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Abstract

The tumor microenvironment is hypoxic and acidic.

These conditions have a significant impact on tumor

progression and response to therapies. There is strong

evidence that tumor hypoxia results from inefficient

perfusion due to a chaotic vasculature. Consequently,

some tumor regions are well oxygenated and others are

hypoxic. It is commonly believed that hypoxic regions

are acidic due to a stimulation of glycolysis through

hypoxia, yet this is not yet demonstrated. The current

study investigates the causes of tumor acidity by

determining acid production rates and the mechanism

of diffusion for H+ equivalents through model systems.

Two breast cancer cell lines were investigated with

divergent metabolic profiles: nonmetastatic MCF-7/s

and highly metastatic MDA-mb-435 cells. Glycolysis

and acid production are inhibited by oxygen in MCF-7/s

cells, but not in MDA-mb-435 cells. Tumors of MDA-

mb-435 cells are significantly more acidic than are

tumors of MCF-7/s cells, suggesting that tumor acidity

is primarily caused by endogenous metabolism, and not

the lack of oxygen. Metabolically produced protons are

shown to diffuse in association with mobile buffers, in

concordance with previous studies. The metabolic and

diffusion data were analyzed using a reaction–diffusion

model to demonstrate that the consequent pH profiles

conform well to measured pH values for tumors of these

two cell lines.
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Introduction

Tumors in humans and animal models contain microenviron-

ments that are both hypoxic [1,2 ] and acidic [3,4,5,6]. These

environments can play a significant role in tumor progression,

as hypoxia and acidity are associated with increased

mutations [7,8 ], chromosomal instability [9], spontaneous

transformation [10], resistance to apoptosis [11], and

increased invasion and metastasis [12,13,14,15]. Hypoxia

and acidity also cause resistance to radiotherapies and

chemotherapies [1,16,17]. Thus, it is important to define the

underlying causes of tumor hypoxia and acidity and the

relationships between them.

It is commonly believed that hypoxia and acidity are a

direct result of the chaotic and heterogeneous microvascular

structure of solid tumors [18,19]. In solid tumors, there may

be several layers of intervening cells and several hundreds of

microns of separation between viable tumor cells and the

nearest feeding blood vessel. Blood vessels are the primary

mode for delivery of glucose and O2 and for the removal of

metabolic H+ and lactate. Whereas some convective flow of

extravascular (extracellular ) fluid may occur, it is more likely

the case that movement of metabolites between blood and

cells occurs primarily by a simple (Fickian) diffusion

mechanism. This is consistent with the recent results of

Dafni [20] who showed that interstitial convective velocities in

tumors were ca. 0.2 �m sec�1. Fluxes arising from such

velocities would be orders of magnitude lower than diffusive

fluxes for small molecules (assuming a concentration

gradient of 1 mM over a distance of 0.1 mm). Diffusion

generally cannot supply cells with O2 beyond ca. 170 �m from

a vessel [21,22] because the heterogeneously distributed

microcirculation of tumors would be expected to generate

significant volumes that are hypoxic. The distributions of

hypoxic volumes in tumors have been modeled in three

dimensions from microcirculatory distribution and flow data

obtained using intravital microscopy [23]. In these commu-

nications, the spatially dependent delivery of oxygen to cells

in tumors was obtained by taking into account the vessel

distributions, blood flow, hematocrit, and oxygen diffusion.

These factors were spatially compared to oxygen consump-

tion rates to yield a model for the spatial distribution of oxygen

and hypoxia.

Whereas similar analyses have not been performed for

tumor pH, it has generally been assumed that hypoxia and

low pH are mechanistically coupled through hypoxia inducible

factor (HIF-1a ) or the Pasteur effect ( i.e., the inhibition of

glycolysis by oxygen). Perfusion heterogeneities resulting

from the nonuniform microcirculatory structure of tumors

coupled with diffusion limitations of O2 and lactate may

contribute to significant pH gradients in tumors. Helmlinger

et al. [24] have shown a relationship between pO2 and pH on
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average, although the relationship is not strictly observed in

individual volumes.

It is commonly accepted that the acidic extracellular pH of

tumors is simply a result of poor oxygenation due to

heterogeneous blood supply. Hence, a goal of the present

study is to better define the relationship between pO2 and pH

in a well -characterized set of breast cancer cells, tumor

xenografts, and model systems. In addition to the afore-

mentioned intravital microscopy studies [24], in vivo MR

maps of pH [6,12,25] have clearly demonstrated that

steady-state gradients of interstitial pH (pHe) exist within

tumors. The current work was undertaken to investigate

further the causes underlying these pHe gradients, using two

breast cancer cell lines that have significantly divergent

metabolic profiles. MCF-7/s cells are lowly metastatic cells

that do not produce significant amounts of lactic acid and

have relatively high pHe values when grown as tumors [25].

MDA-mb-435 cells are highly metastatic, produce copious

lactic acid, and have relatively low pHe values when grown as

tumors [26]. In this work, we also show that glycolysis in

MDA-mb-435 cells is not affected by oxygen, and thus

these tumors are acidic, even when well perfused.

