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Abstract

Vitamin C, also known as L-ascorbic acid, is an undisputable essential vitamin for
human health with antioxidant and anti-cancer properties among others. It is a
cofactor for a number of metabolic enzymes and has enormous health benefits.
Extensive epidemiological, in vitro, in vivo and clinical studies consistently and
strongly suggest the benefits of Vitamin C use in cancer treatment.

Epidemiological studies have shown that people consuming a diet rich in Vitamin
C are less likely to develop cancer. In vitro and in vivo studies have shown
that vitamin C kills cancer cells while simultaneously supporting normal cells
and tissues. Clinical data indicates that intravenous administration of vitamin
C is much more effective in achieving higher plasma levels, compared to oral
administration, making the former the preferred means of administering Vitamin
C to achieve sustainable therapeutic effect in cancer treatment.

There are a wide variety of mechanisms by which vitamin C kills cancer cells and
prevents their spread which include its roles as an anti-oxidant, an inhibitor of
metalloproteinasesand a supporter of collagen formation and tissue architecture.
The therapeutic effect of Vitamin C is accompanied by the lack of cytotoxicity
induced by conventional chemotherapy making it the most desirable anti-cancer
therapy and one of the safest substances available to physicians.

It has been observed through several studies that the anti-carcinogenic
characteristics of Vitamin C are further enhanced in combination with other
micronutrients such as lysine, arginine, proline and green tea extract. The
synergistic effect of these nutrient mixtures can thus be considered in preventive
and therapeutic aspects of cancer.
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Introduction

Cancer is the second leading cause of death after heart
disease in the Western World and it is estimated that
2.6 million new cancer cases will be diagnosed by 2050.
Chemicals, radiation and viruses (1, 2, 3) have been
recognized as cancer causing agents in human and many
animal species. A wide variety of carcinogenic agents
circulate in the environment contaminating air, water and
food sources. 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
1). This process of transformation primarily involves three
distinct phases: initiation, promotion and progression.
Cancer initiation often requires sustained DNA damage
induced by free radicals in the cellular environment which
either cannot be repaired or is missed by the DNA repair
enzymes. The mutations in the DNA accumulate over time
thereby increasing the risk of cancer with each 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. Based on the associated degree
of spread cancer development shows the following stages:
1) hyperplasia (increased number of cells and division), 2)
invasion to the adjacent tissues and 3) metastasis (cellular
migration to distal organs) (4).
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therapeutic approaches can initially inhibit the tumor mass,
they are ineffective in providing a cure. Moreover, these
treatments indiscriminately attack all cells including healthy
cells causing extensive cellular damage and cytotoxicity.
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.

There is an urgent need to develop effective non-toxic anti-
cancer approaches that include prevention of metastasis.

In recent decades it has been shown that vitamins, in
particular vitamin C used at higher doses can be effective
as therapeutic agents that target several mechanisms
associated with different pathologies. Among different
health applications of vitamin C, its role in relation to cancer
has been most thoroughly investigated.

Vitamin C

Discovery of vitamin C. The importance of vitamin C for
human health can be traced back to several centuries
ago. lts deficiency causes a disease called scurvy which
is characterized by bleeding gums, dry skin, fragile blood
vessels, connective tissue dissolution, impaired wound
healing and finally death (5, 6). Interestingly scurvy is absent
in most species of the animal world and can develop only
in humans, guinea pigs and primates, species that have lost

the ability to internally produce vitamin C.
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Figure 1. Cancer causing agents and the stages of transforming normal cell to cancerous cells
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The earliest documented case of scurvy was described
by Hippocrates around the year 400 BC. This disease
became rampant during the 16th century among sea
voyageurs and sailors who were deprived of fresh fruits
andvegetablesin their diet during long voyages. The first
clinical proof that citrus fruit juice can cure scurvy was
provided by Dr. James Lind who published his findings in
the ‘Treatise of the Scurvy’ in 1753 (7).

However, it was not until the 1900s, after the
establishment of the first guinea pig scurvy model (8),
that this antiscorbutic factor was identified as “water-
soluble vitamin C” or “ascorbic acid”. This compound
was isolated and its structure identified (Figure 2)
by Hungarian scientist Albert Szent-Gyorgyi. In 1933,
Hoffmann La Roche became the first pharmaceutical
company responsible for the mass production of vitamin
C. The role of vitamin C as an anti-cancer agent was first
suggested in 1952 when McCormick proposed its role
as a chemotherapeutic agent (9).

CH_OH
6 2

HCOH
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Figure 2. Structure of Vitamin C (Ascorbic Acid)

Chemical structure. Natural vitamin C is also known
as L-ascorbic acid (Figure 3). The 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. Of the four
isomers, only L-Ascorbic Acid or vitamin C is biologically
active and the other three forms are inactive.

Vitamin C is a colorless, odorless, crystalline solid
compound with a sharp acidic taste. Its chemical
composition is C6H806, with a molecular weight of
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176 and a melting point of 190-1920C. It is soluble in
water but insoluble in organic solvents. Vitamin C is
easily oxidized by several agents including halogens and
hydrogen peroxide (10, 11).
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Figure 3. Stereoisomers of Vitamin C and their interconversion

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- phosphate compounds of vitamin C are
much more stable than vitamin C itself, hence they are
used in formulations of feed for shrimp, fish, guinea
pigs and rhesus monkeys. L-ascorbyl 6-palmitate, a
synthetic lipophilic vitamin C derivative is another
effective and bio-available compound used in foods and
pharmaceuticals (10, 11). It has been seen that both
hydrophilic and hydrophobic derivatives are cytotoxic to
a number of malignant cells.

Sources and distribution. Vitamin C is a ubiquitous
compound necessary for sustaining life and it is
considered one of the most versatile and vital dietary
compounds (10). It is widely available in fresh fruits
and vegetables. Fruits such as oranges, lemons, grapes,
strawberries, papaya, kiwi, cantaloupe, grapefruit,
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mango and honeydews are good sources of Vitamin C
(10,11, 12). Vegetables rich in vitamin Cinclude broccoli,
Brussels sprouts, red and green peppers, tomatoes,
cabbage, potatoes, sweet potatoes, cauliflower, snow
peas and kale. Cooking generally destroys vitamin C
as does storage since the compound is unstable and
extremely sensitive to heat. It is also easily oxidized and
can be destroyed by exposure to oxygen, alkali, iron and
copper (13, 14, 15). Thus in order to preserve vitamin C
the food should not be exposed to air, light or water for
prolonged periods of time (10, 11).

Vitamin Cis concentrated in many organs in humans and
animals. Its highest levels are found in the adrenal and
pituitary glands. Other organs rich in vitamin C include
the liver, spleen, pancreas, kidney, 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 (10, 11, 12).

Bio-synthesis. Most animals and plants synthesize
vitamin C from glucose (16) (Figure 4). In primitive fish,
ampbhibians and reptiles, vitamin C is synthesized in the
kidney, whereas the liver is the main site of vitamin C
production in most mammals. Humans, monkeys, guinea
pigs, fruit eating bats and several other primates have
lost the ability to synthesize vitamin C endogenously as
a result of genetic mutations that impair the ability to
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produce L-gulonolactone oxidase( GULO)- the enzyme
that catalyzes a critical step in conversion of glucose to

vitamin C.

Cellular uptake. Vitamin C is easily oxidized and
converted to dehydroascorbic acid (DHA) on exposure
to air. In vitro studies have found that oxidized vitamin
C (DHA) enters the cell via nonspecific, low-affinity,
high-capacity glucose transporters (GLUTs — hexose
transporters) and is reduced intracellularly to L- ascorbic
acid. L-ascorbic acid is also directly taken up by the cells
through specific, high-affinity, low-capacity sodium-
ascorbate transporters (SVCTs — sodium-ascorbate co-
transporter). Both transport mechanisms exist in the
majority of cells in the body (Figure 5) (17, 18, 19, 20).

Function and physiological relevance. Vitamin C is
needed for hundreds of biochemical reactions occurring
in the body and for the growth and repair of tissues.

