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High intravenous doses of vitamin C (ascorbic acid) have been reported to benefit cancer
patients, but the data are controversial and there is incomplete knowledge of what physio-
logical mechanisms might be involved in any response. Vitamin C is taken up efficiently by
cells expressing SVCT2 transporters and since vascular endothelial cells express SVCT2, we
explored the hypothesis that administration of high-dose vitamin C (up to 5 g/kg) to mice
might affect vascular endothelial function. A single administration of vitamin C to mice
induced time- and dose-dependent increases in plasma concentrations of the serotonin
metabolite 5-hydroxyindole acetic acid (5-HIAA), a marker for vascular disrupting effects.
Responses were comparable to those for the tumor vascular disrupting agents, vadimezan
and fosbretabulin. High-dose vitamin C administration decreased tumor serotonin concen-
trations, consistent with the release of serotonin from platelets and its metabolism to
5-HIAA. High-dose vitamin C also significantly increased the degree of hemorrhagic necro-
sis in tumors removed after 24 h, and significantly decreased tumor volume after 2 days.
However, the effect on tumor growth was temporary.The results support the concept that
vitamin C at high dose increases endothelial permeability, allowing platelets to escape
and release serotonin. Plasma 5-HIAA concentrations could provide a pharmacodynamic
biomarker for vitamin C effects in clinical studies.
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INTRODUCTION
The physiological effects of orally administered vitamin C as an
antioxidant and in preventing scurvy are well known (1–3). Vit-
amin C at physiological concentrations generally has a protective
effect on the vascular endothelium, decreasing its permeability (3).
Plasma concentrations of vitamin C in humans following high oral
doses are limited by absorption, but intravenous administration
can overcome this limitation and lead to millimolar plasma con-
centrations (4, 5).Vitamin C at high dose can inhibit tumor growth
in mice (6–9) and early studies reported that administration of
vitamin C at high intravenous doses to cancer patients increased
survival by more than 5 months (10, 11). However, subsequent
clinical studies were conflicting and there is currently no clear res-
olution of the question of whether high-dose intravenous vitamin
C affects patient survival (12). Progress in our understanding of
the action of high-dose vitamin C has been hampered by a lack of
appropriate biomarkers for physiological responses to vitamin C.

There is good evidence that tumors have a disorganized and
inefficient blood supply as compared to normal tissues. This leads
to metabolic and hypoxic stress, to the induction of hypoxia-
inducible factor-1α (HIF-1α) (13), and to increased production
of vascular endothelial growth factor (VEGF), also called vascu-
lar permeability factor (14). The resulting increase in vascular
permeability leads to reduced tumor blood flow (15). Vascular
disrupting agents are thought to act by further increasing vascu-
lar permeability, thus reducing tumor blood flow to the point of
vascular failure (16, 17). Several vascular disrupting agents have

advanced to clinical trial, most notably vadimezan (DMXAA) in
non-small cell lung cancer (18) and fosbretabulin (combretastatin
A4-phosphate; CA4-P) in thyroid cancer (19). In this preliminary
study, we have investigated the hypothesis that vitamin C adminis-
tered at high dose can act as vascular disrupting agent. The basis for
this hypothesis is that vascular endothelial cells, through expres-
sion of the SVCT2 transporter (2, 20, 21), concentrate cytoplasmic
vitamin C to a point where it affects vascular function.

Measurement of the clinical effects of vascular disrupting
agents has generally been carried out with the use of contrast-
enhanced magnetic resonance (22, 23). A paramagnetic contrast
agent such as gadolinium–diethylenetriamine pentaacetic acid,
which binds tightly to albumin, is administered. Increased vascu-
lar permeability in tumor tissue leads to extravasation and tissue
retention of this protein-bound agent, concentrations of which can
be measured using magnetic resonance. In experimental studies, a
similar strategy is employed using the dye Evans Blue, which like
the gadolinium derivative is tightly bound to albumin in plasma.
Increased vascular permeability in tumor tissue leads to extrava-
sation of the albumin–dye complex, which can be measured by a
photometric assay (24). In previous studies, we have proposed that
extravasation of platelets could also be used to detect increased
vascular permeability (16). Serotonin (5-hydroxytryptamine; 5-
HT) is localized in platelets as a consequence of the action of
vesicular monoamine transporters, which also concentrate sero-
tonin into chromaffin granules of the adrenal medulla and into
neurons (25). Tumor tissue concentrations of serotonin therefore
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largely reflect platelet content of serotonin. Increased vascular
permeability leads to extravasation of platelets, to platelet acti-
vation (for instance, by extravascular contact with collagen) and
to serotonin release (26). Free serotonin is converted by hepatic
metabolism to 5-hydroxyindole acetic acid (5-HIAA), which can
be measured by high-performance liquid chromatography (27,
28). Thus, increased vascular permeability leads to serotonin loss
from platelet and to increased free concentrations of serotonin and
5-HIAA.

