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Abstract

Introduction
A number of studies using pH-sensitive magnetic resonance
imaging contrast agents, microelectrodes, and magnetic resonance
spectroscopy with hyperpolarized C-13 have consistently shown
that the extracellular pH (pHe) of tumors is significantly lower
(6.6–7.0) than that of healthy tissues (7.2–7.4; refs. 1–4). This acidity
is primarily due to (a) anaerobic glycolysis in tumor regions
subjected to short-term or long-term hypoxia as a result of poorly
organized vasculature with diminished chaotic blood flow, and
(b) aerobic glycolysis (the Warburg effect), a common cancer
phenotypic property in which the glycolytic metabolic pathways
are used even in the presence of oxygen (5).
An acidic pHe induces pleiotropic changes in tumor cells. In
many tumor types, acute or chronic incubation in a low-pH
microenvironment increases invasiveness both in vitro and in vivo
(6). Hill and Rofstad (7–9) have shown that lowering culture pH to
6.7 resulted in a 4-fold increase in the number of in vivo metastases
of the treated cells compared with controls after tail vein injection.
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A number of studies have shown that the extracellular pH
(pHe) in cancers is typically lower than that in normal tissue
and that an acidic pHe promotes invasive tumor growth in
primary and metastatic cancers. Here, we investigate the
hypothesis that increased systemic concentrations of pH
buffers reduce intratumoral and peritumoral acidosis and, as
a result, inhibit malignant growth. Computer simulations are
used to quantify the ability of systemic pH buffers to increase
the acidic pHe of tumors in vivo and investigate the chemical
specifications of an optimal buffer for such purpose. We
show that increased serum concentrations of the sodium
bicarbonate (NaHCO3) can be achieved by ingesting amounts
that have been used in published clinical trials. Furthermore,
we find that consequent reduction of tumor acid concentrations significantly reduces tumor growth and invasion without
altering the pH of blood or normal tissues. The simulations also show that the critical parameter governing buffer
effectiveness is its pK a. This indicates that NaHCO3, with a pK a
of 6.1, is not an ideal intratumoral buffer and that greater
intratumoral pHe changes could be obtained using a buffer
with a pK a of f7. The simulations support the hypothesis
that systemic pH buffers can be used to increase the tumor
pHe and inhibit tumor invasion. [Cancer Res 2009;69(6):2677–84]

In addition, a variety of cancer cell populations, when exposed to
an acidic environment, have been shown to increase expression of
interleukin-8 (IL-8), vascular endothelial growth factor (VEGF),
carboninc anhydrase IX, lactate dehydrogenase, cathepsin B,
matrix metalloproteinase (MMP)-2, and MMP-9 (10–13), all of
which are associated with increased tumor growth and invasion
in vivo. Interestingly, tumor cells are typically able to maintain high
proliferation rates even in an acidic environment (14). An acidic
pHe, on the other hand, induces significant toxicity in normal cells
by reducing proliferation (14) and promoting apoptosis via a p53dependent pathway (15) initiated by increasing caspase activity
(16). In addition, an acidic pHe in normal tissues increases
degradation of the extracellular matrix due to the production and
release of proteolytic enzymes (10), promotes angiogenesis through
the release of VEGF (12), and limits immune response to tumor
antigens (17).
These findings have been synthesized into the acid-mediated
tumor invasion model, which proposes that intratumoral acidosis
results in flow of H+ ions along concentration gradients into
normal tissue adjacent to the tumor. This produces a peritumoral
ring of dead and dying cells and degraded extracellular matrix
into which the still viable malignant cells invade (18, 19). The
model is supported by experimental evidence showing a peritumoral acid gradient associated with normal cell apoptosis and
extracellular matrix degradation (18, 19). Indirect support for
this model is seen in a number of clinical studies, including (a)
observations of increased glucose uptake on [18F]fluorodeoxyglucose positron emission tomography scans (and, therefore, increased acid production) in the transition from in situ to invasive
cancer (20, 21) and that a higher level of uptake in many cancer
types confer poor prognosis (22–24); (b) increased intratumoral
lactate concentration is associated with poor prognosis (25, 26);
and (c) increased expression of proteins that are up-regulated
by acidic pHe (including IL-8, cathepsin B, lactate dehydrogenase,
and carbonic anhydrase IX; refs. 10–14) is associated with poor
prognosis (27–31).
If intratumoral acidosis facilitates invasion, a reasonable
extension of the acid-mediated invasion model leads to the
hypothesis that reduction of intratumoral and peritumoral acid
concentrations may inhibit malignant tumor growth. Sodium
bicarbonate (NaHCO3) is one of the many physiologic buffers used
to control the pH in blood and tissues. Excess H+ combines with
bicarbonate and generates water and CO2. Conversely, in environments wherein CO2 is produced in excess, there is production
of bicarbonate and free protons (Fig. 1) from carbon dioxide
hydration. Previous studies (32, 33) showed that the levels of CO2
are higher and concentrations of bicarbonate are lower in tumors
than in blood or in healthy tissues.
In this article, we examine the effects of increased serum
NaHCO3 concentrations on intratumoral pHe and the consequent
changes in the simulations of tumor growth. We then explore the
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Figure 1. Tumor microenvironment. An avascular
tumor with regions of hypoxia and anoxia produces
both carbon dioxide from respiration and protons
from anaerobic glycolysis. Bicarbonate buffers the
pHe in the tissue by converting protons into water
and carbon dioxide; the latter diffuses back to
blood vessels and is expelled in the lungs.

