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a b s t r a c t
Hypoxia-inducible factor-1 (HIF-1) is a heterodimer transcription factor whose elevated activity in many
cancers helps them to survive under hypoxic conditions and enhances their capacity to grow invasively,
establish metastases, and survive chemo- or radiotherapy. Optimal intracellular levels of ascorbate suppress the level and transcriptional activity of HIF-1under normoxic or mildly hypoxic conditions by supporting the activity of proly and asparagyl hydroxylases that target HIF-1alpha. High intracellular
ascorbate can also work in various ways to down-regulate activation of NF-kappaB which, like HIF-1 is
constitutively active in many cancers and promotes aggressive behavior – in part by promoting transcription of HIF-1alpha. Yet recent evidence suggests that, even in the context of adequate ascorbate nutrition,
the intracellular ascorbate content of many aggressive cancers may be supoptimal for effective HIF-1 control. This likely reflects low expression or activity of the SVCT2 ascorbate transporter. The expression of
SVCT2 in cancers has so far received little study; but the extracellular acidity characteristic of many
tumors would be expected to reduce the activity of this transporter, which has a mildly alkaline pH optimum. Unfortunately, since SVCT2 has a high affinity for ascorbate, and its activity is nearly saturated at
normal healthy serum levels of this vitamin, increased oral administration of ascorbate would be unlikely
to have much impact on the intracellular ascorbate content of tumors. However, cancers in which HIF-1 is
active express high levels of glucose transporters such as GLUT-1, and these transporters can promote
influx of dehydroascorbic acid (DHA) via facilitated diffusion; once inside the cell, DHA is rapidly reduced
to ascorbate, which effectively is ‘‘trapped’’ within the cell. Hence, episodic intravenous infusions of modest doses of DHA may have potential for optimizing the intracellular ascorbate content of cancers, potentially rendering them less aggressive. Indeed, several published studies have concluded that parenteral
DHA – sometimes in quite modest doses – can retard the growth of transplanted tumors in rodents.
As an alternative or adjunctive strategy, oral administration of sodium bicarbonate, by normalizing the
extracellular pH of tumors, has the potential to boost the activity of SCTV2 in tumor cells, thereby promoting increased ascorbate uptake. Indeed, the utility of oral sodium bicarbonate for suppressing metastasis formation in nude mice xenografted with a human breast cancer has been reported. Hence, oral
sodium bicarbonate and intravenous DHA may have the potential to blunt the aggressiveness of certain
cancers in which suboptimal intracellular ascorbate levels contribute to elevated HIF-1 activity.
! 2013 Elsevier Ltd. All rights reserved.

A key role for intracellular ascorbate acid in control of HIF-1
acitivity
The HIF-1 transcription factor (hypoxia-inducible factor-1) is
highly active in many cancers, even under aerobic conditions,
and boosts the synthesis of a wide range of proteins that promote
invasion, metastasis, and resistance to apoptosis (and hence resistance to chemotherapy or radiation) [1–7]. Strong activation of
q
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HIF-1 in hypoxic tumor regions is believed to be largely responsible for the adverse impact of tumor hypoxia on prognosis, and for
the less than spectacular longer-term clinical results with the antiangiogenic cancer drugs developed to date. The activity of HIF-1, a
heterodimer, is largely dependent on the nuclear level of its constituent HIF-1alpha, and on post-translational modifications of this
protein. In normoxic healthy tissues, the levels of HIF-1alpha are
extremely low, as adequate oxygen availability enables its rapid
proteasomal degradation. (Hence it is ‘‘hypoxia-inducible’’). This
degradation is contingent on adequate intracellular levels of
ascorbate.
Intracellular ascorbate functions to support the activity of prolyl
and aspargyl hydroxylases which regulate the catabolism and
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transactivational activity of HIF-1alpha. Prolyl hydroxylase-2
(PHD2) hydroxylates two proline residues on this protein
(Pro402 and 562 in humans); these hydroxylations enable an E3 ligase complex containing von Hippel–Lindau protein (pVHL) to recognize HIF-1alpha and target it for proteasomal degradation [8–
10]. The asparaginyl hydroxylase FIH (factor inhibiting HIF) targets
asparagine 803 for hydroxylation, thereby preventing effective
interaction between the HIF-1 heterodimer and its coactivator
p300/CBP, and hence suppressing HIF-1-driven transcription [11].
Molecular oxygen and alpha-ketoglutarate are obligate substrates
for these hydroxylation reactions; this requirement for oxygen explains why HIF-1 levels and activity are typically elevated in severely hypoxic cells. Additionally, a ferrous iron atom in the
active site of these hydroxylase enzymes plays a crucial catalytic
role. This ferrous atom is susceptible to oxidation to ferric valence
by hydrogen peroxide and other oxidants; ascorbate promotes the
activity of these HIF-1 hydroxylases by efficiently reversing oxidation of their active site iron atoms [12–18].
The transcriptional activity of HIF-1 heterodimers is frequently
elevated in aggressive cancers, even in cells that are adequately
oxygenated. This can reflect increased translation of HIF-1alpha
mRNA, owing to activation of the PI3K-Akt-mTor signaling pathway; increased transcription of the HIF-1alpha gene mediated by
NF-kappaB; and a serine phosphorylation of HIF-1alpha by p42/
44 MAP kinases that promotes its nuclear localization [6].
But HIF-1 hydroxylase activities are also often blunted in cancer
cells, even under aerobic conditions, primarily owing to increased
oxidation of their catalytic iron atoms [16,19,20]. Increased cellular
generation of oxidants, and hence hydrogen peroxide, often contributes to this effect. Constitutive activation of NADPH oxidase
complexes has been observed in many cancers, and hypoxia (as opposed to frank anoxia) somewhat paradoxically boosts superoxide
production by complex III of the mitochondrial respiratory chain
[21–25]. Indeed, when mitochondrial oxidant generation is suppressed in cells subjected to moderate hypoxia (e.g., 1.5% O2),
the activity of PHD2 is almost fully restored, reflecting the high
affinity of this hydroxylase for O2 [20]. Hydrogen peroxide levels
can also be increased in cancer cells whose expression of catalase
or glutathione peroxidase is diminished [21].
Another phenomenon which commonly promotes oxidation of
the ferrous iron in PHD2 in cancer cells is an elevation of intracellular pyruvate. Pyruvate can interact with the active site of PHD2 in
the pocket that functions to bind alpha-ketoglutarate; this somehow promotes sustained oxidation of the active site iron, perhaps
by stabilizing the ferric configuration [19,26]. (Somewhat surprisingly, an increased concentration of alpha-ketoglutarate does not
counteract this effect; however, succinate is a competitive antagonist of alpha-ketoglutarate in PHD2, for which reason alpha-ketoglutarate administration can promote PHD2 activity in rare
tumors with succinate dehydrogenase deficiency [27]). In cancer
cells with elevated HIF-1 activity, increased expression of glucose
transporters, glycolytic enzymes, and pyruvate dehydrogenase kinase-1 (which catalyzes a phosphorylation that inhibits pyruvate
dehydrogenase activity) activates glycolysis while inhibiting mitochondrial oxidation of pyruvate – a phenomenon known as the
Warburg effect, responsible for the extracellular acidity of many
aggressive cancers [3,6,28]. The resulting elevation of cellular
pyruvate tends to suppress PHD2 activity, thereby boosting the
half-life of HIF-1alpha and helping to maintain the elevated activity of HIF-1 that underlies this phenomenon – a vicious cycle that
sustains the malignant behavior of many cancers.
Fortunately, studies have demonstrated that optimal intracellular concentrations of ascorbate can largely abrogate the adverse
impact of oxidative stress and elevated pyruvate on HIF-1 hydrolase activities; an increase in glutathione level may also be somewhat protective in this regard [13,15,17,18]. It is notable that

