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Introduction

Interest in tumour pH stems from the early part of
this century, when the pioneering work of Otto
Warburg first suggested that aerobic glycolysis was
a characteristic property of malignant cells {134].
Warburg hypothesized that the respiration of tu-
mour cells was “damaged” such that they prefer-
entially metabolized via anaerobic pathways, pro-
ducing large quantities of lactic acid. This in its turn
would render malignant tissue more acidic, which
led to the early attempts to measure tissue pH in va-
rious extracts and homogenates. These primitive
determinations are discussed by Voegtlin et al.
[125].

Over the years, and using more refined appara-
tus, it has now been established beyond doubt that
at least some tumours have a more acid interstitial
pH than normal tissues. This would appear to be
primarily due to the poorly organized vasculature
of tumours, which gives rise to sluggish flow and
generally poor tissue oxygenation {102,120]. This
situation necessitates anaerobic glycolysis produc-
ing lactic acid which is inefficiently removed. Cor-
relation  between lactic acid content and
interstitial pH has been demonstrated in tumours
[2,91].
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Much work has been performed on the effect of
low pH upon cells in tissue culture and a myriad of
effects has been found. Low environmental pH has
been shown to inhibit cell proliferation, survival
and activity [7,26,112]. Both DNA synthesis and
glycolysis are inhibited [18,23,96], although the for-
mer may be a result of the latter. Effects have also
been demonstrated on the distribution of cells in
the cell cycle, a shift being seen to G1 {71].

In experimental animal system pH has been im-
plicated as the primary factor in loss of transplant-
ability of tumour cells following incubation with
glucose [97]. Low pH has even been implicated in
the induction of metastases [115].

Some of these effects may be occurring as a result
of changes in the intracellular pH, although the
relationship between pHi and pHe is complex and
not easily predictable [2,55]. Effects on the cell
membrane might, however, also be responsible.
Low pH has been shown, under certain conditions,
to cause a stiffening of the erythrocyte membrane
[99], an effect which may contribute to tumour hy-
poxia, as stiffening of the red blood cell has been
shown to reduce oxygen transport to the tissues
[140].

Although some interest in systemic pH and its
effects upon tumour growth remains, with some rel-
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atively recent work suggesting that metabolic aci-
dosis inhibits tumour growth in experimental tu-
mours [4,49] the emphasis has presently shifted to
interest in local tumour pH. Some of the above
mentioned pH-induced cellular effects may modify
or enhance the tumour reaction to some therapeutic
modalities. It is the purpose of this paper to review
the literature in this field, especially with a view to
the relevance of these findings to the clinical situa-
tion.

What is the pH of normal and malignant tissues?

The pH of tissues can be measured by a variety of
techniques, which have recently been reviewed by
Dickson and Calderwood [24]. The most popular
technique is the use of pH electrodes which range
from micro electrodes with tip diameters in the or-
der of 1 um to the much larger “mini” electrodes
with tip diameters of up to 5 mm. What is actually
measured by such electrodes is generally accepted
to be largely dependent upon the pH of the inter-
stitial fluid of the tissue, with an unknown com-
ponent from damaged cells and blood released from
ruptured capillaries. A different method of pH mea-
surement was developed by Gullino et al. [47], who
incorporated micropore chambers into the tissues
of rats in order to collect the interstitial fluid, the
pH of which was determined in vitro. This tech-
nique eliminates the tissue injury effects but results
in an integrated measurement over a long period of
time, and from a relatively large tumour volume. A
recent development is the use of 31P-NMR spectro-
scopy to determine the “apparent pH” of, e.g., tu-
mour tissue [78]. This method has the important
advantage that it is non-invasive and therefore does
not affect the cellular environment.

Normal tissue pH

A summary of normal tissue pH determinations is
presented in Table I. The range of values for sub-
cutis (7.00-8.03) and muscle (7.10-8.06) fall into
approximately the same range, although the mean
subcutis value for man (7.52) is 0.1-0.2 pH units

higher than the mean muscle pH values in rats
(7.43) and dogs (7.32). This may be at least partly
due to a temperature effect [50]). Experimental ani-
mals, however, have skin covered with fur, which
would tend to insulate against large temperature
gradients. In addition to this, experimental animals
are usually under general anaesthesia. This tends to
cause metabolic acidosis, especially over long peri-
ods of time [16]. The determinations in humans
were performed either without anaesthetic or with
local anaesthesia only.

The electrode tip size used to obtain the data in
Table I varied from 40 pm to very large — but there
is no apparent correlation between this and the re-
sults obtained.

Tumour pH

The pH of malignant tissue is a subject of great
interest to the oncologist and a large number of
determinations have been performed, mainly in ro-
dents, in a large variety of tumour sorts. These are
listed in Table II. Not surprisingly the range is very
wide, in rodents 5.80-7.52, which closely approxi-
mates the range measured in human tumours,
5.85-7.68. The measurements of Meyer et al. [72]
are not regarded as being relevant as they were de-
termined in excised tissues.

The range of values found is determined by a
combination of the following factors:

(i) inter tumour variation — tumour size, ulcer-
ation, degree of necrosis, growth rate;

(i) intra tumour variation - heterogeneity of tis-
sue, proximity to blood vessels;

(iii) possible variations between tumour sorts
(pathology).