Previous preclinical studies have shown increased plasma con-
centrations of 5-HIAA and serotonin in response to a number
of vascular disrupting agents including flavone acetic acid (FAA),
vadimezan, vinblastine, and colchicine (27, 30, 31). In the case of
vadimezan, increases in plasma 5-HIAA concentrations are highly
correlated with increased extravasation of Evans Blue into tumor
tissue as a marker of tumor vascular permeability (r = 0.82), as
well as with decreased tumor blood flow (r = 0.73) (24, 32). A
Phase 1 clinical trial of vadimezan has shown that plasma 5-HIAA
concentrations increase in response to the drug (28, 29), and a
Phase 2 trial has shown that increases in 5-HIAA correlate posi-
tively with dose (33). Here, we have measured increases in plasma
5-HIAA concentrations in mice treated with high doses of vitamin
C, comparing them with those of vadimezan. We also include data
showing the 5-HIAA response to the vascular disrupting agent
fosbretabulin. We have examined the effect of high-dose vitamin
C on tissue serotonin concentrations in tumor and liver, and on
the growth of Colon 38 tumors in mice.

MATERIALS AND METHODS
MATERIALS
Vadimezan was synthesized in this laboratory (34), dissolved in
sterile saline, protected from light, and injected into the peritoneal
cavity in a volume of 10 µl/g body weight. Vitamin C was used
as a solution in clinical vial (McGuff Pharmaceuticals Ltd., New
Zealand) and diluted with water to the appropriate concentration
before injection in a volume of 10 µl/g body weight. Fosbretab-
ulin, kindly provided by Cancer Research UK, was dissolved in
dimethylsulfoxide (10 mg/ml) and injected in a volume of 2.5 µl/g
body weight. Other biochemicals were from Sigma.

MICE AND TUMORS
All experiments were approved by the Animal Ethics Commit-
tee of the University of Auckland. C57Bl/6 mice were bred and
housed under controlled temperature, humidity, and lighting.
Mice between 6 and 12 weeks of age (18–22 g) were used. Samples
of murine Colon 38 carcinomas (1 mm3 tumor fragments from a
carrier mouse) were implanted subcutaneously in mice that had
been anesthetized by intraperitoneal administration (10 l/g body
weight) of a xylazine (10 mg/kg)/ketamine (150 mg/kg) mixture.
Treatment was commenced 12–14 days after implantation, when
tumors were approximately 5 mm in diameter. Tumor growth
delay experiments utilized groups of five mice; tumor size was mea-
sured with calipers and volumes were calculated as (a2b), where
a and b are the minor and major tumor axes, respectively. Tumor
histology was carried out on a group of mice with larger tumors
(5–8 mm in diameter). Mice were treated with vitamin C (4 g/kg)
and tumors were removed after 24 h, fixed with formalin, and

sections stained with hematoxylin/eosin (35). The whole tumor
section (largest diameter) was photographed and a grid was super-
imposed on the photograph. Each section of the grid was then
analyzed for hemorrhagic tumor necrosis (i.e., lack of stained
nuclei) and the combined results used to derive an estimate of
the proportion of necrosis.

MEASUREMENT OF SEROTONIN AND 5-HIAA IN PLASMA AND TUMOR
SAMPLES
General methods for the measurement of plasma, tumor, and
liver tissue concentrations of serotonin and 5-HIAA have been
described previously (27, 36). For both the time course and
dose dependence studies, blood was collected from groups of
three terminally anesthetized mice through the ocular sinus
into heparinized polypropylene microcentrifuge tubes containing
20 µl of 7.5% sodium ethylenediamine tetra-acetate (EDTA) and
1 mg sodium ascorbate. Tumor and liver tissue were homogenized
in 7.5% EDTA/0.02% sodium ascorbate (1 ml for tumor tissue
and 2 ml for in liver tissue). Tubes were centrifuged (5,000× g ;
10 min), and plasma samples were removed and deproteinized
by addition of 1 ml of ice-cold acetonitrile:water (3:1) to 100 µl
plasma. After mixing and centrifugation (3,000× g ; 15 min; 4°C),
the supernatants were concentrated in a centrifugal vacuum
concentrator, reconstituted in 100 µl mobile phase [80% ace-
tonitrile:45 mM formate buffer (35:63)]. Liver and tumor tissue
homogenates were resuspended in mobile phase.

