:
diabetes, cancer, cardiovascular disease, age-related macular degeneration and cataracts,
virus-induced respiratory infections, and tobacco usage. The health risks from excessive
intake of vitamin C will also be discussed.

2.1. Vitamin C and Diabetes

It was reported that 194 million people representing a global prevalence exceeding 3 % of
the world population were diabetic and is expected to reach 6.3 % by the year 2025, with the
type 2 diabetes mellitus representing the major part (85-90 %) (Boutayeb et al., 2004).

The chronic intake of high-heat-treated foods was shown to accelerate cardiovascular
complications in animals and humans with diabetes (Lin et al., 2003; Vlassara et al., 2002)
and to help type 1 and 2 diabetes development in mice (Peppa et al., 2003; Sandu et al.,
2005). It was shown that a typical Western diet characterized by a significantly higher
consumption of processed foods (processed meat, pizza, or snacks) is associated with an
increased risk of insulin resistance and metabolic syndrome when compared with a healthier
diet (higher intake of vegetables and significantly reduced amounts of processed foods)
(Esmaillzadeh et al., 2007). In addition, more recently, in a randomized, crossover,
intervention trial, it was found that a diet that is based on high-heat-treated foods increases
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markers associated with an enhanced risk of type 2 diabetes and cardiovascular diseases in
healthy people. Replacing high-heat-treatment techniques by mild cooking techniques may
help to positively modulate biomarkers associated with an increased risk of diabetes mellitus
and cardiovascular diseases (Birlouez-Aragon et al., 2010).

On the other hand, several nutraceuticals used in clinical practice have been shown to
target the pathogenesis of diabetes mellitus, metabolic syndrome and their complications and
to favourably modulate a number of biochemical and clinical endpoints. These compounds
include antioxidant vitamins, such as vitamins C and E, flavonoids, vitamin D, conjugated
linoleic acid, omega-3 fatty acids, minerals such as chromium and magnesium, a-lipoic acid,
phytoestrogens and dietary fibers (Davi et al., 2010).

Most of the intracellular ascorbate is derived from rapid conversion of dehydroascorbic
acid (Behrens & Madere, 1994, Rumsey & Levine, 1998), and the transfer of dehydroascorbic
acid to cells is made through GLUT 1, 2, or 4 transporters, a process that is inhibited by
glucose in vitro. Of clinical significance, it has been postulated that diabetic patients may
have compromised ascorbic status due in part to the inference made by glucose on
dehydroascorbic acid uptake (Rumsey et al., 1997; Rumsey & Levine, 1998).

Knowledge that oxidative changes may actually trigger deterioration in cell function has
led to investigations for identifying agents that may have possible therapeutic value.

Vitamin C (ascorbic acid) is a powerful water-soluble antioxidant present in the cytosolic
compartment of the cell that serves as an electron donor to vitamin E radicals generated in the
cell membrane during oxidative stress. The major store of membranebound vitamin E is in the
inner mitochondrial membrane, the site of the electron transport system. Vitamin E
neutralizes free radicals, preventing the chain reaction that contributes to oxidative damage
(Murase et al., 1998; Sun et al., 1999; Tavan et al., 1997). In animals, vitamin C reduces
diabetes-induced sorbitol accumulation and lipid peroxides in erythrocytes (Riccioni et al.,
2007). Vitamin C (800 mg/day) partially replenishes vitamin C levels in patients with type 2
diabetes and low vitamin C levels but does not improve endothelial dysfunction or insulin
resistance (Chen et al., 2006).

Observational epidemiologic studies have shown significant inverse correlations between
antioxidant concentrations and several biomarkers of insulin resistance or glucose intolerance
in healthy individuals (Sargeant et al., 2000). Concentrations of antioxidants in the blood,
such as vitamins C (Sargeant et al., 2000; Sinclair et al., 1994; Will et al., 1999) and E
(Abahusain et al., 1999; Polidori et al., 2000) and B-carotene (Abahusain et al., 1999; Ford et
al., 1999; Polidori et al., 2000) were also significantly lower in individuals with type 2
diabetes than in nondiabetic control subjects.

Oxidative stress due to hyperglycemia and dyslipidemia in diabetes is known to initiate
and promote either of micro and macro vascular complications (Maritim et al., 2003). The
authors Aksoy et al., (2005) conducted a study to describe the effects of these vitamins on the
oxidative-antioxidative system in diabetic rats. Diabetes in rats increased oxidative stress in
erythrocytes and the supplementation of vitamins C and E significantly reduced LPO levels
and increased GSH, GSH-Px, and SOD activities. These results indicate that combined
ingestion of vitamins C and E exerted beneficial effects of antioxidative defense systems
against that imposed by diabetes mellitus. More recently, in addition to hyperglycemia, it was
reported that dyslipidemia may also contribute to excess free radical generation leading to
oxidative stress (Suchitra et al., 2011).
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Diabetes increases the cardiovascular risk leading to high morbidity and mortality in
diabetic patients (Fox et al., 2007). Moreover, in diabetes, dyslipidemia in the form of
increased levels of total cholesterol, triglycerides, low density lipoprotein cholesterol, very
low density lipoprotein cholesterol and reduced high density lipoprotein cholesterol may
substantially contribute to the excess cardiovascular risk in diabetes (Garg & Grundy, 1990).
A randomized trial study showed no significant overall effects of vitamin C, vitamin E and -
carotene on risk of developing type 2 diabetes in women at high risk of cardiovascular disease
(Song et al., 2009).

A very recent study showed that vitamin C supplementation (1 g/day) for four week
duration among 30 patients, in addition to regular management of diabetic patients (with type
2 diabetes mellitus) was effective in improving hyperglycemia and hyperlipidemia as a
therapeutic measure preventing associated complications (Vaksh et al., 2013). However, as
the authors recognized, the low sample size and short duration of vitamin C supplementation
should be regarded as limitations of the study.

2.2. Vitamin C and Cancer

Cancer is the second leading cause of death in the U.S.A. and in most high-income
countries (Heron, 2011). Cancer is responsible for 44 % of all deaths in Japan, 35 % in
Australia, 33 % in Spain and in United Kingdom, 30 % in Poland, 29 % in the U.S.A. and in
Germany, 22 % in China, 20 % in South Africa and in Brazil, 18 % in Mexico, 15 % in India,
and 9 % in Egypt (WCRF/AICR, 2007).

In epidemiologic studies, diets rich in fruits and vegetables are consistently related to
decreased risk for cancers (Carr & Frei, 1999; Gandini et al., 2000; Levi et al., 1999; Mosby
et al, 2012; Steinmaus et al, 2000; Voorrips et al, 2000; WCRF/AICR, 2007).
Phytochemicals, the bioactive nonnutrient plant compounds in fruit, vegetables, grains, and
other plant foods, have been linked to reductions in the risk of major chronic diseases. It is
estimated that more than 5000 phytochemicals have been identified, but a large percentage
still remain unknown (Shahidi & Naczk, 1995) and need to be identified before their health
benefits are fully understood. Phytochemical extracts from fruit have strong antioxidant and
antiproliferative effects and the combination of phytochemicals in fruit and vegetables is
critical to powerful antioxidant and anticancer activity (Chu et al., 2002; Ederhardt et al.,
2000; Liu, 2003; Sun et al., 2002).

For example, the total antioxidant activity of phytochemicals in 1 g of apples with skin is
equivalent to 83.3 pumol vitamin C equivalents, that is, the antioxidant value of 100 g of
apples is equivalent to 1500 mg of vitamin C. This is much higher than the total antioxidant
activity of 0.057 mg of vitamin C (the amount of vitamin C in 1 g of apples with skin). In
other words, vitamin C in apples contributed only < 0.4 % of total antioxidant activity
(Ederhardt et al., 2000). By this, vitamin C may simply be a marker for fruit and vegetable
consumption (Drewnowski et al., 1997).

On the other hand, cancer incidence and deaths appear inversely related to regular use of
vitamin C supplements (Carr & Frei, 1999). But, although it is likely that ascorbic acid may
have some limited effect given the complexity of protective mechanism(s), the relative
importance of ascorbic acid in various cancers has yet to be resolved.
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The great majority of case-control studies have found an inverse association between
dietary vitamin C intake and cancers of the lung, breast, colon or rectum, stomach, oral
cavity, larynx or pharynx, and esophagus (Carr & Frei, 1999; Jacob & Sotoudeh, 2002).
Nevertheless, evidence from prospective cohort studies is inconsistent, possibly due to
varying intakes of vitamin C among studies.

In a cohort of 82,234 women aged 33-60 years from the Nurses' Health Study,
consumption of an average of 205 mg/day of vitamin C from food (highest quintile of intake)
compared with an average of 70 mg/day (lowest quintile of intake) was associated with a 63
% lower risk of breast cancer among premenopausal women with a family history of breast
cancer (Zhang et al., 1999). In opposition, a significantly lower risk of breast cancer among
postmenopausal women consuming at least 198 mg/day (highest quintile of intake) of vitamin
C from food compared with those consuming less than 87 mg/day (lowest quintile of intake)
was not found (Kushi et al., 1996). Currently, millions of postmenopausal women use
multivitamins, often believing that supplements prevent chronic diseases such as cancer and
cardiovascular disease. After a median follow-up of 8.0 and 7.9 years in the clinical trial and
observational study cohorts, respectively, the Women’s Health Initiative study provided
convincing evidence that multivitamin (including vitamin C) use has little or no influence on
the risk of common cancers, cardiovascular disease, or total mortality in postmenopausal
women (Neuhouser et al., 2009).

There are several studies that suggest that an intake of 90-100 mg vitamin C/day is
required for optimum reduction of chronic disease risk (including significantly lower cancer
risk) in nonsmoking men and women (Carr & Frei, 1999; Levine et al., 1996; Levine et al.,
2001).

Experimental studies have demonstrated that vitamin C inhibits the growth of androgen-
independent and androgen-dependent prostate cancer cells in vitro (Maramag et al., 1997) and
decreases the production of reactive oxygen species in androgen-treated prostate cancer cells
(Ripple et al., 1997).

In addition, plasma vitamin C has been shown to be inversely correlated with biomarkers
of oxidative stress even after adjusting for other antioxidants (Block et al., 2002), suggesting
that vitamin C may decrease oxidative stress. Prospective studies examining blood levels
(Eichholzer et al., 1999; Huang et al,, 2003) or dietary intake (Daviglus et al., 1996;
Giovannucci et al., 1995; Shibata et al., 1992; Schuurman et al., 2002) of vitamin C and
prostate cancer risk have not observed a significant protective association. However, two
retrospective case-control studies found that higher dietary intake of vitamin C was associated
with a decreased risk of prostate cancer (Deneo-Pellegrini et al., 1999; Ramon et al., 2000).
More recently, a prospective study conducted by Berndt et al. (2005), found that higher
plasma vitamin C concentrations within the normal physiologic range are not associated with
a lower risk of prostate cancer in well-nourished men.

A 2008 review of vitamin C and other antioxidant supplements for the prevention of
gastrointestinal cancers found no convincing evidence that vitamin C (or beta-carotene,
vitamin A, or vitamin E) prevents gastrointestinal cancers (Bjelakovic et al., 2008). A similar
review revealed that vitamin C supplementation, in combination with vitamin E, had no
significant effect on death risk due to cancer in healthy individuals (Coulter et al., 2003).

Research in mice suggests that pharmacologic doses of vitamin C by intravenous (IV)
administration may be promising in treating otherwise difficult-to-treat tumors (Chen et al.,
2008). A high concentration of vitamin C may act as a pro-oxidant and generate hydrogen
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peroxide that has selective toxicity toward cancer cells (Chen et al., 2005; Chen et al., 2007,
Chen et al., 2008). Based on these findings and a few case reports of patients with advanced
cancers who had remarkably long survival times following administration of high-dose IV
vitamin C, some researchers support reassessment of the use of high-dose IV vitamin C as a
drug to treat cancer (Chen et al., 2008; Frei et al., 1989; Levine et al., 2009; Padayatty et al.,
2006).

A significant limitation in interpreting many of these studies is that the measurement of
plasmatic or tissue vitamin C concentrations before or after supplementation are not
performed. Additionally, at daily intakes of 100 mg or higher, cells appear to be saturated and
at intakes of at least 200 mg, plasma concentrations increase only marginally (Carr & Frei,
1999; Kushi et al., 1996; Levine et al., 1996; Padayatty et al., 2004; Taylor et al., 1994). If
subjects' vitamin C levels were already close to saturation at study entry, supplementation
would be expected to have made little or no difference on measured outcomes (Levine et al.,
1996; Levine et al., 1999; Padayatty & Levine, 2006, 2009).

In conclusion, the evidence is inconsistent on whether dietary vitamin C intake affects
cancer risk. Results from most clinical trials suggest that modest vitamin C supplementation
alone or with other nutrients offers no benefit in the prevention of cancer.

2.3. Vitamin C and Cardiovascular Disease

Epidemiologic studies have shown that high intakes of fruits and vegetables are
associated with a reduced risk of cardiovascular disease (Li & Schellhorn, 2007; Ye & Song,
2008; Willcox et al., 2008). This association might be partly attributable to the antioxidant
content of these foods because oxidative damage, including oxidative modification of low-
density lipoproteins, is a major cause of cardiovascular disease (Jacob & Sotoudeh, 2002; Li
& Schellhorn, 2007; Willcox et al., 2008).

Some studies revealed that death due to cardiovascular disease is inversely related to
regular use of vitamin C supplements (Carr & Frei, 1999; Ernstrom et al., 1992). Males with
vitamin C deficiency (plasma vitamin C 0.2 mg/dL) were at significantly increased risk of
myocardial infarction after controlling for potentially confounding variables (Ernstrom et al.,
1992).

In addition to its antioxidant properties, vitamin C has been shown to reduce monocyte
adherence to the endothelium, improve endothelium-dependent nitric oxide production and
vasodilation, and reduce vascular smooth-muscle-cell apoptosis, thus preventing plaque
instability in atherosclerosis (Carr & Frei, 1999; Honarbakhsh & Schachter, 2008).

The oxidation of low-density lipoproteins has been implicated in the etiology of
atherosclerosis and serum lipid peroxides were significantly reduced in patients hospitalized
with acute myocardial infarction after consuming diets rich in vitamin C (Singh et al., 1995).

Results from prospective studies focused on associations between vitamin C intake and
cardiovascular disease risk are contradictory (Willcox et al., 2008). In the Nurses' Health
Study, a 16-year prospective study involving 85,118 female nurses, total intake of vitamin C
from both dietary and supplemental sources was inversely associated with coronary heart
disease risk (Osganian et al., 2003). However, intake of vitamin C from diet alone showed no
significant associations, suggesting that vitamin C supplement users might be at lower risk of
coronary heart disease.
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A prospective study in 20,649 British adults found that those in the top quartile of
baseline plasma vitamin C concentrations had a 42 % lower risk of stroke than those in the
bottom quartile (Myint et al., 2008). In male physicians participating in the Physicians' Health
Study, use of vitamin C supplements for a mean of 5.5 years was not associated with a
significant decrease in total cardiovascular disease mortality or coronary heart disease
mortality (Muntwyler et al., 2002).