Theoretically, steady-state pHe gradients could be incon-

sistent with the high diffusion coefficient of H+ of ca. 10�4

cm2 sec�1 [27]. For comparison, water diffusion in tissue

interstitium is ca. 2�10�6 cm2 sec�1 [28]. This higher

apparent H+ diffusivity is usually attributed to a ‘‘Grotthus

mechanism,’’ also described as a ‘‘proton wire,’’ wherein a H+

adding onto water in one environment can induce the release

of a H+ from H3O+ at a divergent location. However, proton

conductance in biological solutions is generally limited by the

codiffusion of counterions, which is necessary to maintain

charge balance [29]. Nonetheless, in the presence of

sufficient mobile counterions, H+ can effectively diffuse

seven times faster than other monovalent cations [30]. In

the current communication, we demonstrate that, although

the diffusion of free protons may be high, the flux of H+

moving by this mechanism is low due to a low driving force

( i.e., the concentration difference is submicromolar ). Our

data indicate that most diffusive H+ fluxes occur in

association with ionizable solutes (mobile buffers), which is

in agreement with the theoretical work of Junge and

McLaughlin [27]. The results obtained from measurements

of the buffered proton diffusion coefficient in gel phantoms,

the oxygen-dependent proton production rates for MCF-7/s

and MDA-mb-435 cells, and the buffering capacity of tumor

interstitial fluid are combined in a reaction–diffusion model to

predict steady-state pHe values as a function of distance

from a vessel. The pHe gradients generated by this model are

consistent with steady-state pHe values measured for these

two cell lines in vivo.

Materials and Methods

Cell Culture

Experiments were performed on the lowly metastatic

MCF-7/s and highly metastatic MDA-mb-435 breast

cancer cells. MCF-7/s cells were obtained from the Arizona

Cancer Center Cell Culture Shared Service. MDA-mb-435

cells were obtained from the American Type Culture

Collection, Manassas, VA (http://www.atcc.org) (CCL no.

HTB 129). MCF-7 and MDA-mb-435 cells were maintained

in Dulbecco’s modified Eagle’s medium (DMEM) supple-

mented with 10% fetal bovine serum [FBS; 1:1 DMEM/F-12

mixture consisting of DMEM/F12 (D0547; Sigma, St.

Louis, MO) and FBS (Gibco, Invitrogen, Carlsbad, CA

(http://www.lifetech.com)) in a 5% CO2 atmosphere at 378C].

For rate measurements, cells were trypsinized, counted, and

resuspended at a concentration of 1�106 cells in 20 ml, and

plated at 200 �l per well of a 96-well flat -bottomed tissue

culture plate or, alternately, 1�106 cells were resuspended in

24 ml of media, and 1 ml was added to each well of a 24-well

tissue culture plate. Cells were then incubated at 378C/5%

CO2, until ready for assay.

Chemicals and Solutions

All chemicals were obtained from Sigma, unless other-

wise noted. A modified Hank’s buffer (MHB), free of

bicarbonate and sugars, was prepared with the following

composition in 1 l: 0.14 g, 0.00126 mol of CaCl2 anhydrous

[FW=110.99]; 0.10 g, 0.000492 mol of MgCl2�6H2O [FW=

203.31]; 0.4 g of KCl; 0.18 g, 0.001323 mol of KH2PO4

[FW=136.1]; 8.0 g of NaCl; 0.1436 g, 0.001011 mol of

Na2HPO4 [FW=141.96]; phenol red [FW=376.4], 0.1 mM

(from 0.5 mM stock solution). This buffer has 25% of the

buffering capacity of bicarbonate- free Hank’s buffer ( i.e., it

is 2.375 mM in total phosphate).

A concentration of 40 mM mannitol, glucose- free and

bicarbonate- free buffer (mannitol -MHB), was prepared by

adding 3.643 g of mannitol [FW=182.17] to 500 ml of MHB.

A buffer that has 32 mM glucose and 8 mM mannitol

(glucose-MHB) was prepared using a 4:1 mix of MHB and

mannitol -MHB and by adding anhydrous glucose to the

required concentration. Because glucose requires several

minutes to be completely solubilized in aqueous solution,

these solutions were prepared ahead of time, heated at 808C
for 10 minutes, filtered with 0.2-�m filters, divided into 50-ml

aliquots, and stored at �208C.

For titration, a carbonate- free standard NaOH solution

was made by boiling distilled, deionized H2O, cooling under

vacuum, and adding the appropriate mass of NaOH pellets

(min 98%, S-5881; Sigma) to yield a 50% aqueous solution

of NaOH. This solution was allowed to cool under constant

vacuum and was sealed in a polyethylene bottle with no

headspace for 1 day to allow sodium carbonate to precipitate

out of the solution, leaving a carbonate- free NaOH solution.

Dilutions of this 50 % aqueous NaOH were made with

degassed, distilled, deionized H2O to final approximate

concentrations 0.1, 0.5, and 1 M NaOH. These solutions

were standardized against potassium hydrogen phthalate

(Sigma-Aldrich, St. Louis, MO (http://www.sigmaaldrich.

com)) by gravimetric determination of standard mass and

titration with a 50-ml burette. Solutions were stored in

polyethylene bottles with minimal head spaces.
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Cell Cycle Analysis

A portion of the cells was prepared for cell cycle

analysis just prior to the metabolism assay measurements.

The MDA-mb-435 cells were 52% to 64% G0–G1, 8% to

20 % G2–M, and 27% to 28 % S phase. The MCF-7/s

cells were 56% to 71% G0–G1, 8% to 20% G2–M, and

20% to 24% S phase.