ascorbate can substantially offset the increased HIF-1 activity associated with moderate hypoxia, as this increased activity is mediated primarily by oxidative stress, rather than by inadequate
availability of O2 for hydroxylase activity.
Intracellular ascorbate can also down-regulate NF-kappaB
activity
Like HIF-1, NF-kappaB is constitutively active in many cancers,
and works in a number of ways to make cancers more aggressive
and difficult to kill [29,30]; one of these ways is to promote transcription of the gene for HIF-1alpha [31]. There appear to be several ways in which high intracellular levels of ascorbate can
suppress NF-kappaB activation. In high intracellular concentrations that can be achieved by pre-loading with dehydroascorbic
acid (as discussed below), ascorbate can impede cytokine-triggered
signaling pathways that activate NF-kappaB [32]. For example, in
ascorbate-loaded cells (4 mM), the ability of TNFalpha to activate
NF-kappaB inducing kinase (NIK) is suppressed. This effect presumably reflects a role for induced oxidant production in TNFalpha
signaling, as thiol antioxidants exert a similar effect [33–36]. Secondly, the dehydroascorbic acid produced within ascorbate-loaded
cells can interact directly with IkappaB kinase-beta (IKKb) – directly upstream from IkappaB in the canonical pathway of NF-kappaB activation – to block its kinase activity; this effect becomes
significant when intracellular ascorbate is relatively high (4 mM)
[37]. Finally, there is some evidence that prolyl hydroxylases –
notably prolyl hydroxylase 1 – can impede the activation of IKKb
by hydroxylating a key proline in this kinase [38]. By helping to
sustain prolyl hydroxylase 1 activity during mild hypoxia or oxidative stress, intracellular ascorbate may thereby help to prevent upregulation of NF-kappaB activity in hypoxic or oxidatively-stressed
cancer cells. Indeed, inhibition of prolyl hydroxylase activity appears to be one of the mechanisms whereby hypoxia stimulates
NF-kappaB activity.
Ascorbate-mediated inhibition of NF-kappaB activity, by suppressing transcription of HIF-1alpha, can markedly decrease HIF1 activity, as recently demonstrated by Kawada and colleagues in
a human leukemic cell line (K562) with a high capacity for transporting and concentrating ascorbate [39].
Is ascorbate transport suboptimal in many cancers?
These considerations suggest that supplemental ascorbate
could be useful in cancer management. But unfortunately, except
in individuals whose baseline ascorbate nutritional status is very
poor, an increased oral intake of vitamin C, or even intravenous
administration of ascorbate, is unlikely to have a major impact
on the intracellular vitamin C content of most cancers. Intracellular
uptake of ascorbate is mediated by the transporters SCTV1 and
SCTV2; these co-transport ascorbate with sodium, and, since extracellular sodium levels are high owing to sodium pump activity,
these transporters can concentrate ascorbate against a gradient,
maintaining millimolar concentrations of ascorbate in many cells
despite typical serum concentrations of 40–80 lM [40–43]. SCTV1
is expressed in a limited range of cells that participate in intestinal
ascorbate uptake, renal ascorbate retention, or transport of ascorbate throught the blood–brain barrier; it has a relatively low affinity for ascorbate, but a high capacity for ascorbate transport; hence,
its transport activity tends to increase with increasing ascorbate
concentrations. The SVCT2 transporter is much more ubiquitously
expressed, and is the transporter most commonly found in cancer
cells. SVCT2 has a relatively high affinity for ascorbate, with a Km
(estimated at 10–30 lM) that is below the range of normal healthy
serum concentrations of this vitamin; this implies that elevating
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serum ascorbate levels will have only a modest impact at best on
intracellular ascorbate uptake via SVCT2 [43]. (Conceivably, this
explains why high-dose oral administration of vitamin C failed to
influence cancer progression in two widely publicized randomized
controlled studies [44,45]). The characteristic intracellular ascorbate level of a tissue is largely contingent on the degree to which
it expresses SVCT2.
Surprisingly, little if any published research to-date has examined the propensity of various human cancers to express SVCT2.
Nonetheless, there is recent evidence that intracellular ascorbate
levels of human cancers in situ may often be suboptimal for supporting effective HIF-1 hydroxylase activities. Vissers and colleagues recently examined frozen samples of a range of human
endometrial cancers, and found that higher grade cancers tended
to have lower ascorbate levels than normal endometrial tissue,
and that these lower ascorbate levels tended to correlate with increased HIF-1 activity, as assessed by tissue levels of certain proteins (VEGF, GLUT-1, BNIP3) whose synthesis is boosted by HIF1-mediated transcription [46]. The data suggested that FIH activity
was more compromised than PHD2 activity by low ambient ascorbate levels, presumably reflecting a lower affinity of FIH for
ascorbate.
That SVCT2 expression and/or activity may sometimes be compromised in cancers is also suggested by a study evaluating intracellular uptake of a radioiodinated derivative of ascorbic acid by
adrenal tissue (which avidly assimilates vitamin C in support of
steroid and catecholamine synthesis) and two cancers derived
from adrenal tissue [47]. Whereas the adrenal glands of nude mice
concentrated this radioiodinated derivative quite efficiently, little
discernible uptake was noted in the adrenal cancers implanted in
these mice. A deficit of SVCT2 expression in the cancers is a likely
explanation for this observation.
Furthermore, even in cancers which do not down-regulate
SVCT2 expression, a moderate reduction in SVCT2 activity in tumors manifesting the Warburg effect can be anticipated. SVCT2
has a mildly alkaline pH optimum of 7.5, reflecting the fact that
protonation of one or more histidine residues (pKa = 6.5) of SVCT2
decreases its activity. Indeed, its activity is about 70% lower at pH
6.5 than at pH 7.5 [40]. It is well known that the extracellular pH of
many tumors – particularly those in which elevated HIF-1 activity
is boosting lactate production – is mildly acidic, to a degree that
could be expected to meaningfully compromise SVCT2 activity
[48–50]. Importantly, acidity does not influence the affinity of
SVCT2 for ascorbate, which implies that an increase in serum
ascorbate level could not be employed to counteract this phenomenon [43]. Hence, it is intriguing to speculate that extracellular
acidity, much like intracellular pyruvate elevation, contributes to
a vicious cycle that sustains elevated HIF-1 activity, as previously
suggested by Vissers and colleagues [46].
Whether down-regulation of SVCT2 expression is a common
motif in aggressive cancers, remains to be established by further
research. Nonetheless, to the extent that such down-regulation is
feasible, it would be reasonable to anticipate that cells experiencing such down-regulations would be enriched in invasive or metastatic lesions, whose capacities to spread are often reflective of upregulated HIF-1 activity. And even if such down-regulation proves
to be uncommon, a moderate decrease of the SCTV2 activity of
acidic tumors can be anticipated.
It should also be noted the increased oxidant production characteristic of many aggressive cancers could be expected to lower
intracellular ascorbate levels somewhat, independent of any alteration in SVCT2 activity, as ascorbate would be oxidized while
quenching free radicals [16].
Two practical strategies for boosting the intracellular ascorbate
levels of cancers in vivo can be envisioned: normalization of extra-
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cellular tumor pH via sodium bicarbonate administration; and