A collective analysis of nine prospective studies that included 293,172 subjects free of
coronary heart disease at baseline found that people who took >700 mg/day of supplemental
vitamin C had a 25 % lower risk of coronary heart disease incidence than those who took no
supplemental vitamin C (Knekt et al., 2004). The authors of a meta-analysis of prospective
cohort studies, including 14 studies reporting on vitamin C for a median follow-up of 10
years, concluded that dietary, but not supplemental, intake of vitamin C is inversely
associated with coronary heart disease risk (Ye & Song, 2008).

Follow-up data from the Linxian trial, a population nutrition intervention trial conducted
in China shows that daily vitamin C supplements (120 mg) plus molybdenum (30 mcg) for 5—
6 years significantly reduced the risk of cerebrovascular deaths by 8 % during 10 years of
follow-up after the end of the active intervention (Qiao et al., 2009).

Contradicting the “positive effect” evidence, a study indicated that postmenopausal
women with diabetes who took at least 300 mg/day vitamin C supplements had increased
cardiovascular disease mortality (Lee et al., 2004).

Results from other clinical intervention trials have failed to show a beneficial effect of
vitamin C supplementation on the primary or secondary prevention of cardiovascular disease.
For example, in the Women's Antioxidant Cardiovascular Study, a secondary prevention trial
involving 8,171 women aged 40 years or older with a history of cardiovascular disease,
supplementation with 500 mg/day vitamin C for a mean of 9.4 years showed no overall effect
on cardiovascular events (Cook et al., 2007). Similarly, vitamin C supplementation (500
mg/day) for a mean follow-up of 8 years had no effect on major cardiovascular events in male
physicians enrolled in the Physicians' Health Study II (Sesso et al., 2008).

The authors of a 2006 meta-analysis of randomized controlled trials concluded that
antioxidant supplements (vitamins C and E and beta-carotene or selenium) do not affect the
progression of atherosclerosis (Bleys et al., 2006). Similarly, a systematic review of vitamin
C's effects on the prevention and treatment of cardiovascular disease found that vitamin C did
not have favorable effects on cardiovascular disease prevention (Shekelle et al., 2003).

Several studies reported that dialysis patients had an impaired antioxidant system,
including antioxidant status (Clermont et al., 2000; Ha et al., 1996, Hultqvist et al., 1997;
Jackson et al., 1995), antioxidant enzyme activities (Durak et al., 1994; Canestrari et al.,
1995; Chen et al., 1997; Mohora et al., 1995; Paul et al., 1993; Shurtz-Swirski et al., 1995;
Toborek et al., 1992), and reduced antioxidant defense against lipid peroxidation (Canestrari
et al., 1995; Fiorillo et al., 1998; Galli et al., 2001; Mohora et al., 1995; Paul et al., 1993;
Peuchant et al., 1997; Toborek et al., 1992). Due to hemobioincompatibility of the dialysis
system, the formation of free oxygen radical species and trace amounts of endotoxins were
induced during the inflammatory state in hemodialysis patients (Morena et al., 2000). Both
the abnormalities in the antioxidant defense system and the increased oxidative stress may
increase their susceptibility to lipid peroxidation in low density lipoprotein (LDL), which may
lead to the subsequent development of atherosclerotic cardiovascular disesase in hemodialysis
patients (Clermont et al., 2000; Galli et al., 2001; Morena et al., 2000).
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According to Chao et al. (2002), vitamin C and E supplements improve the impaired
antioxidant status and decrease plasma lipid peroxides in hemodialysis patients.

Although the results from several studies, like the Linxian trial data, suggest a possible
benefit, overall, the findings from most intervention trials do not provide conclusive evidence
that vitamin C supplements provide protection against cardiovascular disease or reduce its
morbidity or mortality. However, clinical trial data for vitamin C are limited by the fact that
plasma and tissue concentrations of vitamin C are tightly controlled in humans. Ascorbic acid
is also necessary for the transformation of cholesterol to bile acids as it modulates the
microsomal 7-a-hydroxylation, the rate limiting reaction of cholesterol catabolism in liver. In
ascorbic acid deficiency, this reaction becomes slowed down, thus, resulting in an
accumulation of cholesterol in liver, hypercholesterolemia, formation of cholesterol gall
stones, among others (Ginter et al., 1982). Moreover, Harats et al., (1998) reported that 2
months of supplementation with 500 mg vitamin C/day slightly increased plasma cholesterol
(this was offset by reduced in vitro LDL susceptibility to oxidation).

2.4. Vitamin C and Age-Related Macular Degeneration and Catar acts

Age-related macular degeneration (AMD) and cataracts are two of the leading causes of
vision loss in older individuals. Oxidative stress might contribute to the etiology of both
conditions. Therefore, researchers have hypothesized that vitamin C and other antioxidants
play a role in the development and/or treatment of these diseases.

High dietary intakes of vitamin C and higher plasma ascorbate concentrations have been
associated with a lower risk of cataract formation in some studies (Carr & Frei, 1999; Jacob
& Sotoudeh, 2002). In a 5-year prospective cohort study conducted in Japan, higher dietary
vitamin C intake was associated with a reduced risk of developing cataracts in a cohort of
more than 30,000 adults aged 45-64 years (Yoshida et al., 2007). Furthermore, results from
two case-control studies indicate that vitamin C intakes greater than 300 mg/day reduce the
risk of cataract formation by 70 %—75 % (Carr & Frei, 1999; Jacob & Sotoudeh, 2002).

A population-based cohort study in the Netherlands found that adults aged 55 years or
older who had high dietary intakes of vitamin C as well as beta-carotene, zinc, and vitamin E
had a reduced risk of AMD (van Leeuwen et al., 2005).

Epidemiologic studies have also shown that the risk of cataract, particularly posterior
subcapsular cataract, is significantly higher in individuals with moderate to low blood
concentrations of vitamin C (odds ratio, 3.3 to 11.3 after adjustment for age, gender, race, and
diabetes) (Jacques & Chylack, 1991; Jacques et al., 1997). After controlling for potentially
confounding variables, including diabetes, smoking, sunlight exposure and regular aspirin
use, taking vitamin C supplements for 10 years was associated with reduced risk for early
(odds ratio, 0.23; 95 % CI, 0.99-0.60) and moderate (odds ratio, 0.17; 95 % CI, 0.03-0.87)
age-related lens opacities in women (Jacques et al., 1997). When consumed for less than 10
years little or no association to cataract formation has been observed.

However, most prospective studies do not support those findings (Evans, 2007). The
authors of a systematic review and meta-analysis of prospective cohort studies and
randomized clinical trials concluded that the current evidence does not support a role for
vitamin C and other antioxidants, including antioxidant supplements, in the primary
prevention of early AMD (Chong et al., 2007).
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Although research has not shown that antioxidants play a role in AMD development,
some evidence suggests that they might help slow AMD progression (Evans, 2006). The Age-
Related Eye Disease Study (AREDS), a large, randomized, placebo-controlled clinical trial,
evaluated the effect of high doses of selected antioxidants (500 mg vitamin C, 400 IU vitamin
E, 15 mg beta-carotene, 80 mg zinc, and 2 mg copper) on the development of advanced AMD
in 3,597 older individuals with varying degrees of AMD (AREDSRG, 2001a,b). After an
average follow-up period of 6.3 years, participants with intermediate AMD who received
antioxidant supplements had a 28 % lower risk of progression to advanced AMD than
participants who received a placebo.

