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Vitamin C has an unquestionable role in health and disease,

in particular in the treatment of cancers. This scientific review
summarizes our knowledge of selected aspects of Vitamin C in
relation to healthy functions in our body. It also outlines our
current knowledge of its role in cancer, including understanding
its mechanisms of action at the cellular and organismal levels,
and clinical use of vitamin C in cancer patients. Some aspects on
this topic were presented in our earlier publication “ Vitamin C in
Health: Scientific focus on its anti-cancer efficacy, MW Roomi, N
Shanker, A Niedzwiecki and M Rath, ] of Cellular Medicine and
Natural Health, June 15, 2016.”



I. Vitamin C as an Essential
Nutrient for Health and Life

Discovery of Vitamin C

The importance of vitamin C for human health can be traced back several
centuries. This most versatile vitamin is produced internally in the body of
most species in the animal world; however, humans, guinea pigs and some
primates, have lost this ability and rely only on dietary sources for this
crucial nutrient.

Its deficiency causes a disease called scurvy, which is life threatening

and can be fatal. Scurvy is characterized by bleeding gums, fragile blood
vessels, connective tissue dissolution, impaired wound healing and finally
death [Norum KR, 2002; Carpenter KJ 1986].

The earliest documented case of scurvy was described by Hippocrates
around 400 BC. This disease became rampant during the 16th century
among sea voyageurs and sailors who were deprived of fresh fruits and
vegetables in their diet during long expeditions. In 1753 in the “Treatise
of the Scurvy” Dr. James Lind published the first clinical proof of effective
therapy against scurvy [Lind ] 1753] demonstrating that citrus fruit juice
can cure this disease.

However, it was not until the 1900s, after establishment of the first guinea
pig model of scurvy [Svirbely ] 1932], that the antiscorbutic factor in
citrus fruit was identified as “water-soluble vitamin C” or “ascorbic acid.”
Ascorbic acid was first discovered in 1922. It was then isolated and its
structure was identified by Hungarian scientist Albert Szent-Gyorgyi in
1928, and in 1933 he was awarded the Nobel Prize. During the same year,
Dr. C. Haworth shared the Nobel Prize in chemistry for the synthesis of
vitamin C. In 1933, Hoffmann-La Roche became the first pharmaceutical
company responsible for the mass production of vitamin C.

Albert Szent-Gyorgyi
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Chemical Structure of Vitamin C
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Figure 1. Chemical structure of D-Glucose from which Vitamin C is synthe-
sized and its reduced and oxidized forms ( L-Ascorbic Acid)

Natural vitamin C is also known as L-ascorbic acid and it is easily oxidized
to dehydro ascorbic acid (Figure 1). It is a weak acid and structurally very
similar to the glucose molecule. This molecule has two asymmetric carbon
atoms that result in four stereoisomers: L- Ascorbic acid, D-Ascorbic
Acid, D-iso ascorbic acid and L-iso Ascorbic Acid (Figure 2). Of the four
isomers, only L-Ascorbic Acid, or vitamin C, is biologically active while
the other three forms are inactive. All isomers could be separated as boron
complexes on TLC plates. [Roomi 1998]

Vitamin C is a colorless, odorless, crystalline solid compound with a sharp
acidic taste. Its chemical composition is C6H806, with a molecular weight
of 176 and a melting point of 190-192°C. It is soluble in water but insol-
uble in organic solvents. Vitamin C is easily oxidized by several agents
including halogens and hydrogen peroxide. [Sauberlich HE 1994; Naidu
KA 2003]

The Vitamin C molecule contains several reactive hydroxyl groups,
especially at the 2- and 6- positions, allowing a variety of derivatives to
be easily synthesized, 2-sulfate and 2- mono-phosphate. The compounds
of vitamin C are much more stable than vitamin C itself, such as di- and
tri-phosphate. Hence, they are used in feed formulations for shrimp,
fish, guinea pigs and rhesus monkeys. L-ascorbyl 6-palmitate, a synthetic
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Figure 2. Stereoisomers of Vitamin C and their interconversion

lipophilic vitamin C derivative, is another effective and bio-available com
pound used in foods and pharmaceuticals. [Sauberlich HE 1994; Naidu
KA 2003]

It has been seen that both hydrophilic and lipophilic derivatives are cyto-
toxic to a number of malignant cells.

Natural Sources of Vitamin C and its Organ Distribution in Animals:
Vitamin C is a ubiquitous compound necessary for sustaining life and it is
considered one of the most versatile and vital dietary compounds [Sauber-
lich HE 1994].

Vitamin C is found amply in the plant kingdom, often in large quantities
that are distributed throughout the plant. It is widely available in fresh
fruits and vegetables. Fruits such as oranges, lemons, grapes, strawberries,
papaya, kiwi, cantaloupe, grapefruit, mango and honeydew melon are
good sources of Vitamin C [Sauberlich HE 1994; Naidu KA 2003; Gaby SK
1991].

Vegetables rich in vitamin C include broccoli, Brussels sprouts, red and
yellow peppers, tomatoes, cabbage, potatoes, sweet potatoes, cauliflower,
snow peas and kale.
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Figure 3. Distribution of vitamin C in human and animal organs

Vitamin C is concentrated in many organs in humans and animals (Figure
3). Its highest levels are found in the adrenal and pituitary glands. Other
organs rich in vitamin C include the liver, spleen, pancreas, kidneys, brain,
thymus, and the lens of the eye. By virtue of its mass, the liver stores the
greatest amount of vitamin C followed by the thymus, brain and pancreas
[Sauberlich HE 1994; Naidu KA 2003; Gaby SK 1991].

Since the compound is unstable and extremely sensitive to heat, cooking
generally destroys Vitamin C as does storage. Vitamin C is also unstable in
solutions and it can be destroyed by exposure to oxygen, alkali, iron and
copper [Bates CJ 1997; Mangels AR 1993; Gregory JF 1993].

Thus, in order to preserve vitamin C food should not be exposed to air,
light or water for prolonged periods of time [Sauberlich HE 1994; Naidu
KA 2003].



Biosynthesis of Vitamin C

Animals: In most animals Vitamin C is synthesized from glucose accord-
ing to biosynthetic pathway [Burns JJ 1959] presented in Figure 4.
Higher animal species produce vitamin C via glucuronic acid from
glucose. Accordingly, glucose is first converted into glucose 6-phosphate,
which is then converted into uridine diphosphate glucose via uridine
diphosphate glucuronic acid and then to glucuronic acid. This is further
converted into D-glucuronolactone and later to gulonolactone under the
influence of the enzyme L-gulonolactone reductase. Gulonolactone is then
converted into 2-keto L-gulonolactone via the enzyme L-gulonolactone
oxidase. In the last step, 2-keto L-gulonolactone is isomerized non-enzy-
matically into L-ascorbic acid or Vitamin C.

In lower animals, such as amphibians, reptiles and birds, vitamin C is
produced in the kidneys by the same pathway. Egg laying mammals and
higher order birds usually synthesize vitamin C in the liver. Humans, some
primates, guinea pigs, Indian fruit bats, some fish, birds and insects are
unable to synthesize vitamin C due to a mutation in the gene coding for
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Figure 4. Biosynthesis of Vitamin C in vertebrate



L-gulono gamma-lactone oxidase (GULO), the last enzyme in the biosyn-
thetic pathway of vitamin C. As a result, humans and these animals have
to obtain vitamin C through diet.

Plants: The biochemistry of vitamin C synthesis in plants is still not well
understood. Most plants synthesize vitamin C from D-glucose, D-frustose,
D-mannose, through several steps, latest of which include the formation
of L- galactonolactone, and finally ascorbic acid. It is synthesized in the
cytosol and released to the chloroplast apoplast and vacuole following a
concentration gradient. In its function as an antioxidant, ascorbate in the
chloroplast apoplast may be oxidized to dehydroascorbic acid, which can
then be efficiently transported back into cytosol for regeneration.

Metabolism of Vitamin C

Vitamin C is metabolized in a series of biochemical steps in the liver and,
to some extent, in the kidneys.

As shown in Figure 5, the principal pathway of vitamin C metabolism
involves the loss of two electrons at 2- and 3- carbon position of ascor-
bic acid to form dehydroascorbic acid, which then breaks down to give
2,3-diketgulonoic acid. A subsequent irreversible hydrolysis of 2,3-dike-
togulonoic acid can lead to either decarboxylation to carbon dioxide and
5-C fragment to give xylose, xylonic acid, lyxose and lyxonic acid or to
oxidation to oxalic acid and 4-C fragment, threonic acid.



Other metabolites beside those in the main pathway have also been identi-
fied. Ascorbic acid-2-sulfate has been found in humans and 2-methyl ascor-
bic acid has been found in rats. 2-O-methyl ascorbic acid is produced by the
enzymatic methylation of vitamin C by catechol-O-methyl transferase.
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Intestinal Absorption

Dietary Vitamin C is absorbed mostly in the duodenum and proximal
jejunum; however, a certain amount can also be taken up by the mucosal
layer of the membrane in the mouth and gastric system. Although con-
siderable controversy exists regarding the relationship between intake and
uptake of Vitamin C, most studies have indicated that within its typical
intake of up to 200 mg/day, 80-90% of Vitamin C is absorbed. The ab-
sorption is carrier-dependent and it involves three mechanisms: intestinal
absorption, tissue transport, and its reabsorption in the kidneys.