Proton Production Rates

Proton production rates were measured by monitoring the

optical absorbance of phenol red at two wavelengths in the

buffer solution overlying the cell monolayers in 96-well

plates, similar to that described previously [31]. The

absorbance spectra for phenol red at low and high pH are

shown in Figure 1A, showing maxima at 435 and 550 nm,

respectively, with isosbestic points at 369 and 482 nm. From

these data, it can be seen that absorbance changes

reciprocally between pH 6 and 10 at 450 and 562 nm

(Figure 1B ). These values were chosen to match the filter

set available in the plate reader. Thus, the ratio of

absorbance at 562/450 nm can be used to generate a

titration curve (Figure 1C ) that can be fitted by:

pH ¼ 7:2 þ logð11:5�RÞ=ðRÞ þ logð0:38Þ ð1Þ

where 10.5 is the ratio at high pH and 0.38 is a correction

factor representing the ratio of absorbance at high to low

pH at the denominator wavelength (450 nm). The

reliability of this method is shown in Figure 1D, which

shows the correlation ( r2>0.99) between the pH meas-

ured by phenol red and by electrode in the pH range 6.0

to 7.5.

At the time of an experiment, an aliquot of glucose-MHB

was thawed and dilutions were made with mannitol -MHB to

various glucose concentrations with a total osmotically active

sugar concentration of 40 mM. An airtight glove box was

constructed containing the BioTek Instruments, Winooski,

VT (http://www.biotek.com) EL 311 microarray plate reader

to maintain the cells under constant atmosphere and

temperature for the time course spectrophotometric meas-

urements of pH versus time. At the start of the experiment,

two 96-well plates containing confluent cells were trans-

ferred from the incubator to the glove box and the chamber

was sealed by attaching the Plexiglas face plate with gloved

access ports to the front of the box. A normoxic atmosphere

was accomplished by having a direct orifice between the

glove box and the ambient laboratory air, whereas the anoxic

atmosphere was accomplished by delivery of 100% N2 gas

to the glove box with a slight excess of positive pressure

relative to the ambient laboratory pressure. Venting ports

were included in the wall of the glove box to prevent pressure

buildup. The glove box was also equipped with a digital

thermostat (Digital Temperature Controller, model CN320;

OmegaEngineering, Stamford,CT(http://www.omega.com))

interfaced with heating elements that allowed the temper-

ature to be maintained at 37±18C. An alcohol thermometer

Figure 1. Determination of pH by phenol red absorption. The concentration of phenol red was 0.1 mM and the path length was 0.62 cm in each case. (A ) Absorption

versus wavelength spectrum for the deprotonated (pH =11 ) and protonated ( pH =3 ) forms of phenol red showing maximum absorbance at 550 and 435 nm,

respectively. ( B ) Absorbance of phenol red at 562 nm (o) and 450 nm (^) as a function of pH. (C ) Ratio of phenol red absorption, A(562 nm ) / A( 450 nm ), as a

function of pH. ( D ) Calibration of pH determination by comparing values from potentiometric and phenol red absorption pH determinations. R =0.99 between pH

values of 6.0 and 7.5 ( filled circles ).
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was suspended in a 5-ml volume of incubation solution in

the glove box to independently confirm that the incubation

solutions were maintained at 378C throughout the exper-

imental time course. The absorption of phenol red at 450

and 562 nm was calibrated against pH using a pH meter

(Beckman 71) and standard NBS buffers (Beckman

Coulter, Fullerton, CA (http://www.beckman.com)). Sample

pH was monitored across all wells as a function of time by

sequential monitoring of absorption at 450 and 562 nm

using a BioTek EL311 microtiter plate reader with 20-nm

bandpass optical filters for each wavelength. Typical

experimental time courses spanned 150 to 210 minutes.

These data were analyzed by linear regression and, after

correcting for buffering capacity, were expressed as

nanomoles of H+ per minute per milligram of protein.

Lactate Production and Glucose Consumption

Lactate production and glucose consumption rates were

determined on cells grown to confluence in 24-well plates

(Falcon, model 3047; Becton Dickinson, Franklin Lakes,

NJ (http://www.bd.com)). Cells were inoculated at a

density of 104 cells per well and allowed to grow for 3 to

4 days, until confluent. Lactate and glucose levels were

both measured by two methods: by a glucose/ lactate

analyzer (YSI model 2000) and by spectrophotometric

assay kits (Sigma). The analyzer measurements required

a minimum of 500 �l of solution to make a single

measurement, so that only single time points could be

obtained. The enzymatic assays required 10 �l to measure

both glucose and lactate, allowing several sampling points

per well over a 12- to 15-hour experimental time course.

Buffering Capacities (� )

Buffering capacities were determined by backtitration for

all experimental solutions, as well as tumor interstitial fluid.

For tumor interstitial fluid, 20 to 80 �l of tumor fluid was drawn

from MDA-mb-231 SCID mouse tumors into gas- tight 1-ml

syringes. For all titrations, the solutions to be tested were

injected into unbuffered and degassed water that had

previously been overlaid with a 2-mm layer of mineral oil.

These were titrated through injection of degassed NaOH that

had been standardized as described above. Solutions were

maintained at 378C and pH was measured with a combina-

tion pH electrode that had been inserted into the water prior

to the addition of the mineral oil.