2.5. Vitamin C and Immune Function

The most prominent link of vitamin C to immune system seems to be its suggested
preventive role on virus-induced respiratory infections.

There are many synonyms or acronyms for cold and flu. Most generally, flu refers to
constitutional symptoms of fever and aching with occasional gastrointestinal upset. Cold
generally refers to symptoms in the upper respiratory tract. The two may or may not
accompany each other and both are largely viral infections.

In the 1970s, Nobel laureate Linus Pauling suggested that vitamin C could successfully
treat and/or prevent the common cold (Pauling, 1971). Results of subsequent controlled
studies have been inconsistent, resulting in confusion and controversy, although public
interest in the subject remains high (Douglas & Hemild, 2005; Douglas et al., 2007).

The search for the unequivocal demonstration of the effectiveness of vitamin C in
preventing and relieving the symptoms of virus-induced respiratory infections such as colds
and influenza has been the target of a few research works. One of the obstacles has been the
assumption that as a water-soluble vitamin, excess vitamin C is passed off in the urine, and
therefore the application of megadoses is ineffective.

Positive results in treating the symptoms of virus-induced respiratory infections by the
application of moderate-to-large doses of vitamin C (300 mg and 2000 mg) have been
reported (Bernasconi & Massera, 1985; Bucca et al., 1990; Hemilia, 1994; Hunt et al., 1994;
Peters et al., 1993). In 1999, during a prospective, clinically controlled study, Gorton &
Jarvis, reported that vitamin C in megadoses (1000 mg each), administered before or after the
appearance of cold and flu symptoms relieved and prevented the symptoms (85 % less
symptoms) in the test population compared with the control group.

More recently, a 2007 Cochrane review examined placebo-controlled trials involving the
use of at least 200 mg/day vitamin C taken either continuously as a prophylactic treatment or
after the onset of cold symptoms (Douglas et al., 2007). Prophylactic use of vitamin C did not
significantly reduce the risk of developing a cold in the general population. However, in trials
involving marathon runners, skiers, and soldiers exposed to extreme physical exercise and/or
cold environments, prophylactic use of vitamin C in doses ranging from 250 mg/day to 1
g/day reduced cold incidence by 50 %. In the general population, use of prophylactic vitamin
C modestly reduced cold duration by 8 % in adults and 14 % in children. When taken after
the onset of cold symptoms, vitamin C did not affect cold duration or symptom severity.

Overall, the evidence to date suggests that regular intakes of vitamin C at doses of at least
200 mg/day do not reduce the incidence of the common cold in the general population, but
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such intakes might be helpful in people exposed to extreme physical exercise or cold
environments and those with marginal vitamin C status, such as the elderly and chronic
smokers (Douglas et al., 2007; Hemild, 2007; Wintergerst et al., 2006). A study with
hospitalized elderly patients, diagnosed with acute respiratory infections, receiving 200 mg of
vitamin C daily fared better than patients receiving a placebo (Hunt et al., 1994).

The mechanisms by which vitamin C reduces the severity of upper respiratory tract
infections are not well established, but must be related to any number of redox sensitive
signals and sites associated with enzymes and receptors. Further, reducing agents and proton
donors are needed to drive the activation of phagocytes. Vitamin C can also accelerate the
destruction of histamine, a mediator of allergy and cold symptoms in vitro (Bucca et al.,
1990; Johnston et al., 1992; Johnston et al., 1996). Vitamin C supplementation consistently
reduces blood histamine concentrations 30 % to 40 % in adult subjects (Johnston et al., 1992;
Johnston et al., 1996). An acute dose of vitamin C (e.g., 2 g) can also reduce bronchial
responsiveness to inhaled histamine in patients with allergy (Bucca et al., 1990). Thus, the
antihistamine effect of vitamin C may attenuate the severity of symptoms associated with
respiratory tract infections.

The use of vitamin C supplements might shorten the duration of the common cold and
ameliorate symptom severity in the general population (Douglas & Hemild, 2005; Hemila,
2007), possibly due to the anti-histamine effect of high-dose vitamin C (Johnston, 1996).

2.6. Vitamin C and Tobacco Usage

Smoking is known to increase the metabolic turnover of ascorbic acid due to its oxidation
by free radicals and reactive oxygen species generated by cigarette smoking (Frei et al.,
1981). It has been suggested that a daily intake of at least 140 mg/day is required for smokers
to maintain a total body pool similar to that of non-smokers consuming 100 mg/day (Kallner
et al., 1981).

Supplementation of 100 mg vitamin C/day for 20 weeks to both smokers and non-
smokers resulted in a significant decrease in oxidative base damage to lymphocyte DNA as
measured by a modified comet assay. In addition the lymphocytes showed an increased
resistance to H,O, induced oxidative damage in vitro (Duthie et al., 1996).

In smokers, acute smoking (57 cigarettes in 90 min) increased LDL lipid peroxidation
twofold; vitamin C supplementation (1.5 g daily) reversed LDL lipid smoking-induced
peroxidation (Harats et al., 1990).

Vitamin C intake is positively associated with bone mineral density (Hall & Greendale,
1998; Leveille et al, 1997, Melhus et al, 1999; Weber, 1999). This association is
independent of other nutrients correlated with dietary vitamin C, including vitamin A and (-
carotene. The relationship is particularly strong at high calcium intakes in postmenopausal
women (Hall & Greendale, 1998; Melhus et al., 1999). Among persons with low vitamin E
intake (6 mg per day) and those with modest vitamin C intake (70 mg per day or less), the
odds of sustaining a fracture were 2—4 times greater for current smokers than for women who
never smoked. Among persons with low intakes of both vitamins, the odds of fracture were
nearly five times greater among current smokers than among women who never smoked.
Compared with those who have never smoked, the odds of fracture were not increased among
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smokers who also had high intakes of vitamin E and/or vitamin C, e.g., 200 mg/day (Hall &
Greendale, 1998; Melhus et al., 1999; Weber, 1999).

According to the FNB (2000) recommendations, the RDA of vitamin C for smokers must
be increased in more 35 mg in both genders.

2.7. Health Risks from Excessive Vitamin C Intake

It has been recommended that the RDA for ascorbic acid should be 100—-120 mg/day to
maintain cellular saturation and optimum risk reduction of heart disease, stroke and cancer in
healthy individuals (Carr & Frei, 1999). There is no scientific evidence to show that even
very large doses of vitamin C are toxic or exert serious adverse health effects (Bendich, 1997
FNB, 2000; Johnson, 1999).

Furthermore, the panel on dietary antioxidants and related compounds suggested that in
vivo data do not clearly show a relationship between excess vitamin C intake and kidney
stone formation, pro-oxidant effects, excess iron absorption (FNB, 2000). The most common
complaints are diarrhea, nausea, abdominal cramps, and other gastrointestinal disturbances
due to the osmotic effect of unabsorbed vitamin C in the gastrointestinal tract (FNB, 2000;
Jacob & Sotoudeh, 2002).

Plasma vitamin C concentrations in people who regularly consume vitamin C
supplements are 60—70 % higher than those who do not take supplements (75-80 and 45-50
pmol/L, respectively (Byerley & Kirksey, 1985; Dickinson et al., 1994; Moss, 1989; Subar &
Block, 1990). A daily intake of 500-1000 mg is necessary to maintain plasma vitamin C
concentrations at 75-80 umol/L. The recently revised RDA for vitamin C, 75 mg daily for
adult females and 90 mg daily for adult males, represents a 25-50 % increase over the 1989
RDA, 60 mg (FNB, 2000). Exclusively breastfed infants ingest approximately 10 mg vitamin
C/kg body weight (Byerley & Kirksey, 1985).