intravenous infusion of dehydroascorbic acid.
Sodium bicarbonate therapy may boost SVCT2 activity in
tumors
Gillies and colleagues, as well as other researchers, have shown
that exposure to extracellular acidity in vitro enhances the invasive
and angiogenic capacity of cancer cells, and makes them more
prone to establish metastases when implanted or injected into rodents [51–57]. It is not clear to what extent modulation of intracellular ascorbate levels contributed to these results, since cell culture
media are sometimes quite low in ascorbate; however, to the extent that ascorbate was present in the culture media, its uptake
by the tumor cells presumably would have been relatively impaired at low pH. Activation of NF-kappaB and of AP-1 transcription factors appears to contribute to the pro-metastatic impact of
mild acidity on some cancer cell lines [52,53]. In any case, Gillies
and colleagues have shown that oral administration of well-tolerated quantities of sodium bicarbonate in water tends to normalize
the extracellular pH of tumors, while not notably influencing plasma pH [58,59]. Moreover, they have reported that, in nude mice
implanted with a human breast cancer, oral administration of sodium bicarbonate markedly suppresses the number and size of
metastases formed in lung, visceral organs, and lymph nodes,
while not influencing expansion of the primary tumor [60]. A few
anecdotal reports of improved cancer control in cancer patients
taking oral sodium bicarbonate have also appeared, and a formal
clinical study evaluating this safe and incredibly cheap option in
late-stage cancer patients is now underway.
In addition to rendering cancer cells more prone to invade and
metastasize, extracellular acidity has the potential to lessen cancer
chemosensitivity to mildly alkaline cancer drugs (which owing to
protonation in the acidic tumor environment will have poor intracellular penetrance), and to suppress the activity of cytotoxic T
lymphocytes and natural killer cells targeting the tumor
[58,59,61–65]. So it will not be surprising if sodium bicarbonate
administration proves to be a very worthwhile adjuvant measure
for cancer management. And, to the extent that it does indeed succeed in elevating depressed tumor pH, it can be expected to boost
ascorbate transport into tumor cells, thereby suppressing the HIF-1
activity of those cancers in which intracellular ascorbate levels are
suboptimal to maximize HIF-1 hydroxylase activities.
Infusion of dehydroascorbic acid as an anticancer measure
Alternatively or additionally, intracellular ascorbate levels
could be boosted – potentially quite substantially – by intravenous
administration of dehydroascorbic acid (DHA – not to be confused
with fish oil!) SVCT1/2 do not transport this molecule, but it can
enter cells quite efficiently via various glucose transporters;
GLUT-1 is particularly effective in this regard, and moreover tends
to be highly expressed in cells with high HIF-1 activity, as this
activity promotes GLUT-1 synthesis [42,66]. This transport is a
facilitated diffusion, but, once inside cells, DHA tends to be rapidly
reduced to ascorbic acid, which effectively is trapped in the cell (at
least until it is reoxidized and metabolized, or extruded by certain
low capacity mechanisms). The fact that DHA is reduced to ascorbic acid within cells is no mere happenstance. The oxidation of
ascorbate during normal cellular metabolism results in the evolution of DHA; rapid reduction of this DHA back to ascorbate is a key
reason why ascorbate can function so efficiently as an intracellular
antioxidant. Hence, parenteral administration of DHA can readily
increase the intracellular ascorbate content of cells to supraphysi-
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ological levels, and this phenomenon is particularly marked for
aggressive cancer cells with elevated HIF-1 activity, in which
GLUT-1 expression tends to be high [67,68]. Moreover, there is evidence that, even in the absence of DHA infusion, some cancers can
employ this mechanism to increase their intracellular ascorbate
content; oxidants produced in the microenvironment of cancer
cells, of autocrine or paracrine origin, can generate some DHA from
ascorbate in the extracellular space, which then can diffuse into the
cells via GLUT transporters [69,70].
The fact that parenteral DHA administration can be used to
achieve supraphysiological intracellular concentrations of ascorbate, has motivated studies evaluating DHA pre-administration
on ischemia–reperfusion injury in rodents. Indeed, this strategy
was found to confer marked protection in models of ischemia–
reperfusion injury to the brain and liver [71,72].
Only a few published studies have examined the impact of DHA
on cancer cells in culture or implanted in rodents – yet several of
these studies report dramatic results. The first such traceable
study, published in 1958 by German researchers, reported that
DHA dose-dependently suppressed cancer cell glycolysis under
both aerobic and anaerobic circumstances [73]. This finding is of
course consistent with an expected suppression of HIF-1 activity
– albeit this interpretation is sustained only if the anaerobic conditions were not completely anoxic. (Ascorbate could not be expected to support hydroxylase activities in the literal absence of
oxygen). Moreover, these researchers also assessed the impact of
intravenous DHA administration on various transplanted tumors
in rats. In rats transplanted subcutaneously with Jensen sarcoma
or Walker carcinoma, rapid tumor growth necessitated sacrifice
of the animals after 15 days. In contrast, in rats given 2 mg/kg
DHA intravenously on the same day as tumor transplantation,
the tumors grew slowly until at 6–7 days they were the size of a
cherry pit; the tumors then tended to regress, and all but one appeared to be completely resorbed; the one that remained palpable
appeared extremely necrotic on autopsy. If the DHA infusion was
postponed until 5 days after transplantation, tumor growth was
very notably slowed, but no tumors were completely resorbed.
Surprisingly, results with a much higher dose of DHA – 200 mg/
kg – were not so notably impressive, though tumor growth was
markedly slower than in the controls. These researchers also reported that the rats could tolerate single dose infusions of 350–
500 mg/kg DHA, albeit some transitory dyspnea was noted.
This remarkable report by Heise and collegues appears to have
been completely ignored, even by the other research groups that
later documented an antitumor effect of DHA (they did not cite
Heise’s work). Conceivably, the fact that Heise saw his best results
with such a low dose of DHA rendered his results incredible to scientists who presumed that DHA was functioning as a cytotoxic
agent. But his results make perfect sense if the DHA is viewed as
an agent for achieving high physiological ascorbate levels sufficient
to optimize HIF-1 hydroxylase activities. Indeed, the very high
intracellular ascorbate levels achieved with high-dose DHA conceivably could exert a countervailing pro-oxidant effect.
In research published in 1971, Japanese researchers examined
the impact of DHA – injected subcutaneously at 150 mg/kg, every
other day after tumor transplantion, commencing 30 h after transplantation [74]. The animals were autopsied and the tumors
weighed after two weeks. Average tumor size in the treated group
was 88% lower than that in the control group.
During the 1980s, Poydock and colleagues reported a series of
studies in which DHA, administered alone or in conjunction with
vitamin B12 or cobalt salts, was shown to prolong survival and retard tumor growth in mice implanted with Ehrlich carcinoma or
P388 leukemia [75–77]. These studies employed the rather high
DHA dose of 400 mg/kg for 8 consecutive days. The results of Poydock’s studies have been lucidly summarized in a recent review by