Proton Diffusion

Diffusion of protons through gels was measured using a

stirred bath technique, as described in Ref. [32]. This

technique employs two well -stirred baths separated by a

gel layer. Gels were established with varying mixtures of

agarose and collagen to simulate the extracellular space,

and these were equilibrated for > 2 days in the apparatus

with solutions of varying buffer capacities (e.g., 1.9, 3.6,

and 6.4 mmol of H+ per pH unit ). Measurements were

begun with the addition of acid or base equivalents to the

upper chamber and by monitoring the collapse of the pH

gradient with time. The pH meter was connected to a PC

with a 25-pin serial connection. The solution pH, solution

temperature, and time were recorded automatically at 20-

minute intervals using a Denver Instrument, Arvada, CO

(http://www.denverinstrument.com) pH meter. To deter-

mine the number of H+ that had moved across the gel,

the initial pH value was subtracted from the recorded pH at

each time point, to yield a �pH. These data were

converted to millimoles of H+ according to the equation:

mmol H+ =(�pH�b ).

Modeling of Interstitial pH

A finite difference model similar to that of Griffiths et al.

[33] was used to predict pHe as a function of distance

from feeding capillaries. This model only considers the

integrated flux rates due to steady-state diffusion along

one dimension for both free and buffered H+ occurring for

a two-dimensional sheet of cells lying between two parallel

capillaries, which is similar to the situation for tumors grown

in a window chamber [24]. The overall steady-state

expression derived from Fick’s second law, including terms

for the effects of proton production and buffer - facilitated

diffusion, is:

DH
@2cH

@x2
þ QðxÞ�DB

@2½BH	
@x2

¼ 0

where Q is the proton production rate [�mol cm�3 sec�1 ],

x is the distance [�m], DH is the hydronium ion diffusion

coefficient, DB is the protonated buffer diffusion coefficient,

and cH is the free [H+ ] concentration. The above expression

is integrated once, applying the boundary condition that

d [H+ ] /dx=0 at x=L , where L is half of the intervessel

distance, and integrated a second time using the boundary

condition that cH is the [H+ ] of blood at x=0, the vessel wall.

Substituting cHcB

KBþcH
for [BH] yields:

M þ QLx ¼ Q
x2

2
þ DHcH þ DBcB

cH

KB
þ cH

where cB is the total buffer concentration, KB is the buffer

acid association constant, and M is a constant determined

by the above expression when x=0. A rearrangement of the

above expression yields a quadratic in cH, which was solved

for cH by hand by using MathCad 6.0. In order to apply this

model, proton production rate data expressed per milligram

of protein were converted to per gram of tissue (or per cubic

centimeter of tissue volume, assuming a tissue density of

1.03 g ml�1). This was achieved using a conversion factor

of 140 mg protein (g tumor wet weight )�1.

Results

Proton Production Rates

Proton production was determined from the time-

dependent change in the pH, as measured from spectra

of phenol red in lightly buffered media, as described in

Materials and Methods section. pH values were monitored
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in an airtight glove box at 378C following the addition of

MHB containing various concentrations of glucose. Repre-

sentative plots of the decrease in buffer pH with time are

shown in Figure 2A for normoxic MDA-mb-435 cells. The

t=0 time point is the first measurement of phenol red

absorption at 450 and 562 nm obtained immediately after

washing the cells with saline and adding the assay buffers

to respective wells. Each data point of pH versus time is

the average of five to eight wells. Note that the rate of

decrease in pH is essentially independent of glucose

concentration for the first 50 minutes after washing the

cells and adding the assay solutions. This is likely due to

endogenous glucose or intracellular acid stores. After

50 minutes, however, the pH decreased monotonically

with increasing glucose up to 4 mM. Figure 2, B and C

shows the rate of H+ production by MCF-7/s and MDA-

mb-435 breast cancer cells, respectively, as a function of

glucose concentration in the presence of atmospheric

oxygen and under hypoxia, respectively. These data can

be fitted with Michaelis–Menten kinetics to generate

apparent Vmax and Km values (Table 1). These analyses

show that the major differences occur under normoxic /

normoglycemic ( i.e., 5.6 mM glucose) conditions, where

MDA-mb-435 cells produce H+ at a rate approximately

2.8 times faster than MCF-7/s cells. These data also show

that the anoxia stimulates H+ production rates by 1.6- fold

in MCF-7/s cells, whereas it has no significant effect on

proton production rates in MDA-mb-435 cells. If anything,

the Vmax appears lower for hypoxic MDA-mb-435 cells,

although the differences were not statistically significant.

These data indicate that glycolysis in MCF-7/s cells is

affected by oxygen, whereas MDA-mb-435 cells exhibit a

similarly high rate of H+ production in the presence or

absence of O2.

Lactate Production Rates

Both MDA-mb-435 and MCF-7/s cells produce lactate

acid in appreciable amounts. Representative plots of the

lactate concentration time course of normoxic MDA-mb-

435 cells are shown in Figure 3A. The first sampling point

occurs at 180 minutes after washing cells with PBS and

adding the assay solutions with variable glucose concen-

trations. The linear least squares fits to the data are

included in this plot. As shown in this figure, lactate

accumulation into the assay medium increases monotoni-

cally with increasing glucose concentrations and is virtually

linear for up to 15 hours. Figure 3, B and C shows the rate

of lactate production by MCF-7/s and MDA-mb-435 breast

cancer cells incubated with different glucose concentrations

Figure 2. Proton production rates. ( A ) pHe determined with phenol red as a

function of time for MDA- mb - 435 cells incubated at 378C and ambient O2 and

0.5, 1, 2, 4, and 8 mM glucose. ( B ) Proton production rates of MCF -7 / s cells

under normoxic and anoxic conditions as a function of incubation [ glucose ] in

millimolar ( standard error bars range from ±0.2 to 0.5 for normoxic MCF -7 / s

cells so that they fall within the symbols ). (C ) Proton production rates of

MDA -mb -435 cells under normoxic and anoxic conditions as a function of

incubation [ glucose ] in millimolar. For ( B ) and (C ), lines represent best fits to

unimolecular Michaelis – Menten equation.

Table 1. Metabolic Profiles of MDA-mb-435 and MCF-7/s Cells.

Substrate MDA435 cells MCF-7/s cells

Normoxia Anoxia Normoxia Anoxia

Vmax [nmol min� 1 (mg protein) � 1]

Glucose consumption 8.4 8.1 7.2 15.4

Lactate production 10.4 9.8 6.1 9.3

Proton production 14.5 12.1 5.2 8.1

Apparent Km for glucose [mM]

Glucose consumption 1.75 1.83 2.0 2.9

Lactate production 0.57 0.31 0.22 0.37

Proton production 0.36 0.27 0.07 0.08

Proton production, lactate production, and glucose consumption rates were

determined as described in the text and were fitted with Michaelis – Menten

kinetics relative to [glucose] to yield apparent V max and K m values.
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under normoxic and anoxic conditions, respectively, along

with nonlinear least square fits to a simple Michaelis–

Menten equation (Table 1). Under normoglycemic con-

ditions, the anoxic /normoxic ratios for lactate production

rates were nearly 1.0 for MDA-mb-435 cells but were ca.

1.5 for MCF-7/s. Hence, these data are similar to those

observed with proton production and indicate that lactate

production in MCF-7/s cells is sensitive to oxygen,

whereas it is not in MDA-mb-435 cells. Also note that

MDA-mb-435 cells produce more lactic acid compared

to MCF-7/s cells under normoxic conditions.

Glucose Consumption

Figure 4, A and B shows the rate of glucose consumption

by MDA-mb-435 and MCF-7 breast cancer cells incubated

with different glucose concentrations under normoxic and

anoxic conditions, respectively. Results with 16 and 32 mM

[glucose] were omitted because the absorbance values

where higher than the linear portion of the Trinder assay

calibration curve. The steady-state glucose consumption

rates under normoglycemic conditions increase significantly

upon hypoxia for MCF-7 cells, but remain unchanged for

MDA-mb-435 cells (Table 1). Hence, similar to the

independently measured H+ and lactate production rates,

these data further support that glycolysis in MCF-7/s cells is

inhibited by oxygen, whereas it is not in MDA-mb-435 cells.

The data in Table 1 show consistent values for glucose

consumption, lactate production, and proton production for

Figure 3. Lactate production rates. ( A ) Lactate production as a function of

time for MDA - mb -435 cells incubated at 37 8C with ambient O2 and 0.5, 1,

2, 4, and 8 mM glucose. ( B ) Lactate production rates of MCF - 7 / s cells

under normoxic and anoxic conditions as a function of incubation [ glucose ]

in millimolar. ( C ) Lactate production rates of MDA- mb - 435 cells under

normoxic and anoxic conditions as a function of incubation [ glucose ] in

millimolar. For all plots, lines represent best fits to simple Michaelis –

Menten equation.

Figure 4. Glucose consumption rates. ( A ) Glucose consumption rates

of MCF -7 / s cells under normoxic and anoxic conditions as a function

of incubation [ glucose ] in millimolar. ( B ) Glucose consumption rates of

MDA -mb -435 cells under normoxic and anoxic conditions as a function of

incubation [ glucose ] in millimolar. For all plots, lines represent best fits to

simple Michaelis – Menten equation. (C ) Western blot of HIF - 1a expression

under normoxia and hypoxia.
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all conditions. It is notable that at Vmax, the lactate /glucose

ratio varies between 0.60 and 1.2 and approaches 2.0 at

glucose concentrations near the Km
app. Furthermore,

despite similarities in the apparent Vmax, proton and lactate

production rates had consistently lower apparent Km values

compared to glucose consumption rates.

Diffusion of H+ through Gels and Tissues

Measurements were made in gel phantoms to determine

the nature of H+ movement through tissues and the

feasibility of steady-state H+ gradients. Figure 5A illustrates

the apparatus used to measure the movement of H+

equivalents through gels. This stirred bath was temper-

ature-controlled to ±0.28C and contains two well -stirred

chambers separated by gels of varying composition and

thickness. For the current study, gels containing 3% gelatin

and 3% agarose were made, in order to make a stable thin

gel layer that mimics the protein and carbohydrate content of

the extracellular matrix [34]. Figure 5B illustrates a typical

pH gradient decay curve from the stirred bath apparatus. In

this case, the bath and gel were equilibrated at a pH of 6.2 for

3 days prior to the experiment. The experiment was initiated

by the addition of base equivalents to the upper chamber,

which resulted in an increase in pH to ca. 8.8. The pH of the

upper chamber was measured constantly for >3500 hours,

and the pH values of the lower chamber were calculated.

With knowledge of the buffering capacity, the rate of

movement of H+ equivalents across the gel can be

determined. Buffering capacities were measured as

described in Materials and Methods section. A typical

titration curve for the buffer mix is shown in Figure 6A,

illustrating that buffering capacity (millimolar H+ per pH unit )

is constant in the range pH 6.1 to 8.75 (closed circles in

figure). Table 2 shows the measured buffering capacities for

all solutions used in this study. From the measured pH and b,

the rate of decay in pH can be expressed in millimolar H+.

Multiplying by the respective chamber volumes and dividing

by the surface area of the gel layer and the time increment

Figure 5. Measurements of H + diffusion. (A ). Stirred bath apparatus, containing two gas -sealed well - stirred chambers separated by gelatin / agarose gel of

thickness 0.2 cm and 2 cm2 surface area at 37 8C. (B ) Collapse of pH gradient across gel with time. Prior to experiment, the gel was equilibrated for 7 days with

media in both chambers at a pH of 6.2. At t =0, the pH of the upper chamber was raised with a bolus addition of base ( C ). Calculated flux ( J ) of H + equivalents

moving from one side of the gel to the other, in both directions. (D ) Collapse of [ BH ] gradient across the gel with time with three different buffers. (E ) Collapse of free

[ H + ] gradient across the gel with time with three different buffers. In this case, identical rates can be achieved only with increased flux, as � values are significantly

different for all samples.
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between pH readings (20 minutes) yielded the flux (J ) of H+

across the gel in millimoles per minute per square

centimeter. As shown for these data in Figure 5C, J begins

at 6�10�7 mmol H+ cm�2 min�1 and decays exponentially

with a time constant of 
300 minutes. To test whether the

driving force for H+ movement was affected by the pH or the

buffer gradient, the proton flux rate was determined with

buffers of different concentrations (Table 2). The data in

Figure 5D show that the rate of collapse in the gradient of

protonated buffer, [BH], increased with increasing buffering

power. In contrast, plots of free [H+ ] gradients with time

show that the rate of free proton gradient collapse was

independent of buffering power (Figure 5E ). As the total flux

of H+ at the same pH gradient must increase with increasing

b to effect the same pH change, these data imply that the flux

of H+ equivalents increases with increasing gradient of

buffer (BH) and not with increasing gradient of pH. To test

this, the diffusion coefficient was calculated from these data

according to Fick’s law:

J ¼ DdC=dX ð2Þ

where dC is the instantaneous difference in concentration

across the gel (driving force), X is the thickness of the gel,

and D is the diffusion coefficient [cm2 sec�1 ]. Assuming that

H+ is the diffusing species with a driving force set by an

electrochemical gradient for protons, the calculated D would

be 8.2±0.6�10�2 cm2 sec�1, or approximately 250 times

higher than the D of water (Table 3). Such a high value is

unlikely, even through a ‘‘proton wire’’ mechanism. Further-

more, the calculated D varied with increasing b, which is in

clear violation of Fick’s law. In contrast, if H+ is assumed to

be diffusing along with a small, ionizable buffer species with a

driving force set by the gradient of ionized and deionized

species, the calculated D is 0.63±0.07�10�5 cm2 sec�1.

This is consistent with a molecule having a molecular weight

of 500 to 600 [32]. Furthermore, this is constant for all b,

which is an expected result for Fickian diffusion.

Buffering Capacities of Tumor Fluid

To determine the buffering capacity of interstitial fluid

from tumors, approximately 100 �l of fluid was drawn from

individual tumors into gas-sealed syringes and titrated in

a closed system in the same manner as assay buffers

above (see Materials and Methods section). From these

titration curves, the buffering capacity of interstitial fluid

was measured to be 28 mM H+ (pH unit )�1 between pH

5 and 9. The averaged titration curve from five samples is

illustrated in Figure 6B. The buffering strength was

Figure 6. Titrations and model. ( A ) Representative titration curve for buffers

used in stirred bath experiments showing constant b over range 6 to 9. ( B )

Titration curve of tumor interstitial fluids to determine buffering capacity, �.

Curve represents average of five determinations, with 95% confidence belts

indicated with dotted line. Straight line represents regression of filled data

points to yield a � of 28 mM H + equivalents (pH unit )� 1. (C ) Predicted

spatially dependent interstitial pH values. These data were generated using a

reaction –diffusion model of Griffiths et al. [ 33 ] using values generated in the

current study: a diffusion coefficient D of 2�10� 6 cm2 sec� 1, a buffer

concentration of 28 mM [ i.e., � of 28 mM H + (pH unit� 1 ) ], an interstitial buffer

pK a of 6.7 ( approximating linearity between 6.3 and 7.3 ), and proton

production rates of 0.53 and 1.49 �mol min� 1 cm� 3 ( see Materials and

Methods section ).

Table 2. Buffer Capacities of Proton Production Rate Buffer, Diffusion Assay

Buffers, and Tumor Interstitial Fluid.

Sample description Buffer capacity,

b [mM H+ (pH unit)� 1]

Proton production rate assay

buffer (modified Hank’s buffer)

1.12

2.5 mM gel diffusion buffer:

2.5 mM PIPES, 2.5 mM bicine

1.89

5.0 mM gel diffusion buffer:

5 mM PIPES, 5 mM bicine

3.56

10.0 mM gel diffusion buffer:

10 mM PIPES, 10 mM bicine

6.39

Tumor ‘‘interstitial’’ fluid 28 ±4 (n=5)

All values are between pH 6.0 and 7.5.
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constant over this range, indicating a mix of high and low

pKa buffering species.