Approximately 70 % of a 500 mg dose is absorbed. However, much of the absorbed dose
(50 %) is excreted unmetabolized in urine.With a dose of 1250 mg, only 50 % of the dose is
absorbed and nearly all (85 %) of the absorbed dose is excreted (Johnson, 1999).

About 75 % of kidney stones contain calcium oxalate; another 5-10 % is composed of
uric acid. High doses of vitamin C have been shown to increase urinary excretion of both
oxalic acid and uric acid; and thus, theoretically promote the formation of kidney stones
(Berger & Gerson, 1977; Curhan et al., 1996; FNB, 2000; Goldfarb, 1994; Levine et al.,
1996; Nahata et al., 1977; Schrauzer & Rhead, 1973; Stein et al., 1976; Wandzilak et al.,
1994). Chronic daily ingestion of 1000 mg vitamin C increased urinary uric acid by 30%
(Stein et al., 1976). However, studies evaluating the effects on urinary oxalate excretion of
vitamin C intakes ranging from 30 mg to 10 g/day have had conflicting results, so it is not
clear whether vitamin C actually plays a role in the development of kidney stones (Curhan et
al., 1996, Curhan et al., 1999; FNB, 2000; Taylor et al., 2004). The best evidence that vitamin
C contributes to kidney stone formation was found in patients with pre-existing hyperoxaluria
(Levine et al., 1999).

In their review, Levine et al. (1999), concluded that the safe upper limit for vitamin C
should be 1 g/day. At higher dosages of vitamin C patients with pre-existing hyperoxaluria
may increase the risk of nephrolithiasis and in some healthy people there is an increase in
oxalate excretion, although the consequences of this increase are unclear.
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Epidemiologic data do not support an association between vitamin C supplementation
and kidney stones. In the Harvard Prospective Health Professional Follow-Up Study
involving over 45,000 men from 40—75 years of age, 751 incident cases of kidney stones were
documented over a six-year period (Curhan et al., 1996). The age-adjusted relative risk for
men consuming 1500 mg or more vitamin C/day was 0.78, when compared with those
consuming less than 251 mg/day (95 % confidence interval, 0.54—1.11).

Another matter of concern is the influence of vitamin C over iron absorption. Due to the
enhancement of nonheme iron absorption by vitamin C, a theoretical concern is that high
vitamin C intakes might cause excess iron absorption. In healthy individuals, this does not
appear to be a concern (FNB, 2000). However, in individuals with hereditary
hemochromatosis, chronic consumption of high doses of vitamin C could exacerbate iron
overload and result in tissue damage (FNB, 2000; Jacob & Sotoudeh, 2002).

Vitamin C is a redox active compound and can not only act as an antioxidant but also as a
pro-oxidant in the presence of redox active transition metal ions. Reduction of metal ions e.g.
copper and iron, by vitamin C in vitro can result in formation of highly reactive hydroxyl
radicals via reaction of the reduced metal ion with hydrogen peroxide by the Fenton reaction
(Carr & Frei, 1999). In fact, under specific conditions, vitamin C can act as a pro-oxidant,
potentially contributing to oxidative damage (FNB, 2000). It was reported that vitamin C can
cause oxidative damage to erythrocytes (Ballin et al., 1988).

A few studies in vitro have suggested that by acting as a pro-oxidant, supplemental oral
vitamin C could cause chromosomal and/or DNA damage and possibly contribute to the
development of cancer (Lee et al., 2001; Podmore et al., 1998).

Doses of 500 mg vitamin C per day given to volunteers (16 females and 14 males aged
between 17 and 49) exhibited a pro-oxidative effect. The levels of the potentially mutagenic
lesions, 8-oxoadenine and 8-oxoguanine, markers for DNA damage mediated by oxygen
radicals, were measured. Supplementation of diets with 500 mg vitamin C for 6 weeks gave a
statistically significant increase in 8-oxoadenine levels in DNA harvested from lymphocytes.
No significant increase was observed in those subjects receiving placebo. In the 6 week
period following treatment 8-oxoadenine levels returned to those observed at baseline or
during placebo. In contrast, 8-oxoguanine levels were significantly reduced (Podmore et al.,
1998).

However, other studies have not shown increased oxidative damage or increased cancer
risk with high intakes of vitamin C (Carr & Frei, 1999; FNB, 2000).

The diet of most athletes usually contains vitamins in their naturally occurring state, or
when the foods are enriched (e.g. breakfast cereals). Unfortunately, many athletes regularly
consume megadoses of vitamins (between 10 to 1000 times RDA) as an ergogenic aid in the
belief that, ‘if a little is good, more must be better’ (Bishop et al., 1999). However,
supplementation studies in athletes eating well-balanced diets do not support this practice
(van der Beek, 1992), and ingestion of megadoses of vitamins is likely to do more harm than
good. By this, athletes are advised to be supervised by a qualified sports nutritionist to assess
their nutritional status and needs before taking large amounts of unnecessary vitaminic
supplements, such as vitamin C, in particular.
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3. VITAMIN C AND SPORTS

The detrimental outcomes associated with unregulated and excessive production of free
radicals remains a physiological concern that has implications to health, medicine and
performance. Available evidence suggests that physiological adaptations to exercise training
can enhance the body's ability to quench free radicals and circumstantial evidence exists to
suggest that key vitamins and nutrients may provide additional support to mitigate the
untoward effects associated with increased free radical production. However, controversy has
risen regarding the potential outcomes associated with vitamin C.

3.1. Vitamine C as Ergogenic Aid in Sport

An ergogenic aid is defined as any training technique, mechanical device, nutritional
practice, pharmacological method, or psychological technique that can improve exercise
performance capacity and/or enhance training adaptations (Kreider et al., 2009; Leutholtz &
Kreider, 2001; Williams, 1999). This includes aids that may help prepare an individual to
exercise, improve the efficiency of exercise, and/or enhance recovery from exercise.
Ergogenic aids may also allow an individual to tolerate heavy training to a greater degree by
helping them recover faster or help them stay injury-free and/or healthy during intense
training.

According to Kreider et al., who published in 2010 an extensive review focused on
research and recommendations about exercise and sport nutrition, individuals who better
adapt to high levels of training usually experience greater gains from training over time which
can lead to improved performance. Consequently, employing nutritional practices that help
prepare individuals to perform and/or enhance recovery from exercise should also be viewed
as ergogenic.

Changes in nutrient intake may induce homeostatic adaptations in absorption and
metabolic use that redistribute nutrients without any effect on performance. Failure to assess
biochemical indicators of nutritional status also limits any conclusions about influence of
intake on biological function. Lukaski (2004) presented a model that includes these key
components and emphasisis feedback regulation among these components (Figure 1).

According to Lukaski (2004), the use of this model will enable rigorous research designs
to test hypothesis relating nutrient intake, nutritional status, and human performance.

The metabolic functions of vitamins required in sports are mainly those needed for
production of energy and for neuromuscular functions (skills). Physical performance involves
several metabolic pathways, all including several biochemical reactions. The relation between
vitamin supply and functional capacity is S-shaped or ‘bell-shaped’, depending on whether
the examination is extended to megadoses (Figure 2). The core in the above relation is that
the output (functional capacity) is not improved after the ‘minimal requirement for maximal
output’ is reached (Brubacher, 1989). In contrast, overvitaminosis may in some cases reduce
the output below the maximal level.

Although research has demonstrated that specific vitamins may possess some health
benefit (for instance, vitamin E, vitamin C, and folic acid), few have been reported to directly
provide ergogenic value for athletes.
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Figure 1. Model to assess the interactions among nutrient intake, status, function, and performance
(adapted from Lukaski, 2004, with permission).
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Figure 2. The association between vitamin supply and functional output (adapted from Fogelholm,
2000, with permission).

However, some vitamins may help athletes tolerate training to a greater degree by
reducing oxidative damage (vitamin E, C) and/or help to maintain a healthy immune system
during heavy training (vitamin C). Theoretically, this may help athletes tolerate heavy
training leading to improved performance (Kreider et al., 2010).

Vitamin supplements frequently used by athletes include B-complex vitamins, vitamin E
and, especially, vitamin C (Sobal & Marquart, 1994). The common motivation for vitamin
supplementation is to improve sports performance and enhance recovery (Williams, 1986).

Vitamin C is involved in a number of metabolic processes in the human body, including
those that may be important for the optimal functioning of the oxygen energy system. The
reductant properties of vitamin C help to absorb dietary iron, which is needed for the
formation of haemoglobin in the red blood cell.
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Table 2. Functions of vitamin C associated with specific enzymes
(adapted from Johnston et al., 2001, with permission)

Function

Associated enzyme(s)

Associated
mechanism
and features

Extracellular matrix
maturation (Collagen
biosynthesis)

Prolyl-3-hydroxylase
Prolyl-4-hydroxylase
Lysyl hydroxylase

Dioxygenase; Fe'

Cql complement synthesis
Carnitine biosynthesis

Prolyl-3-hydroxylase

6-N-Trimethyl-L-lysine hydroxylase
y-Butyrobetaine hydroxylase

. 2
Dioxygenase; Fe"
Dioxygenase; Fe'™

Pyridine metabolism

Pyrimidine deoxyribonucleoside
Hydroxylase (fungi)

. 2
Dioxygenase; Fe"

Cephalosporin synthesis

Deacetoxycephalosporin C synthetase

Dioxygenase; Fe '

Tyrosine metabolism

Tyrosine-4-hydroxyphenylpyruvate
hydrolase

Dioxygenase; Fe '

Norepinephrine Dopamine-B-monooxygenase or Monooxygenase;
biosynthesis hydrolase Cu"!
Peptidylglycine-a- Peptidylglycine-a-amidating Monooxygenase;
amidation in the activation | monooxygenase Cu"'

of hormones

Most of all, it is a powerful antioxidant, helping prevent cellular damage and impairment
of the immune system from free radicals generated during intense aerobic exercise (Evans,
2000).

Ascorbic acid is distributed in varying concentrations throughout the body and is
involved in a variety of metabolic reactions related to exercise, such as, the synthesis and
activation of neuropeptides, collagen, carnitine and protection against the harmful effects of
reactive oxidant species (Table 2). Athletes who increased dietary vitamin C requirements
and intake may have important effects on aerobic capacity, antioxidant status and immunity
(Peake, 2003). Vitamin C is a required cofactor for the biosynthesis of muscle carnitine (-
hydroxy butyric acid), a fatty acid transport molecule that facilitates fat oxidation during
exercise. Vitamin C depletion is associated with decreased tissue carnitine, a consequence
that is believed to contribute to fatigue and decreased fat oxidation during exercise (Hughes et
al., 1980; Johnston et al., 2006). Vitamin C is required for norepinephrine synthesis, a
neurotransmitter with roles in mood states, exercise performance, and heart rate recovery after
exertion (Carlezon et al., 2009; Zouhal et al., 2008). Although conflicting data exist, the
preponderance of available information suggests that physical exercise promotes an increase
in free-radical generation. There are few studies that were focused on the effects of vitamin C
intake in the oxidative stress parameters of professional athetes during submaximal and/or
maximal exercise. Cholewa et al. (2008), conducted a study with well-trained basketball
players and found that supplementation in vitamin C (240 mg/d for 21 days) does not change
the blood antioxidant status, both at rest and after maximal exercise. It also has no effect on
maximal oxygen uptake, thus, does not increase aerobic capacity.
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Figure 3. Ascorbic acid (vitamin C) and immunosuppression in runners. A hypothetical model of
prophylactic mechanisms of action (adapted from Peters, 1997, with permission). ACTH=
adrenocorticotrophic hormone; IL = interleukin; MPO = myeloperoxidase; NADPH = nicotinamide
adenine dinucleotide phosphate (reduced form); NK = natural killer; ROS = reactive oxygen species;
TNF = tumour necrosis factor.

Vasankari et al. (1998) found no improvement in exercise induced oxidative stress in
Finnish runners who were supplemented with vitamin C. Although Bryant et al. (2003)
reported diminished membrane damage with 400 [U/day of vitamin E in trained cyclists (22.3
+ 2 years old, who participated in four separate supplementation trials—placebo, 1 g/day of
vitamin C, 400 [U/day of vitamin E, or 1 g/day of vitamin C plus 200 IU/day of vitamin E), 1
g/day of vitamin C promoted cellular damage. Neither vitamin E nor vitamin C (alone or
taken together) improved exercise performance.

Vitamin C may enhance immune function. In fact, a number of reports suggest ascorbic
acid supplementation lowers the incidence of upper respiratory tract infection in individuals
under heavy physical stress (Peters et al., 1993; Peters et al., 1996). Ascorbic acid acts as a
free radical scavenger, neutralising the ROS that are produced by neutrophils during exercise-
induced phagocytosis and degranulation. This is hypothesised to reduce the auto-oxidative
effect on neutrophil function and the apparent post-event immunosuppression (Figure 3).

Male runners consuming 500 mg/day of vitamin C received 600 mg of vitamin C or
placebo for 21 days and then ran in a marathon race (Peters et al., 1993). During the 14 days
after the race, the runners supplemented with vitamin C had fewer upper respiratory tract
infections than did men receiving the placebo (33 % against 68 %).

3.2. Potential Action of Vitamine C in SportsInjuries and Muscle Recovery

The regulation of inflammation is an active area of research. Anti-inflammatory
cytokines provide endogenous protection against proinflammatory cytokines.

The anterior crutiate ligament (ACL) is one of four major ligaments in the knee that
provides stability and strength to the knee joint. Immediate (1 week post-ACL surgery) and
persistent (months to years) leg muscle atrophy commonly follows an ACL injury and
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surgery (Arangio et al., 1997; Arvidsson et al., 1986; Elmqvist et al., 1989; Risberg et al.,
1999; Rosenberg et al., 1992). Synovial fluid proinflammatory cytocines (Zysk et al., 2004)
have been observed following ACL surgery and they induce oxidative and nitrative stress
(Adams et al., 2002; Hardin et al., 2008) and mediate muscle atrophy or proteolysis (Dehoux
et al., 2007; Goodman, 1991, 1994; Li et al., 1998). In a randomized, double-blind, placebo-
controlled trial in men undergoing ACL surgery, conduted by Barker et al., (2009), it was
found that vitamin E and C supplementation prior to ACL surgery attenuated the increase in
IL-10 (an anti-inflammatory cytocine) in patients at 90 min and 72 h postsurgery.

