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Ascorbic Acid
Ascorbic acid (ascorbate, vitamin C, 

AA) is a water-soluble vitamin needed for 
the growth and repair of tissues in the body. 
It is necessary for the formation of collagen, 
an important protein of skin, scar tissue, ten-
dons, ligaments and blood vessels. AA is es-
sential for the healing of wounds and for the 
repair and maintenance of cartilage, bones 
and teeth. AA is one of many molecules with 
antioxidant and pro-oxidant capacity.

Proposed mechanisms of AA activity in 
the prevention and treatment of cancer in-
clude: Enhancement of the immune system 

!is paper is dedicated to the memory of Dr. Brian Leibovitz and Dr. Hugh D. Riordan.
Abstract   Ascorbic Acid (AA) has been used in the prevention and treatment of cancer with reported 
e!ectiveness.  Mitochondria may be one of the principal targets of ascorbate’s cellular activity and 
it may play an important role in the development and progression of cancer.  Mitochondria, besides 
generating adenosine triphosphate (ATP), has a role in apoptosis regulation and in the production 
of regulatory oxidative species that may be relevant in gene expression. At higher concentrations AA 
may increase ATP production by increasing mitochondrial electron flux, also may induce apoptotic 
cell death in tumor cell lines, probably via its pro-oxidant action. In contrast, at lower concentrations 
AA displays antioxidant properties that may prevent the activation of oxidant-induced apoptosis. 
"ese concentration dependent activities of ascorbate may explain in part the seemingly contradictory 
results that have been reported previously.

by increased lymphocyte production and 
activity;1 stimulation of collagen formation, 
necessary for “walling o" ” tumors; inhibi-
tion of hyaluronidase by keeping the ground 
substance around the tumor intact and pre-
venting metastasis;1 inhibition of oncogenic 
viruses; correction of an ascorbate deficiency 
commonly seen in cancer patients; expedi-
tion of wound healing after cancer surgery;2 
enhancement of the anticarcinogenic e"ect 
of certain chemotherapy drugs;3-5 reduction 
of the toxicity of chemotherapeutic agents;6 
prevention of cellular free radical damage;7 
production of hydrogen peroxide;8,9 and neu-

Gonzalez (10) .indd   29 3/16/10   1:21:30 PM



Journal of Orthomolecular Medicine Vol 25, No. 1, 201030

tralization of carcinogenic substances.10,11

!e use of AA supplementation in large 
doses for the prevention and treatment of 
cancer has been reported by various groups.  
Cameron and Pauling performed experi-
ments that utilized high doses of AA for 
the treatment of cancer.12 !ese experiments 
proved that AA in high doses appears to be 
safe for the majority of individuals. Exten-
sive epidemiological evidence points to the 
capacity of AA to prevent cancer at a num-
ber of sites. Some of the few studies which 
have been conducted on the use of high dose 
ascorbate in the treatment of cancer have 
yielded promising results.8,9 While AA alone 
may not be enough of an intervention in the 
treatment of most active cancers, it appears 
to improve quality of life and extend survival 
time in most cases and it should be consid-
ered as part of the treatment protocol for all 
patients with cancer.11

!e main function of AA in small quan-
tities is as a hydrophilic antioxidant, but in 
high doses in malignant cells it may act as 
pro-oxidant. Experiments in rodents suggest 
that ascorbate administration increases host 
survival times and inhibit tumor growth.13,14 
Clinical trials with AA have yield mixed re-
sults. In two Scottish studies, terminal can-
cer patients given intravenous AA (10g/day) 
had longer survival times than historical 
controls.15,16 A Japanese study yielded simi-
lar results,17 but two double-blind studies 
at the Mayo clinic using oral AA (10g/day) 
showed no benefit.18.19 We should mention 
that oral AA supplementation is unlikely to 
produce plasma ascorbate levels su#cient to 
kill tumor cells directly.20 Intravenous AA at 
higher doses has been e"ective in individual 
cases.8,21-23

!e energy producing process of ma-
lignant cells is mainly anaerobic and the 
transformation of normal cells to malignant 
may be due to defects in aerobic respiratory 
pathways.24-26 Oxygen, the final electron ac-
ceptor in the electron transport system is of 
great importance in the ascorbate-induced 
inhibitory action, because of the production 
of hydrogen peroxide (H202) form a radical 
out of the AA molecule. Oxygen by itself has 

an inhibitory action on malignant cell prolif-
eration27 by directly interfering with anaero-
bic respiration (fermentation and lactic acid 
production), a common energy mechanism 
utilized by malignant cells. It would be worth 
investigating the status of the mitochondria 
of malignant cells because González and col-
leagues28 believe this may be relevant in the 
origin of malignancy. A problem in electron 
transfer in the malignant cells might well be 
coupled to a defective mitochondrial mem-
brane and AA may help correct this electron 
transfer problem by balancing mitochondrial 
membrane potential of malignant tissue. !e 
inhibitory action on cancer cells by ascorbic 
acid has been described since 1952.29AA not 
only has antioxidant properties but also pro-
oxidant activity capable of selective cytotoxic 
e"ects on malignant cells when provided in 
high concentrations.8,9,28

