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ABSTRACT

Recently, it has been suggested that the cellular uptake
of chemotherapeutic drugs may be dependent on the pH
gradient between the intracellular (pH;) and extracellular
(pHo) compartments. It has been demonstrated in murine
tumor models that the extracellular environment is acidic,
relative to the intracellular environment, thus favoring pref-
erential accumulation of drugs that are weak acids into cells.
However, concomitant measurements of pHand pH, in
spontaneous tumors have not been reported, so it is not
certain how well the murine results translate to the clinical
scenario. In this study, both types of measurements were
performed in dogs with spontaneous malignant soft tissue
tumors. On average, pH, was more acidic than pH, with
maintenance of a more physiologically balanced intracellu-
lar tumor environment. However, the magnitude of the
gradient varied widely, and individual tumors had both
positive and negative pH gradients (pH — pH,). These data
suggest that the magnitude and direction of the pH gradient
may need to be measured for individual patient tumors
and/or that manipulation of pH . may be required if exploi-
tation of the pH gradient is to be achieved for tumor-
selective augmentation of intracellular drug delivery.

INTRODUCTION

It is well established that solid tumors tend to have a more

acidic microenvironment than normal tissues (1, 2). The in-

crease in hydrogen ion concentration is thought to be due to
combination of a more glycolytic phenotype, as well as reduce
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oxygen availability, leading to lactic acidosis from glycolysis
(3). A poor and chaotic tumor vascularization leads to the
inefficient washout of the acidic products and contributes fur-
ther to development of the chronically acidic extracellular en-
vironment. It has been further established that the excess hy-
drogen ion is excreted from the cell via hydrogen ion pumps,
such that the intracellular environment is maintained at a more
physiologically normal pH (4, 5). This process depends on the
buffering capacity of the cell and on membrane-based ion ex-
changers, the N@H™* antiport, and N&-dependent HCQ /

CI~ exchange mechanism (6, 7). Thus, the extracellular envi-
ronment tends to be more acidic than the intracellular
environment, leading to a pH gradient (gk}) across the cell
membrane.

The magnitude and the direction of pi;across the tumor
cell membrane may be important for certain kinds of therapy.
For example, it has been speculated that,piimay affect
intracellular accumulation of weakly acidic or basic drugs,
thereby affecting the efficacy of such agents (2, 4, 5). A low pH
enhances the uptake of weakly acidic drugs (8—10) and topoi-
somerase | inhibitors (11). It increases the activation of biore-
ductive agents (12, 13) and potentiates the interaction of al-
kylating agents and platinum-containing drugs with DNA (14,
15). However, a low pHreduces the uptake of mitoxantrone
(16, 17) and the cytotoxicity of weakly basic drugs, such as
doxorubicin (15). It has also been shown that the probability of
thermoradiotherapy response of human tumors is higher when
pH, is relatively acidic (18), as well as when pid more basic
(19). All of these results suggest that the magnitude and direc-
tion of the pH gradient may be important factors that can
determine and predict treatment response. Although pH gradi-
ents have been measured in murine tumors, there has not been
any systematic attempt to measure them in spontaneous tumors
in either humans or dogs. This report presents such data on a
series of 31 tumor-bearing canine patients.

MATERIALS AND METHODS

Patient Characteristics. Thirty-one privately owned
dogs with spontaneous malignant soft tissue tumors were the
subjects for this study (Table 1). None of the tumors had been
reated previously. Tumor volumes were calculated from dimen-
sions obtained from Jweighted MR images. The animals
were cancer patients at the College of Veterinary Medicine at
North Carolina State University. The dogs were brought to Duke
University from North Carolina on the day of study and returned
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Table 1 Patient characteristics (tumor-bearing dogs)

Tumor No. of
Age volume  positions pH, pH. PHy aq c/cH c/ct
Dog ID*  Histology Gradé (yr) (cm®) measured mean (cSE) mean (<SE) (gradient) pK, =6.0 pK,= 8.0

BP FSA Low 4.9 1067.5 16/8 6.94-0.03) 6.71(-0.07) -0.23 0.63 0.97
GC SA High 10.0 346.2 12/8 7.17:0.04)  6.99 (-0.03) -0.18 0.68 0.96
SBe LPS Low 11.0 761.4 8/3 7.330.04) 7.15¢0.02) -0.18 0.68 0.94
BN MCT High 7.0 160.9 712 7.35%0.01) 7.24 (0.02) -0.11 0.79 0.96
JY FSA Low 125 20.2 8/1 7.2240.02) 7.11 -0.11 0.80 0.97
BC HPC — 10.2 3.8 71 7.3610.09) 7.27 —0.09 0.82 0.96
SS SA High 8.9 182.7 11/8 7.180.04)  7.30 (-0.08) 0.12 1.29 1.04
MC HPC High 10.9 7.2 12/4 7.2140.02) 7.36 (0.02) 0.16 1.41 1.06
NF HPC Low 42 2106 16/9 7.06:0.05) 7.24 (:0.10) 0.18 1.48 1.05
TH FSA Low 9.0 536.8 12/4 7.2540.02) 7.43(0.04) 0.18 1.48 1.08
Jw FSA Low 15 49.5 12/4 7.1340.04)  7.33(-0.04) 0.20 1.54 1.07
RC MM — 10.0 40.4 4/5 6.83%0.02) 7.08 (0.06) 0.25 1.68 1.05
PR SA High 12.8 48 6/2 6.9240.02)  7.19 ¢0.03) 0.27 1.77 1.07
TS HPC Low 13.6 81.9 5/4 6.95:0.06) 7.24 (-0.05) 0.29 1.85 1.08
CT HPC Low 9.9 343.6 15/8 6.95:0.02) 7.29 (-0.09) 0.34 2.06 1.10
WR HPC Low 15.5 88.2 12/2 6.86-:0.02) 7.220.12) 0.36 2.13 1.09
LW FSA Int./High 50 2266.3 12/2 6.970.08) 7.37 (0.04) 0.40 2.38 1.13
BH HPC Low 11.8 567.4 4/2 7.1040.03) 7.54 ¢0.12) 0.44 2.63 1.20
NE ADC — 13.0 4419 12/4 6.9740.04)  7.41 (:0.04) 0.44 2.61 1.15
BV SA High 12.0 202.5 12/2 6.6840.06) 7.24(0.12) 0.56 3.18 1.12
BT LPS Int. 10.0 618 8/2 6.8310.06) 7.49 (-0.11) 0.66 4.15 1.23
GM NFS Low 11.2 2165 8/2 6.9240.01)  7.66 (-0.00) 0.74 5.00 1.34
SBa FSA Low/int. 5.0 85.3 12/2 6.480.01) 7.50 (-0.16) 1.02 8.17 1.28
GS HPC — 8.0 125.6 14/1 7.060.04) 7.37 0.37 2.22 1.12
KW MYX Low 10.0 15.7 13/1 7.32£0.02) 7.23 —-0.09 0.82 0.97
PF FSA — 10.0 45.3 11/8 6.85:0.01) 7.16 ¢0.11) 0.31 1.91 1.07
PC FSA — 12.0 28.8 12/2 7.1220.02)  7.50 ¢0.05) 0.38 2.30 1.16
RH FSA — 5.0 120 13/1 6.8940.03) 7.2 0.31 1.92 1.08
SB HPC — 14.0 66.4 8/3 7.2310.05) 7.6 0.37 2.27 1.20
FM HPC — 13.0 1225 15/3 6.9310.03)  7.49 (-0.15) 0.56 3.35 1.21
LR MYX — 8.0 84.5 20/8 6.85£0.06) 7.06 (-0.08) 0.21 1.54 1.04

21D, identification code; HPC, hemangiopericytoma; MCT, mast cell tumor; FSA, fibrosarcoma; LPS, liposarcoma; SA, undifferentiated
sarcoma; NFS, neurofibrosarcoma; ADC, adenocarcinoma; MM, malignant melanoma; Int., intermediate.

b__ grade not available.