One of the main roles Vitamin C plays is that of an
anti-oxidant. One of the agents that cause 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 and in pathological
conditions. Free radical induced damage to cellular
proteins, fats and carbohydrate molecules and their
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HCOH H HCOH HCOH
o) O oxidation
349 oy °
H OH — H
reduction
OH OH OH o Q
GLUCOSE ASCORBIC ACID DEHYDRO ASCORBIC ACID

(reduced form)

(oxidised form)

Figure 4. Metabolic pathway of vitamin C synthesis from glucose. Ascorbic acid (AA) and its oxidized form Dehydroascorbic acid (DHA) have

similar structures.
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buildup over time contributes to the aging process as
well as the development of many pathologies. The most
known radical compounds include superoxide, hydroxyl
and singlet oxygen, ozone, peroxynitrile,
dioxide and hypochlorus acid (21, 22).

nitrogen

Protection from free radicals is provided by compounds
with antioxidant properties that can scavenge the
radicals. Vitamin Cis considered the most effective, least
toxic water soluble antioxidant. It is the predominant
antioxidant in blood, tissues and intracellular fluids (23,
24). Due to its antioxidant function Vitamin C helps
protect several macromolecules such as DNA, lipids,
proteins and enzymes from damage by free radicals.
Consequently, it offers protection from degenerative
diseases such as cancer, aging, heart disease and
cataract formation.

In vivo studies have shown that L-Ascorbic Acid is
utilized in cell metabolism 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
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Figure 5. Cellular uptake of Vitamin C and its oxidized form, dehydroascorbic acid (DHA)

through different transporters.
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vivo, because two ascorbyl radicals dismutate into one
ascorbic acid molecule and one dehyroascorbic acid
molecule. (Figure 5).

Besides its antioxidant function vitamin C plays an
indispensable role in maintaining tissue structure and
function by regulating the biosynthesis and structure
of collagen (25), which is one of the main structural
components of blood vessels, skin, tendons, ligaments,
bone, cartilage, heart valves and lens of the eye.
Optimum collagen formation is also essential in healing
wounds and 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 catalyzing formation
of hydrogen bridges which link various collagen fibrils.
Besides collagen, Vitamin C also plays a role in the
synthesis of glycosaminoglycans which are essential
components of cartilage, bone and connective tissue.
Thus wound healing and maintenance of tissue and
organ structure and function are processes dependent
on the availability of Vitamin C (10, 11, 12, 21, 22).

Vitamin C also participates in the biosynthesis of
hormones, carnitine, and neurotransmitters. 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
reactions in the human body. It also
recycles other antioxidants such as
vitamin E and glutathione. Vitamin Cis an
effective antimicrobial agent inhibiting
viral and bacterial infections in the
body. Other than that health conditions

such as high blood pressure, diabetes,

asthma & other allergic conditions, gout,
infertility, schizophrenia and depression
are affected by vitamin C (10, 11, 21).

Vitamin C and Cancer
Interest in  the chemo-preventive

functions of vitamin C and other
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antioxidants (10, 11, 26) has grown considerably
in recent years since conventional therapies such
as chemotherapy and radiation therapy have been
unable to provide a cure for cancer. Chemotherapeutic
compounds and radiation indiscriminately attack cancer
cells and healthy cells causing severe cellular damage
including damage to the body’s connective tissues and
immune system. This cellular damage leads to new
cancers, infections, severe anemia, impaired immunity
and bleeding. Furthermore, these therapies are
ineffective in treating cancers diagnosed at a late stage
when metastasis has already occurred.

Interest in Vitamin C has arisen since several
epidemiological, cell culture, animal and human studies
consistently and strongly suggest that it 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 (27, 28, 29). The US Department of
Agriculture and the NCI recommends the consumption
of at least 5 servings of fruits and vegetables per day to
prevent cancer (30).

While many phytochemicals and micronutrients in
fruits and vegetables may have anticancer properties,
vitamin C is likely to be one of the most effective anti-
carcinogenic agents. 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 liver enzymes and
blocking the toxic effects of carcinogens (e.g. polycyclic
hydrocarbons, organochlorine pesticides, and heavy
metals). Epidemiological findings have consistently
established a correlation between a high intake of
vitamin C (or food rich in vitamin C) and a reduced risk
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of stomach cancer. This may be due to the action of
vitamin C blocking the formation of nitrosamine and
other carcinogens in the stomach.