Thompson et al. (2003) investigated the effects of 200 mg vitamin C supplementation
following an intense shuttle-running test. These investigators did not observe improved
indices of muscle damage, muscle function, or muscle soreness compared to a placebo group.
Similar results were reported in a study by Close et al. (2006). In this study, supplementation
with ascorbic acid after downhill running exercise decreased indices of oxidative muscle
damage compared to placebo but did not attenuate delayed-onset muscle soreness. In fact, at
least two studies have reported that postexercise vitamin C supplementation may delay the
recovery process, especially following prolonged eccentric exercise (Childs et al., 2001;
Thompson et al., 2003). Thus, although preexercise vitamin C supplementation has been
clearly demonstrated to play a protective role in muscle (Bryer & Goldfarb, 2006; Goldfarb et
al., 2005; Thompson et al., 2001), its application to postexercise recovery is less clear.

Vitamin C does appear to control ROS formed during exercise. If not controlled, these
species have the ability to react with cell membranes and damage them. In 1992, Kaminski &
Boal examined the relation between vitamin C (given to 19 subjects for 3 days before
exercise and 7 days afterward) and the muscle damage induced by two bouts of eccentric
exercise. The authors concluded that vitamin C reduced muscle damage.

Brites et al, (1999) found that football players participating in regular training
demonstrated higher levels of oxidative stress damage, despite an increase in endogenous
antioxidant capacity.

More recently, the effects of vitamin C and E supplementation on markers of oxidative
stress, muscle damage and performance of elite football players, under regular training during
their pre-competitive season, was studied (Zoppi, 2006). This study demonstrated that these
vitamins may reduce lipid peroxidation and muscle damage during high intensity efforts, but
did not enhance performance.

CONCLUSION

Vitamin C is one of the most important and essential vitamins for human health. It is
needed for many physiological functions in human biology.

Ongoing research is examining whether vitamin C, by limiting the damaging effects of
free radicals through its antioxidant activity, might help prevent or delay the development of
certain cancers, diabetes mellitus, cardiovascular disease, and other diseases in which
oxidative stress plays a causal role. Neverthless, evidence from most randomized clinical
trials suggests that vitamin C supplementation, usually in combination with other
micronutrients, does not affect cancer risk.
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The effect of vitamin C supplementation on physical performance has been investigated
intermittently over the past 50 years, but the results of these studies have been contradictory.
The possible benefits of vitamin C supplementation on exercise-induced muscle damage
remain doubtful and further research is requested. In fact, clear evidence of a benefit of
vitamin C supplementation on physical performance is lacking. Vitamin C, however, may
exert permissive effects on physiologic fuctions (such as, antioxidant, imunocompetence, and
collagen repair) that facilitate recovery from intense training and, thus, promote performance.

In summary, though vitamin C was discovered in 17" century, the exact role of this
vitamin in human biology and health is still a mystery in view of the many beneficial claims
and controversies.
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VARIABILITY IN THE VITAMIN C CONTENT
OF BAOBAB (ADANSONIADIGITATAL.) FRUIT
PULPFROM THREE AFRICAN SAHELIAN COUNTRIES
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ABSTRACT

The Baobab (Adansonia digitata L.) tree is one of the most widely used wild trees
providing food, medicine and fodder in West Africa. The most valuable product from
Baobab fruit for the international market is the pulp and is accepted in Europe as a novel
food ingredient. Indeed the pulp has found to have a high content of calcium, phosphorus
and high levels of vitamin C. Undertaken studies reported a significant variation in
vitamin C content within and among Baobab populations in three African Sahelian
countries including Burkina Faso, Mali and Niger. The content of vitamin C was ranged
from 397 to 575m g/100g. There was a significant correlation between annual
precipitation of the origin site and vitamin C content (r = -0.296, P < 0.001). No relation
was found between pulp or bark colour and vitamin C content. Based on the vitamin C
content, Baobab has a potential to improve nutrition for millions people in West Africa.
The variation for vitamin C within sites is an indication that valuable gains could be
made by selection of good varieties.

1. INTRODUCTION

In several countries including African countries, natural tree fruits constitute an important
part of population diets and are also an important source of income for these populations
(Parkouda et al., 2007). Mainly crudely consumed, they improve the daily food ration as an

* Email: cparkouda@yahoo.ft.
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energy source and through their content in micronutrients. The Baobab (4Adansonia digitata
L.) tree is one of the most widely used wild trees providing food, medicine and fodder (Sidibe
& Williams, 2002).The most valuable product from Baobab fruit for the international market
is the pulp (Chadare et al., 2009). The dried Baobab fruit pulp has indeed been accepted by
the European Union (EU) commission as a novel food ingredient under Regulation (EC) N°
258/97 of the European Parliament and of the Council. The pulp has found to have a high
content of calcium and phosphorus and high levels of vitamin C (Diop et al., 2005; Osman,
2004).

Several studies have reported variation in Baobab taxonomy, distribution, agronomy,
agroecology as well as variation in Baobab fruits nutrient content including vitamin C in pulp
(Assogbadjo et al., 2008; Chadare et al., 2009; Parkouda et al., 2012; Scheuring et al., 1999;
Sidibe et al., 1996).

The present chapter aim is to highlight the variationof vitamin C content of Baobab fruit
pulp from three African Sahelian countries (Burkina Faso, Mali and Niger).

2. THE BAOBAB TREE

2.1. Description and Geographical Distribution

The Adansonia genus called the Baobab tree in both English and French is a
multipurpose tree belonging to the family Bombacaceae. The genus includes eight species,
namely Adansonia grandidieri, A. madagascarensis, A. perrieri, A. rubrostipa, A.
suarezensis, A. za, A. gibbosa and A. digitata L. The first six species are endemic in the island
of Madagascar and A. gibbosa is only located in the north-west of Australia. Adansonia
digitata is present on the African mainland and is the most widespread and the best described
species (Alverson et al., 1999; Diop et al., 2005; Sidibe & Williams 2002).

A. digitata L. is very characteristic of the Sahelian region. It grows naturally and is a
typically scattered tree in the savannah and is often associated with human settlements (De
Caluwe et al., 2009). The tree is very massive, with a very large trunk (up to 10 m diameter).
It can grow up to 25 m in height and may live for hundreds or thousand years under suitable
conditions (Diop et al., 2005). It has been introduced to areas outside Africa and grown
successfully (Sidibe & Williams, 2002). Investigations revealed that A.digitata tree can be
propagated by seeding, grafting or vegetative multiplication (Ishii & Kambou, 2007).

The form of the trunk varies. In young trees it is conical; in mature trees it may be
cylindrical, bottle shaped or tapering with branching near the base (Gebauer et al., 2002). The
trunk ramifies at the top in several short and broad branches, often irregular. The bark is
smooth, reddish brown or greyish with a purplish tinge or rough and wrinkled (Figure 1A).

The leaves reach up to 20 cm in diameter and present 3 to 6 oblong leaflets (Figure 1B).
The flowers are white but sometime greenish or brownish; they measure 8 to 20 cm in
diameter and are suspended with a peduncle of about 15 cm or more in length (Figure 1C).

The fruit is generally ovoid, but it can also present a spherical form, very lengthened or
club-sharped. The fruit is covered by a woody shell up to 50 cm in length and up to 10 cm in
diameter (Figure 1D), which is covered by brownish or greenish felted hair. Moreover the
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shell contains numerous hard, brownish seeds, round or ovoid, up to 15 mm long which are
embedded in a yellowish-white pulp (Figure 1E and 1F).