¢ pH./pH;.

dCJ/C, = (1 + 10PH~PRay(1 + 1QPHePKa),

by the Animal Care and Use Committees of both institutions,trode, Inc., Londonderry, NH; Agulian, Hamden, CT), following
and owner consent was obtained for all studies on canine papreviously published protocols (20). Prior to each study, the
tients. electrodes were calibrated using buffered solutions of pH 6.0,
Anesthesia. The dogs were anesthetized with diazepam7.0, 7.4, and 8.0. All tumor measurements were corrected using
(0.2 mg/kg, i.v.) and sodium thiopental (12 mg/kg, i.v.). They a calibration curve generated at each study. The calibration was
were intubated, and anesthesia was maintained with inhalatiorepeated after the study to verify the performance of the pH
of isoflurane (1.5%) in 100% oxygen. Heart rate, indirect blood microelectrode.
pressure, and respiratory rate were monitored every 5 min.  The tumor was aseptically prepared. The needle electrode
Throughout the anesthetic procedure, body temperature wasas inserted into the tumor, and pkvas measured at 0.5—
monitored using rectal temperature measurements. To reduck0-cm intervals as the needle was advanced. Information from
heat loss during the study, animals were kept warm by heatinghe MR images was used to assist in localization of measure-
blankets. No significant body temperature loss was observednent sites. Several locations were measured in each tumor site
during the procedure. Lactated Ringer’s solution (10 ml/kg/h,and were averaged to obtain mean and SE values for each
i.v.) was given for maintenance fluid administration. Prior to individual.
entering the MR suite, the tumor was clipped of any surface pH; Measurements. In tumor-bearing animals, ;TMRI
hair. and *'P-MRS scans were done to determine tumor location,
Sequence of pH and pH., Measurements. MRI and  volume, and pH After obtaining T, and T, weighted MR
MRS studies were performed first, as described below. The MRimaging studies at 1.5 Tesla (Signa Spectrometer, General Elec-
scan data were used to assist in placement of pH electrodes inic Medical Systems, Milwaukee, WI), the tumor region was
tumor and to direct location of probes away from necrotic areasidentified and local magnetic field homogeneity was adjusted
pH. Measurements. Extracellular pH was determined using the AUTOSHIM capability of the Signa system using DC
using combination interstitial needle electrodes (Microelec-offsets applied to thg, y,andz gradients3'P spectroscopy was
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carried out using a 6-cm home-built surface coil of distributed 7.8
capacitance design. Spatial localization of the spectral informa- .
tion was accomplished with image-correlated chemical shift 7.6, e
imaging (21) and with repetition time= 1500 ms and total 1" e gL
acquisition time= 13-25 min. The data matrix was 512 com- 7‘} @?
plex points in the chemical shift dimension and 8*8*8 in the — 7.9 Wif+ ~
three spatial dimensions with a FOV of 24 cm, yielding nominal o ] o
27-ml volume elements. 2 4] ey
The spectroscopic data were transferred to an off-line sys-
tem (SUN Microsystems, Milpitas, CA) operating the SAGE/ 6.8
IDL software (General Electric Medical Systems, Milwaukee, ] ’}‘
WI) for reconstruction and extraction of spectroscopic parame- 6&
ters in each volume element (voxel). The data were processed by 3y S —
appllc_atlon of adec_aylng exponential filter in the_ chemical shlft 6.4 6.6 6.8 7 7.2 7.4 7.6 1.8
domain, zero padding to 1024 complex points in the chemical
shift domain, and Fourier reconstruction. Frequency independ- pHe

ent and linear phase corrections were applied automatically tgig 1 Relationship of pHmeasured witd*P-MRS, and pdmeasured
obtain the real (absorption) component of the spectrum. Basewith interstitial electrodes for tumor tissue in 31 tumor-bearing dogs. Al

line correction was accomplished using a sinc deconvolution to/alues are means SE.
account for the time delay for magnetic field gradient encoding.
Parameterization was automated, by best fit of lorentzian or
lorentzian/gaussian lines (phosphomonoester, inorganic phos-
phate, phosphodiester, phosphocreatigblTP, «NTP, and  of histologies (undifferentiated sarcoma, fibrosarcoma, heman-
BNTP) to the extracted real frequency spectrum using a Margiopericytoma, liposarcoma, neurofibrosarcoma, and myxosar-
quardt algorithm in the SAGE/IDL software. Tissue pH was coma). One dog had an adenocarcinoma, one had a mast cell
determined by the frequency difference between the inorgani¢cumor, and one had a malignant melanoma. The tumor volumes
phosphate and phosphocreatine resonanceswpsicalculated  were relatively large, ranging in size from 7 to over 2000°cm
for each tumor containing voxel and averaged for each dog. Th®ased on the Tand T, weighted MR images, voxels containing
results are reported as averages and SE. These methods hduenor volume, with little or no contaminating normal tissue,
been described previously (19). were identified and analyzed. The mean number of voxels
pH gradient and Calculation of Drug Concentration measured for pHper tumor was 3.9 (SD, 2.6). The mean
Ratios. The pH gradient (intracellulaversusextracellular)  number of sites measured for ppler tumor was 10.8 (SD, 3.8).
was calculated for each tissue examined using the following Means of tumor pHand pH were 7.29 (SD, 0.19) and 7.03
equation. (SD, 0.21), respectively. There was no relationship between
either tumor grade or tumor volume and phbH,, or pHy,..q
PHyraa = PH; — pH. (A) (Table 1). The means of pHpH,, and pH, .4 for high/interme-

pH, and pH. were the means of all measurements made in eacljiatéversusow grade tumors were 7.03 (SD, 0.22), 7.27 (0.24),
individual. 0.24 (0.36) and 7.01 (0.22), 7.28 (0.14), and 0.27 (0.29), respec-

The effect of pH.q on intracellular/extracellular concen- 1VelY- o
tration ratios for drugs with I§, values of 6.0 and 8.0 were There was no relationship between;pitd pH measured

calculated according to the equation developed by Gerweck anfl individual tumors (Fig. 1). For the majority of tumors (except
Seetharaman (4). two), however, pHwas maintained at pH 7 or greater, and

PHyag Was = 0. There were some exceptions, however, in
C/C, = (1 + 10PHPKay/(1 + 1QPHePKa) (B) which the gradient was negative. There was considerable vari-

. ) ) ation in the magnitude and direction of gk, between tumors
C; and G are equal to the concentrations of drug in the intra- (Table 1).

cellular and extracellular compartments, respectively. The pre-  pagicted Drug Concentration Ratios. The relative

dicted G/C, ratio for the weakly acidic drug chlorambucil was - 5y, nqance of positive pfqin this series of tumors leads to the
calculated based on prand pH measurements from this study eqiction that there will be greater concentrations of drugs with
and (X, = 5.8 (Fig. 2). Similar predictions were calculated for o,y 1k (weak acids) intracellularly than extracellularly, with
the topoisomerase | targeting agents CPT and TPT, assuming@c._ ratios as high as 8 (Table 1). On the other hand, the pH

PKq of 6.0. The predicted relative increase in the intracellular g dients do not favor preferential accumulation of drugs with a

!evels of CPT and TPT was compared_to the relat_ivg inqrease ana that is relatively alkaline.
intracellular levels obtained from previously publishiadvitro

) ) One way to improve the intracellular concentration of
studies (Ref. 11; Fig. 3).

weakly acidic drugs in tumors would be to transiently drop.pH
The induction of hyperglycemia has been shown to reduce
RESULTS human tumor pHby 0.1-0.2 pH units (22). In animal studies
Thirty-one tumor-bearing dogs were evaluated in thisusingmetaiodobenzylguanidine in combination with moderate
study. Twenty-eight dogs had soft tissue sarcomas of a varietiyperglycemia tumor pgiwas reduced by 0.7 units (23, 24). If
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Fig. 2 Mean (SE) calculated tumor intracellular drug concentration Fig. 3 Predicted relative increase in intracellular uptake of CPT and
ratios for chlorambucil (i, is assumed to be 6:8 5.8) consideringthe  TPT in comparison to observexl vitro increase in intracellular level of
potential benefits of transient pHcidification. The baseline data are the same drugs (data from Ref. 11). CPT and TR, palues are
indicated by a plddecrement of 0. The fraction of cases in each scenarioassumed to be 6.0.

with drug concentration ratios less than 1 is indicatedereach mean.

] o tumor population led to a wide range of expected drug concen-
one recalculates (., ratios for the weakly acidic drug chloram-  ration ratios, from values less than 1 to greater than 8 for a drug
bucil, assuming a preferential drop of 0.1-0.4 pH units in tumor,yith a K., of 6.0.

this increases the predicted mean concentration ratio quite fa-  Based on pH measurements in this study, we have pre-
vorably and decreases the fraction of tumors with nonpreferengicted an increase in CPT and TPT intracellular uptake in
tial weakly acidic drug uptake into tumor cells (Fig. 2). At the spontaneous canine tumors and compared them to intracellular
assumed pH decrement of 0.6 units, predicted CPT and TPYryg uptake observed in the experimeiitsvitro (11). At
uptake from our model appear to coincide with the observedsmayier pH decrements, our predicted drug uptake is not dif-
intracellular drug uptake in the previously publishiedvitro  ferent from the uptake in thia vitro studies (Fig. 3). However,
studies (11). However, at a larger pidecrement, our model gt jarger pH decrements, our model predicts higher drug up-

predicts higher drug uptake (Fig. 3). take. We hypothesized that observed differences betvireen
vitro andin vivo studies are due to differences in the time of
DISCUSSION acidification. Previously publisheih vitro studies have used

In this paper, we have characterized intracellular to extra-acute acidification. In the clinical scenario, however, pil
cellular pH gradients in spontaneous canine tumors. In mosthronically low, and pHis maintained nearer a physiological
cases, the extracellular environment was more acidic (positivéevel, as shown in the present study (Table 1). Acute acidifica-
gradient). This condition would tend to favor uptake of weakly tion studies could therefore underestimate effect of pH gradient
acidic drugs into tumor cells as predicted by our calculationson drug uptake in the clinical setting of a chronically acidic
(Table 1, Fig. 2). This has been demonstrated for chlorambucilfumor environment.

a weak acid with alg, value of 5.8 (22, 25). Furthermore, the Some additional advantage in drug uptake could be gained
uptake of 5-fluorouracil is also enhanced at lowgénditions  if strategies could be implemented that would acutely and pref-
(23). However, cytotoxicity of doxorubicin, a weak base, anderentially acidify the extracellular space in tumors. A sample

uptake of mitoxantrone are reportedly reduced at a low ({15, calculation suggested that a 0.2 pithit drop in tumors would

16, 17). create favorable drug concentration ratios in the majority of

It has been demonstrated previously that pH gradients existases. Acute acidification of human and murine tumors has been
in rodent tumors, and it has been suggested that this physiologaccomplished by induction of hyperglycemia alone or in com-
ical characteristic of tumors could be used to therapeutic advankination with the mitochondrial inhibitometaiodobenzylgua-
tage (4). Furthermore, the magnitude and direction of pH grahidine, and the degree of acidification has been near 0.2 pH
dients could represent a source for chemotherapeutic treatmentits (22, 25). In humans, this effect does not occur in nhormal
resistance, depending on th& pof the drug being used (5). s.c. tissue (22). However, the effects of hyperglycemia op pH
Clinical utilization of this information will depend on how of other normal tissues have not been reported. Additional
reproducible the pH gradient is in individual tumors. strategies to lower pHsuch as use of respiratory inhibitors (23)