Toohey, who argues that the DHA alone was responsible for the
observed benefits [78]. Toohey also makes the intriguing suggestion that DHA may have been selectively toxic to cancer cells
because such cells tend to make homocysteine lactone, which
can react with DHA to produce the potent toxin 3mercaptopropionaldehyde.
It is certainly conceivable that, at relatively high parenteral
doses, DHA could exert cytotoxic effects that are somewhat selective for cancer cells. Preferential uptake of DHA by cancers overpressing GLUT-1, or perhaps a peculiarity of cancer metabolism
such as that highlighted by Toohey, might account for such selectivity. These intriguing reports merit confirmation and extension
by other workers; the fact that they have been marginalized and
neglected may in part be attributable to the fact that DHA is a natural metabolite for which pharmaceutical companies could not obtain a structure patent. Also, DHA is currently much more
expensive than ascorbic acid, which could discourage research
with this agent.
But the most intriguing report is clearly that of Heise and collegues, who reported marked response to low, quasi-nutritional
doses of DHA. These results quite conceivably could reflect the impact of down-regulation of HIF-1 activity in aggressive cancer cell
lines which have evolved dependency on this transcription factor.
Indeed, the modest slow growth followed by stasis and resorption,
reported for tumors treated with low-dose DHA, might be expected
in cancers whose angiogenic or invasive capacity had been notably
suppressed.
These considerations suggest that two types of studies with
DHA would be worthwhile. First, cell culture studies could be employed to determine whether, in some cancer cell lines that continue to express meaningful HIF-1 under aerobic or mildly
hypoxic conditions even when exposed to ascorbate in physiological serum concentrations, the addition of moderate concentrations
of DHA can down-regulate HIF-1alpha levels or HIF-1 transcriptional activity. If such studies yield a positive outcome, then the
impact of parenteral DHA administration on the growth and spread
of such cancer cells in mice could be assessed. Responsive cancers
would likely have down-regulated SVCT2 expression, an increased
production of oxidants, and dependence on HIF-1 activity for their
aggressive behavior; some cancers of many histologies, especially
as they progress, would seem likely to meet these criteria.
Adjunctive strategies for controlling HIF-1 activity
Whereas boosting the intracellular ascorbate concentration of
tumor cells may be the most direct way to protect HIF-1 hydroxylases from inhibition by oxidative stress, alternative strategies
might also prove worthwhile in this regard. Since glutathione
can mimic the protective impact of ascorbate in this regard to
some degree, administration of adequate doses of N-acetylcysteine and phase two inducer compounds (lipoic acid or sulforaphane, for example) could potentially be of some value for
controlling HIF-1 [17,79]. Preliminary evidence indicates that
the chief phytochemical in spirulina, phycocyanobilin, may have
the capacity to inhibit certain NADPH oxidase complexes, mimicking the physiological role of bilirubin this regard; hence, this
agent may have potential for suppressing oxidant production in
cancers that overexpress NADPH oxidase [21,80]. And it would
be of interest to determine whether astaxanthin, a very potent
membrane antioxidant, also of algal origin, could diminish to
some extent the superoxide production of chronically hypoxic
mitochondria – inasmuch as astaxanthin appears to have excellent potential as a mitochondrial antioxidant and has been markedly effective in animal models of ischemia–reperfusion damage
[81–86]. With respect to pyruvate’s impact on HIF-1 activity, the
drug dichloroacetate inhibits pyruvate dehydrogenase kinase-1,
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and hence has the potential to rectify the elevation of pyruvate
levels seen in cancer cells expressing the Warburg phenomenon
[87–89].
As noted above, up-regulation of HIF-1alpha expression at the
transcriptional and translational levels, as well as a MAP kinasecatalyzed phosphorylation that promotes its nuclear localization,
can contribute to elevated HIF-1 activity in many cancers. Potentially practical clinical strategies for addressing these issues have
been summarized in a previous communication [6].
Overview
In summary, there is reason to suspect that in some aggressive
cancers that experience increased oxidative stress (owing to increased oxidant production and/or diminished catalase activity)
and/or have elevated levels of pyruvate, intracellular levels of
ascorbate may be too low to maintain optimal activities of HIF-1
hydroxylases, even when serum ascorbate concentrations are
high-normal. This relative deficit of ascorbate might often reflect
diminished expression or activity of SVCT2, though increased oxidative stress would itself tend to diminish ascorbate levels. Regular
oral administration of sodium bicarbonate, by normalizing extracellular tumor pH, could be expected to boost the transport activity
of SVCT2 in many tumors. And intravenous administration of moderate doses of DHA, repeated at some appropriate interval, could be
expected to achieve and maintain notable elevations of cancer cell
ascorbate content. These concepts could be assessed in cell culture
studies, rodent studies, and – if the preceding studies have proved
fruitful – clinical trials. These strategies might prove most fruitful
in the context of anti-angiogenic therapies which, even when they
initially achieve tumor regression or stasis, typically fail to markedly increase survival owing to selection for aggressive variants
in which HIF-1 is highly active [1,6].
As a proviso, it should be noted that DHA loading of cancer may
be contraindicated in the context of certain cytotoxic chemotherapies whose killing mechanism requires induction of oxidative
stress. For example, Heaney and colleagues showed that pre-loading a human lymphoma implanted in nude mice with DHA subsequently blunted the ability of doxorubicin to control its growth;
these researchers further showed that DHA pre-loading protected
cancer cell lines from a range of cytotoxic agents in vitro [67]. Ironically, this contraindication might extend to use of high-dose intravenous sodium ascorbate in cancer therapy; this kills certain
cancers by generating hydrogen peroxide within the tumor [90–
92]. Conversely, high-dose intravenous sodium ascorbate may
potentiate the cytotoxic efficacy of certain anti-cancer drugs
[93,94]. Hence, a rational way to exploit vitamin C in cancer therapy would be to load cancer with DHA in intervals between chemotherapy, and to administer high-dose intravenous sodium
ascorbate in conjunction with chemotherapy; optimal intracellular
concentrations of ascorbate have the potential to slow cancer
growth, whereas very high extracellular concentrations of ascorbate have the potential to kill certain cancers, and potentiate their
response to cytotoxins. More generally, a strategy of maximizing
oxidative stress on a cancer during cytotoxic therapy, and minimizing that oxidative stress in the intervals between such therapy,
has logical merit [95].
Conflict of interest
None.
References
[1] Blagosklonny MV. Hypoxia-inducible factor: Achilles’ heel of antiangiogenic
cancer therapy (review). Int J Oncol 2001;19(2):257–62.