Figure 1. A: Baobab (Adansonia digitata) tree. B: Leaves. C: Flower on the tree. D: Fruits on the tree.
E: Pods broken showing seeds embedded in pulp. F: Cleaned seeds. (Own pictures).
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2.2. Importance of the Baobab (Adansonia digitataL) Tree

A. digitatais a widely-used plant species with medicinal properties and numerous food
and non-food uses (Diop et al., 2005). The leaves of A. digitata tree are a staple food for
many populations in many parts of Africa. Young leaves are commonly used as a vegetable in
soups or cooked and eaten as spinach. Dried green leaves are used throughout the year,
mostly in soups served with the staple dish of millet (Gebauer et al., 2002). Strangely, it is
only in West Africa that Baobab leaves contribute to diets in a major way; Eastern and
Southern Africa have the tree but seldom consume the leaves (NRC, 2006; NRC, 2008).
Leaves are generally harvested during the rainy season when they are fresh and tender.
During the last month of the rainy season, leaves are harvested in great abundance and are
dried for domestic use and for marketing during the dry season. Thousands of tons are
consumed annually in Africa, and Baobab greens are a commonplace in the markets as well
as the daily meals (NRC, 2006, Yazzie et al., 1994). Nordeide et al. (1996) reported that the
leaves are important protein sources in complementing the amino acid profile and thereby
improving the protein quality of the diet.

The fruit of the Baobab tree is an ovoid pod containing about hundred seeds embedded in
a pulp (Diop et al., 2005). The pulp has been found to have a high content of calcium and
phosphorus and high levels of vitamin C (Afolabi & Popoola, 2005; Obizoba & Amaechi,
1993; Diop et al., 2005; Osman, 2004). The fruit pulp is used to prepare several kinds of
beverages in rural areas and has recently become a popular ingredient in ice products, sweets
and cakes in urban areas (Sidibe et al., 1996). Whole fruits can be stored for months under dry
conditions and the pulp powder is extracted and stored in polyethylene bags which protect it
against ambient moisture (Sidibe et al., 1996).

Baobab seeds are a rich source of nutrients. Nkafamiya et al. (2007) reported that Baobab
seeds contain 21.75, 5.01, and 6.71 g/100 g of protein, ash and fiber, respectively. Whole
seeds are pounded into a coarse meal and added to soups and other dishes as thickening agent
(Dirar, 1993).

In some areas, roasted seeds are used as a coffee substitute (NRC, 2006). When
fermented, they are used to enhance the flavour of many dishes. Although the seeds contain
some antinutritive factor such as oxalate, phytate, saponin and tannin, Nkafamiya et al. (2007)
reported that concentration of these components are below established toxic levels (oxalate,
phytate, saponin and tannin representing 10.31, 2.00, 7.16, and 2.84% of seeds respectively),
and the toxicant components can even be more reduced when seeds are processed before
consumption especially when seeds are soaked and fermented. Addy et al. (1995) reported
degradation of trypsin inhibitor whilst Nnam et al. (2003) reported a reduction of the
antinutrients, phytate and tannins during fermentation of Baobab seeds.

3. REGIONAL VARIABILITY OF BAOBAB FRUITS
CONTENT INVITAMIN C

Baobab fruit pulp content in vitamin C has been reported by several studies (Nour et al.,

1980; Becker, 1983; Arnold et al., 1995, Diop et al., 2005; Parkouda et al., 2012) which
revealed the variability of this content. Indeed, several studies have reported varying levels of
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Baobab fruit pulp vitamin C content with mean values between 337 mg/100g (Nigeria), 300
mg/100g (Sudan), 150-500 mg/100g (Senegal), 280 mg/100g (Mali) and 74-163 mg/100g
(South Africa) (Nour et al. 1980; Becker 1983; Ighodalo et al. 1991; Arnold et al. 1995;
Sidibe et al. 1996; Manfredini et al. 2002; Diop et al. 2005).

Parkouda et al. (2012) reported an average level of 478 mg/100g with values ranged from
397 to 575 mg/100g (Table 1). Tree-to-tree variability in the vitamin C contents of the fruit
pulp, also ranging from 150 to 500 mg/100g was reported by Scheuring et al. (1999). As also
seen by Parkouda et al. (2012) the coefficient of variation (CV) within populations varied
from 18 to 26 %, except for the Toulfé site (Burkina Faso) which had a particularly low
variation (9 %) and showed a vitamin C content (476 mg/100g) slightly lower than the
average of all sites (478 mg/100g). Significant variation between populations vitamin C (P =
0.0064) and fruit pulp weight (P < 0.001) was also reported during this study (Parkouda et al.,
2012). During their investigations, Parkouda et al. (2012) reported that there was more
variation within populations than among populations. The highest levels of vitamin C were
found in the two populations with lowest precipitation (450 mm year) of Mansila in Burkina
Faso (575 mg/100g) and Komodiguili (554 mg/100g). The site Koumadioba with highest
precipitation had a low vitamin C content of 416 mg/100g.

Several parameters can explain this variability including sol type, genetic, precipitation,
etc. Indeed, as reported by Parkouda et al. (2012) there was a positive correlation between
vitamin C content and latitude indicates that vitamin C content increased towards the north,
and the weak negative correlation between vitamin C and longitude indicates that vitamin C
content was slightly higher in the eastern part of the sample region; A strong relationship
between average precipitation and vitamin C content was observed (Table 2). The vitamin C
content was highest at the dry sites.

Table 1. Vitamin C content of fruits pulp from Baobab in 11 populations in Burkina
Faso, Mali and Niger. The data are arithmetic means. The coefficients of variance
(CV %) express the relative standard error between trees in % of the mean value

(Parkouda et al., 2012)
Number of Vitamin C Vitamin C

Country Site trees Fruit weight (g) | Pulp weight (g) | (mg/100g DW) | CV%
Mali Samé 18 130 21.0 466 24
Mali Kourougue 20 321 48.7 480 23
Mali Nabougou 14 259 50.0 463 24
Mali Koumadiobo 20 250 349 416 26
Mali Zambougou 19 285 51.7 397 22
Mali Komodiguili 20 220 26.3 554 18
Burkina | \ankoun 10 338 58.2 491 19
Faso

Burkina | e 17 201 28.2 476 9
Faso

Burkina | \ o nsila 6 369 58.3 575 23
Faso

Niger Torodi 17 358 69.5 504 22
Niger Park W 17 496 94.0 442 23

Mean 293 49.2 478
SD 98 21 53
NB: nutritional composition is expressed on a dry weight basis, DW: dry weight, SD: Standard
Deviation.
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Table 2. Spearman-rank correlations based on mean tree values of vitamin C,
sugar, fruit weight, latitude (positive direction north to south), longitude
(positive direction east to west) and precipitation (Parkouda et al., 2012)

Sugar Fruit Weight Precipitation | Longitude | Latitude
Vitamin C 0.029™ -0.004 ™ -0.206%** S0.151%% [ 0.224%*
Significance levels: Ns: non-significant, * P< 0.05; ** P<0.01; *** P<(0.001.
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Figure 2. Variation of vitamin C content related to the tree bark colour (Trees from Mali).

Baobab trees from Burkina Faso and Mali are generally divided in five morphologique
according to bark colour including dark grey, grey, light grey, reddish and reddish grey.
Sidibe et al. (1996) showed that the vitamin C content is not related to the tree bark colour as
generally thought by the farmer; this has been confirmed by Parkouda et al. (2012) who
reported no significant correlations between the bark colour and the content of vitamin C
(Figure 2).

The pulp samples were divided in white and cream coloured pulp samples and there were
no significant correlations between the two pulp colour types and vitamin C.

CONCLUSION

Baobab is a Pan-African tree species and the fruit pulp possesses extremely valuable food
properties and there is a large nutritional potential of vitamin C within its natural range.From
different fruits pulp collected in different populations representing various climatic
conditions, several investigations showed low variation on vitamin C content within
population but high variation between populations. Based on the pulp vitamin C content
Baobab has a potential to improve nutrition for millions of people in West Africa.
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