The gastrointestinal absorption of ascorbic acid occurs through an active
transport process, as well as through passive diffusion. At low gastrointes-
tinal concentrations of ascorbic acid, active transport predominates, while
at higher gastrointestinal concentrations active transport becomes saturat-
ed leaving passive diffusion. In theory, slowing down the rate of stomach
emptying (e.g., by taking ascorbic acid with food or taking a slow-release
form of ascorbic acid) should increase its absorption. While the bioavail-
ability of ascorbic acid appears equivalent whether it is in the form of
powder, chewable tablets, or non-chewable tablets, the bioavailability of
ascorbic acid from slow-release preparations is less certain.

Intestinal absorption of Vitamin C at oral doses exceeding 1 gm is sig-
nificantly decreased. Excess of Vitamin C above its physiological require-
ments is either excreted by the kidneys or chemically degraded. High oral
intake of vitamin C (10 gm per day ) can cause unpleasant osmotic effects
in some individuals such as intestinal diarrhea or gastric irritation, which
stop after decreasing its intake to a lower dose (see adverse effects).

) - Intestinal @
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Intracellular Transport of Vitamin C

In the majority of cells in the body there are two transport systems for
vitamin C (Figure. 6) [Vera JC 1993; Wilson JX 2005; Agus DB 1997;
Tsukaguchi H 1999].

In vitro studies have found vitamin C in its oxidized form - dehydroascor-
bic acid (DHA) - enters the cell via nonspecific, low-affinity, high-capacity
glucose transporters (GLUTSs - hexose transporters) and is intracellularly
reduced to L-ascorbic acid.

Reduced form of this vitamin (AA) is also directly transported inside the
cells through another specific, high-affinity transporter - the low-capacity
sodium-ascorbate transporters (SVCTs - sodium-ascorbate co-transporter).

In vivo studies have shown that L-ascorbic acid is utilized in cell metab-
olism as an electron donor capable of donating one or two electrons. In
the first step of oxidation, an ascorbyl radical is generated followed by the
formation of dehydroascorbic acid in the second step. The ascorbyl radical
does not accumulate in vivo, because two ascorbyl radicals dismutate into
one ascorbic acid molecule and one dehydroascorbic acid molecule.

ASCORBIC ACID Oxidation =~ DEHYDRO ASCORBIC ACID

Reduction
ASCORBIC ACID ‘_ DEHYDRO ASCORBIC ACID

Glutathione-dependent
dshydroascorbate

reductase > %
D —

Cell membrane

Figure 6. Cellular uptake of Vitamin C and its oxidized form, dehy-
droascorbic acid (DHA) through different membrane transporters.



[1. Health Aspects of Vitamin C

Vitamin C Deficiency - Scurvy

Deprivation of vitamin C in the human diet leads to scurvy which is life
threatening and can be fatal. Its symptoms develop after 20-30 days of
Vitamin C depletion or little (below 10mg/day) intake.[ Levine M 1999;
Levine M, 1996]. Initial scurvy symptoms can include fatigue (probably
the result of impaired carnitine biosynthesis), malaise, and inflamma-
tion of the gums. As vitamin C deficiency progresses, collagen synthesis
becomes impaired and connective tissue becomes weakened due to lack
of hydroxy-proline and hyrdoxy-lysine and dysfunction, causing easily
bruised skin from capillary damage (petechial hemorrhage), bleeding in
the gums, aching joints, bone weakening and pain, fractures, poor wound
healing, swelling, weight loss, edema and loss of teeth.

Iron deficiency anemia can develop as a

) consequence of vitamin C deficiency. This
; ]F happens due to low tetra hydro folic acid
(THFA), and thus explains microcytic

anemia in scurvy. This could develop

internal bleeding due to impaired non-

heme iron absorption.
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Other symptoms of vitamin C deficiency include lethargy, fatigue,
rheumatic pains in the legs, muscular atrophy, and hemorrhages in many
organs including the intestines. In the eyes, vitamin C deficiency can cause
cataracts and age-related macular degeneration. In addition, susceptibil-
ity to infections, anemia, shortness of breath, brittle bones, psychological
disturbances, and osteoporosis can develop including sudden heart failure.

Vitamin C Deficiency Diseases such as:

Scurvy Hemorrhages
Anemia Depression
Bleeding from mucous membranes Impaired wound healing

Formation of liver spots on the skin Easy to get colds

Open wounds Easily fractured bones

Loss of appetite and teeth Loss of poor digestion

Fatigue Death




Today scurvy is considered rare and is mostly limited to the developing
nations. However, a study conducted at the Centers for Disease Control
and Prevention (USA) suggests that scurvy is still a serious, underappre-
ciated problem even in the industrialized countries. Data on vitamin C
blood levels collected from 2003 and 2004 indicate that 6 to 8 percent of
the general population had scurvy-level deficiencies, with men on the
higher end. Deficiency rates were greater for low-income people (10-17
percent), and highest among male smokers (18 percent) which is likely
because smoking affects how the body absorbs vitamin C. These num-
bers were actually an improvement over measures taken a decade earlier
[Schleicher RL, 2009]. In addition, seniors are at a greater risk of develop-
ing vitamin C deficiency due do decreased dietary intake, various ac-
companying health problems, use of medications and impaired intestinal
absorption.

In children, severe Vitamin C deficiency results in

a condition known as Moeller-Barlow disease. It is
seen in infants who are not breast fed and usually is
manifested at approximately six months of age when
maternally deprived stores of Vitamin C have been
exhausted. Moeller-Barlow syndrome is charac-
terized by widening of bone-cartilage boundaries,
particularly of the rib cage, stressed epiphyseal car-
tilage of the extremities, severe joint pain, anemia,
and fever. Infants suffering from scurvy lie in the
“pithed frog” position because movement is painful.
The scorbutic infant usually lies on its back and makes little attempt to lift
the leg or arm that hurts and both legs may be tender, as well as both arms.
This symptom is usually the first sign of scurvy.

Vitamin C Intake levels: Recommended Dietary;,
Allowances (RDA) and Optimal Recommendations

The recommended dietary allowance (RDA) for Vitamin C was revised by
the US Institute of Medicine (IOM) in 2000 from the previously recom-
mended dose to 60 mg/day for men and women. The recommended intake
for smokers is higher and was increased to 95 mg/day, because smokers
are under increased oxidative stress from toxins contained in cigarette
smoke and they generally have low blood levels of Vitamin C. The RDA is
based on twice the amount of Vitamin C needed to prevent scurvy and on
maintaining its neutrophil concentration resulting in minimal excretion of
Vitamin C into urine.
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Based on scientific data, the current RDA of 60 mg/day set by the IOM
for men and women is clearly too low to assure optimum health and the
body’s needs in time of stress and life challenges. The study among young
men consuming adequate supplements with their diet, was conducted at
the NIH by Levine, and his group recommend raising Vitamin C basic
intake to new levels of 200-220 mg/day [Levine M, 1996].This is still much
lower from Dr. Linus Pauling’s recommendation of 6,000-18,000 mg /day
(Table 1).

ded Intake/Day Source Condition
60-95 mg US RDI
200mg NIH (M. Levine)

6,000-18,000mg

Dr. Linus Pauling

1,000 mg-4,000mg

Dr. Rath Research Institute

Healthy individuals

4,000 mg-10,000 mg

Dr. Rath Research Institute

Heart Disease

Dr. Rath Research Institute

Cancer

10,000 -80,000 g (oral +i.v.)

Table 1: Proposed ranges of daily Vitamin C intakes: sources and conditions

Cellular Medicine considers the need for daily vitamin C supplementation
in a wider context of synergistic micronutrient intake, not as a “stand-
alone” substance. In this aspect, unless dictated by various pathologies
which substantially increase demands for this micronutrient, in a healthy
adult the vitamin C intake from food and supplements should be at the
level of 1,000-4.000 mg/day. This range reflects the body’s diverse metabol-
ic needs, which can be easily determined by the so-called “bowel tolerance
test” which was introduced by Dr. Robert Cathcart. According to this
suggestion, a person should gradually increase their vitamin C intake until
experiencing loose stools. It can be easily observed that as the body’s need
for Vitamin C increases, such as when a cold is coming on, much higher
intakes of this essential nutrient can be tolerated.

Common Causes of Vitamin C Insufficiency

Food processing: Vitamin C is a labile nutrient and it is easily lost during
exposure of food to light, heat or cooking. Many studies indicate how
vitamin C content in the same type of produce can differ depending on
how fresh it is and processing. A study conducted at UC Davis, California,
indicates a high level of vitamin C losses in fruit and vegetables during
storage, canning and freezing ( Table2) [Rickman JC 2007].



Losses of vitamin C (% wet weight) in vegetables due to processing

Canning Blanching and Fresh Storage for 7 Days
Freezing 20° 4°
Broccoli 84 30-55 56 0
Carrots 90 0-35 27 10
Green Beans 63 17-28 55 77
Green Peas 73-84 20-63 60 15
Spinach 62 50-61 100 75

Table 2: Examples of loss of vitamin C in vegetables due to food processing

Common Commercial Forms of Vitamin C

Ascorbic acid: Natural and synthetic L-ascorbic acid are chemically iden-
tical, and there are no known differences in their biological activity. Two
human studies indicated no clinically significant differences between the
natural and synthetic L-ascorbic acid in terms of its bioavailabilty.