5

[2] Powis G, Kirkpatrick L. Hypoxia inducible factor-1alpha as a cancer drug target.
Mol Cancer Ther 2004;3(5):647–54.
[3] Robey IF, Lien AD, Welsh SJ, Baggett BK, Gillies RJ. Hypoxia-inducible
actor-1alpha and the glycolytic phenotype in tumors. Neoplasia
2005;7(4):324–30.
[4] Comerford KM, Wallace TJ, Karhausen J, Louis NA, Montalto MC, Colgan SP.
Hypoxia-inducible factor-1-dependent regulation of the multidrug resistance
(MDR1) gene. Cancer Res 2002;62(12):3387–94.
[5] Patiar S, Harris AL. Role of hypoxia-inducible factor-1alpha as a cancer therapy
target. Endocr Relat Cancer 2006;13(Suppl. 1):S61–75.
[6] McCarty MF, Barroso-Aranda J, Contreras F. Practical strategies for suppressing
hypoxia-inducible factor activity in cancer therapy. Med Hypotheses
2010;74(5):789–97.
[7] Semenza GL. Hypoxia-inducible factor 1 and cancer pathogenesis. IUBMB Life
2008;60(9):591–7.
[8] Masson N, Ratcliffe PJ. HIF prolyl and asparaginyl hydroxylases in the
biological response to intracellular O(2) levels. J Cell Sci 2003
;116(Pt. 15):3041–9.
[9] Lando D, Gorman JJ, Whitelaw ML, Peet DJ. Oxygen-dependent regulation of
hypoxia-inducible factors by prolyl and asparaginyl hydroxylation. Eur J
Biochem 2003;270(5):781–90.
[10] Bruegge K, Jelkmann W, Metzen E. Hydroxylation of hypoxia-inducible
transcription factors and chemical compounds targeting the HIF-alpha
hydroxylases. Curr Med Chem 2007;14(17):1853–62.
[11] Lando D, Peet DJ, Gorman JJ, Whelan DA, Whitelaw ML, Bruick RK. FIH-1 is an
asparaginyl hydroxylase enzyme that regulates the transcriptional activity of
hypoxia-inducible factor. Genes Dev 2002;16(12):1466–71.
[12] de JL, Albracht SP, Kemp A. Prolyl 4-hydroxylase activity in relation to the
oxidation state of enzyme-bound iron. The role of ascorbate in peptidyl proline
hydroxylation. Biochim Biophys Acta 1982;704(2):326–32.
[13] Kaczmarek M, Cachau RE, Topol IA, Kasprzak KS, Ghio A, Salnikow K. Metal
ions-stimulated iron oxidation in hydroxylases facilitates stabilization of HIF-1
alpha protein. Toxicol Sci 2009;107(2):394–403.
[14] Karaczyn A, Ivanov S, Reynolds M, Zhitkovich A, Kasprzak KS, Salnikow K.
Ascorbate depletion mediates up-regulation of hypoxia-associated proteins by
cell density and nickel. J Cell Biochem 2006;97(5):1025–35.
[15] Vissers MC, Gunningham SP, Morrison MJ, Dachs GU, Currie MJ. Modulation of
hypoxia-inducible factor-1 alpha in cultured primary cells by intracellular
ascorbate. Free Radical Biol Med 2007;42(6):765–72.
[16] Page EL, Chan DA, Giaccia AJ, Levine M, Richard DE. Hypoxia-inducible
factor-1alpha stabilization in nonhypoxic conditions: role of oxidation and
intracellular ascorbate depletion. Mol Biol Cell 2008;19(1):86–94.
[17] Flashman E, Davies SL, Yeoh KK, Schofield CJ. Investigating the dependence of
the hypoxia-inducible factor hydroxylases (factor inhibiting HIF and prolyl
hydroxylase domain 2) on ascorbate and other reducing agents. Biochem J
2010;427(1):135–42.
[18] Knowles HJ, Raval RR, Harris AL, Ratcliffe PJ. Effect of ascorbate on the activity
of hypoxia-inducible factor in cancer cells. Cancer Res 2003;63(8):1764–8.
[19] Lu H, Dalgard CL, Mohyeldin A, McFate T, Tait AS, Verma A. Reversible
inactivation of HIF-1 prolyl hydroxylases allows cell metabolism to control
basal HIF-1. J Biol Chem 2005;280(51):41928–39.
[20] Pan Y, Mansfield KD, Bertozzi CC, et al. Multiple factors affecting cellular redox
status and energy metabolism modulate hypoxia-inducible factor prolyl
hydroxylase activity in vivo and in vitro. Mol Cell Biol 2007;27(3):912–25.
[21] McCarty MF, Barroso-Aranda J, Contreras F. Oxidative stress therapy for solid
tumors – a proposal. Med Hypotheses 2010;74(6):1052–4.
[22] Brar SS, Kennedy TP, Quinn M, Hoidal JR. Redox signaling of NF-kappaB by
membrane NAD(P)H oxidases in normal and malignant cells. Protoplasma
2003;221(1–2):117–27.
[23] Chandel NS, McClintock DS, Feliciano CE, et al. Reactive oxygen species
generated at mitochondrial complex III stabilize hypoxia-inducible
factor-1alpha during hypoxia: a mechanism of O2 sensing. J Biol Chem
2000;275(33):25130–8.
[24] Schroedl C, McClintock DS, Budinger GR, Chandel NS. Hypoxic but not
anoxic stabilization of HIF-1alpha requires mitochondrial reactive oxygen
species. Am J Physiol Lung Cell Mol Physiol 2002;283(5):L922–31.
[25] Guzy RD, Schumacker PT. Oxygen sensing by mitochondria at complex III: the
paradox of increased reactive oxygen species during hypoxia. Exp Physiol
2006;91(5):807–19.
[26] McFate T, Mohyeldin A, Lu H, et al. Pyruvate dehydrogenase complex activity
controls metabolic and malignant phenotype in cancer cells. J Biol Chem
2008;283(33):22700–8.
[27] Selak MA, Armour SM, MacKenzie ED, et al. Succinate links TCA cycle
dysfunction to oncogenesis by inhibiting HIF-alpha prolyl hydroxylase.
Cancer Cell 2005;7(1):77–85.
[28] Semenza GL. HIF-1 mediates the Warburg effect in clear cell renal carcinoma. J
Bioenerg Biomembr 2007;39(3):231–4.
[29] Aggarwal BB. Nuclear factor-kappaB: the enemy within. Cancer Cell
2004;6(3):203–8.
[30] McCarty MF, Block KI. Preadministration of high-dose salicylates, suppressors
of NF-kappaB activation, may increase the chemosensitivity of many cancers:
an example of proapoptotic signal modulation therapy. Integr Cancer Ther
2006;5(3):252–68.
[31] van UP, Kenneth NS, Rocha S. Regulation of hypoxia-inducible factor-1alpha by
NF-kappaB. Biochem J 2008;412(3):477–84.

Please cite this article in press as: McCarty MF. Expression and/or activity of the SVCT2 ascorbate transporter may be decreased in many aggressive cancers, suggesting potential utility for sodium bicarbonate and dehydroascorbic acid in cancer therapy. Med Hypotheses (2013), http://dx.doi.org/10.1016/
j.mehy.2013.07.023

6

M.F. McCarty / Medical Hypotheses xxx (2013) xxx–xxx

[32] Carcamo JM, Pedraza A, Borquez-Ojeda O, Golde DW. Vitamin C suppresses
TNF alpha-induced NF kappa B activation by inhibiting I kappa B alpha
phosphorylation. Biochemistry 2002;41(43):12995–3002.
[33] Suzuki YJ, Aggarwal BB, Packer L. Alpha-lipoic acid is a potent inhibitor of NFkappa B activation in human T cells. Biochem Biophys Res Commun
1992;189(3):1709–15.
[34] Zhang WJ, Frei B. Alpha-lipoic acid inhibits TNF-alpha-induced NF-kappaB
activation and adhesion molecule expression in human aortic endothelial
cells. FASEB J 2001;15(13):2423–32.
[35] Takeuchi J, Hirota K, Itoh T, et al. Thioredoxin inhibits tumor necrosis factor- or
interleukin-1-induced NF-kappaB activation at a level upstream of NF-kappaBinducing kinase. Antioxid Redox Signal 2000;2(1):83–92.
[36] Zhang J, Johnston G, Stebler B, Keller ET. Hydrogen peroxide activates
NFkappaB and the interleukin-6 promoter through NFkappaB-inducing
kinase. Antioxid Redox Signal 2001;3(3):493–504.
[37] Carcamo JM, Pedraza A, Borquez-Ojeda O, Zhang B, Sanchez R, Golde DW.
Vitamin C is a kinase inhibitor: dehydroascorbic acid inhibits IkappaBalpha
kinase beta. Mol Cell Biol 2004;24(15):6645–52.
[38] Cummins EP, Berra E, Comerford KM, et al. Prolyl hydroxylase-1 negatively
regulates IkappaB kinase-beta, giving insight into hypoxia-induced NFkappaB
activity. Proc Natl Acad Sci USA 2006;103(48):18154–9.
[39] Kawada H, Kaneko M, Sawanobori M, et al. High concentrations of L-ascorbic
acid specifically inhibit the growth of human leukemic cells via
downregulation of HIF-1alpha transcription. PLoS One 2013;8(4):e62717.
[40] Liang WJ, Johnson D, Jarvis SM. Vitamin C transport systems of mammalian
cells. Mol Membr Biol 2001;18(1):87–95.
[41] Savini I, Rossi A, Pierro C, Avigliano L, Catani MV. SVCT1 and SVCT2: key
proteins for vitamin C uptake. Amino Acids 2008;34(3):347–55.
[42] Corti A, Casini AF, Pompella A. Cellular pathways for transport and efflux of
ascorbate and dehydroascorbate. Arch Biochem Biophys 2010;500(2):107–15.
[43] Ormazabal V, Zuniga FA, Escobar E, et al. Histidine residues in the Na+-coupled
ascorbic acid transporter-2 (SVCT2) are central regulators of SVCT2 function,
modulating pH sensitivity, transporter kinetics, Na+ cooperativity,
conformational stability, and subcellular localization. J Biol Chem
2010;285(47):36471–85.
[44] Creagan ET, Moertel CG, O’Fallon JR, et al. Failure of high-dose vitamin C
(ascorbic acid) therapy to benefit patients with advanced cancer. A controlled
trial. N Engl J Med 1979;301(13):687–90.
[45] Moertel CG, Fleming TR, Creagan ET, Rubin J, O’Connell MJ, Ames MM. Highdose vitamin C versus placebo in the treatment of patients with advanced
cancer who have had no prior chemotherapy. A randomized double-blind
comparison. N Engl J Med 1985;312(3):137–41.
[46] Kuiper C, Molenaar IG, Dachs GU, Currie MJ, Sykes PH, Vissers MC. Low
ascorbate levels are associated with increased hypoxia-inducible factor-1
activity and an aggressive tumor phenotype in endometrial cancer. Cancer Res
2010;70(14):5749–58.
[47] Kim J, Yamamoto F, Gondo S, Yanase T, Mukai T, Maeda M. 6-Deoxy-6[131I]iodo-L-ascorbic acid for the in vivo study of ascorbate: autoradiography,
biodistribution in normal and hypolipidemic rats, and in tumor-bearing nude
mice. Biol Pharm Bull 2009;32(11):1906–11.
[48] Vaupel P, Kallinowski F, Okunieff P. Blood flow, oxygen and nutrient supply,
and metabolic microenvironment of human tumors: a review. Cancer Res
1989;49(23):6449–65.
[49] Gillies RJ, Raghunand N, Garcia-Martin ML, Gatenby RA. PH imaging. A review
of pH measurement methods and applications in cancers. IEEE Eng Med Biol
Mag 2004;23(5):57–64.
[50] Silva AS, Yunes JA, Gillies RJ, Gatenby RA. The potential role of systemic buffers
in reducing intratumoral extracellular pH and acid-mediated invasion. Cancer
Res 2009;69(6):2677–84.
[51] McCarty MF, Whitaker J. Manipulating tumor acidification as a cancer
treatment strategy. Altern Med Rev 2010;15(3):264–72.
[52] Xu L, Fukumura D, Jain RK. Acidic extracellular pH induces vascular endothelial
growth factor (VEGF) in human glioblastoma cells via ERK1/2 MAPK signaling
pathway: mechanism of low pH-induced VEGF. J Biol Chem
2002;277(13):11368–74.
[53] Xu L, Fidler IJ. Acidic pH-induced elevation in interleukin 8 expression by
human ovarian carcinoma cells. Cancer Res 2000;60(16):4610–6.
[54] Kato Y, Lambert CA, Colige AC, et al. Acidic extracellular pH induces matrix
metalloproteinase-9 expression in mouse metastatic melanoma cells through
the phospholipase D-mitogen-activated protein kinase signaling. J Biol Chem
2005;280(12):10938–44.
[55] Rofstad EK, Mathiesen B, Kindem K, Galappathi K. Acidic extracellular pH
promotes experimental metastasis of human melanoma cells in athymic nude
mice. Cancer Res 2006;66(13):6699–707.
[56] Martinez-Zaguilan R, Seftor EA, Seftor RE, Chu YW, Gillies RJ, Hendrix MJ.
Acidic pH enhances the invasive behavior of human melanoma cells. Clin Exp
Metastasis 1996;14(2):176–86.
[57] Moellering RE, Black KC, Krishnamurty C, et al. Acid treatment of melanoma
cells selects for invasive phenotypes. Clin Exp Metastasis 2008;25(4):411–25.
[58] Raghunand N, He X, Van SR, et al. Enhancement of chemotherapy by
manipulation of tumour pH. Br J Cancer 1999;80(7):1005–11.
[59] Raghunand N, Mahoney B, Van SR, Baggett B, Gillies RJ. Acute metabolic
alkalosis enhances response of C3H mouse mammary tumors to the weak base
mitoxantrone. Neoplasia 2001;3(3):227–35.

[60] Robey IF, Baggett BK, Kirkpatrick ND, et al. Bicarbonate increases tumor pH
and inhibits spontaneous metastases. Cancer Res 2009;69(6):2260–8.
[61] Luciani F, Spada M, De MA, et al. Effect of proton pump inhibitor pretreatment
on resistance of solid tumors to cytotoxic drugs. J Natl Cancer Inst
2004;96(22):1702–13.
[62] Lardner A. The effects of extracellular pH on immune function. J Leukoc Biol
2001;69(4):522–30.
[63] Fischer B, Muller B, Fisch P, Kreutz W. An acidic microenvironment inhibits
antitumoral non-major histocompatibility complex-restricted cytotoxicity:
implications for cancer immunotherapy. J Immunother 2000;23(2):196–207.
[64] Fischer K, Hoffmann P, Voelkl S, et al. Inhibitory effect of tumor cell-derived
lactic acid on human T cells. Blood 2007;109(9):3812–9.
[65] Gottfried E, Kreutz M, Mackensen A. Tumor-induced modulation of dendritic
cell function. Cytokine Growth Factor Rev 2008;19(1):65–77.
[66] Airley RE, Mobasheri A. Hypoxic regulation of glucose transport, anaerobic
metabolism and angiogenesis in cancer: novel pathways and targets for
anticancer therapeutics. Chemotherapy 2007;53(4):233–56.
[67] Heaney ML, Gardner JR, Karasavvas N, et al. Vitamin C antagonizes the
cytotoxic effects of antineoplastic drugs. Cancer Res 2008;68(19):8031–8.
[68] Spielholz C, Golde DW, Houghton AN, Nualart F, Vera JC. Increased facilitated
transport of dehydroascorbic acid without changes in sodium-dependent
ascorbate
transport
in
human
melanoma
cells.
Cancer
Res
1997;57(12):2529–37.
[69] Agus DB, Vera JC, Golde DW. Stromal cell oxidation: a mechanism by which
tumors obtain vitamin C. Cancer Res 1999;59(18):4555–8.
[70] Corti A, Raggi C, Franzini M, Paolicchi A, Pompella A, Casini AF. Plasma
membrane gamma-glutamyltransferase activity facilitates the uptake of
vitamin C in melanoma cells. Free Radical Biol Med 2004;37(11):1906–15.
[71] Huang J, Agus DB, Winfree CJ, et al. Dehydroascorbic acid, a blood–brain
barrier transportable form of vitamin C, mediates potent cerebroprotection in
experimental stroke. Proc Natl Acad Sci USA 2001;98(20):11720–4.
[72] De TV, Brizzi S, Saviozzi M, et al. Protective role of dehydroascorbate in rat
liver ischemia–reperfusion injury. J Surg Res 2005;123(2):215–21.
[73] Heise E, Luhrs W, Neunhoeffer O. Effects of dehydroascorbic acid on tumor
metabolism. Z Krebsforsch 1958;62(5):509–15.
[74] Yamafuji K, Nakamura Y, Omura H, Soeda T, Gyotoku K. Antitumor potency of
ascorbic, dehydroascorbic or 2,3-diketogulonic acid and their action on
deoxyribonucleic acid. Z Krebsforsch Klin Onkol Cancer Res Clin Oncol
1971;76(1):1–7.
[75] Poydock ME, Reikert D, Rice J, Aleandri L. Inhibiting effect of dehydroascorbic
acid on cell division in ascites tumors in mice. Exp Cell Biol 1982;50(1):34–8.
[76] Poydock ME, Harguindey S, Hart T, Takita H, Kelly D. Mitogenic inhibition and
effect on survival of mice bearing L1210 leukemia using a combination of
dehydroascorbic acid and hydroxycobalamin. Am J Clin Oncol
1985;8(3):266–9.
[77] Poydock ME. Effect of combined ascorbic acid and B-12 on survival of mice
with implanted Ehrlich carcinoma and L1210 leukemia. Am J Clin Nutr
1991;54(Suppl. 6):1261S–5S.
[78] Toohey JI. Dehydroascorbic acid as an anti-cancer agent. Cancer Lett
2008;263(2):164–9.
[79] Gao P, Zhang H, Dinavahi R, et al. HIF-dependent antitumorigenic effect of
antioxidants in vivo. Cancer Cell 2007;12(3):230–8.
[80] McCarty MF. Clinical potential of Spirulina as a source of phycocyanobilin. J
Med Food 2007;10(4):566–70.
[81] Manabe E, Handa O, Naito Y, et al. Astaxanthin protects mesangial cells from
hyperglycemia-induced
oxidative
signaling.
J
Cell
Biochem
2008;103(6):1925–37.
[82] Liu X, Osawa T. Astaxanthin protects neuronal cells against oxidative damage
and is a potent candidate for brain food. Forum Nutr 2009;61:129–35.
[83] Liu X, Shibata T, Hisaka S, Osawa T. Astaxanthin inhibits reactive oxygen
species-mediated cellular toxicity in dopaminergic SH-SY5Y cells via
mitochondria-targeted protective mechanism. Brain Res 2009;1254:18–27.
[84] Wolf AM, Asoh S, Hiranuma H, et al. Astaxanthin protects mitochondrial redox
state and functional integrity against oxidative stress. J Nutr Biochem
2010;21(5):381–9.
[85] Pashkow FJ, Watumull DG, Campbell CL. Astaxanthin: a novel potential
treatment for oxidative stress and inflammation in cardiovascular disease. Am
J Cardiol 2008;101(10A):58D–68D.
[86] Curek GD, Cort A, Yucel G, et al. Effect of astaxanthin on hepatocellular injury
following ischemia/reperfusion. Toxicology 2010;267(1–3):147–53.
[87] Stacpoole PW, Henderson GN, Yan Z, James MO. Clinical pharmacology and
toxicology of dichloroacetate. Environ Health Perspect 1998;106(Suppl.
4):989–94.
[88] Michelakis ED, Webster L, Mackey JR. Dichloroacetate (DCA) as a potential
metabolic-targeting therapy for cancer. Br J Cancer 2008;99(7):989–94.
[89] Sun RC, Fadia M, Dahlstrom JE, Parish CR, Board PG, Blackburn AC. Reversal of
the glycolytic phenotype by dichloroacetate inhibits metastatic breast cancer
cell growth in vitro and in vivo. Breast Cancer Res Treat 2010;120(1):253–60.
[90] Chen Q, Espey MG, Krishna MC, et al. Pharmacologic 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(38):13604–9.
[91] Chen Q, Espey MG, Sun AY, et al. Ascorbate in pharmacologic concentrations
selectively generates ascorbate radical and hydrogen peroxide in extracellular
fluid in vivo. Proc Natl Acad Sci USA 2007;104(21):8749–54.

Please cite this article in press as: McCarty MF. Expression and/or activity of the SVCT2 ascorbate transporter may be decreased in many aggressive cancers, suggesting potential utility for sodium bicarbonate and dehydroascorbic acid in cancer therapy. Med Hypotheses (2013), http://dx.doi.org/10.1016/
j.mehy.2013.07.023

M.F. McCarty / Medical Hypotheses xxx (2013) xxx–xxx
[92] Chen Q, Espey MG, Sun AY, et al. Pharmacologic doses of ascorbate act as a
prooxidant and decrease growth of aggressive tumor xenografts in mice. Proc
Natl Acad Sci USA 2008;105(32):11105–9.
[93] Espey MG, Chen P, Chalmers B, et al. Pharmacologic ascorbate synergizes with
gemcitabine in preclinical models of pancreatic cancer. Free Radical Biol Med
2011;50(11):1610–9.

7

[94] Verrax J, Calderon PB. Pharmacologic concentrations of ascorbate are achieved
by parenteral administration and exhibit antitumoral effects. Free Radical Biol
Med 2009;47(1):32–40.
[95] McCarty MF, Barroso-Aranda J, Contreras F. A two-phase strategy for
treatment
of
oxidant-dependent
cancers.
Med
Hypotheses
2007;69(3):489–96.

Please cite this article in press as: McCarty MF. Expression and/or activity of the SVCT2 ascorbate transporter may be decreased in many aggressive cancers, suggesting potential utility for sodium bicarbonate and dehydroascorbic acid in cancer therapy. Med Hypotheses (2013), http://dx.doi.org/10.1016/
j.mehy.2013.07.023