Several epidemiological studies have examined the role
of vitamin C or vitamin C rich foods in cancer prevention,
the vast majority of which demonstrate a statistically
significant protective effect. A number of studies have
investigated and demonstrated the preventive role
of vitamin C in cancers of the mouth, esophagus, oral
cavity, larynx, stomach and pancreas (27, 28). There is
also substantial evidence of its protective effect against
cancers of the cervix, rectum and breast. Several recent
lung cancer studies suggest significant protective effects
of vitamin C or of food rich in vitamin C.

Cell culture studies. In recent years there has been
growinginterestinthe therapeutic application of vitamin
C and its derivatives (26, 31, 32, 33, 34, 35, 36). Much
of the evidence for the anti-cancer efficacy of vitamin
C comes from cell culture studies that investigate the
therapeutic potential of vitamin C and its derivatives
directly on cancer cells (26, 31, 36).

There is increasing evidence that vitamin C is selectively
toxic to some types of cancer cells, thereby functioning
as a pro-oxidant. It has been reported that it is cytotoxic
to some human cancers such as neuroblastoma,
osteosarcoma and retinoblastoma. At concentrations
ranging from 10 nM to 1 mM vitamin C induces
apoptosis in neuroblastoma and melanoma cells (11). It
also acts as a modulator of growth in mouse myeloma
cells as seen in an in vitro colony assay and human bone
marrow cells. Vitamin C is also highly toxic to Ehrlich
ascites carcinoma cells and 3T3 cells in culture (26).

While at low concentrations, vitamin C was found to
be cytotoxic to mouse lymphocytic leukemia cells,
mouse cells from neoplasms, and acute lymphoblastic
leukemia human cell lines (36, 37, 38), at much higher
concentrations it is also toxic to malignant cell lines.
Japanese scientists have shown the anti-cancer effect
of benzylidene ascorbate against human tumors of the
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ovary, stomach, pancreas, uterus, bile ducts and lungs
(39). Benzylidene 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 transcriptional factor NF-kappa
B (26, 39).

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-stearate, were found to be more

Table 1. Effect of vitamin C on cell survival.
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potent inhibitors of murine leukemia cell proliferation
compared to ascorbate 2-phosphate, and ascorbate
6-phosphate or ascorbate 6-sulfate respectively (40).
Ascorbate 6- palmitate and ascorbate 6-stearate have
also been shown to inhibit the proliferation of mouse
gliomas, human gliomas, U-373 & T98G cells and renal
carcinomas. All of these were attributed to inhibition of
cell proliferation, cell cycle arrest and apoptosis (11, 41).

Park et al. (37, 38, 39) and Chen et al. (42, 43) studied
the effect of vitamin C on a number of cancer cell lines
assummarized in Table 1. Their results demonstrate that
vitamin C at differing concentrations may utilize varying
mechanisms to target cancer cells. At concentrations of
0.25 mM- 1.0 mM Vitamin C induces a dose and time

Cell Line 1Cs0 (mM)
HL-60 035+£018*
MNEB4 076+£014*
MNEB4-R1 045+£024*
MNEB4-R2 075203 %
KG1 079+£022*
K562 05+0.11%
us37 0.3+016%
Mormal Bone Marrow 1+03%*
Patient with AML 0EB4+016*
OVCAR =10 *
SK-OV3 =10 *
JLP119 <1
MCF7 2
MEBE231 7
Hs587T 20
KLN205 <1
RAG <2
CT26 4
B16 7
LL/f2 11
Hs5878st < 20
CCD345K =20
Human normal lymphocyte =20
Human normal monocyte =20

IC50: the concentration of the drugs which causes inhibition of cellular proliferation in 50 % of the cells. The IC50 values are means * standard

deviations from triplicate experiments. HL-60, human myeloid leukemia; NB4, NB4-R1, NB4-R2, human acute promyelocytic leukemia (APL);

KG1, human myeloblast; K562, human chronic myelogenous leukemia; U937, human histiocytic lymphoma, OVCAR, SK-OV3, ovarian cancer;

JLP119, human lymphoma; MICF7, MB231, Hs587t, human breast cancer; KLN205, mouse lung cancer; RAG, mouse kidney cancer; CT26, mouse

colon cancer; B16, mouse melanoma, LL/2, mouse lung cancer; Hs587Bst, human normal breast cells; CCD34SK, human normal fibroblast cells.