Materials and Methods
Model. Our focus in the modeling work is on small tumors (diameter of
f1.5 mm) to investigate the potential for increased bicarbonate concentrations to delay the development of metastases or the transition from
microinvasive to clinically apparent primary cancers. Due to the
computational effort needed to simulate this model, we chose to represent

a fraction of the tumor (one eighth), considering that the tumor mass is
symmetrical (Fig. 2).
It is well known that most tumors are spatially heterogeneous so that this
represents a limitation in this model. However, clinical observations have
shown that, in the tumor size used in these simulations, the assumption of
homogeneity in tumor cell population is reasonable (37). The dimension of
the tumor in this study is also comparable with small tumors implanted in
window chambers in mice (19) and, thus, is valid for comparisons of pHe
gradients observed in these experiments.
In our model, the cancer cells are more resistant to low pHe than normal
cells. In previous works (34), the pHe threshold for death of tumor cells
was described as being as low as 6.0, but in this work, we used a more
conservative estimation of 6.4 while normal cells will not survive in an pHe
lower than 6.8.
Tumor cells present increased glucose uptake and metabolism even in
the presence of oxygen (38). In this study, we considered three cases
wherein aerobic glucose metabolism of tumor cells was increased 10-, 50-,
and 100-fold compared with normal cells (34) corresponding to the values
in Supplementary Table S6.
Each cell is considered to be of cubic volume with side length of 25 Am
to simplify the calculation of the diffusion of species (35). The species
considered in this study are glucose, O2, CO2, H+, bicarbonate anion, and a
hypothetical buffer to test the tumoral pHe effect of adding a non–CO2generating buffer with different pK a and diffusion rate. In this model, the
concentrations of these species are considered to be constant in the blood
vessels.
Diffusion. The simulation process is composed of two steps: (a)
diffusion of the species and (b) cellular activities, including metabolism,
proliferation, and death (Fig. 3). The former occurs at a much faster time
scale than the latter, allowing them to be temporally separated in the
simulations.
The diffusion was calculated with an approximation algorithm, which
applies the definition of diffusion coefficient to each volume in the
simulated space at 0.1-s intervals. The process was repeated 10 times to
obtain the equilibrium concentrations of species over 1 s.
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chemical specifications of hypothetical buffers to determine the
characteristics of an optimal buffer that may be more efficient
than bicarbonate in inhibiting cancer invasion. The critical parameters tested are the dissociation constant (pK a) and the diffusion
coefficient.
Many computer and mathematical models have been created to
represent the growth and interaction of tumors and healthy tissue
(34–36), but none have considered the effects of buffers such as
bicarbonate and phosphates.
In this work, we used a three-dimensional computer model,
which represents a tumor as a spheroid with a diameter of 60 cells,
embedded in a healthy vascularized tissue represented as a cubic
volume 80 cells wide (Fig. 2). This model was analyzed using a tool
developed for tissue simulation (TSim),3 which calculates metabolic reactions, diffusion of species, and buffering effect, as well as
cell duplication and apoptosis. The major advantages of using such
a representation of the tumor-host environment are as follows: (a)
The actual dynamics of the tumor-host interactions are better
illustrated by a tridimensional model than by a flattened twodimensional representation of it, and (b) this representation allows
interrogation of the forces that shape the progression or regression
of tumors (acidity, energetic metabolism, etc.) without the need of
deep mathematical knowledge. This modeling technique is thus
able to examine the complex, multiscalar, dynamic, and mutual
interactions of molecular, cellular, tissue, and systemic parameters
that affect cancer growth and therapy.