5-HIAA was analyzed by high-performance liquid chromatog-
raphy using a LUNA C18 5 µm 75 mm× 4.6 mm stainless steel
column (Phenomenex, Torrence, CA, USA) with a Phenomenex
C18 Security guard column. The mobile phase was 0.14 M potas-
sium phosphate buffer pH 4.50 containing 15% methanol, 5% ace-
tonitrile, and 0.004% acetyltrimethyl-ammonium bromide, 2 mM
NaCl, and 0.1 mM EDTA. 5-HIAA was detected using a Model
DECADE II Electrochemical Detector (Antec Leyden, Nether-
lands) with an electrode potential of 400 mV. Quantitation was
carried out by reference to a standard curve. Serotonin was ana-
lyzed using a LUNA C8 5 µm 150 mm× 3.0 mm stainless steel with
a Phenomenex C18 Security guard column. The mobile phase was
85% 0.14 M potassium phosphate buffer pH 4.50/15% acetonitrile
together with 1 g/l 1-octansulfonic acid sodium salt. Serotonin was
detected using a Shimadzu RF-10AXL fluorescence detector and
quantitation utilized N -acetyl serotonin as an internal standard.

STATISTICAL ANALYSIS
Values are quoted as means± standard errors. Groups were com-
pared using routines available on SigmaPlot. Student’s t -test was
used when the data were normally distributed and a Rank Sum
test was used when the data were not normally distributed.

RESULTS
EFFECTS OF VITAMIN C TREATMENT ON SEROTONIN AND 5-HIAA
CONCENTRATIONS
Mice were found to tolerate a single intraperitoneal dose of vita-
min C (5 g/kg), which was comparable to that (4 g/kg) used in a
previously published study (6). No obvious toxicity was observed
although following drug administration, cooling of mouse skin
and reduced motor activity was observed for several hours.
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Plasma concentrations of 5-HIAA rose significantly (p < 0.05 at
2 h; < 0.001 at 2 and 4 h) with increasing time in groups of three
non-tumor-bearing mice treated with a single dose of vitamin C
(5 g/kg), as shown in Figure 1A. The dose response of plasma
5-HIAA in groups of six non-tumor-bearing mice was also mea-
sured 2 h after a single dose of Vitamin C (Figure 1B); plasma
concentrations increased significantly (p < 0.05) following doses
of 2 and 4 g/kg. The plasma 5-HIAA response to vitamin C was
compared to those of two established vascular disrupting agents.
New data for groups of three non-tumor-bearing mice treated with
fosbretabulin (25 mg/kg) are shown in Figure 2 and indicate that
plasma 5-HIAA concentrations increase significantly (p < 0.05) at
both time points. The results for fosbretabulin have been com-
pared with previously published data (36) for non-tumor-bearing
mice treated with vadimezan (25 mg/kg).

5-HIAA is a hepatic metabolite of serotonin, which is stored
in platelets within tissues. Serotonin concentrations were there-
fore measured in plasma, tumor tissue, and liver tissue of groups
of 3 Colon 38 tumor-bearing mice either 4 or 24 h after admin-
istration of a single dose of vitamin C (4 g/kg). Serotonin con-
centrations increased in plasma after 4 h, but the difference was
not significant (Figure 3A). Serotonin concentrations in tumor
tissue decreased significantly (p < 0.05) after 24 h (Figure 3B)
but increased significantly (p < 0.05) in liver tissue after 4 h
(Figure 3C).

EFFECTS OF VITAMIN C TREATMENT ON COLON 38 TUMOR GROWTH
IN VIVO
Mice with subcutaneous Colon 38 murine adenocarcinomas were
treated with a single dose of vitamin C (4 g/kg), and tumors
were removed after 24 h for histology. Tumors from five vitamin
C-treated mice were red in color while those from seven con-
trol mice were white. Stained tumor sections (Figure 4) from
vitamin C-treated mice showed larger areas of necrotic cells
(62± 4%) than did control mice (22± 5%) and the difference was

FIGURE 1 | Plasma concentrations of 5-HIAA following a single i.p.
administration of vitamin C are shown. (A) Time course for
non-tumor-bearing mice following administration of vitamin C (5 g/kg; filled
circles) or with no treatment (open circles). (B) Dose curve for
non-tumor-bearing mice following administration of vitamin C (0–4 g/kg).
Vertical bars in each case represent SEM.

significant (p < 0.01). Mice with subcutaneous Colon 38 murine
adenocarcinomas (five per group; approximately 5 mm in diam-
eter; 62± 16 mm3) were treated with a single dose of vitamin
C (4 g/kg), and tumor volumes were measured at various times
later. After 2 days, the tumor volumes (relative to the starting vol-
ume) were 1.92± 0.51 for the control group and 0.50± 0.19 for
the treated group, a significant reduction (p= 0.03) than those
of the control group, but thereafter tumor growth in the treated
group was slightly higher than that in the control group and by
10 days, treated and control tumors had similar average volumes
(Figure 5).