It has been suggested that ascorbate pro-
motes oxidative metabolism by inhibiting the 
utilization of pyruvate for aerobic metabo-
lism.30 Also, an inhibitory e"ect on growth 
of several types of tumor cells has been pro-
duced by ascorbate and/or its derivatives. 
!is inhibitory action was not observed in 
normal fibroblasts.31 !is cytotoxic activity 
produced by ascorbate in an array of malig-
nant cell lines has been associated to its pro-
oxidant activity.31-38 Ascorbate can generate 
H202 (a reactive species) upon oxidation with 
oxygen in biological systems.39 H202 may 
further generate additional reactive species 
such as the hydroxyl radical and aldehydes 
which can compromise cell viability.40 !ese 
reactive species may induce strand breaks in 
DNA, disrupt membrane function via lipid 
peroxidation or deplete cellular ATP.39 !e 
failure to maintain ATP production may be 
a consequence of oxidative inactivation of 
key enzymes of the aerobic pathway on the 
ATP uses. !e cytotoxicity induced by ascor-
bate seems to be primarily mediated by H202 
generated intracellularly by ascorbate’s met-
abolic oxidation to dehydroascorbate.9,14,41-44 
In addition this antiproliferative action of 
ascorbate in cultured malignant cells, animal 
and human tumor has been increased by the 
addition of the cupric ion, a catalyst for the 

Gonzalez (10) .indd   30 3/16/10   1:21:31 PM



31Mitochondria, Energy , Cancer and Ascorbic Acid

oxidation of ascorbate.14 It has also been sug-
gested that the selective toxicity of ascorbate 
in malignant cells may be due to a reduced 
level of catalase in these cells, leading to cel-
lular damage through the accumulation of 
H202.9,28,41-45 !ere is a 10 to 100 fold greater 
content of catalase in normal cells than in 
tumor cells.20 For this reason the combina-
tion of megadoses of ascorbate together with 
oxygen and copper seems logical as part of a 
non-toxic treatment protocol for cancer pa-
tients.46 Moreover, a lack of superoxide dis-
mutase (SOD) has been detected in the mi-
tochondria of cancer cells.47 !is deficiency 
will impair the function of the Krebs cycle 
forcing anaerobic metabolism and the con-
comitant production of lactic acid.46

!is information suggests that the mito-
chondria may be one of the principal targets 
of ascorbate activity and play an important 
role in the development and progression of 
cancer. Since the Warburg research in the 
1930s,25 few scientists have worked with the 
mechanism of mitochondrial respiratory al-
terations in cancer.  Also, in relation to this 
it is relevant to understand the relationship 
between of AA, mitochondrial alterations 
and the apoptosis process pathway. 
Mitochondria and Apoptosis

Mitochondria play a central role in oxi-
dative metabolism in eukaryotes.47 !e pri-
mary purpose of mitochondria is to manu-
facture adenosine triphosphate (ATP), 
which is used as the primary source of en-
ergy by the cell. Mitochondria have several 
important functions besides the production 
of ATP. Mitochondria are also essential in 
the processing of important metabolic in-
termediates for various pathways involved in 
the metabolism of carbohydrates, amino ac-
ids, and fatty acids. In addition to oxidative 
phosphorylation, mitochondria are involved 
in other critical metabolic processes.48 !ese 
variety of functions corresponds to the vari-
ety of mitochondrial diseases including dia-
betes, cardiomyopathy, infertility, migraine, 
blindness, deafness, kidney and liver dis-
eases, stroke, age-related neurodegenerative 
disorders such as Parkinson’s, Alzheimer’s 

and Huntington’s disease, and cancer.49 
Mitochondria also play a role in the 

regulation of apoptosis. !is organelle can 
trigger cell death in a number of ways: by 
disrupting electron transport and energy 
metabolism, by releasing and/or activating 
proteins that mediate apoptosis and by al-
tering cellular redox potential.

Apoptosis, a physiological process for 
killing cells, is critical for the normal devel-
opment and function of multicellular organ-
isms. Abnormalities in cell death control 
contribute to a variety of diseases, including 
cancer, autoimmunity and degenerative dis-
orders.30 Electron microscopic analysis has 
identified the morphological changes that 
occur during apoptosis, which include chro-
matin condensation, cytoplasmic shrinkage, 
and plasma membrane blebbing.1,51 !ese 
studies have also noted that during the early 
stages of apoptosis, no visible changes occur 
in mitochondria, the endoplasmic reticulum, 
or the Golgi apparatus. However, others have 
more recently reported swelling of the outer 
mitochondrial membrane52,53 and release of 
cytochrome c54,55 and apoptosis inducing 
factor, an oxidoreductase-related flavopro-
tein,56 from the mitochondrial intermem-
brane space.50 Molecular changes induced 
during apoptosis include internucleosomal 
DNA cleavage52 and randomization of the 
distribution of phosphatidyl serine between 
the inner and outer leaflets of the plasma 
membrane.57 !ese morphological and mo-
lecular changes are elicited by a broad range 
of physiological or experimentally applied 
death stimuli and are observed in cells from 
diverse tissue types and species.50

Apoptosis research has recently expe-
rienced a paradigm change in which the 
nucleus of the cell no longer determines the 
apoptotic process.  !e new paradigm states 
that caspases and more recently, mitochon-
dria constitute the center of death control.58 
Several observations are compatible with the 
hypothesis that mitochondria controls cell 
death: (i) mitochondrial membrane permea-
bilization generally precedes the signs of ad-
vanced apoptosis or necrosis, irrespective of 
the cell type or the death inducing stimulus; 
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(ii) this permeabilization event has a better 
predictive value for cell death than other pa-
rameters including caspase activation; (iii) an 
increasing number of pro-apoptotic e"ectors 
act on mitochondrial membranes to induce 
their permeabilization; (iv) anti-apoptotic 
members of the Bcl-2 family physically in-
teract with mitochondrial membrane pro-
teins and inhibit cell death by virtue of their 
capacity to prevent mitochondrial membrane 
permeabilization; (v) inhibition of mitochon-
drial membrane permeabilization by specific 
pharmacological interventions prevents or 
retards cell death; (vi) cell-free systems have 
identified several mitochondrial proteins, 
which are rate-limiting for the activation 
of catabolic hydrolases (caspases and nucle-
ases). !ese observations suggest a three-step 
model of apoptosis: a pre-mitochondrial 
phase during which signals transduction 
cascades or pathways is activated (initiation 
phase); a mitochondrial phase, during which 
mitochondrial membranes are permeabilized 
(decision/e"ector phase); and a post-mito-
chondrial phase during which proteins are 
released from mitochondria and cause the 
activation of proteases and nucleases (degra-
dation phase).58