Buffering Tumors

Figure 2. TSim graphical user interface
view of the tumor model. Blue, one eighth
of the tumor sphere. Pink, healthy
tissue perfused by blood vessels (red).
Simulations allow tumor growth to be
simulated along with regional variations
in pHe, as well as O2, CO2, and glucose
concentrations and intracellular ATP.

Metabolism, cell duplication, and cell death. Once the diffusion steps
have been calculated, the software simulates the uptake of glucose and
oxygen, glucose metabolism in either aerobic or anaerobic paths and the
production of CO2 or lactic acid corresponding to an interval of 1 s of
simulated time.

Figure 3. For each volume in simulation space at time t , the diffusion, metabolism, cell duplication, and death are calculated and the updated model is stored
in the respective volume at time t + 1. Diffusion is calculated through an approximate algorithm with steps of one tenth of a second. Each generation of the simulation
is composed of 50 metabolic steps, after which the decision is made on cell fate: duplication, death, or remain as is.
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where Ct and Ct + 1 are the concentrations of the species in a volume at
times t and t + 1, respectively; Cit is the concentration of the species in a
neighboring volume in time t; and D N is the diffusion coefficient normalized
to the surface between two volumes (25  25 Am) at one tenth of a second
as time frame.
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The uptake of glucose and O2 is proportional to the concentration of
these species in the extracellular environment. The transport of O2 into the
cell is due to simple Fickian diffusion, whereas the transport of glucose
is facilitated by Glut transporters whose genes are often overexpressed in
cancer cells (39, 40).
In this model, the expressions from Smallbone (35) were used for the
uptake of O2 and glucose in normal and cancer cells.
UptakeO2 ¼ ½O2 extracellular  KO2 :

ðBÞ

UptakeGlucose ¼ ½Gluextracellular  KGlu :

ðCÞ

Glucose þ 6  O2 ) 36  ATP þ 6  CO2 :

ðDÞ

Glucose ) 2  Lactate þ 2  Hþ þ 2  ATP:

ðEÞ

After 50 metabolic steps (500 diffusion steps), the fate of each cell was
decided based on pHe and ATP production:
If the pHe is lower than the threshold, the cell dies.
If the ATP production is lower than the threshold for survival (0.85
Amol/L/s), the cell dies (35).
Should the ATP production rate be above this value, the cell survives
with a probability of duplication increasing with ATP production rate,
reaching 100% for a value of 8.5 Amol/L/s or higher (35).
Replication was allowed if there is empty space in the vicinity of the cell
(any of the six faces of the cubic volume).
Blood vessels are represented as parallel horizontal lines with a cross
section of one cell of area crossing the simulation space separated by five
cells, which represents a distance of 125 Am between two blood vessels (34).
There are no blood vessels in the tumor tissue because this model consists
of micrometastasis.
The concentrations of the species in blood and their diffusion
coefficients are listed in Supplementary Tables S1 to S5. The numerical
method for calculating the effect of pH buffers is described in
Supplementary data.

Results
Validation of Computer Model
The first step in this work was to validate the computer model.
This was done by comparing the curves of pHe, O2, CO2, and
glucose concentrations in interstitial fluid, both in tumor and in
healthy tissue, with data from previously published experiments.
Supplementary Fig. S1 depicts profiles of extracellular glucose,
extracellular O2, extracellular CO2, and pHe in the tumor and
healthy tissue. All charts correspond to measurements along the
top horizontal line, spanning from the center of tumor adjacent to
the healthy tissue (Fig. 2, horizontal line from A to B).
pO2. The results from our simulations are consistent with
previous measurements (3) that showed a decrease in pO2 from
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Figure 4. A, the effects of increased serum bicarbonate concentration on pHe
gradient in tumors with 100-fold increase in glucose metabolism. B, the
dependency of pHe gradient on the diffusion rate of a hypothetical buffer added
to serum. C, the pHe gradient produced by a hypothetical non–CO2-producing
buffer compared with bicarbonate confirms that no noticeable difference exists
if the other chemical properties (i.e., pK ) are kept equal for the two buffers.
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K O2 is the same for both normal and cancer cells, and K Glu varies depending
on the type of cancer cell. In this work, the values used for K Glu in tumors
were increased 10-, 50-, and 100-fold compared with normal cells, reflecting
the increase in glucose metabolism.
The energetic metabolism was restricted to glycolysis and tricarboxylic
acid cycle. All glucose taken up by the cell was considered to be primarily
metabolized into ATP and CO2. The excess of glucose not consumed in
respiration is converted into ATP and lactic acid.

serum levels to practically zero in a distance of 200 Am
(corresponding to eight cells in this computer model). In our
model, this profile remained unchanged, irrespective to the
addition of buffers (data not shown) or the glycolytic phenotype
of the cancer cells simulated (Supplementary Fig. S1).
Glucose. The simulations showed a slight decrease in the
concentration of glucose in the healthy tissue (Supplementary
Fig. S1) because the cells are further away from blood vessels. There
was a steeper decrease in the availability of glucose further into the
tumor tissue due to both the increased uptake of glucose and the
lack of vascularization, as predicted by other models (35).
pCO2. The CO2 concentration curve (Supplementary Fig. S1)
showed increased levels of carbon dioxide in cells located further
from blood vessels. The levels of CO2 in tumor were between 25%
and 125% higher than in blood serum, which is in accordance with
values previously measured in vivo (32, 33).
pHe. The pHe of the tumors in our model decreased as a
function of the distance from the blood vessels and also with the
increased metabolism of glucose into lactic acid (Supplementary
Fig. S1). In the three tumor phenotypes considered, there was no
presence of necrotic core.

Buffering Tumors

The pHe curves obtained in this work were consistent with the
range of values found in previous in vivo experiments (3, 19, 41).

Simulation Results
The main purpose of this work was to evaluate the effect of
addition of buffers to the blood serum in the pH of tumors. This
was tested first using bicarbonate, which is readily available, and
then comparing these results with hypothetical buffers of different
pK a values and diffusion coefficients.
Variation of bicarbonate concentration. The first test
performed was an increase in the bicarbonate buffer concentration
in blood serum, simulating the chronic ingestion of bicarbonate to
evaluate the effect of increased doses of this buffer in the pHe in
the tumor-host interface.
The curves of Fig. 4A represent the pHe gradient for the scenario
of 100-fold increase in tumor glucose metabolism and three
bicarbonate buffer concentrations, as shown in Supplementary
Tables S1 to S3, representing a total of 25, 35, and 50 mmol/L of
total buffer in blood serum, respectively (HCO
3 + CO2), identified
as normal, high bicarbonate (HB), and very high bicarbonate (VHB)