DISCUSSION
The results provide preliminary evidence for the hypothesis that
high-dose vitamin C has a tumor vascular disrupting effect in mice.
Tumors removed from mice 24 h after treatment with vitamin C
were red in color while tumors from control mice were white;
this was similar to what was found previously with vadimezan
and other vascular disrupting agents (results not shown). Tumor
sections from vitamin C-treated mice (Figure 4) showed signifi-
cantly larger areas of necrotic tumor tissue than did those from
control tumors (62 versus 22%, respectively), although the effect
was not as great as that induced by vadimezan and several other
vascular disrupting drugs. Tumor-bearing mice treated with vita-
min C (4 g/kg) responded with an initial decrease in tumor volume
after 2 days followed by a phase of more rapid tumor growth
(Figure 5), again similar to that caused by a suboptimal dose of
vadimezan. It is clear, at least with the Colon 38 tumor, that vit-
amin C administered at a single high dose is less effective than
vadimezan, but it should be kept in mind that vadimezan may dif-
fer from vitamin C by having two actions, a direct one on tumor
endothelial cells (37) and an indirect one mediated by cytokine
induction (16, 38). Further experiments with multiple doses and

FIGURE 2 | Comparison of plasma concentrations of 5-HIAA in
non-tumor-bearing mice following i.p. administration of
(A) fosbretabulin (25 mg/kg) and (B) vadimezan (25 mg/kg). Data for
vadimezan are extracted from a previous publication (36). Vertical bars
represent SEM (three mice per group).
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FIGURE 3 | Concentrations of serotonin in plasma (A), Colon 38 subcutaneous tumor tissue (B), and liver tissue (C), measured before or at the
indicated time after i.p. administration of vitamin C (4 g/kg). Vertical bars represent SEM (three mice per group).

FIGURE 4 | Histological appearance of representative sections of mice
with subcutaneous Colon 38 tumors is shown. Bars indicate 20 µm.
(A) No treatment: intact cells can be seen by purple nuclei with occasional
pink spaces indicating necrosis. (B) Twenty-four hours after i.p.
administration of vitamin C (4 g/kg): the large rather featureless pink regions
indicate areas of hemorrhagic necrosis.

other tumor types would be required to fully characterize this
vascular disrupting effect of vitamin C.

Vascular disrupting agents affect the normal vascular endothe-
lium as well as the tumor vascular endothelium (24). The increased
plasma 5-HIAA concentrations in non-tumor-bearing mice in
response to vitamin C (Figure 1) are consistent with an effect
on normal vasculature. Cooling of mouse skin, observed for sev-
eral hours after administration of the maximum tolerated dose
of vitamin C (5 g/kg), resemble that observed in mice treated with
vadimezan and also suggest an effect on normal endothelium. Skin
cooling has been interpreted as arising from inhibition of capillary
blood flow in normal skin (32). It was of interest that serotonin
concentrations in liver were, in contrast to those in tumor tissue,
elevated after 4 h (Figure 3C). The observation again suggests an
effect on normal tissues and several explanations are possible, such
as increased trafficking of platelets to the liver.

Vascular disrupting agents can be divided into two classes, the
first comprising tubulin binders and the second comprising FAA,

FIGURE 5 | Growth of subcutaneous Colon 38 tumors following i.p.
administration of vitamin C (4 g/kg) (filled circles) as compared to
control mice (open circles) is shown. Vertical bars represent SEM (five
mice per group).

xanthenone acetic acid (XAA), and a variety of XAA analogs
including vadimezan (16, 39). The present study suggests that
vitamin C is a member of the second class, raising the question
of whether acidic character is important for the activity of this
class. It is clear at least from studies of FAA and XAA analogs in
mice, that activity has quite exacting structural requirements (40).
Cells normally exclude acidic molecules and uptake is likely to
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depend on the expression of appropriate drug transporters (41).
In the case of vitamin C, uptake is thought to be strongly depen-
dent on the expression of cellular vitamin C transporters; the
SVCT2 transporter is highly expressed in both endothelial cells
and macrophages and results in millimolar intracellular concen-
trations (2, 42). It would be interesting to determine whether the
vascular disrupting activity of other members of this second class
is dependent on the expression of transporters that are expressed
in endothelial cells.

The molecular targets of vitamin C in endothelial cells are still
being characterized. One possible target is tetrahydrobiopterin,
whose stabilization by vitamin C leads to nitric oxide production,
S-nitrosation of multiple proteins (43, 44), and increased endothe-
lial permeability (45). Tetrahydrobiopterin is also an essential
cofactor for tryptophan hydroxylase (46), and stabilization might
also lead to increased serotonin production, potentially explaining
the increased liver serotonin concentrations (Figure 3C). Another
possible target of vitamin C is HIF-1 hydroxylase; by stabilizing
this enzyme, vitamin C may inhibit induction of the transcription
factor (HIF-1) and thus inhibit the induction of multiple genes by
HIF-1 (47).

It is not yet possible to determine whether the effects observed
here in mice are relevant to any effects of high-dose intravenous
vitamin C in humans. Plasma concentrations of vitamin C were
not measured in this study but published data with mice show
that they are likely to reach 40 mM following a dose of 4 g/kg (6).
Studies in humans administered high-dose intravenous vitamin
C have reported comparable plasma concentrations of 24 mM
(5). It seems likely that vascular disruptive properties of high-
dose vitamin C, if they occur in human tumors, would not be the
sole contributor to any possible antitumor effect; other cells that
express SVCT2 transporters, such as cells of the innate immune
system, might also be affected. In any future clinical trials designed
to test the clinical effects of high-dose vitamin C administration,
plasma 5-HIAA might prove to be a useful biomarker.

ACKNOWLEDGMENTS
The authors thank Cancer Society Auckland for financial support,
and Wayne Joseph and Sunali Mehta for help with microscopy.

REFERENCES
1. Padh H. Cellular functions of ascorbic acid. Biochem Cell Biol (1990)

68:1166–73. doi:10.1139/o90-173
2. May JM, Qu ZC. Transport and intracellular accumulation of vitamin C in

endothelial cells: relevance to collagen synthesis. Arch Biochem Biophys (2005)
434:178–86. doi:10.1016/j.abb.2004.10.023

3. May JM, Harrison FE. Role of vitamin C in the function of the vascular endothe-
lium. Antioxid Redox Signal (2013) 19:2068–83. doi:10.1089/ars.2013.5205

4. Padayatty SJ, Sun H, Wang Y, Riordan HD, Hewitt SM, Katz A, et al. Vitamin C
pharmacokinetics: implications for oral and intravenous use. Ann Intern Med
(2004) 140:533–7. doi:10.7326/0003-4819-140-7-200404060-00010

5. Duconge J, Miranda-Massari JR, Gonzalez MJ, Jackson JA, Warnock W, Rior-
dan NH. Pharmacokinetics of vitamin C: insights into the oral and intravenous
administration of ascorbate. P R Health Sci J (2008) 27:7–19.

6. Chen Q, Espey MG, Sun AY, Pooput C, Kirk KL, Krishna MC, et al. Pharma-
cologic doses of ascorbate act as a prooxidant and decrease growth of aggres-
sive tumor xenografts in mice. Proc Natl Acad Sci U S A (2008) 105:11105–9.
doi:10.1073/pnas.0804226105

7. Takemura Y, Satoh M, Satoh K, Hamada H, Sekido Y, Kubota S. High dose of
ascorbic acid induces cell death in mesothelioma cells. Biochem Biophys Res
Commun (2010) 394:249–53. doi:10.1016/j.bbrc.2010.02.012

8. Espey MG, Chen P, Chalmers B, Drisko J, Sun AY, Levine M, et al. Pharmacologic
ascorbate synergizes with gemcitabine in preclinical models of pancreatic cancer.
Free Radic Biol Med (2011) 50:1610–9. doi:10.1016/j.freeradbiomed.2011.03.007

9. Gardiner NS, Duncan JR. Inhibition of murine melanoma growth by sodium
ascorbate. J Nutr (1989) 119:586–90.

10. Cameron E, Pauling L. Supplemental ascorbate in the supportive treatment of
cancer: reevaluation of prolongation of survival times in terminal human cancer.
Proc Natl Acad Sci U S A (1978) 75:4538–42. doi:10.1073/pnas.75.9.4538

11. Cameron E, Pauling L. Supplemental ascorbate in the supportive treatment of
cancer: prolongation of survival times in terminal human cancer. Proc Natl Acad
Sci U S A (1976) 73:3685–9. doi:10.1073/pnas.73.10.3685

12. Wilson MK, Baguley BC, Wall C, Jameson MB, Findlay MP. Review of high-
dose intravenous vitamin C as an anticancer agent. Asia Pac J Clin Oncol (2014)
10:22–37. doi:10.1111/ajco.12173

13. Bensaad K, Harris AL. Hypoxia and metabolism in cancer. Adv Exp Med Biol
(2014) 772:1–39. doi:10.1007/978-1-4614-5915-6_1

14. Dvorak HF, Sioussat TM, Brown LF, Berse B, Nagy JA, Sotrel A, et al. Distri-
bution of vascular permeability factor (vascular endothelial growth factor) in
tumors: concentration in tumor blood vessels. J Exp Med (1991) 174:1275–8.
doi:10.1084/jem.174.5.1275

15. Milosevic MF, Fyles AW, Hill RP. The relationship between elevated interstitial
fluid pressure and blood flow in tumors: a bioengineering analysis. Int J Radiat
Oncol Biol Phys (1999) 43:1111–23. doi:10.1016/S0360-3016(98)00512-4

