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I
n this issue of PNAS, Chen et al.
(1) show that i.p. injection of
‘‘pharmacologic doses’’ of vitamin
C decreases the growth and weight

of human, rat, and murine tumor xeno-
grafts in athymic, nude mice. This work
follows a number of articles by the same
group, led by Mark Levine at the Na-
tional Institute of Diabetes and Diges-
tive and Kidney Diseases, showing that
millimolar concentrations of extracellu-
lar vitamin C kill cancer cells but not
normal cells in a hydrogen peroxide
(H2O2)-dependent manner (1–3). Such
millimolar concentrations of vitamin C
can be achieved in humans by i.v. infu-
sion but not by diet or supplements (4).
Hence, vitamin C is postulated to exert
local pro-oxidant effects in the intersti-
tial f luid surrounding tumor cells, killing
them or inhibiting their growth, while
leaving normal cells intact (1–3).

It is well known that vitamin C, or
ascorbic acid, is an effective biologic
antioxidant and does not act as a pro-
oxidant under normal conditions (5)
because it does not readily autoxidize,
i.e., react with oxygen (O2) to produce
reactive oxygen species, such as superox-
ide radicals (O2

●�) or H2O2. However,
ascorbate readily donates an electron to
redox-active transition metal ions, such
as cupric (Cu2�) or ferric (Fe3�) ions,
reducing them to cuprous (Cu�) and
ferrous (Fe2�) ions, respectively (Reac-
tion 1). In fact, reduction of copper or
iron in the catalytic site of certain en-
zymes underlies ascorbate’s well known
biologic function as a co-substrate in
procollagen, carnitine, and catechol-
amine biosynthesis (6). Reduced transi-
tion metal ions, in contrast to ascorbic
acid, readily react with O2, reducing it
to superoxide radicals (Reaction 2),
which in turn dismutate to form H2O2
and O2 (Reaction 3):
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The H2O2 produced this way (Reactions
1–3) seems to be key to ascorbate’s anti-
tumor effect because H2O2 causes can-
cer cells to undergo apoptosis, pyknosis,
and necrosis (2). In contrast, normal
cells are considerably less vulnerable to
H2O2. The reason for the increased sen-
sitivity of tumor cells to H2O2 is not
clear but may be due to lower antioxi-
dant defenses (7). In fact, a lower capac-
ity to destroy H2O2—e.g., by catalase,

peroxiredoxins, and GSH peroxidases—
may cause tumor cells to grow and pro-
liferate more rapidly than normal cells
in response to low concentrations of
H2O2. It is well known that H2O2 exerts
dose-dependent effects on cell function,
from growth stimulation at very low
concentrations to growth arrest, apopto-
sis, and eventually necrosis as H2O2
concentrations increase (8). This dose-
dependency may be shifted to the left in
tumor cells, making them more sensitive
to both the growth stimulatory and cyto-
toxic effects of H2O2. Whatever the ex-
act mechanism, the increased sensitivity
of tumor cells to killing by H2O2 may
provide the specificity and ‘‘therapeutic
window’’ for the antitumor effect of ex-
tracellular ascorbate (1, 2).

The chemical reactions linking ascor-
bate to H2O2, as explained above
(Reactions 1–3), require a redox-active
transition metal—without it, ascorbate
cannot exert pro-oxidant effects. Chen
et al. (2) speculate that there is an extra-
cellular ‘‘metalloprotein catalyst’’ of
between 10 and 30 kDa in size that in-
teracts with ascorbate. Identification of
this metal-containing protein will be
critical because it seems to be the cause
for millimolar concentrations of ascor-
bate to act as a pro-oxidant in intersti-
tial f luid. In contrast, the protein must
be absent or inactive in blood, otherwise
ascorbate would become oxidized to the
ascorbyl radical or be unstable, which is
not observed (1). If this putative metal-
loprotein can be identified and charac-

terized, it may serve as an additional
target for anticancer therapy. For exam-
ple, other naturally occurring reducing
agents, such as certain flavonoids or
thiol compounds, may be particularly
effective in reducing the protein’s metal
center, or drugs may be developed spe-
cifically targeting this center.

Although Chen et al. (1) provide no
direct evidence for the existence of the
metalloprotein or the formation of re-
duced transition metal ions by extracel-
lular ascorbate, they measure the other
reaction product formed between ascor-
bate and the putative metal center, i.e.,
the ascorbyl radical (Reaction 1). They
show formation of this radical in a
time-dependent and ascorbate-dose-
dependent manner in interstitial f luid of
tissues, including tumor xenografts, but
not in blood (1, 3). They also show that
the concentration of the ascorbyl radical
correlates with the concentration of
H2O2 in interstitial f luid, whereas no
H2O2 can be detected in blood or
plasma (3, 9). These observations,
combined with the inhibitory effect on
xenograft growth, provide the proof of
concept that millimolar concentrations
of extracellular ascorbate, achievable by
i.p. injection or i.v. infusion in experi-
mental animals and humans, respec-
tively, exert pro-oxidant, antitumor
effects in vivo.

Perspective
Why is it important to understand how
vitamin C can produce H2O2 and kill
cancer cells but not normal cells? Be-
cause without this detailed knowledge,
we do not have a scientific rationale to
revisit the question of whether i.v. infu-
sion of vitamin C may have value in
treating cancer patients. The potential
cancer-therapeutic activity of vitamin C
has a long and controversial history. In
1973, Linus Pauling and Ewan Cameron
(10) postulated that vitamin C inhibits
tumor growth by enhancing immune re-
sponse and stabilizing glycosaminogly-
cans of the extracellular matrix by inhib-
iting hyaluronidase. Cameron and
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Millimolar
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extracellular vitamin C
kill cancer cells but not

normal cells.
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Campbell (11) reported on the response
of 50 consecutive patients with advanced
cancer to continuous i.v. infusions (5–45
g/d) and/or oral doses (5–20 g/d) of vita-
min C. No or minimal response was ob-
served in 27 patients; 19 patients exhib-
ited tumor retardation, cytostasis, or
regression; and 4 patients experienced
tumor hemorrhage and necrosis. The
first clinical study by Cameron and Paul-
ing (12) compared survival times be-
tween 100 patients with terminal cancer
treated with i.v. and oral vitamin C,
usually 10 g/d, and 1,000 comparable
patients not given vitamin C. Patients
treated with vitamin C survived approxi-
mately four times longer than controls,
with a high degree of statistical signifi-
cance (P � 0.0001). A follow-up study
reported that patients given vitamin C
had a mean survival time almost 1 year
longer than matched controls (13).
Overall, 22% of vitamin C-treated pa-
tients but only 0.4% of controls survived
for more than 1 year.

The National Cancer Institute
sponsored two randomized, placebo-
controlled, double-blind trials of vita-
min C and advanced cancer at the Mayo
Clinic (14, 15). In both trials, patients
were given 10 g/d vitamin C or placebo.

Survival rates were essentially the same
for all groups. Plasma concentrations of
vitamin C were not measured in either
study, and vitamin C was given only
orally. In retrospect, the Mayo Clinic
trials may have failed to properly evalu-
ate the clinical efficacy of vitamin C in
cancer because of insufficient plasma
concentrations of vitamin C attained
with oral supplementation (4).

Pauling and colleagues (16) empha-
sized host resistance to cancer but rec-
ognized the anticancer role of redox
chemistry, especially reactive oxygen
species formed from the reaction of vi-
tamin C with copper. When mice were
inoculated with Ehrlich tumor cells and
injected i.p. with the copper-containing
tripeptide copper:glycylglycylhistidine
(Cu:GGH) and vitamin C, 40% survived
60 days, whereas no controls survived
for longer than 30 days. The combina-
tion of Cu:GGH and vitamin C was also
toxic to Ehrlich tumor cells in vitro, but
the cytotoxicity was abrogated by cata-
lase, suggesting that H2O2 was the cyto-
toxic species. The work of Chen et al.
(1–3) also strongly suggests that H2O2
is responsible for the anticancer activity
of vitamin C.

Interestingly, Chen et al. (1) noted
that metastases were present in �30%
of athymic mice grafted with glioblas-
toma tumors, whereas no metastases
were detected in similar mice injected
i.p. with ascorbate. This observation
warrants further investigation because
metastases account for a substantial
percentage of cancer mortality.