www.aacrjournals.org

concentrations. This is based on a range of serum concentrations
that are achievable with ingestion of up to 70 g/d of NaHCO3.
The results showed that for the less glycolytic tumor (10-fold
increase), the highest bicarbonate concentration increased the
pHe in the center of the tumor from 7.25 to 7.32, whereas
the pHe in the rim increased from 7.38 to 7.39 (data not shown).
In the most glycolytic tumors (100-fold increase), the same amount
of bicarbonate resulted in an increase of pHe from 6.86 to 7.09 in
the center and from 7.32 to 7.36 in the tumor rim.
In our computer model, the increases in total serum buffer
concentration were 40% (HB) and 100% (VHB). The pHe profile for
40% increase (Fig. 4A) shows that the flattening of the pHe curve in
tumors can be explained by the effect of bicarbonate.
Diffusion rate of hypothetical buffer. We next studied the
effect of the diffusion rate of a hypothetical buffer used in
conjunction with physiologic bicarbonate. A buffer that diffuses
faster should more efficiently remove the excess of protons
generated by the anaerobic glycolytic metabolism.
As before, simulations were done considering three different
scenarios for the glucose metabolism of tumor cells. In all cases
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Figure 5. Dependency of pHe gradient on
the value of the pK a of the hypothetical
buffer and comparison with no treatment.
Inset, pHe increase (in pH units) in tumor
center and tumor rim.
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trations for this buffer in blood serum are shown in Supplementary
Table S4.
The simulations show that the pHe curve was not affected by
the use of a non–CO2-generating buffer (Fig. 4C). Considering that
the diffusion rate of CO2 is thrice faster than that of bicarbonate
(Supplementary Table S1), we concluded that the limiting factor
for the removal of free protons from the tumor is bicarbonate and
not carbon dioxide.
Bicarbonate combined with buffers with different pK a. We
tested hypothetical buffers with the same concentration in blood
serum (f18 mmol/L) with different pK a values ranging from 6.2 to
8.0 at intervals of 0.2 pH unit (Fig. 5).
In all simulated tumors, the more noticeable effect was the
buffer with pK a of 7. This can be explained by the better efficiency
of a pH buffer when used in a solution with pH in the range of 1 pH
unit above or below the buffer pK a.
The pH maintained in blood in this model is 7.4, and the pH in
the center of the tumor is f6.8; thus, a buffer with a pK a close to
the average of these values (f7) is supposedly more effective in
absorbing the protons produced by the tumor.
Heterogeneity of tumor energetic metabolism. Tumors with
increased glycolytic consumption on the order of magnitude of 50or 100-fold presented an ATP production profile that reflected the
decrease of the concentration of glucose on the environment. For
these tumors, most of the energy was obtained from anaerobic
glycolysis (>97% for 50-fold and >97.5% for 100-fold), even in the
rim (data not shown).
Tumors with lower glucose uptake presented a combination of
two behaviors: On the rim of the tumor (around three cells deep),
the energy was obtained mostly by aerobic glucose metabolism
(f92%), but at concentrations of oxygen below f18 Amol/L, the

Figure 6. pHe distributions in and around
tumors along with tumor growth after 20
generations with normal (top row ) serum
bicarbonate and with a 40% increase in
concentration. As outlined in the text, pHe
was much less acidic in the presence of
increased serum buffer, resulting in a
dramatic reduction in tumor invasion.
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(Fig. 4B), simulations were done under high serum levels of
bicarbonate plus a hypothetical buffer with arbitrary pK a 8 and
three different diffusion rates: (a) diffusion rate of equal to that of
the bicarbonate and CO2, (b) 50% lower diffusion rate, and (c) 50%
higher diffusion rate. Diffusion coefficients of these hypothetical
buffers are shown in Supplementary Table S5.
As expected, the buffer with faster diffusion rate had the most
noticeable effect on increasing the pHe. The differences between
the slowest and the fastest buffers were 0.02, 0.05, and 0.08 pH
unit in the tumor center for 10-fold, 50-fold (data not shown), and
100-fold glycolysis increases, respectively.
The effect of buffers with different diffusion rates is less
noticeable than that observed for buffers with different pK a;
therefore, the diffusion rate does not seem to be the main
parameter to be considered in the choice of an alternative buffer.
Bicarbonate combined with non–CO2-generating buffer.
Tumors are subject to heterogeneous external conditions; for
instance, the rim might be exposed to normoxia whereas the core
is hypoxic. We proposed that, although lactic acid is produced by
anaerobic metabolism in the tumor center, a reasonable amount of
CO2 might be generated by respiration in the tumor rim. Due to
lack of vascularization in the center of the tumor, carbon dioxide
could accumulate inside the tumor, increasing acidity and reducing
the efficiency of the bicarbonate buffer.
We compared the results of two scenarios: In the first case, a
certain amount of bicarbonate was added to blood (10 mmol/L);
in the second, the same amount was added in the form of a
hypothetical buffer with pK a of 6.1 and diffusion coefficients equal
to the ones of bicarbonate buffer (A equal to HCO
3 and AH
equal to CO2 diffusion, respectively). In both cases, the total buffer
concentration in blood was the same (35 mmol/L). The concen-