Inducers of apoptosis are relatively di-
verse and include death factors such as 
Fas ligand (FasL), Tumor Necrosis Factor 
(TNF) and TNF-related apoptosis-induc-
ing ligand (TRAIL), genotoxic agents such 
as anti-cancer drugs, gamma-irradiation and 
oxidative stress.59-62

Mitochondria and Cancer
Mitochondria are involved either directly 

or indirectly in many aspects of the altered 
metabolism in cancer cells.63 Cancer cells 
have altered metabolic characteristics that 
includes: a higher rate of glycolysis,64 an in-
creased rate of glucose transport,65 increased 
gluconeogenesis,66 reduced pyruvate oxida-
tion and increased lactic acid production,67 
increased glutaminolytic activity,68 reduced 
fatty acid oxidation,69 increased glycerol and 
fatty acid turnover,70 modified amino acid 
metabolism71 and increased pentose phos-
phate pathway activity.72 Various tumor cell 

lines exhibit di"erences in the number, size 
and shape of their mitochondria relative to 
normal controls. !e mitochondria of rapidly 
growing tumors tend to be fewer in number, 
smaller in size and have fewer cristae than mi-
tochondria from slowly growing tumors; the 
latter are larger and have characteristics more 
closely resembling those of normal cells.49

Chemotherapeutic anti-cancer drugs and 
gamma-irradiation induce apoptosis in tumor 
cells.51,52 Oncogenes and tumor suppressor 
genes that regulate cell death influence the 
sensitivity of tumor cells to anti-cancer therapy. 
Overexpression of Bcl-2 and its pro-survival 
homologs or the inactivation of Bax not only 
provides short term protection against apop-
tosis, but can significantly increase long-term 
survival with retention of clonogenicity in cer-
tain tumor cells that have been treated with 
anticancer drugs or gamma-irradiation.50,73 
!us, the response of cancer cells to therapy 
is determined by at least two processes: the 
propensity to undergo mitotic death and the 
sensitivity to apoptotic stimuli. Many anti-
tumor therapies rely on inducing apoptosis in 
their target cells. !e role of caspases in the 
response or resistance to such drugs has there-
fore been under intense scrutiny. Because the 
various caspases can process each other, most 
of them eventually become activated in cells 
undergoing apoptosis and this appears to be 
the case in drug-treated tumor cells.74-79

!e observation that in some cancer pa-
tients “spontaneous” tumor regression was 
dependent on circulating levels of TNF80 
was the first indication that cell surface re-
ceptors might be viable anti-cancer targets. 
It is now well established that some mem-
bers of the TNF receptor superfamily induce 
apoptosis in cells.60 Receptor-mediated in-
duction of apoptosis is preceded by ligand-
induced trimerization; recruitment of the 
death-inducing signaling complex (DISC) 
and activation of procaspase-8.81,82 Activat-
ed caspase-8 initiates a proteolytic cascade, 
resulting in apoptotic cell death. However, 
the use of TNF and other sequence-related 
ligands as pro-apoptotic agonists has been 
limited because of the associated systemic 
toxicity.83
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Mitochondria, Oxidative Species and 
di!erentiation

Cardiolipin is essential for the func-
tionality of several mitochondrial proteins. 
Its distribution between the inner and outer 
leaflet of the mitochondrial internal mem-
brane is crucial for ATP synthesis. Garcia-
Fernández and colleagues,84 investigated 
alterations in cardiolipin distribution dur-
ing the early phases of apoptosis. Using two 
classical models (staurosporine-treated HL-
60 cells and TNF-alpha-treated U937 cells); 
they found that in apoptotic cells cardiolipin 
moves to the outer leaflet of the mitochon-
drial inner membrane in a time-dependent 
manner. !is occurs before the appearance of 
apoptosis markers such as plasma-membrane 
exposure of phosphatidylserine, changes in 
mitochondrial membrane potential, DNA 
fragmentation, but after the production of 
reactive oxygen species (ROS). !e exposure 
of phospholipids on the outer surface during 
apoptosis, thus occurs not only at the plasma 
membrane level but also in  the mitochon-
dria, reinforcing the hypothesis of “mitopto-
sis” (cell death induce by mitochondria) as a 
crucial regulating system from programmed 
cell death, also occurring in cancer cells after 
treatment with antineoplastic agents.84

Several potentially damaging ROS spe-
cies may arise as by-products of normal me-
tabolism and from chemical accidents.85 Su-
peroxide is a one-electron reduction product 
of molecular oxygen that is formed during 
normal respiration in mitochondria and by 
autoxidation reactions. !e electron transport 
chain is not completely secure and electrons 
may leak onto molecular oxygen prior to 
their transfer to cytochrome oxidase forming 
superoxide. H202 is another ROS that can be 
formed during normal metabolism.86

Not all ROS production is accidental, 
however, since the body can use these sub-
stances for its own benefit. !ere is some in-
dications that these oxidative products may 
control cell growth and di"erentiation.87 Ni-
tric oxide finds a multiplicity of uses, for ex-
ample as a regulator of vascular tone and as 
a messenger of the central nervous sytem.88 
Production of reactive species by activated 

neutrophils, macrophages and several other 
cell types is used in bacterial killing. Indeed 
ROS may have a variety of functions includ-
ing regulation of gene expression87 and in-
duction of apoptosis;89,90 programmed cell 
death involved in fetal development and tis-
sue remodeling where changes in the type 
and distribution of tissue occur. An involve-
ment of ROS in the process of cell di"er-
entiation has been suggested on the basis 
of studies with slime mold and Neurospora 
crassa.91 In both cases di"erentiation appears 
to be accompanied by increased production 
of ROS. Indeed, addition of antioxidants can 
modulate the process.86

We should remember that cells, in order 
to be able to divide, need to reduce cohesive-
ness and dismount part of their structure: in 
other words dedi"erentiate. !is unstable 
state of cellular organization facilitates oxi-
dative damage in dividing cells. With this 
taken into account, AA in high doses in the 
presence of divalent cations and oxygen may 
act as a chemotherapeutic pro-oxidant. It 
should also be pointed out that iron is im-
bedded in the center of the DNA double 
helix at certain loci where it seems to func-
tion as an oxygen sensor to activate DNA 
in response to oxidative stress. Because iron 
is a big molecule, it distorts the outer shape 
of the DNA helix this distortion depends 
on the oxidation state of iron. Under non-
oxidized (reduced) conditions, iron is pres-
ent in the ferrous state and the DNA helix is 
fairly tight around the iron atom; but when 
the ion is oxidized to the ferric state it opens 
up the DNA so that transcription into RNA 
becomes more easy.87 !is mechanism might 
as well be a way in which oxidative molecules 
influence and/or determine di"erentiation. 

AA enters the picture since AA may as-
sure a continuing electron exchange among 
body tissues and cell mitochondria.92 A 
greater amount of AA in the body enhances 
the flow of electricity optimizing the ability 
of the cells to maintain aerobic energy pro-
duction and production of metabolic inter-
mediaries that arise from this pathway facili-
tates cell to cell communication and probably 
enhances cell di"erentiation.  In support of 
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this theory, it has been documented that 
osteoblast cells treated with ascorbic acid 
had a four fold increase in respiration and 
there-fold increase in ATP production that 
provided the necessary environment for cell 
di"erentiation.93

!e antioxidant defenses consist of re-
dox molecules such as AA and vitamin E 
and enzymes (e.g. superoxide dismutase). 
!eir function is to act as a coordinated and 
balanced system to protect tissues and body 
fluids from damage by ROS whether pro-
duced physiologically or as a response to in-
flammation, infection and/or disease.86

Many antioxidant defenses depend on 
micronutrients or are micronutrients them-
selves. Examples of the latter are vitamin E 
(protects against lipid peroxidation) and AA 
(scavenges some aqueous ROS directly and 
recycles lipophylic vitamin E). Superoxide 
dismutase removes superoxide by converting 
it to H202 which is then removed by glutathi-
one peroxidase or catalase.85

Antioxidants most likely regulate the ac-
tivation phase of oxidant-induced apoptosis. 
Oxidants can induce mitochondrial perme-
ability transition and release mitochondrial 
intermembrane proteins, such as cytochrome 
c, apoptosis inducing factor (AIF) and mito-
chondrial caspase.94 

In health, the balance between ROS and 
the antioxidant defenses lies slightly in favor 
of the reactive species so that they are able to 
fulfill their biological roles and maintain the 
electrical flow of life.  Repair systems take 
care of damage which occurs at a low level 
even in healthy individuals.95 Oxidative stress 
occurs when there is a change in this ratio by 
increasing ROS and this may occur in sev-
eral circumstances, for instance in disease or 
malnutrition where there are insu#cient re-
dox micronutrients to meet the needs of the 
antioxidant defenses.47 Oxidative stress can 
be significant especially if the individual is 
exposed to intra or inter environmental chal-
lenges which increase the production of reac-
tive species above “normal” levels, for instance, 
infection. Oxidative stress may be an impor-
tant factor in infection if redox micronutrients 
(e.g. vitamins C and E) are deficient.86 

Mitochondria and Ascorbic Acid
Di"erent groups are studying the role of 

AA in mitochondria and apoptosis. Pérez-
Cruz and colleagues,97 proposed that the AA 
inhibits FAS-induced apoptosis in mono-
cytes and U937 cells. !e FAS receptor-FAS 
ligand system is a key apoptotic pathway for 
cells of the immune system. Ligation of the 
FAS-receptor induces apoptosis by activa-
tion of pro-caspase-8 followed by down-
stream events, including and increase in 
ROS and the release of pro-apoptotic factors 
from the mitochondria, leading to caspase-3 
activation. !ey found that AA inhibition 
of FAS-mediated apoptosis was associated 
with reduced activity of caspase-3, -8, and 
-10, as well as diminished levels of ROS and 
preservation of mitochondrial membrane 
integrity. Mechanistic studies indicated that 
the major e"ect of AA was inhibition of the 
activation of caspase-8 with no e"ect on it 
enzymatic activity. !is group suggests that 
AA can modulate the immune system by in-
hibiting FAS-induced monocyte death.96

AA has been reported to play a role in the 
treatment and prevention of cancer by Kang 
and others.97 !ey reported that AA induces 
the apoptosis of B16 murine melanoma cells 
via a caspase-8-independent pathway. AA-
treated B16F10 melanoma cells showed in-
creased intracellular ROS levels. Also, their 
results indicated that AA induced apoptosis 
in these cells by acting as a prooxidant. How-
ever, AA-induced apoptosis is not mediated 
by caspase-8. Taken altogether, it appears that 
the induction of a pro-oxidant state by AA 
and a subsequent reduction in mitochondrial 
membrane potential are involved in the apop-
totic pathway on B16F10 murine melanoma 
cells and that this occurs in a caspase-8-inde-
pendent manner.97

Although a high intake of antioxidant 
vitamins such as AA and vitamin E may play 
an important role in cancer prevention, a 
high level of antioxidants may have quite dif-
ferent e"ects at di"erent stages of the trans-
formation process. In cancer development, 
the resistance of cells to apoptosis is one 
of the most crucial steps. Recently, Wenzel 
and colleagues,98 tested the e"ects of AA on 
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apoptosis in HT-29 human colon carcinoma 
cells when induced by two potent apopto-
sis inducers, the classical antitumor drug 
camptothecin or the flavone flavonoid. AA 
dose-dependently inhibited the apoptotic re-
sponse of cells to camptothecin and flavone. 
Also, AA specifically blocked the decrease 
of bcl-XL by these treatments. An increased 
generation of mitochondrial O2 precedes the 
down regulation of bcl-XL by camptothecin 
and flavone and AA at a concentration of 
1mM prevented the generation of this ROS. 
In conclusion ascorbic acid at concentrations 
of 1mM functions as an antioxidant in mito-
chondria of human colon cancer and thereby 
blocks drug-mediated apoptosis induction 
allowing cancer cells to become insensitive to 
chemotherapeutics. Studies utilizing higher 
concentrations are necessary to complete-
ly understand the mechanism involved. It 
seems that the di"erent actions of AA in the 
mitochondria may be dependent on di"erent 
concentration levels.
Conclusion

AA shows both reducing and oxidizing 
activities, depending on the environment in 
which this vitamin is present and its concen-
tration. Higher concentrations of AA induce 
apoptotic cell death in various tumor cell 
lines, probably via its pro-oxidant action.9 
On the other hand, at lower concentrations, 
ascorbic acid displays antioxidant properties, 
preventing the activation of oxidant-induced 
apoptosis.94 However, the AA specific mech-
anistic pathways in relation with mitochon-
dria still remain unclear. 
Acknowledgments

We would like to thank the Puerto Rico 
Cancer Center and !e Center for the Im-
provement of Human Functioning for their 
financial support in our research.
References
1. Cameron E, Pauling L, Leibovitz B: Ascorbic 

acid and Cancer: a review. Cancer Res, 1979; 39: 
663-681.

2. Sukolinskii VM, MorozkinaTS: Prevention of 
postoperative complicaton in patients with stom-
ach cancer using an antioxidant complex. Vopr 

Onkol, 1989; 35: 1242-1245.
3. Kurbacher CM, Wagnber U, Kolster B, et al: 

Ascorbic acid (vitamin C) improves the antine-
oplastic activity of doxorubicin, cisplatin, and pa-
clitaxel in human breast carcinoma cells in vitro. 
Cancer Lett, 1996;103:183-189.

4. Prasad KN, Hernández C, Edwards-Prasad J, et 
al: Modification of the e"ect of tamoxifen, cis-
platin, DTIC and interferon-alpha 2b on human 
melanoma cells in culture by a mixture of vita-
mins. Nutr Cancer, 1994;22:233-245.

5. Lee YS, Wurster RD: Potentiation of antiprolifer-
ative e"ect of nitroprusside by ascorbate in human 
brain tumor cells. Cancer Lett, 1994;78:19-23.

6. Fujita K, Shinpo K, Yamada K, et al: Reduction 
of adriamycin toxicity by ascorbate in mice and 
guinea pigs. Cancer Res, 1982;4:309-316.

7. Dumitrescu C, Belgun M, Olinescu R, et al: Ef-
fect of vitamin administration on the ratio be-
tween the pro- and antioxidative factors. Rom J 
Endocrinol, 1993;31:81-84.

8. Sakagami H, Satoh K: Modulating factors of rad-
ical intensity and cytotoxic activity of ascorbate 
(review). Anticancer Res, 1997;17:3513-3520.

9. Chen Q, Espey MG, Krishna MC, et al: Phar-
macologic ascorbic acid concentrations selectively 
kill cancer cells: Action as a pro-drug to deliver 
hydrogen peroxide to tissues. Proc Natl Acad Sci 
USA, 2005: 102: 13604-13609.

10. Aidoo A, Lyn-Cook LE, Lensing S, et al: Ascor-
bic acid (vitamin C) modulates the mutagenic 
e"ects produced by an alkylating agent in vivo. 
Environ Mol Mutagen, 1994;24:220-228.

11. Head KA: Ascorbic acid in the prevention and 
treatment of cancer. Altern Med Rev, 1998;3:174-
186.

12. Cameron E, Pauling L: Supplemental ascorbate in 
the supportive treatment of cancer: reevaluation or 
prolongation or survival times in terminal human 
cancer. Proc Natl Acad Sci USA, 1978;4538-4642.

13. Varga JM, Airoldi L: Inhibition of transplantable 
melanoma tumor development in mice by pro-
phylactic administration of Ca-ascorbate. Life Sci, 
1983;32:1559-1564.

14. Tsao CS, Dunham WB, Leung PY: In vivo an-
tineoplastic activity of ascorbic acid for human 
mammary tumor. In Vivo, 1988; 2:147-150.

15. Cameron E, Campbell A: !e orthomolecular 
treatment of cancer. II. Clinical trial of high dose 
ascorbic acid supplements in advanced human 
cancer. Chem Biol Interact, 1974;9:285-315.

