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Target audience Researchers and clinicians interested in monitoring pH and pH modifying therapies in cancer. 

Purpose Upregulated glycolysis in many cancer cells, known as the Warburg effect, may confer a survival advantage on tumor cells, 
but also produces large quantities of hydrogen ions1. Cancer cells are able to maintain a normal intracellular pH via the action of 
proton pumps and monocarboxylic acid transporters that push protons and lactate into the extracellular space. This intra- to 
extracellular pH gradient of tumors has been associated with increased chemo-resistance, increased aggressiveness and poorer 
outcome. The use of proton pump inhibitors (PPIs) as a cancer treatment strategy acts to decrease intracellular pH and raise the 
extracellular pH. Existing MR methodology related to measuring intracellular pH might thus be used to measure the efficacy and 
efficiency of PPIs. This work looks at the use of 31P spectroscopy to investigate the effect of a PPI in combination with amiloride 
(which has been shown to inhibit tumor growth and decrease tumor cell proliferation2) in mouse models of breast cancer, and non-
small cell lung cancer. 

Methods Animal experiments were conducted with approval from the Institutional Animal Case and Use Committee. A model for 
breast cancer was based on tumors generated in K14cre;Brca1F/F;Trp53F/F mice and syngeneically transplanted into the mammary pad 
of K14cre negative mice (n=2). Athymic nude mice (n=6) bearing A549 cell line xenograft tumors were used as a model of non-small 
cell lung cancer. Mice were anaesthetized using 2% isofluorane in oxygen and placed in a horizontal bore 9.4T scanner (Biospec 
Bruker, Billerica, MA), in which respiration was monitored and body core temperature was maintained at 37°C. A home-built 25mm 
diameter 31P surface coil was placed around each tumor, and slice-selective spectroscopy was conducted following acquisition of 
proton images to ensure only the tumor was excited. Parameters for 31P spectra were: 15° flip; NSA=4096; 1024 points; 40ppm 
spectral width; TR=160ms; scan time=11mins. Datasets were acquired twice prior to injection, and 4 times following intra-peritoneal 
injection of the PPI esomeprazole (40mg/kg), plus amiloride (5mg/kg) in 80ul DMSO. 2 of the lung cancer model mice were injected 
with 80ul DMSO only. Spectra were processed using jMRUI software3; peaks were manually determined and their respective 
amplitudes were determined using the AMARES tool4. The chemical shift between the 
inorganic phosphate (Pi) and αATP peaks was used to estimate intracellular pH (pHi)

5. 

Results and Discussion pHi showed a decrease in the breast cancer tumors following 
administration of the PPI (Fig. 1a). Interestingly, the Pi peaks were also observed to 
increase in amplitude relative to the ATP peaks (Fig. 1b). Since Pi is used to form ATP, 
the increase in Pi and decrease in ATP might be expected and suggest the drug 

combination affects ATP 
use/production. In the case of A549 cell 
line tumors, pHi showed a decrease by 
at least 0.1 in 3 mice within 20mins of 
drug injection. A greater significance is 
observed from the increase in Pi 
relative to the ATP peaks following 
administration of the PPI drug 
combination (Fig. 2b). Thus similar 
results were observed in two different 
cancer models. 

Conclusions The administration of a 
PPI combination shows an initial 
decrease in pHi of tumors as measured 
by 31P MR spectroscopy. Also observed 
is an increase in the Pi peak relative to 
ATP, which might be used as a more 
sensitive and easily measured probe of the efficacy and efficiency of a PPI. Further 
studies that include a measure of extracellular pH might provide valuable insight into 
the mechanism of PPI effects in tumors. 
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Figure 1 Change in average (n=2) tumor a) pHi, 
and b) ratios of Pi to ATP peaks in breast cancer 

mouse model. Bars of standard error. 

Figure 2 Average a) minimum pHi, and b) 
Pi/γATP peak ratio over A549 cell line tumors. 
Error bars of standard deviation. Probability, p-
values from one-tailed, paired Student’s t-Test. 
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