*IC50 value was determined using H3 incorporation proliferation assay for 24h.
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dependent cancer cell inhibition due to oxidative stress.
Treatment of cells with high 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 their pharmacokinetic studies in humans, Chen
et al. (42, 43) investigated whether pharmacological
concentrations of ascorbate can kill cancer cells
selectively. The study tested toxicity of vitamin C
towards several cancer cell lines and normal cells. The
results indicated that the intravenous administration
of ascorbate (5 mM - 10 mM for 1-2hrs) selectively
induced death in 75% of the 48 cancer cell lines tested,
but demonstrated no toxic effects on human peripheral

white blood cells, fibroblasts and epithelial cells.

Most recently, the study by Yun et al. shed more light
on anti-cancer mechanism of vitamin C. The researchers
used cancer cells with BRAF and KRAS mutations which
make unusually high levels of a protein that transports
glucose across the cell membrane (49). Glucose and
vitamin C share the same transporter — GLUT1. The
results showed that large doses of vitamin C kill these
mutated cells by raising the free radical levels, which
in turn inactivate an enzyme needed to metabolize
glucose, thereby depriving these cells of energy.

Animal studies. Most of the beneficial effects of vitamin
C in cancer observed in in vitro studies have been
supported by in vivo testing as well (26, 44). Studies by
Linus Pauling and his colleagues have shown that high
dietary intake of vitamin C decreases the incidence
and delays the onset of malignant skin tumors in mice
initiated by exposure to ultraviolet light (45). It also
delays the onset of spontaneous mammary tumors. A
mixture of vitamin C and cupric sulfate administered
orally significantly inhibited human mammary tumor
growth in mice (43, 45, 46). Vitamin C also decreased
the incidence of kidney tumors generated by estradiol
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or diethylstilbesterol treatment in hamsters (47) due to
a decrease in 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 cancer. Development of
colon, kidney and bladder cancer in animals can also
be controlled by vitamin C intake. Significant inhibition
has also been observed with vitamin C treatment in
the development of lung cancer in mice exposed to

fiberglass dust (44).

Our study conducted in mice lacking the ability to
synthesize endogenous vitamin C (GULO-/-) has shown
that animals supplemented with vitamin C develop
lesser number of tumors, which in turn are encapsulated
by a layer of connective tissue rendering them less
invasive. Tumor metastasis in these mice was reduced
by 71% (48).

In a study by Levine et al, following a regimen of daily
pharmacological ascorbate doses (4g/day) significantly
decreased the growth rate of ovarian, pancreatic and
glioblastoma tumors in mice (46). High concentrations
of vitamin C also inhibited tumor growth in Balb/C mice
implanted with sarcoma 180 cancer cell lines (39). The
survival rate in the group that received high doses of
vitamin C increased by 20% compared to the control

group.

A study conducted by scientists at John Hopkins
University (49) showed that colon cancer cells carrying
mutations in KRAS or BRAF genes can specifically
accumulate DHA. The increased intracellular DHA can
in turn induce oxidative stress by depleting intracellular
glutathione thereby 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 tumors.

Besides directly lowering the incidence and metastasis
of several types of cancers vitamin C also demonstrates
a supportive role for the normal tissues. Its beneficial
effect on normal cells also helps in decreasing the
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cytotoxic side effects of radiation and chemotherapeutic
agents when Vitamin Cis used as an adjuvant.

Clinical studies. Cancer patients typically have
significantly reduced levels of vitamin C in serum,
compared to healthy people. Large doses of vitamin C
can correct these serum levels and improve immunity

and other physiological functions (22, 27, 29).

Clinical studies conducted by Cameron and his associates
in Scotland (50); and later by Linus Pauling (51, 52)
showed that on an average, terminal 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 or kidney (44).
Cameron and Pauling observed no response or minimal
response to vitamin C in about 45% of patients but the
majority of patients experienced therapeutic responses
of tumor retardation, cytostasis, or regression. Patients
also reported a greater sense of well-being, improved
appetite, increased mental alertness & physical strength
and a decreased requirement for pain-killing drugs.
These studies indicated that vitamin C therapy is more
effective when started at an earlier than later stage. The
results were also confirmed by Japanese researchers
who found similar survival times (53, 54).

Subsequently, Canadian scientist Dr. Abram Hoffer
(55) provided more evidence that vitamin C enables
cancer patients to live longer with a better quality of
life. However, Cameron and Pauling’s work on vitamin
C suffered a setback from subsequent studies, including
a randomized, double-blind, placebo-controlled clinical
trial by Dr. Charles Moertel of the Mayo Clinic (56).
Interestingly the two studies differed in the modes of
administration of Vitamin C, with Pauling recommending
both intravenous and oral administration, and Moertel
only administering orally thereby limiting anti-cancer
efficacy of vitamin C.
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However, subsequent pharmacokinetic analysis with
oral and combined oral/intravenous administration of
Vitamin C by Levine (42, 43, 46) and Riordan (59, 60,
61, 62) suitably explained the conflicting findings. 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 um/L.
Concentrations of this magnitude can selectively kill
tumor cells in vitro without any adverse effect to normal
human cells. When 0.25-0.5 g/kg vitamin C was injected
into rats intravenously or intraperitoneally, it produced
an ascorbate concentration of 60-100 fold higher in
blood and tissue than with the same oral dose. These
findings were soon followed up by many laboratories all
over the world.

A number of studies thereafter have shown that
inhibits the
growth of xenografts of a number of cancer cell

high doses of parenteral ascorbate
lines in mice such as glioblastoma, pancreatic cancer,
breast cancer and neuroblastoma. In vitro and in vivo
studies from several groups have also demonstrated
the synergistic effect of pharmacologic ascorbate doses
when combined with common chemotherapeutic drugs
such gemcitabine, paclitaxel and carboplatin (44). Ame-
lioration of adverse side effects of chemotherapy and
improvement in quality of life has been demonstrated
in breast cancer patients too.

In several studies, Riordan et al. clearly indicated
benefits of vitamin C intake when used as an adjuvant
with chemotherapy. Dr. Kedar Prasad showed that high
doses of vitamin C as well as other antioxidants can
protect healthy cells during chemotherapy treatment
(26). 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.
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Since administration of vitamin C enhances iron

absorption, iron overload must be ruled out during
treatment. Intravenous injection of vitamin C can
also create a high load of sodium which can result in
fluid overload in patients with congestive heart failure,
renal insufficiency or renal failure. Patients with G6PD
deficiency (an enzyme used to maintain the stability
of red blood cell membranes) were found to be at
risk of hemolysis following a high dose administration
of vitamin C. Appropriate precautions should thus be
taken for patients with the above case histories before

treatment.

Anti-cancer mechanisms of vitamin C. Vitamin C is
synthesized from glucose in four metabolic steps in
most animals (16 ). The molecular shape of vitamin
C and its oxidized form DHA is remarkably similar to
glucose ( Figure 4). Cancer cells often mistake vitamin

C for glucose and demonstrate enhanced uptake of

O.
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Vitamin C by active transport using glucose receptors
(GLUT1). Also since cancer cells require a large amount
of glucose to sustain their high energy requirements for
continuous proliferation and expansion, a large amount
of vitamin Cif presented to cancer cells will be absorbed
by them in excess of that absorbed by normal cells. Once
the vitamin C molecule is internalized by its receptors,
it generates the superoxide ion 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. In
normal cells the anti-oxidant enzyme catalase converts
the hydrogen peroxide into water and oxygen. 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 (26) (Figure 6).
An increase in the oxidative stress in malignant cells
consequently generates reactive oxygen species that

cannot be eliminated and result in cancer

cell death.

Since normal cells have protein-bound
iron and no hydrogen peroxide, vitamin C
cannot increase oxidative stress in these
cells. Actually, in normal cells the only
effect of vitamin C is decreased oxidative

stress. Additionally, vitamin C in sufficient

Ascorbate
(Mono-anionic)

amounts 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 metabolism

H,O N
Normal Tissue & -0 S m;u;.omssue 7 between cancer and normal cells, Vitamin
w | < ) C selectively inhibits the former while
H20 + O H.O> OH + OH

e maintains and strengthens the latter
_— (26). Chemotherapy on the other hand,

Figure 6. Difference in the mechanism of action of Vitamin C in normal versus tumor

tissue.