16. Cameron E, Pauling L: Supplemental ascorbate 
in the supportive treatment or cancer: prolonga-
tion or survival times in terminal human cancer. 
Proc Natl Acad Sci USA, 1978; 73: 3685-3689.

17. Murata A, Morishige F, Yamaguchi H: Prolonga-
tion of survival times of terminal cancer patients 
by administration of large doses of ascorbate. Int J 
Vitam Nutr Res, 1982; 23 (Suppl):103-113.

18. Creagan ET, Moertel CG, O’Fallon JR, et al: Fail-

Gonzalez (10) .indd   35 3/16/10   1:21:33 PM



Journal of Orthomolecular Medicine Vol 25, No. 1, 201036

ure of high-dose vitamin C (ascorbic acid) therapy 
to benefit patients with advanced cancer. A con-
trolled trial. N Engl J Med, 1979; 301: 687-690. 

19. Moertel CG, Fleming TR, Creagan ET, et al: 
High-dose vitamin C versus placebo in the treat-
ment of patients with advanced cancer who have 
had no prior chemotherapy. A randomized dou-
ble-blind comparison. N Engl J Med, 1985; 312: 
137-141.

20. Riordan NH, Riordan HD, Meng X, et al: In-
travenous ascorbate as a tumor cytotoxic chemo-
therapeutic agent. Med Hypotheses, 1995; 44: 207-
213.

21. Riordan HR, Jackson JA, Schultz M: Case study: 
high-dose intravenous vitamin C in the treatment 
of a patient with adenocarcinoma of the kidney. J 
Orthomol Med, 1990; 5: 5-7.

22. Riordan HD, Jackson JA, Riordan NH, et al: 
High-dose intravenous vitamin C in the treat-
ment of a patient with renal cell carcinoma of the 
kidney. J Orthomol Med, 1998;13:72-73.

23. Jackson JA, Riordan HD, Hunninghake RE, et al: 
High dose intravenous vitamin C and long time 
survival of a patient with cancer of the head of the 
pancreas. J Orthomol Med, 1995; 10: 87-88.

24. Warburg O: Metabolism of tumors. Translation 
by F. Dickens. London. Arnold Constable. 1930.

25. Szent-Gyorgyi A: !e living state and cancer. 
Submolecular Biology and Cancer. New York, Ciba 
Foundation Symposium 67. 1960.

26. González MJ, Miranda Massari JR, Mora EM, 
et al: Orthomolecular oncology review:  ascorbic 
acid and cancer 25 years later. Intergr Cancer "er, 
2005; 4: 32-44.

27. González MJ, Schemmel RA, Dugan L Jr, et al: 
Dietary fish oil inhibition of human breast carci-
noma growth: a function of increased lipid peroxi-
dation. Lipids, 1993; 28:827-832.

28. González MJ, Mora E, Riordan NH, et al: Re-
thinking vitamin C and cancer: a update on nu-
tritional oncology. Cancer Prev Inter, 1998;3:215-
224.

29. McCormick WJ: Ascorbic acid as a chemothera-
peutic agent. Arch Pediatr, 1952; 69: 151-155.

30. Ramp WK, !ornton PA: !e e"ects of ascorbic 
acid the glycolytic and respiratory metabolism of 
embryonic chick tibias. Calcif Tissue Res, 1968; 2: 
77-82.

31. Poydock ME: E"ect of combined ascorbic acid 
and B12 on survival of mice implanted with Er-
lich carcinoma and L1210 leukemia. Am J Clin 
Nutr, 1991; 54: 1261s-1265s.

32. Gardorov AK, Loshkomoeva IN: Free radical 
lipid peroxidation and several ways of regulating 
it with ascorbic acid. Biofizika, 1978;23:391-392.

33. Szent-Gyorgyi A: Studies on biological oxidation 
and some of its catalyst. Barth Verlagbuchandlung, 
Leipzig. 1937.

34. Leung PY, Miyashita K, Young M, et al: Cytotox-
ic e"ect of ascorbate and its derivate on cultured 

malignant and non malignant cell lines. Anticancer 
Res, 1995; 13: 476-480.

35. De Laurenzi V, Melino G, Savini I, et al: Cell 
death by oxidative stress and ascorbic and regen-
erating in human neuroectodermal cell lines. Eur 
J Cancer, 1995: 31A; 463-466.

36. Tsao C, Dunham WB, Leving P: Growth control 
of human colon tumor xenografts by ascorbic acid, 
cooper and iron. Cancer J, 1995; 8: 157-163.

37. Girgert R, Vogt Y, Becke D, et al: Growth in-
hibition of neuroblastoma cell by lovastatin and 
L-ascorbic acid is based on di"erent mechanism. 
Cancer Lett, 1999; 137: 167-172.

38. Paolini M, Pozzetti L, Pedulli GF, et al: !e na-
ture of pro-oxidant activity of vitamin C. Life Sci, 
1999; 64: 273-278.

39. González MJ: Lipid peroxidation and tumor 
growth: an inverse relationship. Med Hypotheses, 
1992; 38: 106-110.

40. Benade L, Howard T, Burke D: Synergistic killing 
of Ehrlich ascites carcinoma cells by ascorbate and 
amino 1,2,4-triazole. Oncology, 1969; 23: 33-43.

41. Josephy PD, Palcic B, Skarsgard LD: Ascorbate 
enhanced cytotoxicity of misonidazole. Nature, 
1978; 271: 370-372.

42. Kock GH, Biaglow JE: Toxicity, radiation sensi-
tivity modification and metabolic e"ects of dehy-
droascorbate and ascorbate in mammalian cells. J 
Cell Physiol, 1978; 94: 299-306.