Mineral ascorbates: These are the salts of ascorbic acid and minerals and
are less acidic, and therefore are considered “buffered” Thus, mineral
ascorbates are often recommended to people who experience gastroin-
testinal problems (upset stomach or diarrhea) with plain ascorbic acid.
When mineral salts of ascorbic acid are taken, both the ascorbic acid and
the minerals appear to be well absorbed, so it is important to consider the
dose of the mineral accompanying the ascorbic acid when taking large
doses of mineral ascorbates. Mineral ascorbates are available in the follow-
ing forms:
« Sodium ascorbate: 1,000 mg of sodium ascorbate generally
contains 111 mg of sodium. Individuals following low-sodium
diets (e.g., for high blood pressure) are generally advised to keep
their total dietary sodium intake to less than 2,500 mg/day. Thus,
megadoses of vitamin C in the form of sodium ascorbate could
significantly increase sodium.
« Calcium ascorbate: Calcium ascorbate generally provides 90-
110 mg of calcium with 890-910 mg of ascorbic acid per 1,000 mg
of calcium ascorbate. Calcium in this form appears to be reason-
ably well absorbed. The recommended dietary calcium intake for
adults is 1,000 to 1,200 mg/day.
« Magnesium ascorbate: Magnesium ascorbate provides 77 mg
of magnesium per 1,000 mg dose of magnesium ascorbate. The
recommended dietary allowance for magnesium is 400-420 mg/
day for adult men and 310-320 mg/day for adult women.



« Ester C™: Ester-C™ contains mainly calcium ascorbate. In
addition, it also contains small amounts of dehydroascorbic acid
(oxidized ascorbic acid), calcium threonate, and trace levels of xy-
lonate and lyxonate. The manufacturer states that the metabolites,
especially threonate, increase the bioavailability of the vitamin C.
However, a study in eight women and one man found no differ-
ence between Ester-C™® and commercially available ascorbic acid
tablets with respect to the absorption and urinary excretion of
vitamin C ( Johnston CS 1994). Another study published in 2008
in the Advances in Therapy also found no consistent differences
in vitamin C plasma levels of subjects consuming ascorbic acid
and Ester C™. (Ester-C™ should not be confused with ascorbyl
palmitate, which is also marketed as “vitamin C ester’)

Ascorbyl palmitate: Another commercial product of ascorbic acid is
“Ascorbyl palmitate” Ascorbyl palmitate has been shown to be better than
ascorbic acid in terms of protecting red cell membranes and a-tocopher-
ol (a fat-soluble antioxidant) from oxidation by free radicals. Further, it
also has been shown to be more effective in mitigating collagen synthesis
suppression by pharmaceutical drugs known as channel blockers, and
also in restoring collagen synthesis and increasing the intracellular level of
vitamin C [Ivanov V 2016].
OH
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Liposomal vitamin C: Vitamin C is also commercially available as liposo-
mal vitamin C. Liposomes are bilayer (double-layer), liquid-filled bubbles
made from phospholipids. Liposomes can overcome absorption barriers in
biological membranes and have been used to deliver nutrients and drugs
into the body and even into specific cells of the body. It appears that Lipo-
somal vitamin C is predominately taken up by the lymphatic system in the
gut, and not by portal circulation. Thus, there is no significant “one-pass”

liver metabolism of vitamin C.




[11. Function and Physiological
Role of Vitamin C

Ascorbic acid and free radical damage: Since its discovery over 90 years
ago, vitamin C has been associated with many health benefits from the
common cold to cancer. In addition, it has been shown to be involved in
a multitude of biochemical reactions occurring in the body, and for the
growth and repair of tissues.

1 Collagen
(barrier integrity)
41 Carnitine J Hypoxia-inducible factor
(metabolic energy) (gene transcription)
1 Catecholamines fitamir 4 DNA methylation
iLaiiy }

(hormonal regulation) (epigenetic regulation)

1 Amidated peptides J Histone methylation
(hormonal regulation) (epigenetic regulation)

As yet undiscovered
cofactor functions?

Oxidative stress caused by free radicals causes extensive damage to cells,
and cellular components are free radicals which are highly reactive
molecules containing a single electron. Free radicals are generated both
during normal cellular metabolism as well as in pathological conditions.
Free radical-induced damage to cellular proteins, fats and carbohydrate
molecules, and their buildup over time contributes to the aging process as
well as the development of many pathologies. The most known free radical
compounds include superoxide, hydroxyl radicals, singlet oxygen, ozone,
peroxynitrile, nitrogen dioxide and hypochlorus acid just to mention a few
[Levine M 1996; Benedich A 1999].

Protection from free radicals is provided by intracellular defense mech-
anisms (i.e., superoxide dismutase, catalase) and natural compounds

with antioxidant properties that can scavenge the radicals. Vitamin C is
considered the most effective, least toxic water soluble antioxidant. It is the
predominant antioxidant in blood, tissues and in intracellular fluids [Frei
B 1989; Frei B 1994]. It also recycles other antioxidants such as vitamin E
and glutathione in the body. Due to its antioxidant function, Vitamin C
helps protect several macromolecules such as DNA, lipids, proteins and




enzymes from free radical-induced damage. Consequently, it offers protec-
tion against degenerative diseases such as cancer, aging, heart disease, and
cataract formation.

Ascorbic acid and collagen synthesis and structure: Besides its antiox-
idant function vitamin C plays an indispensable role in the biosynthe-

sis, maintenance and structure of collagen. Collagen is one of the main
structural components of the blood vessels, skin, tendons, ligaments, bone,
cartilage, heart valves and lens of the eye. Optimum collagen formation is
essential in healing wounds and the assembly of the extracellular matrix.
Vitamin C transcriptionally regulates synthesis of collagen and is also an
essential co-factor of Lysyl and Prolyl hydroxylases, the enzymes that cata-
lyze the formation of hydrogen bridges which link various collagen fibrils.
Vitamin C affects the formation of connective tissue through its role in the
synthesis of glycosaminoglycans, essential components of cartilage, bone
and various types of connective tissue. Thus, wound healing and mainte-
nance of tissue and organ structure and function largely depend on the
availability of Vitamin C [Sauberlich HE 1994; Naidu KA 2003; Gaby SK
1991; Levine M 1996; Benedich A 1999].

VITAMIN C
Collagen fiber
/’:‘ <: Y, Noviiamin
VITAMIN C VAR
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Other metabolic effects: In addition, Vitamin C participates in peptide
hormone synthesis, carnitine synthesis, and neurotransmitter functions
such as norepinephrine synthesis, tyrosine metabolism, hypoxia-inducible
factor, DNA methylation, and histone methylation. It also helps the body
to absorb iron from non-heme sources, and helps keep metals such copper
and iron in a reduced state, which is essential for many biological reac-
tions in the human body.

Vitamin C regulates blood cholesterol levels as an inhibitor of HMGCoA
reductase, a critical enzyme in cholesterol biosynthesis [Turley SD 1976;



Hemila H 1992]. In this aspect, vitamin C acts as a natural statin without
the negative side effects of statins, a class of drugs highly promoted for
lowering blood cholesterol levels. Low dietary and blood levels of vitamin
C are also associated with the increased risk of heart disease.

Vitamin C is also an effective antimicrobial agent inhibiting viral and bacterial
infections in the body, and it protects cells from radiation and stress. Vitamin
C also interacts with several essential trace elements such as lead, cadmium,
copper, nickel, vanadium, and selenium and reduces their toxicity. The re-
duced forms of these trace elements are poorly absorbed and excreted rapidly.
Vitamin C also enhances the utilization of low levels of selenium, increases
tissue levels of manganese and stabilizes vitamin B12.

Vitamin C has other protective effects against high blood pressure, diabetes,
asthma and other allergic conditions, gout, infertility, schizophrenia, the com-
mon cold, and depression [Naidu KA 2003; Gaby SK 1991; Levine M 1986].

Safety Aspects of Vitamin C

Vitamin C is a water-soluble substance and therefore it does not accumu-
late in the body. Vitamin C in itself is not toxic. However, if ingested in
extremely high doses it has only minor adverse effects such as diarrhea,
nausea and other digestive disturbances that cease after decreasing the
dose. These effects are due to the osmotic withdrawal of water from the in-
testinal contents by the unabsorbed vitamin C in the gastrointestinal tract.
A. Bendichss critical analyses of the reports regarding possible adverse
effects of vitamin C did not substantiate these concerns [Bendich A 1999;
Diploc A 1995].

Vitamin C and Formation of Kidney Stones: Concerns have been raised
that higher intakes of vitamin C can promote kidney stones in the form
of calcium oxalate. It should be noted that oxalate is one of the endoge-
nous metabolites of vitamin C. A thorough literature search by Goodwin
and Tangum [Goodwin ]S 1995] found no reliable source supporting this
concern. On the contrary three case-controlled studies did not show clear
association between ascorbate intake and excretion and kidney stone for-
mation [Cowley DM 1987; Power C 1984; Felstrom B 1989].

The positive association between kidney stones and vitamin C reported in
earlier studies by some may relate to using assays for urinary oxalates, which
resulted in conversion of urinary ascorbic acid to oxalate during the storage
and processing of the samples. A clinical study involving 29 people pre-dis-
posed to kidney stone formation, and 19 age-matched non-stone formers
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taking 2 g of vitamin C daily, showed higher secretion of oxalate in people
pre-disposed to kidney stones, but not in the others [Chai W 2004]

However, in a large-scale Harvard Prospective Health Professional Fol-
low-Up Study in 45,000 men, those groups in the highest quintile of vitamin
C intake (> 15,000 mg/day) had a lower risk of kidney stones than the group
in the lowest quintile [Curhan GC 1996].

Furthermore, a review of various studies led Gerster to conclude that the
high intake of vitamin C does not increase the risk of calcium oxalate kidney
stones [Gerster H 1997]. This was re-confirmed in the studies conducted in
the cohort of over 85,000 women [Curhan GC 1999].

Safety of Megadoses of Vitamin C Delivered Intravenously

Intravenous delivery of vitamin C has been used in cancer and other
human pathologies. It is worth mentioning that 115 g of Vitamin C ad-
ministered daily by an intravenous route over 8 hours and 39 times in a
period of 13 weeks did not produce any adverse effects in cancer patients
(Riordan NH 1995].

Megadoses of vitamin C alone or in combination with other antioxidants
have been used in several clinical studies without any toxic effects to the




patients (Moertel CG 1985; Cameron E 1991; Lockwood K 1994; Walker
EM 2002; Drisco JA 2003]. Some people may experience bowel intoler-
ance to high doses of oral vitamin C. In such cases, the intake of vitamin C
should be gradually reduced until this effect stops.

Interactions of Vitamin C With Common Medical Drugs

Several drugs, such as contraceptive pills that contain estrogen, barbitu-
rates and tetracyclines can reduce vitamin C levels.

In addition, regular intake of aspirin and nonsteroidal anti-inflammatory
drugs (NSAIDs) can lower the amount of vitamin C in the body because
they cause more of it to be lost in urine.

Both calcium channel blockers and sodium channel blockers can inhibit
intracellular transport of vitamin C and cause impaired collagen synthesis
in human vascular cells and fibroblasts. The inhibitory effect of these class
of drugs can be mitigated by providing vitamin C, in particular, in the fat
soluble form - ascorbyl palmitate [Ivanov V 2016].

Many commonly prescribed pain medications interfere with vitamin C as
well as folic acid and iron. These nutrients are necessary to repair joint
cartilage and reduce the chemical inflammation that leads to pain.

Taking aluminum-containing antacids (Maalox) in the presence of
vitamin C can boost aluminum absorption and can therefore increase the
risks of side effects from excess aluminum.

There have been rare reports of vitamin C interfering with the effective-
ness of the blood thinning medication Warfarin (Coumadin). However, in
recent follow-up studies no effect was found with doses of vitamin C up to
1,000 mg per day [University of Maryland medical center].
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V. Therapeutic Potential of Vitamin C in
Cancer: Scientific and Clinical Aspects

Introduction to Cancer

Cancer is probably the most feared disease and the second leading cause of
death after heart disease in the Western world. Occurrences of the disease
continue to skyrocket, and it is estimated that 2.6 million new cancer cases
will be diagnosed by 2050.

Chemicals, and radiation and viruses [Cairn ] 1987; DeVita VT 1978;
Pecorino L 2005] have been recognized as cancer causing agents in
humans and in many animal species. Although there is great diversity in
the nature of these agents, the resulting cellular response to them is the
transformation of normal cells into cancer cells (Figure 7). This process
of transformation primarily involves three distinct phases: initiation,
promotion, and progression occurring over a period of several years to
decades. Cancer initiation often requires sustained DNA damage induced
by these agents, and it is considered to be one of the most important steps
in cancer development. Although DNA repair enzymes correct most of
the damage, some damaged cells may not be repaired. The mutations in
the DNA accumulate over time thereby increasing the risk of cancer with
each cell multiplication. It is therefore no surprise that rapidly dividing
cells are more susceptible to carcinogens than slowly dividing cells. Finally,
the stage of progression is reached when the uncontrolled multiplication
of these cells forms a cell mass interfering with organ function, and the
cells also acquire the ability to move into other tissues and metastasize.
Based on the associated degree of spread, cancer development involves
the following stages: (1) hyperplasia (increased number of cells and cell
division), (2) invasion to the adjacent tissues, and (3) metastasis (cellular
migration to distant organs [Hanahan D 2000].



Surgery, chemotherapy and radiation are currently considered standard
cancer therapies [Pecorino L 2005]. Although these therapeutic approach-
es can initially inhibit the tumor mass, they are ineffective in providing a
cure. Moreover, these very toxic treatments indiscriminately attack all cells
including healthy cells causing extensive cellular damage and cytotox-
icity. This gives rise to new cancers and promotes development of drug
resistance in cancer cells. Furthermore, these therapies are ineffective in
curtailing cancers that have already metastasized.
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Figure 7. Cancer causing agents and the stages of transforming normal cell
to cancerous cells

There is an urgent need to develop effective non-toxic anti-cancer ap-
proaches that include prevention of metastasis. In fact, approximately 80%
of patients diagnosed with cancer seek alternate therapies which include
antioxidants and other essential nutrients.

The role of vitamin C as an anti-cancer agent was first suggested in 1952
when McCormick proposed its role as a chemotherapeutic agent [McCor-
mick W] 1952]. In recent decades it has been shown that vitamins, in par-
ticular vitamin C used at high doses, can be effective as therapeutic agents
that target several mechanisms associated with different pathologies.
Among the different health applications of vitamin C, its role in relation to
cancer has been most thoroughly investigated.

Specific Aspects of Vitamin C Metabolism in Cancer Cells

Cancer cells alter their metabolism in order to support their rapid prolif-
eration and expansion across the body. In particular, compared to normal
cells, tumor cells consume a large amount of glucose as an energy source
but convert it into lactic acid even in the presence of oxygen (Warburg
Effect).



This important aspect of cancer cell metabolism relates to vitamin C’s
structural similarity to glucose (Figure 1). Cancer cells which internalize
large amounts of glucose compared to normal cells also have enhanced
uptake of Vitamin C, which enters the cell through a common glucose
transporter receptor (GLUT1). Therefore, if a large amount of vitamin C is
provided to cancer cells it will be absorbed by glucose transporter recep-
tors in excess compared to that absorbed by normal cells.

Once the vitamin C molecule is internalized by its receptors, it generates
the superoxide jon in a reaction requiring the presence of iron and copper.
This superoxide free radical is converted into hydrogen peroxide which is
capable of inducing extensive cellular damage. This does not take place in
normal cells, which convert the hydrogen peroxide into water and oxygen
using the active anti-oxidant enzyme, catalase. In cancer cells, however,
since the enzyme catalase is present in very small amounts the hydrogen
peroxide is instead converted to even more reactive hydroxyl radicals in a
reaction requiring iron and copper [Gonzales MJ 2014] (Figure 8). There-
fore, an increase in the oxidative stress in malignant cells due to the higher
intake of vitamin C consequently generates reactive oxygen species that
cannot be eliminated and result in cancer cell death.

Further, since normal cells have protein-bound iron and no hydrogen per-
oxide, vitamin C cannot increase oxidative stress in these cells. Actually,
in normal cells the only effect of vitamin C is decreased oxidative stress.
Additionally, in sufficient amounts vitamin C prevents the accumulation
of hydrogen peroxide thus preventing the cells from oxidative damage and
transformation into malignant cells.

Therefore, it can be inferred that due to the differences in cellular metabo-
lism between cancer cells and normal cells, Vitamin C selectively inhibits
the former while strengthening the latter [Gonzalez MJ 2014]. On the
other hand, chemotherapy has adverse effects on both normal and cancer
cells. In cancer cells, the increased state of intracellular oxidative stress

is exacerbated by the additional pro-oxidant effects of chemotherapeutic
agents causing cell death.
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Figure 10. Differences in the mechanism of action of Vitamin C in normal
versus tumor tissues (Gonzales MJ 2014) .

Possible Mechanism(s) By Which Vitamin C
Inhibits Cancer Development:

Studies show that in a variety of cancer cell types vitamin C also elicits
caspase-mediated apoptosis [Hong SW 2007; Kang JS 2003] and autopha-
gy [Cullen JJ 2010].

In addition, upon treatment with Vitamin C the depletion of cellular ATP
levels was found in many cancer models, which resulted in toxicity and
cell death. With DNA damage and ATP depletion, a cellular signal in-
volving AMP-activated protein kinase (AMPK) is activated which in turn
results in tumor growth inhibition by cell cycle arrest, apoptosis, necrosis
and autophagy.

Vitamin C also has been to seen exert inhibitory effects on hypoxia-induc-
ible factor-1 (HIF-1) [Kawada H 2013], which regulates glucose metabo-
lism and promotes oncogenic processes in cancer cells. NIH researchers
demonstrate that it is abundant in untreated cancer and disappears upon
vitamin C treatment.
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In addition, Vitamin C also affects tumor growth and expansion by its
essential role in collagen synthesis, and, as such, regulating integrity and
stability of connective tissue which forms a natural barrier preventing
invasion and metastasis of cancer cells in the body. This new approach to
the natural control of cancer by assuring optimum synthesis and prevent-
ing excessive digestion of connective tissue by cancer cells was outlined

in 1992 by Rath and Pauling (Rath M, 1992]. It is based on providing an
optimum supply of essential nutrients, such as Vitamin C and the amino
acid lysine, promoting collagen stability. These critical compounds that are
not produced in the human body and as such their deficiencies are likely.
In addition to its essential role in collagen synthesis and structure, vitamin
C also inhibits hyaluronidase, an enzyme that tumor cells use to metasta-
size and invade distal organs throughout the body.

Figure 9. Key mechanisms of cancer affected by vitamin C
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Scientific Studies Supporting
the Benefits of Vitamin C in Cancer

Several epidemiological, human, animal, and cell culture studies consis-
tently and strongly suggest that vitamin C has a protective effect against
cancer.