Recent Clinical Studies
Two Phase 1 clinical trials of cancer and
vitamin C have recently been published
that demonstrated remarkable tolerance
and safety for high-dose (up to 1.5 g/kg)
i.v. vitamin C in patients screened to
eliminate hyperoxaluria, glucose-6-
phosphate dehydrogenase deficiency,
and other medical conditions (17, 18).
Additionally, a series of case reports
indicated that high-dose i.v. vitamin C
was associated with long-term tumor
regression in three patients with ad-
vanced renal cell carcinoma, bladder
carcinoma, or B-cell lymphoma (19).
Clinical plausibility has been repeatedly
suggested, and Chen et al. (1–3) now
have convincingly demonstrated bio-
logic plausibility and are poised to ex-
plore the potential value of ‘‘pharmaco-
logic ascorbate in cancer treatment’’ in
humans.

1. Chen Q, et al. (2008) Pharmacologic doses of ascorbate
act as a pro-oxidant and decrease growth of aggressive
tumor xenografts in mice. Proc Natl Acad Sci USA
105:11105–11109.

2. Chen Q, et al. (2005) Pharmacologic ascorbic acid con-
centrations selectively kill cancer cells: Action as a pro-
drug to deliver hydrogen peroxide to tissues. Proc Natl
Acad Sci USA 102:13604–13609.

3. Chen Q, et al. (2007) Ascorbate in pharmacologic con-
centrations selectively generates ascorbate radical and
hydrogen peroxide in extracellular fluid in vivo. Proc
Natl Acad Sci USA 104:8749–8754.

4. Padayatty SJ, et al. (2004) Vitamin C pharmacokinetics:
Implications for oral and intravenous use. Ann Intern
Med 140:533–537.

5. Carr A, Frei B (1999) Does vitamin C act as a pro-oxidant
under physiological conditions? FASEB J 13:1007–1024.

6. Englard S, Seifter S (1986) The biochemical functions of
ascorbic acid. Annu Rev Nutr 6:365–406.

7. Oberley TD, Oberley LW (1997) Antioxidant enzyme
levels in cancer. Histol Histopathol 12:525–535.

8. Davies KJ (1999) The broad spectrum of responses to
oxidants in proliferating cells: A new paradigm for
oxidative stress. IUBMB Life 48:41–47.

9. Frei B, Yamamoto Y, Niclas D, Ames BN (1988) Evalua-
tion of an isoluminol chemiluminescence assay for the
detection of hydroperoxides in human blood plasma.
Anal Biochem 175:120–130.

10. Cameron E, Pauling L (1973) Ascorbic acid and the
glycosaminoglycans. Oncology 27:181–192.

11. Cameron E, Campbell A (1974) The orthomolecular
treatment of cancer. II. Clinical trial of high-dose ascor-
bic acid supplements in advanced human cancer.
Chem-Biol Interact 9:285–315.

12. Cameron E, Pauling L (1976) Supplemental ascorbate in
the supportive treatment of cancer: Prolongation of
survival times in terminal human cancer. Proc Natl Acad
Sci USA 73:3685–3689.

13. Cameron E, Pauling L (1978) Supplemental ascorbate in
the supportive treatment of cancer: Reevaluation of
prolongation of survival times in terminal human can-
cer. Proc Natl Acad Sci USA 75:4538–4542.

14. Creagan ET, et al. (1979) Failure of high-dose vitamin C
(ascorbic acid) therapy to benefit patients with ad-
vanced cancer. A controlled trial. N Engl J Med
301:687–690.

15. MoertelCG,etal. (1985)High-dosevitaminCversusplacebo
in the treatment of patients with advanced cancer who
have had no prior chemotherapy: A randomized double-
blind comparison. N Engl J Med 312:137–141.

16. Kimoto E, Tanaka H, Gyotoku J, Morishige F, Pauling L
(1983) Enhancement of antitumor activity of ascorbate
against Ehrlich ascites tumor cells by the copper:glycyl-
glycylhistidine complex. Cancer Res 43:824–828.

17. Riordan HD, et al. (2005) A pilot clinical study of con-
tinuous intravenous ascorbate in terminal cancer pa-
tients. PR Health Sci J 24:269–276.

18. Hoffer LJ, et al. (2008) Phase I clinical trial of i.v. ascorbic
acid in advanced malignancy. Ann Oncol, 10.1093/
annonc/mdn 377.

19. Padayatty SJ, et al. (2006) Intravenously administered
vitamin C as cancer therapy: Three cases. Can Med
Assoc J 174:937–942.

11038 � www.pnas.org�cgi�doi�10.1073�pnas.0806433105 Frei and Lawson