Inter tumour variation

As a tumour increases in size its vasculature be-
comes increasingly disorganized and less efficient
[102]. This tends to render the tumour more acid.
Indeed a relationship between tumour size and pH
has been demonstrated experimentally. Jihde et al.
[59] found a mean pH of 7.0 in mouse TVI1A tu-
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Investigators Approx. Species Tissue® pH¢ n Range

electrode (mean)

size
Ashby (1966) 5 mm Human s/m 7.43 6 7.30-7.54
v. d. Berg et al. (1982) 2 mm Human s 7.63 26 7.36-8.03
Harrison and Walker (1979) 40 ym Human s 7.54 40 0.09 SD
Naeslund and Swenson (1953) 3 mm Human s 7.65 5 7.30-8.00
Stamm et al. (1976) 2-3 mm Human ] 7.42 10 0.05 SD
Vidyasagar et al. (1979) 2 mm Human s 7.33 11 0.033 SD
Couch et al. 1971) large Human m 7.38 8 7.30-7.48
O’Donnell et al. (1975) ? Human m 7.37 7 7.32-7.47
Bhat et al. (1980) 2 mm Dog m 7.32 4 0.02 SD
Filler et al. (1971) 7 mm Dog m 7.28 21 0.12 SD
Jennische et al. (1978) 2 mm Dog m 7.37 16 0.04 SD
Lemieux et al. (1969) large Dog m 7.38 6 7.31-7.45
Steinhagen et al. (1976) 100-300 pm Dog m 7.27 19 0.1743 SD
Wolpert et al. (1970) ? Dog m (7.15) 10 7.1-7.2
Gullino et al. (1965) - Rat $ 7.37 ? 0.007 SD
Tagashira et al. (1953) “micro” Rat s an ? 7.0-7.2
v. d. Berg et al. (1982) 2 mm Rat m 7.59 13 7.20-8.06
Dickson and Calderwood (1983) 1 mm Rat m 7.21 20 0.158D
Eden et al. (1955) 1 mm Rat m 7.40 29 0.12 SD
Gebert and Friedman (1973) 100-300 pm Rat m (7.33) 10 7.25-7.40
Voegtlin et al. (1934) 1 mm Rat m 7.55 33 7.50-7.60
Dickson and Calderwood (1983) 1 mm Rat 1 7.32 38 0.11 SD
Eden et al. (1955) [ mm Rat 1 7.40 12 -
Kahler and Robertson (1943) I mm Rat I° 7.39 12 7.18-7.51
Kabhler and Robertson (1943) 1 mm Rat I° 7.30 9 -
Tagashira (1953) “micro” Rat 1 7.0) ? 6.95-7.05
Tagashira (1953) “micro” Mouse s 7.1 ? 7.0-7.2
Song et al. (1982) 50-80 um Mouse m 7.45 ? -
Dunn et al. (1978) 2 mm Rabbit $ 7.37 6 0.045 SD
Kost (1978) ? Rabbit m 7.39 20 0.034 SD

s, subcutis; m, muscle or muscle surface; 1, liver.
Liver of healthy rats.
Liver of tumour-bearing rats.

Numbers in parentheses are the midrange where the mean pH was not given and could not be calculated from the data reported.

¢ Data presented at the 2nd annual meeting of the North American Hyperthermia Group, Utah, April 1982.

mours of 1-2.5 g and 6.9 in tumours of 4-6 g. Busse
et al. [17] working with DS sarcoma in rats found
that, as tumours increased in size from 2.1 to 10.5
g, the pH fell from 6.7 to 6.5. However, when tu-
mours were very necrotic the pH increased with in-
creasing size - rising from 7.2 to 7.4 as tumours
increased from 1.7 to 25.7 g. Vaupel et al. [120] have
also found alkaline values in very necrotic tumours,

and more acid values (0.6-0.8 pH units lower) in
large ulcerating tumours. In contrast Gullino et al.
[47] found no differences between small (3 g) and
large (10-20 g) tumours, but “‘very large” (30-40 g)
tumours had a higher interstitial pCO, and thus
were presumably more acid. These investigators al-
so found that faster growing tumours were more
acid. Using 3'P-NMR spectroscopy Evanochko et
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TABLE II
Tumour pH.
Investigators Approx. Species Tumour pH® n Range
electrode (mean)
size
Ashby
(1966) 5 mm Human Malignant melanoma (mostly) 6.81 9 6.63-7.00
v. d. Berg et al.
(1982) 2 mm Human Mammary carcinoma 7.29 22 6.83-7.64
Meyer et al.
(1948) ? Human Various surgical specimens - 98 5.44-7.96
Naeslund and Swenson
(1953) 3 mm Human Gynaecological tumours 6.94 5 6.40-7.20
Pampus
(1963) ? Human Glioblastoma 6.88 22 6.45-7.35
(1963) Human Astrocytoma 6.93 13 5.85-7.10
(1963) Human Other brain tumours 6.78 8 6.15-7.25
Wike-Hooley et al.
(unpubl. data) 2 mm Human Mammary carcinoma® 7.22 43 6.48-7.58
(unpubl. data) