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Abstract

A number of studies have demonstrated that the extracellular pH (pHe) in 
cancers is typically lower than 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 can reduce intra- and peri-tumoral 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 demonstrate 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 the 
consequent reduction of tumor acid concentrations can significantly reduce 
tumor growth and invasion without altering the pH of blood or normal 
tissues. The simulations also demonstrate the critical parameter governing 
buffer effectiveness is its pK.  This indicates that NaHCO3, with a pK of 
6.1, is not an ideal intratumoral buffer and that greater intratumoral pHe 
changes could be obtained using a buffer with a pK around 7.  The 
simulations support the hypothesis that systemic pH buffers can be used to 
increase the tumor pHe and inhibit tumor invasion.

Introduction

In this work we used a 3-D computer model that 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 (figure 
2). This model was analyzed using a tool developed for tissue 
simulation (TSim, www.i-genics.com) that calculates metabolic 
reactions, diffusion of species, buffering effect as well as cell 
duplication and apoptosis. The major advantages of using such a 
representation of the tumor-host environment are that (a) the actual 
dynamics of the tumor-host interactions are better illustrated by a 
tridimensional model than by a flattened 2-D 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, dynamical, 
and mutual interactions of molecular, cellular, tissue, and systemic 
parameters that affect cancer growth and therapy.

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

Conclusion

The results from our computer simulations can be summarized below:
• There is a linear relationship between the amount of bicarbonate in 

blood and the pHe in tumors of the size simulated in this work, even 
though the pH in blood remains unchanged;

• The use of a non-CO2-generating buffer with same pK and diffusion 
rates as bicarbonate does not provide advantages over bicarbonate, 
indicating that the byproduct carbon dioxide is not the limiting factor 
in the efficiency of bicarbonate buffer;

• The pK of a hypothetical buffer is the most important characteristic 
on its effect on the tumor pHe. The proposed ideal pK in this study is 
around 7;

• The diffusion coefficient of a hypothetical buffer generates less 
noticeable effects if compared to different pK, and thus is not the 
main parameter to be considered in the choice of an alternative 
buffer;

• Moderate increases in the serum NaHCO3 concentrations will 
substantially reduce intra- and peri-tumoral acidity, which will 
virtually eliminate tumor invasion into normal adjacent tissue 
resulting in stable tumor size.

An interesting result of the simulations is that the use of buffers with 
pK close to 7 might yield to results similar or better than those 
obtained with bicarbonate (pK 6.1). Candidate buffers could be 
Cholamine chloride (pK 7.1), BES (pK 7.15), TES (pK 7.5) or 
HEPES (pK 7.55). However the effect of these buffers in vivo must 
be evaluated since 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.  

In conclusion, our study finds that oral administration of clinically 
feasible amounts of NaHCO3 may be sufficient to increase the acidic 
intra- and peri-tumoral 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.

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.

Figure 3 Gradients of extracellular glucose, O2, 
CO2 and pHe for three different tumor 
phenotypes (10-, 50- and 100-fold increase in 
glucose metabolism) and normal serum 
bicarbonate concentration. The vertical arrows 
mark the tumor-host interface.

Figure 4 In A the effects of increased serum 
bicarbonate concentration on pHe gradient in 
tumors with 100-fold increase in glucose 
metabolism (HB stands for "High Bicarbonate" 
and VHB for "Very High Bicarbonate"). B 
shows the dependency of pHe gradient on the 
diffusion rate of a hypothetical buffer added to 
serum. In C the pHe gradient produced by a 
hypothetical non-CO2 producing buffer as 
compared to bicarbonate confirms that no 
noticeable difference exists if the other 
chemical properties (i.e. pK) are kept equal for 
the two buffers.

Figure 5 Dependency of pHe 
gradient on the value of 
hypothetical buffer's pK and 
comparison with no treatment. In 
the inset, the pHe raise (in pH 
units) in tumor center and tumor 
rim.

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 concentration 
resulting in a dramatic reduction in tumor 
invasion.Figure 7 pHe gradients for three tumors of 

original diameter of 60 cells as described in 
figure 5. After 20 generations the untreated 
tumor (Normal) presents lower pHe curve 
and invasion of healthy tissue (C) when 
compared to tumors treated with bicarbonate 
(E and D). Concentrations of bicarbonate 
administered for HB and VHB as described 
in text.
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