Modeling

The above data for interstitial buffer concentrations,

proton production rates, and diffusion coefficients were

used as a basis to calculate pHe using the reaction–

diffusion finite difference approximation [33] to determine if

these values were consistent with low tumor pHe observed

in vivo. Figure 6C shows the predicted pHe profile for both

MCF-7 and MDA-mb-435 cells as a function of distance

from a feeding capillary. As these simulations were only

carried out to 150 �m, only aerobic proton production values

were used. This simulation illustrates that the proton

production, diffusivity, and buffering capacities determined

in this study are consistent with both acidification of the

extracellular space and a difference in the steady-state pHe

between these two cell lines. Thus, a reasonable interpre-

tation of the data in the present study is sufficient to

generate a significant extracellular acidification and pHe

difference between MCF-7/s and MDA-mb-435 cells.

Discussion

The aim of this study was to investigate the mechanisms

underlying the acidic pHe of tumors. Prior work in our group

has established pH values for MCF-7/s and MDA-mb-435

tumors using 31P MR spectroscopy of the pHe marker,

3-aminopropylphosphonate (3-APP) [5]. Table 4 shows

the intracellular (pHi ) and interstitial (pHe) pH values for

MCF-7/s and MDA-mb-435 tumors grown in SCID mice.

Because the average pHe decreases with increasing size

[25], these data are shown for tumors of similar volumes.

Although the intracellular pH values are similar for both cell

types, the pHe is significantly lower for the MDA-mb-435

tumors, compared to MCF-7/s tumors. These observa-

tions are consistent with the predicted pH values shown in

Figure 6C. The measured pHe values are lower than those

predicted, yet this is expected because large volumes exist

beyond 150 �m from a feeding capillary, weighting the

observation towards the acid regions.

A plausible explanation is that the heterogeneous acidity

is due to heterogeneous perfusion and that regions that are

hypoxic are also acidic due to hypoxic induction of

glycolysis. However, this is not supported by the current

work. In the first part of this study, the metabolic profiles of

MCF-7/s and MDA-mb-435 cells were compared. These

results indicate that glycolysis in MCF-7/s cells is sensitive

to oxygen and hence produce more H+ under anaerobic

conditions. Conversely, MDA-mb-435 cells produce acid at

a rapid rate regardless of oxygen. Notably, tumors of MDA-

mb-435 cells are more acidic than those of MCF-7/s cells

(Table 4).

The presence and the absence of oxygen-sensitive

glycolysis in MCF-7/s and MDA-mb-435 cells, respec-

tively, were consistent among the proton production, lactate

production, and glucose consumption measurements. Con-

sidering that these data were obtained from completely

independent measurements, the agreement between the

scalar lactate and proton production rates is notable.

However, we consistently observed a discrepancy between

these numbers and the glucose consumption rates. It is

tempting to ascribe this difference to assay errors. However,

it is possible that these differences are real and reflect that

the glucose consumed is not primarily destined for glycolysis

by these cells. If it were, the ratio of lactate to glucose should

approach 2:1 under anaerobiosis [31]. However, the lactate /

glucose Vmax ratio ranged from 0.60 (anoxic MCF-7/s) to

1.23 (normoxic MDA-mb-435), suggesting that glucose is

being utilized by other processes. This is also consistent with

the observation that the apparent Km for glucose consump-

tion was much higher than that for lactate or protons

production. The mechanisms underlying this discrepancy

are unknown.

It is striking that the vast majority of human tumors exhibit

elevated rates of fluorodeoxyglucose (FdG) uptake, as

measured by positron emission tomography (PET) [35].

Elevated FdG uptake is a surrogate for high glycolysis, yet it

is not known whether this is due to constitutive upregulation

or is due to hypoxic induction. According to our observations,

elevated glycolysis and hyperacidity of MDA-mb-435

tumors are likely constitutive, and not just a result of

perfusion- limited hypoxia. Instead, it is due to an uncoupling

of glycolysis from respiration in these cells, first observed by

Warburg [36] in the early half of the last century [37].

Nonetheless, it should be mentioned that a number of

workers have shown that glycolysis-deficient tumors can be

acidic [38,39,40]. The pH values reported for these systems

were near 7.0, which is significantly higher than the pH

observed for the MDA-mb-435 tumors. Hence, we contend

that elevated glycolysis is required for tumors to achieve a

state of hyperacidity. Although they have been investigated

for many years, the mechanisms of the Pasteur and Warburg

Table 3. Diffusion Coefficients Calculated from Stirred Bath Experiments

Using the Concentration of H+ or, Alternatively, of BH as the Driving Force

Behind Diffusive Movement.

Experimental

[Buffer; mm]

Df{d[H+]/dx}

[�10� 5 cm2 sec� 1]

Df{d[BH]/dx}

[�10� 5 cm2 sec� 1]

2.5 (n=3) 8,200 ±600 0.63 ± 0.07

5 (n=3) 16,000 ± 2,000 0.60 ± 0.1

10 (n=3) 29,000 ± 4,000 0.58 ± 0.05

Table 4. Intracellular and Extracellular pH in Tumors of MCF-7/s and MDA-

mb-435 Cells Grown as Tumors in SCID Mice.