Buffering Tumors

Discussion
In this study, we used three-dimensional mathematical models
to quantify the ability of systemic buffers to reduce the acidity of
tumors and peritumoral normal tissue. The acid-mediated tumor
invasion model suggests that reduction of the intratumoral and
peritumoral pHe gradients will also reduce tumor growth and
invasion. Our study finds that clinically achievable concentrations
of NaHCO3 can reduce malignant tumor growth and, thus, may
have value as a clinical therapy.
The simulations show that increased concentration of serum
bicarbonate can decrease intratumor and peritumor acidosis
without altering blood pH. This might, at first, seem paradoxical,
but we point out that this treatment is not ‘‘alkalization’’ but rather
treatment with a physiologic buffer. The effect of the former is to
produce a generalized increase in pH. By contrast, the effect of
increasing the concentration of a physiologic buffer is to drive the
entire system toward a normal pH (i.e., 7.35–7.45). Thus, regions
that are at normal pH (such as blood) will not be affected although
regions at abnormal pH (either acidic or alkaline) will tend toward
physiologic values.
The results from our computer simulations are summarized
below.
1.

There is a linear relationship between the amount of
bicarbonate in blood and the pHe in tumors of the size
simulated in this work, although the pH in blood remains
unchanged.
2. The use of a non–CO2-generating buffer with the same pK a and
diffusion rates as bicarbonate does not provide advantages over
bicarbonate, indicating that the by-product carbon dioxide is
not the limiting factor in the efficiency of a bicarbonate buffer.

www.aacrjournals.org

3.