has adverse effects on both normal
and cancerous cells. In cancer cells the

increased state of intracellular oxidative
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stress is exacerbated by the additional pro-oxidant
effects of chemotherapeutic agents causing cell death.
Studiesshow thatvitamin Calso elicits caspase-mediated
apoptosis (57, 58) and autophagy (63) in a variety of
cancer cell types. Vitamin C inhibits hyaluronidase, an
enzyme that tumors use to metastasize and invade
distal organs throughout the body. In addition, upon
treatment with Vitamin C depletion of cellular ATP
levels was found in many cancer models. Downstream
from DNA damage and ATP depletion, ZTM/AMPK
signaling is activated which in turn results in tumor
growth inhibition by cell cycle arrest, apoptosis, necrosis
and autophagy. Vitamin C also has inhibitory effect
on hypoxia-inducible factor 1a (HIF-1a) (64) which
regulates glucose metabolism and promotes oncogenic
processes in cancer cells.

Vitamin C in combination with micronutrients. The
majority of studies investigating anti-cancer effects of
micronutrients used individual compounds or just a
combination of a few (65, 66, 67, 68).

Inouranti-cancerapproach we targeted key mechanisms
essential in facilitating cancer cell growth, invasion
and angiogenesis by using a specifically selected
combination of micronutrients. It included vitamin C,
lysine, proline, green tea extract, and other nutrients
essential in inhibiting oxidative stress and facilitating
a natural barrier around cancer cells by supporting
the synthesis of extracellular matrix and inhibiting its
proteolytic degradation.

Due to the synergistic action of a variety of anti-
carcinogenic components, the micronutrient mixture
(NM) was found to be effective in controlling cancer

cell proliferation, invasion, metastasis and angiogenesis.

Journal of Cellular Medicine and Natural Health
M. W. Roomi

Our studies clearly indicate that NM could inhibit cell
proliferation in over 50 human cancer cell types selected
on the basis of organ malignancies (carcinomas,
sarcomas and leukemia) (69). These in vitro findings
were also confirmed by in vivo studies. NM inhibited
growth of cancer cells implanted as xenografts in
athymic mice. It also inhibited cancer development
induced by chemicals, such as N-methyl N-Nitrosourea
(MNU) in the mammary glands of rats, Urethane in mice
lung cancer and dimethyl ben-anthracene (DMBA) in
skin cancer (69).

The NM also inhibited invasion of several human cancer
cell lines in a dose dependent fashion. For instance,
NM inhibited metastasis of B16FO melanoma cells into
lungs (70) from spleen into liver (71), and from testicles
The inhibition of
invasion by NM can be attributed to its inhibitory effect

to lungs (72), in a mouse model.

on the synthesis and activity of MMPs, the enzymes
responsible for digestion of the extracellular cells.
MMPs are elevated in several types of human cancers
Thus by
inhibiting the MMP activity of several different cancer

and are associated with a poor prognosis.

cell lines (Figure 7), NM inhibits not just multiplication
but also spread of cancer (73). In addition, this nutrient
mixture was effective in inducing cell death in all tested
cancer cell types (74) (Figure 8).

Our results suggest that a combination of vitamin C
with other specific micronutrients can be effective in
targeting and modulating key mechanisms specific
to cancer. The NM offers a multi-targeted non-toxic
approach to fighting cancer as an alternative to mega
doses of micronutrients and extremely toxic current

cancer treatments.
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Figure 7. Gel zymographs and densitometric analysis. A) Dose dependent inhibition of MMP2 and MMP9 secretion by NM (fibrosarcoma HT-
1080 cells)- Lane 1: Marker, Lane 2: Control, Lane 3-7: NM,50, 100, 250, 500, 1000ug/ml; B) Dose dependent inhibition of expression of u-PA in
prostate cancer cells DU-145 by NM - Lane 1: tPA: Lane 2: uPA, Lane 3: Marker, Lane 4: Control, Lane 5-9: NM,50, 100, 250, 500, 1000ug/m! C)

Dose dependent increase in expression of tissue inhibitors of matrix metalloproteinases (TIMP-2) in prostate cancer cells DU-145 by NM - Lane
1: Marker, Lane 2: Control, Lane 3-7: NM,50, 100, 250, 500, 1000ug/ml!

Control NM 50pg/ml NM 100pug/ml
NM 250ug/ml NM 500ug/ml NM 1000pg/ml

Figure 8. NM induces apoptosis in rhabdomyosarcoma cells. (Live Green Caspase detection)
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