43. Cohen MH, Kransnowa SH: Cure of advanced 
Lewis Lung carcinoma (LL); a new treatment 
strategy. Proc Am Assoc Clin Res, 1987; 28: 416.

44. Noto V, Taper HS, Jiang YH, et al: E"ects of 
sodium ascorbate (vitamin C) and 2-methyl-1, 
4-naphtoquinone (vitamin K3) treatment on hu-
man tumor cell growth in vitro. Cancer, 1989; 63: 
901-906.

45. Borrello S, De Leo ME, Galeotti T: Defective 
gene expression of MnSOD in cancer cells. Mol 
Aspects Med, 1993; 14: 253-258.

46. González MJ, Miranda-Massari JR, Mora EM, et 
al: Orthomolecular oncology: a mechanistic view 
of intravenous ascorbate’s chemotherapeutic ac-
tivity. PR Health Sci, J 2002; 21: 39-41.

47. Tzagolo" A: Mitochondria. New York, NY. Ple-
num Press. 1995 

48. Carew JS, Huang P: Mitochondrial defects in 
cancer. Mol Cancer, 2002; 1: 9.

49. Modica-Napolitano JS, Singh KK: Mitochondria 
as targets for detection and treatment of cancer.  
Expert Rev Mol Med, 2002; 4: 1-19.

50. Strasser A, Harris AW, Jacks T, et al: DNA dam-
age can induce apoptosis in proliferating lymphoid 
cells via p53-independent mechanisms inhibitable 
by Bcl-2. Cell, 1994;79:329-339.

51. Kerr JFR, Wyllie AH, Currie AR: Apoptosis: a 
basic biological phenomenon with wide-rang-
ing implications in tissue kinetics. Br J Cancer, 
1972;26:239-257.

52. Wyllie AH: Glucocorticoid-induced thymocytes 

Gonzalez (10) .indd   36 3/16/10   1:21:34 PM



37Mitochondria, Energy , Cancer and Ascorbic Acid

apoptosis is associated with endogenous endonu-
clease activation. Nature, 1980;284:555-556.

53. Vander Heiden MG, Chandel NS, Williamson 
EK, et al: Bcl-xL regulates the membrane po-
tential and volume homeostasis of mitochondria. 
Cell, 1997;91:627-637.

54. Kluck RM, Bossy-Wetzel E, Green DR, et al: 
!e release of cytochrome c from mitochondria: 
a primary site for Bcl-2 regulation of apoptosis. 
Science, 1997;275:1132-1136.

55. Yang J, Liu XS, Bhalla K, et al: Prevention of 
apoptosis by Bcl-2: release of cytochrome c from 
mitochondria blocked. Science, 1997;275:1129-
1132.

56. Susin SA, Lorenzo HK, Zamzami N, et al: Molec-
ular characterization of mitochondrial apoptosis-
inducing factor (AIF). Nature, 1999;397:441-446.

57. Fadok VA, Henson PM: Apoptosis: getting rid of 
the bodies. Curr Biol, 1998;8:R693-R695.

58. Loe$er M, Kroemer G: !e mitochondrion in 
cell death control: certainties and incognita. Exp 
Cell Res, 2000;256:19-26.

59. Nagata S: Apoptosis by death factor. Cell, 
1997;88:355-365.

60. Ashkenazi A, Dixit VM: Death receptors: sig-
naling and modulation. Science, 1998;281:1305-
1308.

61. Green DR, Reed JC: Mitochondria and apopto-
sis. Science, 1998;281:1309-1312.

62. Nagata S: Apoptotic DNA fragmentation. Exp 
Cell Res, 2000;256:12-18.

63. Peluso G, Nicolai R, Reda E, et al: Cancer and 
anticancer therapy-induced modifications on 
metabolism mediated by carnitine system. J Cell 
Physiol, 2000; 182:339-350.

64. Pedersen PS, Frederiksen O, Holstein-Rathlou 
NH, et al: Ion transport in epithelial spheroids 
derived from human airway cells. Am J Physiol, 
1999;276:L75-80.

65. Dang CV, Lewis BC, Dolde C, et al: Oncogenes 
in tumor metabolism, tumorigenesis and apopto-
sis. J Bioenerg Biomembr, 1997;29:345-354.

66. Lundholm K, Edstrom S, Karlberg I, et al: Glu-
cose turnover, gluconeogenesis from glycerol, and 
estimation of net glucose cycling in cancer pa-
tients. Cancer, 1982;50:1142-1150.

67. Mazurek S, Boschek CB, Eigenbrodt E: !e role 
of phosphometabolites in cell proliferation, en-
ergy metabolism and tumor therapy. J Bioenerg 
Biomembr, 1997;29:315-330.

68. Fischer CP, Bode BP, Souba WW: Adaptive al-
terations in cellular metabolism with malignant 
transformation. Ann Surg, 1998;227:627-634.

69. Ockner RK, Kaikaus RM, Bass NM: Fatty-acid 
metabolism and the pathogenesis of hepatocellu-
lar carcinoma: review and hypothesis. Hepatology, 
1993;18:669-676.

70. Shaw JH, Wolfe RR: Fatty acid and glycerol kinet-
ics in septic patients and in patients with gastroin-
testinal cancer. !e response to glucose infusion and 

parenteral feeding. Ann Surg, 1987;205:368-376.
71. Souba WW: Glutamine and cancer. Ann Surg, 

1993;218:715-728.
72. Boros LG, Brandes JL, Yusuf FI, et al: Inhibi-

tion of the oxidative and nonoxidative pentose 
phosphate pathways by somatostatin a possible 
mechanism of antitumor action. Med Hypoth-
eses, 1998;50:501-506.