The pK a of a hypothetical buffer is the most important
characteristic on its effect on the tumor pHe. The proposed pK a
in this study is f7.
4. The diffusion coefficient of a hypothetical buffer generates less
noticeable effects when compared with different pK a and, thus,
is not the main parameter to be considered in the choice of an
alternative buffer.
5. Moderate increases in the serum NaHCO3 concentrations will
substantially reduce intratumoral and peritumoral acidity, which
will virtually eliminate tumor invasion into normal adjacent
tissue, resulting in stable tumor size.
The results obtained in this work are consistent with the data
measured in window chambers in the companion article (42) and
previous work (32). The size of the tumor in the simulations is
comparable with those measured in the experimental window
chamber model (diameters of 1.5 mm for the simulated tumor and
1.4 mm for the window chamber), and the pHe gradients from Fig. 4
fit quantitatively the experimental curves [6.86 at the center and 7.09
at the rim for the simulated tumors (Fig. 4) and 6.9 at the center and
7.15 at the rim measured experimentally (19, 42)]. The pHe curves in
and around tumors obtained in the simulations with normal and
elevated serum concentrations of NaHCO3 can be compared with
experimentally determined acid concentrations (42). In this study,
green fluorescent protein–labeled MDA-mb-231 tumors were grown
in window chambers in severe combined immunodeficient mice.
Bicarbonate concentrations were increased by adding 200 mmol/L
NaHCO3 to the drinking water. This was calculated to be the
equivalent of a daily dose of 37 g in a 70-kg human. The pHe gradient
in the tumor and pertitumoral normal tissues was measured using
fluorescent ratio imaging. As shown in Fig. 5 of our companion
article (42), the pHe gradients of the tumor increased from 0.1 to 0.2
pH unit when the bicarbonate was added to the water, remarkably
similar to the changes observed in the computer simulations.
The clinical feasibility of chronic ingestion of bicarbonate to
reduce tumor invasion is an open question. Interestingly, NaHCO3
is readily available in grocery stores (as baking soda) and in overthe-counter preparations for clinical use as an antacid. The
recommended daily dose is five teaspoons a day, which is 25 to
50 g (depending on how heaped the teaspoon is). This dose has
been administered chronically (i.e., >1 year) in patients with renal
tubular acidosis and sickle cell anemia without adverse affects
(43, 44). Finally, in Supplementary data, we include the experience
of a 79-year-old man with widely metastatic renal cancer at the
Moffitt Cancer Center. After failing first-line treatment, he
discontinued conventional therapy and began a self-administered
course of vitamins, supplements, and 60 g of bicarbonate mixed in
water daily. As of this submission, he has remained well with stable
tumor for 10 months. Although little information can be gained
from a single case report, we do note that he has tolerated the VHB
administration used in our simulations without complication for
nearly 1 year, suggesting that it is clinically feasible.
An interesting result of the simulations is that the use of buffers
with pK a of f7 might yield to results similar or better than those
obtained with bicarbonate (pK a, 6.1; ref. 45). Candidate buffers
could be cholamine chloride (pK a, 7.1), BES (pK a, 7.15), TES (pK a,
7.5), or HEPES (pK a, 7.55; ref. 46). However, the effect of these
buffers in vivo must be evaluated because bicarbonate is a natural
buffer controlled by the organism through ventilation and
excretion in kidneys; the use of an artificial buffer might lead to
side effects and toxicity.
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metabolism switched to anaerobic glycolysis, with >96% of ATP
produced anaerobically at a distance of five cells away from tumorhealthy tissue interface (data not shown).
Tumor growth with increased concentrations of bicarbonate. To estimate the effect of increasing pH buffer availability
and consequent reduction of the pHe gradient in tumor invasion,
three scenarios were tested: normal bicarbonate concentration,
HB concentration, and VHB concentration. The HB group corresponded to the bicarbonate concentration expected with ingestion
of 40 g NaHCO3 per day by a 70-kg man (see case report in
Supplementary data). The HB group represented 40% of the VHB
dose. Each scenario was run for 20 generations; at the end of each
generation, the cells were allowed to duplicate, die, or remain
unchanged.
The tumor growth and pHe gradients for normal and HB
concentrations are depicted in Fig. 6 and Supplementary Fig. S2.
With normal serum concentrations of bicarbonate, the tumor cells
were highly acidotic, created a significant peritumoral pHe
gradient, and extensively invaded into the normal tissue. Addition
of a moderate amount of bicarbonate in blood (f40% increase
in serum concentration) reduced the amount of intratumoral and
peritumoral acidosis and almost completely eliminated tumor
invasion (loss of only 12 healthy cells of >48,000). Treatment with
higher bicarbonate (Supplementary Table S7) concentrations
totally prevented invasion (no loss of normal cells). Note that both
treatment scenarios also eliminated the necrotic tumor core that
developed with normal bicarbonate concentrations—a potential
imaging tumor biomarker for clinical trials.

Cancer Research

In conclusion, our study, using mathematical models informed
by realistic parameter values (47–50), finds that p.o. administration of clinically feasible amounts of NaHCO3 may be sufficient to increase the acidic intratumoral and peritumoral pHe
in small tumors. Furthermore, the consequent changes in the
tumor-host dynamics may inhibit tumor growth and invasion.
Our results suggest further experimental exploration of systemic administration of pH buffers as a novel cancer therapy
is warranted.
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