Cell type Tumor

volume [mm3]

pHi pHe n Reference

MDA-mb-435 324± 41 7.37 ±0.07 6.80 ±0.11 7 [26]

MCF-7/s 362± 100 7.32 ±0.09 7.1 ±0.13 5 [25]

Intracellular and extracellular pH were determined from 31P magnetic

resonance spectroscopy of the chemical shifts of endogenous inorganic

phosphate and exogenous 3-APP, respectively [5].
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effects are not understood. The Pasteur effect is an acute

phenomenon and likely involves a competition between

mitochondria and glycolysis for shared intermediates,

cellular redox, or an AMP-activated protein kinase cascade

[41,42,43]. More chronic exposure to hypoxia leads to

induction of hypoxia- inducible factor HIF-1a, which induces

expression of glycolytic enzymes [44,45]. Notably, HIF-1a
and its induced genes are constitutively upregulated and

insensitive to oxygen in MDA-mb-435 cells, compared to

MCF-7/s cells (Figure 3C ).

The conclusion that tumor acidity is not solely a function

of poor perfusion is also supported by the recent work of

Bhujwalla et al. [12 ]. This study investigated the relation-

ship between perfusion, using dynamic contrast -enhanced

MRI, and pHe, with MR spectroscopy in MCF-7/s and

MDA-mb-231 tumors. These data were spatially registered

from the same tumors and no correlations were observed

between pHe and vascular volume or vascular permeability.

Interestingly, the correlation appeared to be worse in the

MDA-mb-231 tumors, which are metabolically similar to the

MDA-mb-435 cells used here.

In the second part of this work, the existence of steady-

state pHe gradients was investigated by measuring proton

fluxes across protein /carbohydrate mixed gels. At a given

pH gradient, the proton flux increased with increasing

concentrations of ionized solutes, suggesting that these

species are responsible for carrying H+ across the gel.

Notably, the diffusion coefficient was a constant at 
6�10�6

cm2 sec�1 when calculated using the protonated buffer

gradient as the driving force. In contrast, the diffusion

coefficient varied from 0.08 to 0.2 cm2 sec�1 when

calculated using the free proton gradient as the driving force.

Because these values are unbelievably high and because

the diffusion coefficient should not vary with b, we conclude

that protons are not moving across the gel according to a

Grotthus mechanism but instead are attached to mobile

ionizable species. Furthermore, the movement of uncoupled

H+ would not be expected in the absence of an electrical

potential. This mechanism likely exists at the quantum level,

as shown by Agmon [30]. However, for such a mechanism to

be important on the millimeter scale would require the

presence of electrical potential differences. These can exist

at the cellular level, in developing eggs and embryos, and in

specialized organs, such as Torpedo electrical organ, along

axons, or in specialized organelles, such as thylakoids

[27,46,47]. All of these organs are highly organized and

polarized, and there is little datum to support that this level of

organization exists in tumors.

Alternatively, these data cannot rule out the diffusion

of free H+ limited by the codiffusion of inorganic anions

(e.g., Cl� ) or counterdiffusion of inorganic cations

(e.g., Na+ ). However, a gedanken experiment can rule out

this explanation. Inorganic ions are unlikely to provide

counterions in the steady state because protons are

continuously produced in the interstitium and move to the

blood, whereas no such source sink can exist for inorganic

ions. Hence, gradients for these ions would be self - limiting.

Thus, metabolically produced protons most likely move in

concert with metabolically produced buffers, The b of

interstitial fluid was determined to be 28 mM H+ (pH

unit )�1 and was constant between pH 5 and 9, indicating

the presence of sufficient buffering species such as

HCO3
� (pKa=6.24, ca. 20 mM), inorganic phosphate

(pKa=6.8, ca. 1.2 mM), and various a - and " -amino

groups of amino acids. This is a contrast to the theoretical

work of Junge and McLaughlin [27] who only considered

interstitial buffers that have pKa values less than physio-

logical pH. Previous work by us has shown that pH

gradients of ca. 0.5 pH unit can exist between volumes

that are ca. 0.5 cm apart [6] and that large interstitial

gradients for lactate can exist in tissues and model

systems [48]. These observations, combined with the

current modeling, indicate that pHe gradients in tumors are

consistent with theory. The pH gradients generated in our

model are based on conservative parameter estimations.

For example, a D of 6�10�6 cm2 sec�1 is likely an upper

limit as mobile buffers carrying H+ would tend to diffuse

around cells as they make their way to venules. This would

justify the introduction of a ‘‘tortuosity factor’’ that could

decrease the effective D by up to a factor of 3 [33].

Furthermore, the b measured for an interstitial fluid of

28 mM H+ (pH unit )�1 is also an upper limit because it

was unprocessed and hence contained large MW buffers

(e.g., proteins) as well.

In summary, the current work indicates that the acid

pHe of tumors is not solely due to poor perfusion but

instead is an integral property of the cancer cells

themselves. These metabolically produced H+ diffuse

through the interstitium in association with mobile ionizable

species, such as bicarbonate, phosphate, or amino acids.

The low diffusion coefficient and driving force for these

species is consistent with a low flux relative to proton

production rates, which demonstrates the feasibility of

steady-state pH gradients in tissues.
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