73. McCurrach ME, Connor TMF, Knudson CM, et 
al: Bax-deficiency promotes drug resistance and 
oncogenic transformation by attenuating p53-
dependent apoptosis. Proc Natl Acad Sci USA, 
1997;94:2345-2349.

74. Strasser A, O’Connor L, Dixit VM: Apoptosis 
signaling. Ann Rev Biochem, 2000;69:217-245.

75. Eischen CM, Kottke TJ, Martins LM, et al: 
Comparison of apoptosis in wild-type and Fas-
resistant cells: chemotherapy-induced apoptosis 
is not dependent on Fas/Fas ligand interactions. 
Blood, 1997;90:935-943.

76. Gamen S, Anel A, Lasierra P, et al: Doxorubicin-
induced apoptosis in human T-cell leukemia is 
mediated by caspase-3 activation in a Fas-inde-
pendent way. FEBS Lett, 1997;417:360-364.

77. Nicholson DW, !ornberry NA: Caspases: killer 
proteases. Trends Biochem Sci, 1997;22:299-306.

78. Ferrari D, Stepczynska A, Los M, et al: Di"er-
ential regulation and ATP requirement for cas-
pase-8 and caspase-3 activation during CD95- 
and anticancer drug-induced apoptosis. J Exp 
Med, 1998;188:979-984.

79. Fulda S, Susin SA, Kroemer G, et al: Molecular 
ordering of apoptosis induced by anticancer drugs 
in neuroblastoma cells. Cancer Res, 1998;58:4453-
4460.

80. Vassalli P: !e pathophysiology of tumor necrosis 
factors. Annu Rev Immunol, 1992;10:411-452.

81. Kischkel FC, Hellbardt S, Behrmann I, et al: 
Citotoxicity-dependent APO-1 (Fas/CD95)-
associated proteins form a death-inducin signal-
ing complex (DISC) with the receptor. EMBO J, 
1995;14:5579-5588.

82. Medema JP, Sca#di C, Kischkel FC, et al: FLICE 
is activated by association with the CD95 death-
inducng signaling complex (DISC). MBO J, 
1997;16:2794-2804.

83. Bamford M, Walkinshaw G, Brown R: !erapeu-
tic applications of apoptosis research. Exp Cell 
Res, 2000;256:1-11.

84. García-Fernández M, Troiano L, Moretti L, et al: 
Early changes in intramitochondrial cardiolipin 
distribution during apoptosis. Cell Growth Di!, 
2002; 13: 449-455.

85. Halliwell B, Gutteridge JMC: Biologically relevant 
metal ion-dependent hydroxyl radical generation. 
An update. FEBS Letters, 1992; 307: 108-112.

86. Evans P, Halliwell B: Micronutrients: oxidant/an-
tioxidant status. Brit J Nut, 2001; 85: S67-S74.

87. González MJ, Riordan HD, Miranda-Massari JR: 
Vitamin C and Oxidative DNA damage revisited.  

Gonzalez (10) .indd   37 3/16/10   1:21:35 PM



Journal of Orthomolecular Medicine Vol 25, No. 1, 201038

J Orthomol Med, 2005; 17: 225-228.
88. Bredt DS: Endogenous nitric oxide synthesis: 

biological functions and pathophysiology. Free 
Radical Res, 1999; 31: 577-596.

89. Jabs T: Reactive oxygen intermediates as media-
tors of programmed cell death in plants and ani-
mals. Biochem Pharmacol, 1999; 57: 231-245.

90. Stewart BW: Mechanisms of apoptosis: integra-
tion of genetic, biochemical and cellular indica-
tors. J Natl Cancer Inst, 1994;86:1286-1296.

91. Toledo I, Aguirre J, Hansburg W: Enzyme in-
activation related to a hyperoxidant state during 
conidiation of Neurospora crassa. Microbiol, 1994; 
140: 2391-2397.

92. González MJ, Miranda-Massari JR, Riordan HD:  
Vitamin C as an ergogenic aid. J  Orthomol Med, 
2005; 20: 100-102.

93. Komarova SV, Ataullakhanov FI, Globus RK:  
Bioenergetics and mitochondrial transmembrane 
potential during di"erentiation of cultured osteo-

blasts.  Am J Physiol Cell Phisiol, 2000; 279: 1220-
1229.

94. Jiang S, Wu MH, Sternberg P Jr, et al: Fas medi-
ates apoptosis and oxidant-induced cell death in 
cultured human retinal pigment epithelial cells. 
Invest Opthalmol Vis Sci, 2000; 41: 645-655.

95. Halliwell B: Vitamin C: antioxidant or pro-oxi-
dant in vivo? Free Radical Res, 1996; 25: 439-454.

96. Pérez-Cruz I, Carcamo JM, Golde DW: Vitamin 
C inhibits FAS-induced apoptosis in monocytes 
and U937 cells. Blood, 2003; 102: 336-343.

97. Kang JS, Cho D, Kim YI, et al: L-ascorbic acid 
(vitamin C) induces the apoptosis of B16 mu-
rine melanoma cells via a caspase-8-independent 
pathway. Cancer Immunol Immunother, 2003; 52: 
693-698.

98. Wenzel U, Nickel A, Kuntz S, et al: Ascorbic acid 
suppresses drug-induced apoptosis in human colon 
cancer cells by scavenging mitochondrial superox-
ide anions. Carcinogenesis, 2004; 25: 703-712. 

Gonzalez (10) .indd   38 3/16/10   1:21:35 PM