Epidemiological Studies. An extensive body of evidence accumulated
over the years has shown that people consuming diets rich in fruits and
vegetables are less likely to develop cancer than people who have lower
intake of these foods [Block G 1991, Lee KW 2003, Enstrom EJ 1992].
Based on the evidence, the FDA allows the statement that “low fat diets
rich in fruits and vegetables (foods that are low in fat and may contain
dietary fiber, Vitamin A, or Vitamin C) may reduce the risk of some types
of cancer, a disease associated with many factors” The US Department

of Agriculture and the NCI recommend the consumption of at least 5
servings of fruits and vegetables per day to prevent cancer [World Cancer
research Fund 1997].

While there are many phytochemicals and micronutrients in fruits and
vegetables that may have anticancer properties, vitamin C is likely to be
one of the most effective anti-carcinogenic agents (Figure 9). It also has an
effect on key mechanism of cancer in vitro and in vivo, such as cell growth,
invasion, metastasis, apoptosis, angiogenesis and anti-inflammatory (Fig-
ure 9). Its anti-carcinogenic properties can be attributed to its antioxidant
properties such as preventing free radical damage to DNA, decreasing

the formation of carcinogenic nitrosamines and mutagens, enhancing the
immune system to fight cancer cells, accelerating the action of detoxifying
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liver enzymes and blocking the toxic effects of carcinogens (e.g. polycyclic
hydrocarbons, organochlorine pesticides, and heavy metals). In addition,
through its essential role in collagen production vitamin C can hinder the
spread of cancer cells in the body.

Several epidemiological studies have examined the role of vitamin C or
vitamin C rich foods in cancer prevention, and the vast majority of them
demonstrate a statistically significant protective effect. A number of stud-
ies have investigated and demonstrated the preventive role of vitamin C

in cancers of the oral cavity, gastric system, esophagus, colon, larynx and
pancreas [Block G 1991; Lee KW 2003]. There is also substantial evidence
of its protective effect against cancers of the breast and cervix. Several
recent lung cancer studies suggest significant protective effects of vitamin
C or of foods rich in vitamin C. Epidemiological findings have consistently
established a correlation between a high intake of vitamin C (or foods rich
in vitamin C), and a reduced risk of stomach cancer. This may be due to
vitamin C blocking the formation of nitrosamine and other carcinogens in
the stomach. A meta-analysis involving over 17,000 women clearly showed
the benefits of vitamin C supplementation in reducing breast cancer mor-
tality (Harris HR 2014].

Observational studies found a higher incidence of scurvy in cancer pa-
tients [Fain O 1998] and presence of subclinical scurvy in patients with
different malignancies [Krasner N 1974]. It has been shown that compared
to healthy people cancer patients typically have significantly reduced levels
of vitamin C in serum (Anthony HM 1982; Nunez C 1995; Gackowski D
2002]

The evidence documented by a prospective observational study (Shibata
A 1992] and a retrospective observational study (Torun M 1995] support
that increased consumption of vitamin C reduces the risk for cancer. The
scientific evidence also indicates that increased consumption of vitamin
C reduces the risk of death from cancer. The evidence documented by 4
prospective observational studies [Pandey DK 1995; Eichholzer M 1996;
Eichholzer M 1999; Loria CM 2007] also supports this conclusion.

Animal Studies. Most of the beneficial effects of vitamin C in cancer
observed in in vitro studies has been supported by in vivo testing as well
[Gonzales M]J 2014; Cameron E 1979]. Studies by Dr. Linus Pauling and
his colleagues have shown that high dietary intake of vitamin C decreases
the incidence of and as well as delays the onset of malignant skin tumors
in mice initiated by exposure to ultraviolet light [Tsao CS 1991], and as
well delays the onset of spontaneous mammary tumors in mice [Pauling L
1991]. Vitamin C also has been shown to decrease the incidence of kidney



tumors generated by estradiol or diethylstilbesterol treatment in hamsters
[Liehr JG 1991] by decreasing the formation of genotoxic metabolites.
Other investigators have also found that vitamin C and its lipophilic
derivatives, such as ascorbyl palmitate, are effective in preventing skin can-
cer [Smart RC 1991]. Significant inhibition has also been observed with
vitamin C treatment in the development of lung cancer in mice exposed to
fiberglass dust [Cameron E 1979].

In a study by Levine, et al., following a regimen of daily pharmacological
doses of ascorbate (4g/day) significantly decreased the growth rate of ovar-
ian, pancreatic and glioblastoma tumors in mice [Chen Q 2008]. Higher
concentrations of vitamin C also inhibited tumor growth in Balb/C mice
implanted with sarcoma 180 cancer cell lines [Park S 2006]. The survival
rate of cancer bearing mice in the group that received high doses of vita-
min C increased by 20% compared to the control group.

In their pharmacokinetic studies in rats, Chen, et al., [Chen Q 2007]
demonstrated that pharmacological doses of ascorbate administered
parenterally can generate ascorbate radicals in extracellular space but not
in blood. This study confirmed the therapeutic potential of pharmacologic
doses of ascorbate in cancer and infections. A number of studies thereafter
have shown that high doses of parenteral ascorbate inhibits the growth in
mice of xenografts of a number of cancer cell lines such as glioblastoma,
pancreatic cancer, breast cancer and neuroblastoma [Polireddy K 2017;
Grasso C 2014; Chen Q, 2005, 2008].

Development of colon, kidney, and bladder cancers in animals can also be
controlled by vitamin C. A study conducted by scientists at Johns Hopkins
University showed that colon cancer cells carrying mutations in K-RAS or
BRAF genes could specifically accumulate dehydroascorbic acid (DHA)
and induce oxidative stress by depleting intracellular glutathione thereby
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increasing the vulnerability of cancer cells to free radical damage and
death. As expected, Apc/KrasG12D mutant mice exposed to high doses of
Vitamin C developed fewer and smaller colon tumors compared to control
mice [Yun J 2015].

Dietary ascorbate also decreased the number of melanoma xenograft tu-
mors developing in GULO-/- mice which, like humans, cannot synthesize
endogenous vitamin C. More importantly, the tumors were encapsulated
by a layer of connective tissue rendering them less invasive (Figure 10).
This was associated with a 71% reduction of tumor metastasis in vitamin
C supplemented mice (Figure 11) [Cha J 2013].

: R e
Figure. 10. Effect of dietary ascorbate on growth of BI6GFO melanoma tu-
mors in mice unable to synthesize vitamin C internally (Gulo KO). Repre-
sentative for mice groups histology pictures of tumors. a — ascorbate-supple-
mented mice showing a strong capsule around a tumor (pink); b — ascorbate
depleted mice showing no tumor capsule and infiltrating cells
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Figure. 11. Effect of dietary ascorbate on growth of BI6FO melanoma tu-
mors in Gulo KO mice (SEM bars)

In addition, vitamin C has beneficial effects on normal cells by decreasing
the cytotoxic side effects of radiation and chemotherapeutic agents.



Cell Culture Studies. Much of the evidence for the anti-cancer efficacy of
vitamin C comes from investigating the therapeutic potential of vitamin C
and its derivatives directly on cancer cells (Gonzalez MJ 2014; Holman RA
1957; Leung Py 1993; Park CH 1980; Bishun NP 1978; Bordignon B 2013].

It has been reported that vitamin C is cytotoxic to some human cancers
such as neuroblastoma, osteosarcoma and retinoblastoma. At concentra-
tions ranging from 10 nM to 1 mM, vitamin C induces apoptosis in neuro-
blastoma cells and in melanoma cells [Naidu KA 2003]. It also acts as a
modulator of growth in mouse myeloma cells as seen in an in vitro colony
forming assay and in human bone marrow cells. Vitamin C is also highly
toxic to Ehrlich ascites carcinoma cells and 3T3 cells in culture [Gonzalez
MJ 2014].

Also, vitamin C was cytotoxic to mouse lymphocytic leukemia cells, to
cells from other mouse neoplasms, and to acute lymphoblastic leukemia
human cell lines [Bourdignon B 2013; Park S 2004; Park S 2013]. Expo-
sure of adult T-cell leukemia cells, both HTLV-1 dependent and indepen-
dent, to vitamin C resulted in inhibition of cell proliferation, migration,
expression of cancer promoting genes, induction of apoptosis and several
other parameters of cancer development [Harakeh S 2007]. Recent studies
conducted by this group ( Harakeh S et al. 2017) evaluated mechanistic as-
pects of vitamin C in human adult T-cell leukemia virus Typel (HTVL1)
positive. The results demonstrated that anti-proliferative effects of vitamin
C are mediated through NF-kB activation pathway by suppression of Tax
expression. Ascorbate inhibited MMP-9, an important enzyme in cancer
cells invasion and metastasis, by affecting its protein expression and enzy-
matic activity, but not its mRNA levels.

Japanese scientists have demonstrated the anti-cancer effect of a vitamin
C derivative, benzylidene ascorbate, against human tumors of the ovaries,
stomach, pancreas, uterus, bile ducts, and lungs [Park S 2013]. Ben-
zylidene ascorbate has also been shown to induce apoptosis, or cell death,
in human myelogenous leukemic cell lines, rat hepatocellular carcinoma
cells, and in an HIV-replicating human lymphoma cell line. Its cytotoxic
effect has been related to its pro-oxidant activity and activation of tran-
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scriptional factor NF-kappa B [Block G 1991; Park S 2013].

Park, et al., [Park S 2004; Park S 2006; Park S 2013] and Chen [Chen Q
2005] studied the effect of vitamin C on a number of cancer and normal
cell lines as summarized in Table 3.