16. Baguley BC. Antivascular therapy of cancer: DMXAA. Lancet Oncol (2003)
4:141–8. doi:10.1016/S1470-2045(03)01018-0

17. Tozer GM, Kanthou C, Baguley BC. Disrupting tumour blood vessels. Nat Rev
Cancer (2005) 5:423–35. doi:10.1038/nrc1628

18. Lara PN Jr., Douillard JY, Nakagawa K, von Pawel J, McKeage MJ, Albert I,
et al. Randomized phase III placebo-controlled trial of carboplatin and pacli-
taxel with or without the vascular disrupting agent vadimezan (ASA404)
in advanced non-small-cell lung cancer. J Clin Oncol (2011) 29:2965–71.
doi:10.1200/JCO.2011.35.0660

19. Sosa JA, Elisei R, Jarzab B, Balkissoon J, Lu SP, Bal C, et al. Randomized safety
and efficacy study of fosbretabulin with paclitaxel/carboplatin against anaplastic
thyroid carcinoma. Thyroid (2014) 24:232–40. doi:10.1089/thy.2013.0078

20. Takanaga H, Mackenzie B, Hediger MA. Sodium-dependent ascorbic acid
transporter family SLC23. Pflugers Arch (2004) 447:677–82. doi:10.1007/s00424-
003-1104-1

21. May JM. The SLC23 family of ascorbate transporters: ensuring that you get
and keep your daily dose of vitamin C. Br J Pharmacol (2011) 164:1793–801.
doi:10.1111/j.1476-5381.2011.01350.x

22. Galbraith SM, Rustin GJ, Lodge MA, Taylor NJ, Stirling JJ, Jameson M, et al.
Effects of 5,6-dimethylxanthenone-4-acetic acid on human tumor microcir-
culation assessed by dynamic contrast-enhanced magnetic resonance imaging.
J Clin Oncol (2002) 20:3826–40. doi:10.1200/JCO.2002.09.144

23. Galbraith SM, Maxwell RJ, Lodge MA, Tozer GM, Wilson J, Taylor NJ, et al.
Combretastatin A4 phosphate has tumor antivascular activity in rat and man
as demonstrated by dynamic magnetic resonance imaging. J Clin Oncol (2003)
21:2831–42. doi:10.1200/JCO.2003.05.187

24. Zhao L, Ching LM, Kestell P, Kelland LR, Baguley BC. Mechanisms of tumor vas-
cular shut-down induced by 5,6-dimethylxanthenone-4-acetic acid (DMXAA);
increased tumor vascular permeability. Int J Cancer (2005) 116:322–6. doi:10.
1002/ijc.21005

25. Henry JP, Botton D, Sagne C, Isambert MF, Desnos C, Blanchard V, et al. Bio-
chemistry and molecular biology of the vesicular monoamine transporter from
chromaffin granules. J Exp Biol (1994) 196:251–62.

26. Silver MJ, Smith JB, Ingerman CM. Blood platelets and the inflammatory
process. Agents Actions (1974) 4:233–40. doi:10.1007/BF01965226

27. Baguley BC, Zhuang L, Kestell P. Increased plasma serotonin following treatment
with flavone-8-acetic acid, 5,6-dimethylxanthenone-4-acetic acid, vinblastine,
and colchicine: relation to vascular effects. Oncol Res (1997) 9:55–60.

28. Kestell P, Zhao L, Jameson MB, Stratford MR, Folkes LK, Baguley BC. Mea-
surement of plasma 5-hydroxyindoleacetic acid as a possible clinical surrogate
marker for the action of antivascular agents. Clin Chim Acta (2001) 314:159–66.
doi:10.1016/S0009-8981(01)00692-1

29. Jameson MB, Baguley BC, Kestell P, Zhao L, Paxton JW, Thompson PI. Pharma-
cokinetics of 5,6-dimethylxanthenone-4-acetic acid (DMXAA), a novel vascular
disrupting agent, in a phase I clinical trial. Cancer Chemother Pharmacol (2007)
59:681–7. doi:10.1007/s00280-006-0322-6