The majority of these tumors had relatively acidic extra- and/or tumor blood flow reduction, could prove useful to further
cellular pH, but there were exceptions. In addition, the magni-enhance the pfl,4in tumors.
tude of the gradient varied widely. These two features of the The pH data from this paper compare favorably to the
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average pHfor human soft tissue sarcomas reported from our9. Skarsgard, L. D., Chaplin, D. J., Wilson, D. J., Skwarchuk, M. W.,
institution (7.24 = 0.15; Ref. 19), the mean pHor human Vinczan, A., and Kristl, J. The effect of hypoxia and low pH on the
sarcomas reported by Vaupet al. (Ref. 1; pH = 7.19; range cytotoxicity of chlorambucil. Int. J. Radiat. Oncol. Biol. Phy22:
6.9-7.35), the mean pHor human soft tissue sarcomas re- 737_41’_1992' ) )
ported by Engiret al. (Ref. 26; pH, = 7.01 = 0.21), and mean 10. Parkins, C. S., Chadwick, J. A., and Chaplin, D. J. Enhancement of
pH, for human sarcc.)maslrep’orted byél (F\’_ef '1, p’H — 6.69: chlorambucil cytotoxicity by combination with flavone acetic acid in a

e . P = 0. )

> imilarity i d b he h murine tumour. Anticancer Resl4: 1603-1608, 1994.
range, 6.2-6.9). Similarity in prand pH, between the human 11. Gabr, A., Kuin, A., Aalders, M., EI-Gawly, H., and Smets, L. A.

_and canine tUT“?fS suggests tha.t this tumor type has physiologsejyjar pharmacokinetics and cytotoxicity of camptothecin and topo-
ical characteristics that are similar to the human counterpartiecan at normal and acidic pH. Cancer R&3;, 48114816, 1997.

Further attesting to this conjecture is our prior report demon-12. Gibson, N. W., Siegel, D., and Ross, D. Mitomycin C. Cancer

strating a relationship between pHnd treatment outcome in Chemother. Biol. Response Modif.3: 5968, 1992.

both human and canine soft tissue sarcomas treated with hypets. Begleiter, A., and Leith, M. K. Role of NAD(P)H:(quinone accep-

thermia and radiation therapy (19). Thus, one might expect thator) oxidoreductase (DT-diaphorase) in activation of mitomycin C under

the range of plj.4described in this paper would be represent- acidic conditions. Mol. Pharmacok4: 210-215, 1993.

ative of the range seen in human sarcomas. 14. Jahde, E., Glusenkamp, K. H., Klunder, I., Hulser, D. F., Tietze,
Most of the dogs in this study are part of thermoradio- L. F., and Rajewsky, M. F. Hydrogen ion-mediated enhancement of

. . : . _ . icytotoxicity of bis-chloroethylating drugs in rat mammary carcinoma
therapy trials, in which local control and disease-free survwalCeIIS in vitro. Cancer Res49: 296572, 1989.

fare th.e primary end points. In fun.”e analyses’ we intend t015. Atema, A., Buurman, K. J., Noteboom, E., and Smets, L. A).
investigate whether there are relationships betweeg pH,, Potentiation of DNA-adduct formation and cytotoxicity of platinum-
and/or pH,,qand treatment outcome. containing drugs by low pH. Int. J. Cancé&®: 166172, 1993.
Cautionary notes arise from this study as well. The lack of g, Jahde, E., Glusenkamp, K. H., and Rajewsky, M. F. Protection of
direct correlation between pHand pH suggests that one cannot cuitured malignant cells from mitoxantrone cytotoxicity by low extra-
predict the value of ppbased on measurement of pidone. Thus,  cellular pH: a possible mechanism for chemoresistanogvo. Eur J.
the estimation of drug concentration ratios for any tumor will be Cancer26: 101-106, 1990.
dependent on direct measurement of both pH parameters. Cautidii- Vukovic, V., and Tannock, I. F. Influence of low pH on cytotoxicity
should also be used in extrapolation of these data to tumors othéf Paclitaxel, mitoxantrone and topotecan. Br. J. Canér, 1167
than sarcomas. For example, Engtral. (26) reported variation in 1172, 1997.
pH, values between tumors of different histological types. Addi- 18- Engin, K., Leeper, D. B., Thistlethwaite, A. J., Tupchong, L., and

. . . . o cFarlane, J. D. Tumor extracellular pH as a prognostic factor in
tional studies are needed to verify the magnitude and direction Omermoradiotherapy. Int. J. Radiat. Oncol. Biol. Phy29; 125-132,

pH gradients in other histological types. 1994,
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