Table 3. Effect of vitamin C on select human cancer and normal cell survival
based on its estimated half maximal concentration values (IC50) (based on
S. Park, Nutrients 2013; 5, 3496-3505).

Human Cell Lines Tested Range of IC5o (mM)
Myeloid leukemia (HL60), Retinoic acid resistant Acute Promyelocytic | 0.3-0.5

Leukemia (NB4-R1), Histiocytic lymphoma (U937), Chronic myelogenous
leukemia (K562)

Acute Promyelocytic Leukemia (NB4, NB4R2), Myeloblast (KG1) 0.7-1.0
Normal bone marrow, Breast cancer (MCF7, MB231), Lymphoma (LJP119) 1-10
Normal fibroblasts (CCD24SK), Normal lymphocyte, Normal monocyte, | 10 - >20
Normal breast cell (Hs587Bst), Human breast cancer (Hs587t), Ovarian
cancer (OVCAR and SK-OV3)

IC, : the concentration of vitamin C which causes inhibition of cellular prolif-
eration in 50% of the cells. The IC_ values are means + standard deviations
Sfrom triplicate experiments. *IC, value was determined using H’ incorpora-
tion proliferation assay for 24h.

Their results clearly demonstrate that vitamin C at differing concentrations
may utilize varying mechanisms to target cancer cells. At concentrations of
0.25 mM-20 mM, Vitamin C induces a dose, time, and cancer type depen-
dent cancer cell death by generating H202 and oxidative stress. Treatment
of cells with higher doses of vitamin C resulted in increased intracellular
GSH (glutathione) and GSH-S transferase activity that was accompanied
by an uptake of cysteine thereby suggesting that high concentrations of
vitamin C can modulate intracellular sulfur containing compounds such

as glutathione and cysteine.

In addition, the study by Yun, et al., shed more light on the anti-cancer
mechanism of vitamin C. The researchers used colon cancer cells with
common BRAF and K-RAS mutations, which make unusually high levels
of a protein that transports glucose across the cell membrane [Yun ]
2015]. Since glucose and vitamin C share the same transporter, GLUT1,
large doses of vitamin C raise the free radical levels in these mutated cells
which, in turn, inactivate an enzyme Glyceraldehyde 3-phosphate de-
hydrogenase (GAPDH) which is needed to metabolize glucose, thereby
depriving these cells of energy. This results in cell death.



A number of vitamin C isomers and derivatives were synthesized and
tested for their anti-cancer effects in vitro, and it was demonstrated that
derivatives with substitutions at -2 or -6 and at both positions have a
marked cytotoxic effect. For instance, Ascorbate 6-palmitate and 6-stea-
rate, were found to be more potent inhibitors of murine leukemia cell pro-
liferation compared to ascorbate 2-phosphate, and ascorbate 6-phosphate
or ascorbate 6-sulphate, respectively [Roomi MW 1998, Roomi MW 1998,
Roomi MW 1998]. Ascorbate 6- palmitate and ascorbate 6-stearate have
also been shown to inhibit the proliferation of mouse gliomas, human
gliomas, U-373 and T98G cells, and renal carcinomas. All of these were
attributed to inhibition of cell proliferation, cell cycle arrest, and induction
of apoptosis (Naidu KA 2003; Naidu AK 1993].
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V. Combinations of Vitamin C
with Other Natural Compounds.

In the majority of studies on the anti-cancer effects of vitamins and other
micronutrients, these compounds were applied individually, however,
several approaches also tested their combinations [Demeule M 2000;
Mukhtar H 2000; Kawakami S 2001; Yoon SO 2001]. In most studies, vita-
min C was combined with other antioxidant compounds such as:

Vitamin C with Selenium: Vitamin C in combination with selenium in-
duced re-differentiation of cancer cells and inhibited their growth [Zheng
QS 2002].

Vitamin C with Copper: A mixture of vitamin C and cupric sulfate ad-
ministered orally significantly inhibited human mammary tumor growth
in mice (Chen Q 2015; Tsao CS 1991; Chen Q 2008].
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Vitamin C with Vitamin K3 (menadione): A combination of these vita-
mins in 100:1 ratio (VC:VK) applied in vitro and in vivo resulted in tumor
growth inhibition and increased lifespan in tumor-bearing mice [Calderon
PB 2002]. Further studies indicated its efficacy in various types of cancers
through autoschizic cell death among other mechanisms (Verrax J 2003].
It appears that this nutrient combination targets tumor cells by inflam-
mation (Verrax J 2006]. Further work indicated the safety and benefits of
these nutrients in prostate and bladder cancers (Tareen B 2008; McGuire
K 2013].

Vitamin C with Carotenoids, vitamin E, and retinoic acid: A study by
Prasad, et al., indicated that individual compounds used at doses 50 ug/ml
of vitamin C, 10 ug/ml carotenoids, 10 ug of alpha-tocopherol succinate,
and 7.5 ug/ml of retinoic acid did not affect growth of melanoma cells.
However, their combination reduced cell numbers by 56%. Increase of
ascorbate level in this mixture to 100 ug/ml resulted in further reduction
of melanoma growth to 13% (Prasad KN 1994].

Vitamin C in synergy with multiple nutrients: A different approach is
represented by Cellular Medicine, in which the anti-cancer efficacy of vita-
min C is enhanced by complexing it with a select group of natural com-
pounds (Table 4). In this aspect, vitamin C is a synergistically cooperating
team member supporting several anti-cancer mechanisms, in particular
the formation and stability of the biological barrier around cancer cells
(collagen) through optimizing the synthesis of the extracellular matrix and
inhibiting MMPs and plasmin, the key enzymes involved in its proteolytic
degradation and associated with cancer expansion. This novel anti-can-
cer target mechanism is especially critical in metastasis by hindering

the spread and invasion of cancer cells to other organs. In addition, this
synergistic combination which includes vitamin C, lysine, proline, green
tea extract, and other micronutrients, is effective in inhibiting oxidative
stress, inflammation, and angiogenesis, and triggers cellular mechanisms
promoting cell apoptosis among other anti-cancer effects. Since the
targeted mechanisms are universal to all types of cancer malignancy, the
micronutrient combination (NM) used in different doses was effective in
inhibiting these mechanisms in over 50 human cancer cell types selected
on the basis of organ malignancies (carcinomas, sarcomas and leukemia)
(Table 5) [Niedzwiecki A 2010].



Table 4: Composition of the nutrient synergy mixture (NM)

Components of NM Concentrations of Individual
Nutrients in 1,000 mcg/ml
NM Solution
Ascorbate 900 mcM
Lysine 1,100 mcM
Proline 1,100 mcM
Arginine 500 mcM
N-Acetyl-Cysteine 250 mcM
EGCG (from green tea) 150 mcM
Selenium 85 mcM
Copper 7 mcM
Manganese 4 mcM

By introducing the element of synergy in the interaction between various
micronutrients, we could obtain better anti-cancer eflicacy using lower
doses of individual micronutrients than when applied individually( Figure
12) . Moreover, proper selection of nutrients for precise biological process-
es allowed achievement of pleiotropic effects by targeting several relevant
cancer mechanisms at the same time, such as cancer cell proliferation,
invasion, metastasis and angiogenesis.
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Figure 12. Inhibition of breast cancer cells growth by individual nutrients
and their combinations (Kale 2010)
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The in vitro findings of NM were also confirmed by in vivo studies, in
both cancer prevention and therapeutic aspects. NM inhibited growth of
cancer cells implanted as xenografts in athymic mice. It also inhibited can-
cer development induced by chemicals, such as N-methyl N-Nitrosourea
(MNU), in mammary tumors of rats, urethane induced lung cancer in
mice and dimethyl ben-anthracene (DMBA) induced skin cancer in mice
[[Niedzwiecki A 2010]. Tumor bearing mice exposed to NM exhibited
decreased growth of tumors. More importantly, the majority (90%) of the
tumors in NM exposed mice were non-malignant [Kale A 2010]

Table 5: Inhibition of extracellular matrix invasion of several human cancer
cell lines by different concentrations of NM

NM concentrations needed by different types of cancer cells to achieve 100% inhibition of tissue
invasion
100 mcg/ml 500 mcg/ml 1,000 mcg/ml
Breast (MDA_MB 231) Cervical cancer (CCL2) Bladder cancer (T24)
Breast(MCF-7+ estradiol) Lung carcinoma (A548) Cervical cancer (DoTc2451)
Osteosarcoma (MNNG/U20S) Pancreas (MIA PACA2) Fibrosarcoma (HT1080)
Prostate (LNCaP) Ovarian cancer (SKOV3
Testis (NT2/DT) Prostate (PC3)
Colon (HCT116) Renal Carcinoma (786-0)
Synovial Carcinoma

In vivo studies in a mouse model confirmed that NM inhibited metastasis
of BI6FO melanoma cells into the lungs [Roomi MW 2006], and from the
spleen into the liver [Roomi MW 2008], and from the testicles to the lungs
[Roomi MW 2012]. The inhibition of invasion by NM can be attributed
to its inhibitory effect on the synthesis and activity of MMPs, the enzymes
responsible for digestion of the extracellular matrix. MMPs are elevated
in several types of human cancers and are associated with a poor prog-
nosis. Thus by inhibiting the MMP activity, NM affects multiplication of
cancer cells, and also the spread of cancer (Figure 9) [Roomi MW, Bhanap
B 2015]. In addition, NM was also effective in inducing cell death in all
tested cancer cell types [Roomi MW, Shanker N 2015] (Figure 10).



VI. Clinical Applications
of Vitamin C in Cancer

Many conventional physicians, in particular oncologists, are often skep-
tical about the use of vitamin C or other antioxidants in cancer patients,
citing lack of clinical evidence. Compared to the investment pouring

into biotechnology and pharmacotherapy as the most profitable business
approaches, there is hardly financial interest in natural health approaches
in general, and in therapeutic application of vitamin C in particular. Most
published clinical information on the efficacy of Vitamin C in cancer
patients has been derived from the studies, which vary in design, timing
of observation/intervention, intervention protocols, stages of malignan-
cy and anti-cancer regimens as well as doses and methods of vitamin C
delivery. These differences often result in different outcomes, which the
opponents of this new approach use as a reason for questioning the thera-
peutic value of vitamin C.

However, with a lack of significant therapeutic success of conventional
approaches there has steadily been growing interest among both patients
and therapists in using vitamin C in cancer treatment which now provides
more and more evidence on its therapeutic potential (Carr AC 2014, Pa-
dayalty SJ 2006, Stephensom CM 2013, Mikirova N, 2012, Monti DA 2012,
Welsh JL 2013, Takahashi H 2012)

A recently published systematic review of human interventional and
observational studies by Fritz, et al., [Fritz H 2014] forms a solid basis
of support for further studies on the benefits of IV vitamin C in various
phases of cancer.
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Oral versus Intravenous Administration of Vitamin C

Early clinical studies conducted by Cameron and his associates in Scotland
[Cameron E 1974], and later by Dr. Linus Pauling [Cameron E, Pauling

L 1976; Cameron E, Pauling L 1978] showed that on an average, termi-

nal cancer patients who were prescribed 10g/day of vitamin C survived
significantly longer than similar cancer patients who did not get a vitamin
C supplement. Tumor regression was also reported in some patients with
cancer of the lung, pancreas, small intestine, colon, breast and kidney
[Cameron E 1979].

Cameron and Pauling observed no response or minimal response to
vitamin C in about 45% of patients, but the majority experienced posi-
tive therapeutic responses of tumor retardation, cytostasis, or regression.
Patients also reported a greater sense of wellbeing, improved appetite,
increased mental alertness and physical strength, and a decreased re-
quirement for pain killing drugs. These studies indicated that vitamin C
therapy is more effective when started at an earlier rather than later stage
of cancer. These results were also confirmed by Japanese researchers who
found similar beneficial survival times with vitamin C [Murata A 1982;
Ohno S 2009]. Subsequently, Canadian scientist Dr. Abram Hoffer [Hoffer
L] 2008] provided more evidence that vitamin C enables cancer patients to
live longer with a better quality of life.



However, Cameron’s and Pauling’s work on vitamin C suffered a setback
from subsequent studies, including a randomized, double-blind, place-
bo-controlled clinical trial by Dr. Charles Moertel of the Mayo Clinic
[Moertel CG 1985]. However, these studies differed in the modes of ad-
ministration of Vitamin C. In the Pauling study vitamin C was given both
intravenous and orally, while in the Moertel study vitamin C was given
only orally thereby limiting the achieving of higher vitamin C plasma con-
centrations and, as such, the anti-cancer efficacy of vitamin C.

The subsequent pharmacokinetic analysis with oral, and oral plus intrave-
nous administration of Vitamin C by Levine [Chen Q 2005; Chen Q 2008;
Chen Q 2015], Padayatty and Riordan [Padayatty S] 2006; Riordan NH
1995; Riordan NH 1996; Riordan 2000] suitably explained the conflicting
findings observed in humans. Oral intake of vitamin C, even at a very
large dose, can raise plasma vitamin C concentrations to a maximum of
only 200 um/L; whereas an intravenous administration can raise plasma
concentrations to as high as 26,000 pm/L. Vitamin C concentrations of
this magnitude can selectively kill tumor cells in vitro without any adverse
effect on normal human cells. When 0.25-0.5 g/kg vitamin C was injected
into rats intravenously or intraperitoneally, it produced an ascorbate con-
centration of 60-100 times higher in blood and tissue than with the same
oral dose.

Table 6: Peak plasma concentrations after oral and intravenous administra-
tion of Vitamin C and its cytotoxic effect in normal and tumor cells (Modifed
after: S. Ohno eta la., Anticancer Research 2009; 29;809-816 )

Vitamin C Route of Attainable Level causing cytotoxicity in:
intake/daily administration | concentrations in plasma | Tumor cells Normal cells
Dietary Oral <0.1 mM

1-3g Oral 0.15-0.2 mM

10-100g Intravenous 5-15mM 1-10 mM At least >20 mM

A study conducted by Padayatty, et al., in 17 healthy hospitalized vol-
unteers showed that peak plasma vitamin C concentrations were higher
after administration of intravenous doses than after administration of oral
doses (P < 0.001), and the difference increased with an increase in the
dose. Vitamin C at a dose of 1.25 g administered orally produced mean
(+/-sd) peak plasma concentrations of 134.8 +/- 20.6 micromol/L com-
pared with 885 +/- 201.2 micromol/L for intravenous administration. For
the maximum tolerated oral dose of 3 g every 4 hours, pharmacokinetic
modeling predicted peak plasma vitamin C concentrations of 220 micro-
mol/L and 13 400 micromol/L for a 50-g intravenous dose. Peak predicted
urine concentrations of vitamin C from intravenous administration were
140-times higher than those from maximum oral doses. Oral vitamin C



produces plasma concentrations that are tightly controlled. Only intrave-
nous administration of vitamin C produces high enough plasma concen-
trations that might have antitumor activity [Padayatti SJ 2004].

Vitamin C and Advanced Stages of Cancer

The effects of vitamin C on the health-related quality of life of cancer
patients, was prospectively studied in 39 terminal cancer patients. All
patients were given an intravenous administration of 10 g vitamin C

twice with a 3-day interval and an oral intake of 4 g vitamin C daily for

a week. In the global health/quality of life scale, health score improved
from 36+/-18 to 55+/-16 after administration of vitamin C (p = 0.001).

In functional scale, the patients reported significantly higher scores for
physical, role, emotional, and cognitive function after administration of
vitamin C (p<0.05). In symptom scale, the patients reported significantly
lower scores for fatigue, nausea/vomiting, pain, and appetite loss after
administration of vitamin C (p < 0.005). The other function and symptom
scales were not significantly changed after administration of vitamin C. In
terminal cancer patients, the quality of life is as important as cure and the
authors concluded that vitamin C is considered a safe and effective therapy
to improve the quality of life of terminal cancer patients [Yeom CH 2007].

Patients with advanced cancer or hematologic malignancy were assigned
to sequential cohorts infused with 0.4, 0.6, 0.9 and 1.5 g ascorbic acid/kg
body weight three times weekly. Adverse events and toxicity were min-
imal at all dose levels. No patient had an objective anticancer response.
High-dose IV ascorbic acid was well tolerated but failed to demonstrate
anticancer activity when administered to patients with previously treated
advanced malignancies. The promise of this approach may lie in combina-
tion with cytotoxic or other redox-active molecules. [Hoffer L] 2008]

This phase I clinical trial evaluated the safety, tolerability, and pharmaco-
kinetics of high dose intravenous (IV) ascorbic acid as a monotherapy in
patients with advanced solid tumors refractory to standard therapy. Five
cohorts of three patients received I.V. ascorbic acid administered at 1 g/
min for 4 consecutive days/week for 4 weeks, starting at 30 g/m? in the
first cohort. For subsequent cohorts, the dose was increased by 20 g/m?
until a maximum tolerated dose was found. Ascorbic acid was eliminated
by simple first-order kinetics. Half-life and clearance values were similar
for all patients of all cohorts (2.0 + 0.6 h, 21 + 5 dL/h m?, respectively).
C(max) and AUC values increased proportionately with a dose between
0 and 70 g/m?, but appeared to reach maximal values at 70 g/m? (49 mM
and 220 h mM, respectively). Doses of 70, 90, and 110 g/m* maintained



levels at or above 10-20 mM for 5-6 h. All doses were well tolerated. No
patient demonstrated an objective antitumor response. Ascorbic acid
administered I'V at 1 g/min for 4 consecutive days/week for 4 weeks
produced up to 49 mM ascorbic acid in the blood of the patients and was
well tolerated. The recommended dose for future studies is 70-80 g/m?
[Stephenson CM 2013].

Overall, it was reported that intravenous vitamin C used by practitioners
of complementary and alternate medicine (CAM) has no serious side
effects in patients. Out of 11,233 patients that received vitamin C in 2006
and 8,876 in 2008, only 59 reported experiencing lethargy or fatigue (Pa-
dayatty S] 2010].

Vitamin C as An Adjunct to Standard Cancer Treatments

Currently most types of cancer have standard protocols that in addition to
surgery, include chemotherapy and radiation. These modalities are asso-
ciated with severe and often debilitating side effects during the treatment
and trigger many new health problems in cancer survivors. While many
patients subjugate to fear of following non-conventional approaches there
is an increasing interest in using vitamin C as an adjunct to alleviate severe
side effects of conventional methods.

In vitro and in vivo studies from several groups have demonstrated the
synergistic effect of pharmacologic ascorbate doses when combined with
common chemotherapeutic drugs such as gemcitabine, paclitaxel and
carboplatin [Kurbacher CM 1996]. In several studies, Riordan, et al..
[Riordan NH 1995; Riordan NH 1996; Riordan 2000] clearly indicated
the benefits of vitamin C intake when used with chemotherapy. Prasad
showed that high doses of vitamin C as well as other antioxidants could
protect healthy cells during chemotherapy treatment [Prasad KN 1994].
He further states that cancer cells unlike healthy cells cannot regulate
vitamin C uptake, which results in their death. This study was further
supported by the findings from UCLA and MD Anderson Cancer Center
advocating that antioxidants should be taken during cancer therapy [Moss
RW 2006, MItra R].