www.frontiersin.org November 2014 | Volume 4 | Article 310 | 5

http://dx.doi.org/10.1139/o90-173
http://dx.doi.org/10.1016/j.abb.2004.10.023
http://dx.doi.org/10.1089/ars.2013.5205
http://dx.doi.org/10.7326/0003-4819-140-7-200404060-00010
http://dx.doi.org/10.1073/pnas.0804226105
http://dx.doi.org/10.1016/j.bbrc.2010.02.012
http://dx.doi.org/10.1016/j.freeradbiomed.2011.03.007
http://dx.doi.org/10.1073/pnas.75.9.4538
http://dx.doi.org/10.1073/pnas.73.10.3685
http://dx.doi.org/10.1111/ajco.12173
http://dx.doi.org/10.1007/978-1-4614-5915-6_1
http://dx.doi.org/10.1084/jem.174.5.1275
http://dx.doi.org/10.1016/S0360-3016(98)00512-4
http://dx.doi.org/10.1016/S1470-2045(03)01018-0
http://dx.doi.org/10.1038/nrc1628
http://dx.doi.org/10.1200/JCO.2011.35.0660
http://dx.doi.org/10.1089/thy.2013.0078
http://dx.doi.org/10.1007/s00424-003-1104-1
http://dx.doi.org/10.1007/s00424-003-1104-1
http://dx.doi.org/10.1111/j.1476-5381.2011.01350.x
http://dx.doi.org/10.1200/JCO.2002.09.144
http://dx.doi.org/10.1200/JCO.2003.05.187
http://dx.doi.org/10.1002/ijc.21005
http://dx.doi.org/10.1002/ijc.21005
http://dx.doi.org/10.1007/BF01965226
http://dx.doi.org/10.1016/S0009-8981(01)00692-1
http://dx.doi.org/10.1007/s00280-006-0322-6
http://www.frontiersin.org
http://www.frontiersin.org/Cancer_Molecular_Targets_and_Therapeutics/archive


 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Baguley et al. Vitamin C as a vascular disrupting agent

30. Baguley BC, Cole G, Thomsen LL, Zhuang L. Serotonin involvement in the anti-
tumour and host effects of flavone-8-acetic acid and 5,6-dimethylxanthenone-
4-acetic acid. Cancer Chemother Pharmacol (1993) 33:77–81. doi:10.1007/
BF00686027

31. Baguley BC. ASA404 (DMXAA): new concepts in tumour vascular targeting
therapy. In: Meyer T, editor. Vascular Disruptive Agents for the Treatment of Can-
cer. Heidelberg: Springer Science and Business Media (2010). p. 217–30.

32. Chung F, Liu J, Ching LM, Baguley BC. Consequences of increased vascular
permeability induced by treatment of mice with 5,6-dimethylxanthenone-4-
acetic acid (DMXAA) and thalidomide. Cancer Chemother Pharmacol (2008)
61:497–502. doi:10.1007/s00280-007-0495-7

33. McKeage MJ, Fong P, Jeffery M, Baguley BC, Kestell P, Ravic M, et al. 5,6-
Dimethylxanthenone-4-acetic acid in the treatment of refractory tumors: a
phase I safety study of a vascular disrupting agent. Clin Cancer Res (2006)
12:1776–84. doi:10.1158/1078-0432.CCR-05-1939

34. Rewcastle GW, Kestell P, Baguley BC, Denny WA. Potential antitumor agents:
62. Structure-activity relationships for tricyclic compounds related to the colon
tumor active drug 9-oxo-9H-xanthene-4-acetic acid. J Med Chem (1990) 34:217.
doi:10.1021/jm00105a034

35. Baguley BC, Calveley SB, Crowe KK, Fray LM, O’Rourke SA, Smith GP. Com-
parison of the effects of flavone acetic acid, fostriecin, homoharringtonine and
tumour necrosis factor alpha on colon 38 tumours in mice. Eur J Cancer Clin
Oncol (1989) 25:263–9. doi:10.1016/0277-5379(89)90018-7

36. Zhao L, Kestell P, Ching LM, Baguley BC. Oral activity and pharmacokinetics
of 5,6-dimethylxanthenone-4-acetic acid (DMXAA) in mice. Cancer Chemother
Pharmacol (2002) 49:20–6. doi:10.1007/s00280-001-0377-3

37. Ching LM, Zwain S, Baguley BC. Relationship between tumour endothe-
lial cell apoptosis and tumour blood flow shutdown following treatment
with the antivascular agent DMXAA in mice. Br J Cancer (2004) 90:906–10.
doi:10.1038/sj.bjc.6601606

38. Baguley BC, Siemann DW. Temporal aspects of the action of ASA404
(vadimezan; DMXAA). Exp Opin Invest Drugs (2010) 19:1413–25. doi:10.1517/
13543784.2010.529128

39. McKeage MJ, Baguley BC. Disrupting established tumor blood vessels: an emerg-
ing therapeutic strategy for cancer. Cancer (2010) 116:1859–71. doi:10.1002/
cncr.24975

40. Atwell GJ, Rewcastle GW, Baguley BC, Denny WA. Synthesis and anti-tumour
activity of topologically-related analogues of flavoneacetic acid. Anticancer Drug
Des (1989) 4:161–9.

41. Burckhardt G, Burckhardt BC. In vitro and in vivo evidence of the importance
of organic anion transporters (OATs) in drug therapy. In: Fromm MF, Kim

RB, editors. Drug Transporters, Handbook of Experimental Pharmacology 201.
Springer-Verlag Berlin Heidelberg (2011) p. 29–104.