Adjunct to Gemcitabine and Erlotinib: In a Phase I study, 14 subjects
with metastatic stage IV pancreatic cancer were recruited to receive an
eight-week cycle of intravenous ascorbic acid (three infusions per week),
using a dose escalation design of 50, 75 and 100g, along with standard
treatment of gemcitabine and erlotinib. Of the 14 recruited subjects en-
rolled, nine completed the study (three in each dosage tier). Tumor mass
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decreased 10%-42% in eight out of nine patients. there was no evidence of
increased toxicity with IV vitamin C (Figure 13). Adverse effects are likely
related to progression of disease or treatment with gemcitabine or erlo-
tinib. Applying RECIST 1.0 criteria, seven of the nine subjects had stable
disease while the other two had progressive disease.

Response of Primary Tumor Size
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Figure 13. Effects of intravenous vitamin C administration on primary
tumor size in individual patients with Stage IV pancreatic cancer

These initial safety data do not reveal increased toxicity with the addition
of ascorbic acid to gemcitabine and erlotinib in pancreatic cancer patients.
This, combined with the observed response to treatment, suggests the
need for a phase II study of longer duration [Monti DA 2012].

Combination with Gemcitabine: In another study nine subjects with
prostate cancer received twice-weekly intravenous ascorbate (15-125 g) to
achieve a targeted post-infusion plasma level of > 350 mg/dL (= 20 mM).
Subjects received concurrent gemcitabine. Disease burden, weight, per-
formance status, hematologic and metabolic lab work, time to progression
and overall survival were monitored. Adverse events attributable to the
drug combination were rare and included diarrhea (n = 4) and dry mouth
(n = 6). Dose-limiting criteria were not met for this study. Mean survival
of subjects completing at least two cycles (8 weeks) of therapy was 13 + 2
months.

Data suggest pharmacologic ascorbate administered concurrently with
gemcitabine is well tolerated. Initial data from this small sampling suggest
some efficacy. Further studies to determine efficacy should be conducted
[Welsh JL 2013].



Combination with Carboplatin and Paclitaxel: In 2014, a phase I/

IIA clinical trial evaluated the toxicities of combining IV ascorbate with
carboplatin and paclitaxel in stage III /IV ovarian cancer. Twenty-seven
patients were randomly assigned to receive either chemotherapy alone or
chemotherapy and IV vitamin C concurrently. Chemotherapy was given
for 6 months, and IV vitamin C was given for 12 months. The addition of
IV vitamin C was associated with reduced chemotherapy-related toxicities
[MaY 2014].

Other studies showed reduced chemotherapy-related toxicities of IV
ascorbate in patients treated with carboplatin and paclitaxel in stage II/IV
ovarian cancer [Ma Y 2014].

Combination with standard therapies for breast cancer: In an epidemi-
ological multicenter cohort study, which included 15 gynecologists and
general practitioners representatively distributed in Germany, the data
from 125 breast cancer patients in UICC stages IIa to IIIb were selected
for the study. A total of 53 of these patients were treated with IV vitamin
C (supplied as Pascorbin® 7.5 g) in addition to standard tumor therapy for
at least 4 weeks (study group) and 72 were treated without the additional
therapy (control group). Standard therapies were: epirubicin/cyclophos-
phamide(56%),cyclophosphamide/methotrexate/fluorouracil (20%) and
fluorouracil/epirubicin/cyclophosphamide (15%). In the study IV vitamin
C administration significantly reduced the side effects of chemotherapy,
in particular, nausea, loss of appetite, fatigue, depression, sleep disorders,
dizziness and hemorrhagic diathesis. After adjustment for age and baseline
conditions (intensity score before adjuvant therapy, chemotherapy, radio-
therapy), the overall intensity score of symptoms during adjuvant therapy
and aftercare was nearly twice as high in the control group compared to
the study group. No side effects of the IV vitamin C administration were
documented [Vollbracht C 2011].
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Combination of vitamin C, vitamin E and beta carotene
with conventional therapy.

In a clinical study [Pathac AK 2002], patients receiving 6,1000 mg of
ascorbic acid, 1,050mg of d-alpha tocopherol succinate, 60 mg of beta
carotene and a trace mineral mixture along with chemotherapy benefited
as evaluated by the number of patients in whom cancer did not progress,
the number of survivors over a one-year period, and partial response of
the patients.

At the same cancer conference Walker, et al., [Walker EM 2002] report-

ed results from a randomized pilot trial (Phase I/II) in Stage 0-III breast
cancer patients receiving radiation therapy and a high-dose of multiple
antioxidant oral preparations containing 8g of vitamin C (as calcium
ascorbate), 800 IU of vitamin E (alpha tocopheryl succinate), and 60 mg of
natural beta carotene divided into two doses. Out of 25 patients receiving
radiation alone, two developed new cancers, while no new cancers were
detected in 22 patients receiving radiation and antioxidants.



Consideration in administration of vitamin C at high doses:

Although high doses of vitamin C are generally safe in the majority of
people there are some aspects to be considered before administering vita-
min C treatment.

Iron overload: Since administration of vitamin C enhances iron absorp-
tion, iron overload must be ruled out in patients with hemochromatosis,
thalassemia and sideroblastic anemia. The most common side effects in
these patients are abdomnal pain, loose stools and vitamin B12 deficiency.

Glucose-6-Phospahte Dehydrogenase (G6PD) deficiency: Patients with
G6PD deficiency (an enzyme used to maintain integrity of the red blood
cell membranes) were found to be susceptible to hemolysis following a
very high dose of vitamin C administration. Luckily, G6PD deficiency

is relatively uncommon. It is an X-linked disorder prevalently affecting
people of African, Asian, and Mediterranean descent. It is more frequent
in men. G6PD deficiency is polymorphic, with more than 400 variants
spread over malaria endemic regions.

Sodium fluctuations: Intravenous injection of vitamin C may also create a
transient high load of sodium, which may lead to fluid overload in patients
with congestive heart failure, renal insufficiency or renal failure. Vitamin
C in mega-doses may result in diminution of uric acid excretion which
may in turn precipitate an acute gouty arthritis.

Abrupt discontinuation of high doses of vitamin C: In some individuals
this may cause “rebound scurvy” However, this is rare.

Some analytical tests: It should be taken into consideration that large dos-
es of Vitamin C may interfere with some stool tests for occult blood (false
positive). Vitamin C can make a urine test for sugar unreliable because it
reduces the copper in the clinical test and Benedict solution giving false
positive results.



Other beneficial effects of Vitamin C in cancer

Interest in the chemo-preventive functions of vitamin C and other antioxi-
dants [Sauberlich HE 1994; Naidu KA 2003; Gonzalez MJ 2014] has grown
considerably in recent years since conventional therapies such as che-
motherapy and radiation therapy have been unable to provide a cure for
cancer. These conventional approaches are ineffective in treating cancers
diagnosed at a late stage when metastasis has already occurred. Even more,
cellular damage that results from these modalities leads to new cancers,
infections, severe anemia, impaired immunity, and bleeding.

Improve quality of life:

On the other hand, Takahashi, et al., have proven that a high dose of intra-
venous vitamin C improves quality of life in cancer patients. They followed
60 newly diagnosed cancer patients who received intravenous vitamin C

as an adjuvant cancer therapy and evaluated their response based on stan-
dard QOL questionnaire. Reporting 46% and 60% improvement at 2 and 4
weeks respectively, without any adverse reactions, the researchers strongly
suggest intravenous vitamin C (IVC) for advanced cancer cases [Taka-
hashi 2012]. Carr, et al., further elaborate on this potential mechanism

to explain the quality of life improvements in cancer patients after IVC.
Radiation and chemotherapy contribute to treatment-related fatigue,and
vitamin C via the antioxidant action decreases fatigue by reducing oxidant
mediated toxicity of cancer treatment [Carr 2014].

Anti-inflammatory:

Inflammation also plays a strong role in cancer-related fatigue thereby
decreasing the patient’s quality of life. Anti-inflammatory effect of IVC
was studied in 45 cancer patients (prostate, breast, bladder, pancreas, lung,
thyroid, skin and lymphoma). The results showed that a high dose of IVC
reduces markers of inflammation such as C-reactive protein (CRP), tumor
necrosis factor (TNF), interferons and various interleukins [Mikirova N
2012].

Survival and quality of life:

High dose IVC ranging from 25-100 grams/day has also been studied in
cancer patients of various stages. The results showed they survived beyond
individual prognostic estimate, had improved quality of life and improved
tolerance to conventional treatments [Raymond YC 2016].

IVC has been reported to be effective as palliative treatment as well. Thir-
ty-nine cancer patients with extensive bone metastasis and severe pain,
and who were declared radiotherapy-resistant, were studied retrospective-



ly. Fifteen of those patients received 2.5 grams IVC, 15 patients received
chemotherapy, and 9 were assigned to the control group. Four patients in
IVC group and one in the chemotherapy group reported improved per-
formance. A median 50% pain reduction and 10-month survival time was
observed in the IVC group versus the median survival in the chemothera-
py and the control group was two months [Giines-Bayir A 2015].

Taking into account the overall benefits of vitamin C and its tolerance
when administered in high doses, there is an urgent need to apply it in
clinical practice.
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