42. May JM, Li L, Qu ZC, Huang J. Ascorbate uptake and antioxidant func-
tion in peritoneal macrophages. Arch Biochem Biophys (2005) 440:165–72.
doi:10.1016/j.abb.2005.06.018

43. Nakai K, Urushihara M, Kubota Y, Kosaka H. Ascorbate enhances iNOS activ-
ity by increasing tetrahydrobiopterin in RAW 264.7 cells. Free Radic Biol Med
(2003) 35:929–37. doi:10.1016/S0891-5849(03)00463-5

44. Chatterjee M, Saluja R, Kumar V, Jyoti A, Kumar Jain G, Kumar Barthwal M,
et al. Ascorbate sustains neutrophil NOS expression, catalysis, and oxidative
burst. Free Radic Biol Med (2008) 45:1084–93. doi:10.1016/j.freeradbiomed.
2008.06.028

45. Sanchez FA, Ehrenfeld IP, Duran WN. S-nitrosation of proteins: an emergent
regulatory mechanism in microvascular permeability and vascular function.
Tissue Barriers (2013) 1:e23896. doi:10.4161/tisb.23896

46. Martinez A, Knappskog PM, Haavik J. A structural approach into
human tryptophan hydroxylase and its implications for the regulation of
serotonin biosynthesis. Curr Med Chem (2001) 8:1077–91. doi:10.2174/
0929867013372616

47. Kuiper C, Dachs GU, Currie MJ, Vissers MC. Intracellular ascorbate enhances
hypoxia-inducible factor (HIF)-hydroxylase activity and preferentially sup-
presses the HIF-1 transcriptional response. Free Radic Biol Med (2014)
69:308–17. doi:10.1016/j.freeradbiomed.2014.01.033

Conflict of Interest Statement: The authors declare that the research was conducted
in the absence of any commercial or financial relationships that could be construed
as a potential conflict of interest.

Received: 18 June 2014; accepted: 18 October 2014; published online: 05 November
2014.
Citation: Baguley BC, Ding Q and Richardson E (2014) Preliminary evidence that
high-dose vitamin C has a vascular disrupting action in mice. Front. Oncol. 4:310. doi:
10.3389/fonc.2014.00310
This article was submitted to Cancer Molecular Targets and Therapeutics, a section of
the journal Frontiers in Oncology.
Copyright © 2014 Baguley, Ding and Richardson. This is an open-access article dis-
tributed under the terms of the Creative Commons Attribution License (CC BY). The
use, distribution or reproduction in other forums is permitted, provided the original
author(s) or licensor are credited and that the original publication in this journal is cited,
in accordance with accepted academic practice. No use, distribution or reproduction is
permitted which does not comply with these terms.

Frontiers in Oncology | Cancer Molecular Targets and Therapeutics November 2014 | Volume 4 | Article 310 | 6

http://dx.doi.org/10.1007/BF00686027
http://dx.doi.org/10.1007/BF00686027
http://dx.doi.org/10.1007/s00280-007-0495-7
http://dx.doi.org/10.1158/1078-0432.CCR-05-1939
http://dx.doi.org/10.1021/jm00105a034
http://dx.doi.org/10.1016/0277-5379(89)90018-7
http://dx.doi.org/10.1007/s00280-001-0377-3
http://dx.doi.org/10.1038/sj.bjc.6601606
http://dx.doi.org/10.1517/13543784.2010.529128
http://dx.doi.org/10.1517/13543784.2010.529128
http://dx.doi.org/10.1002/cncr.24975
http://dx.doi.org/10.1002/cncr.24975
http://dx.doi.org/10.1016/j.abb.2005.06.018
http://dx.doi.org/10.1016/S0891-5849(03)00463-5
http://dx.doi.org/10.1016/j.freeradbiomed.2008.06.028
http://dx.doi.org/10.1016/j.freeradbiomed.2008.06.028
http://dx.doi.org/10.4161/tisb.23896
http://dx.doi.org/10.2174/0929867013372616
http://dx.doi.org/10.2174/0929867013372616
http://dx.doi.org/10.1016/j.freeradbiomed.2014.01.033
http://dx.doi.org/10.3389/fonc.2014.00310
http://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org/Cancer_Molecular_Targets_and_Therapeutics
http://www.frontiersin.org/Cancer_Molecular_Targets_and_Therapeutics/archive

	Preliminary evidence that high-dose vitamin C has a vascular disrupting action in mice
	Introduction
	Materials and methods
	Materials
	Mice and tumors
	Measurement of serotonin and 5-HIAA in plasma and tumor samples
	Statistical analysis

	Results
	Effects of vitamin C treatment on serotonin and 5-HIAA concentrations
	Effects of vitamin C treatment on Colon 38 tumor growth in vivo

	Discussion
	Acknowledgments
	References


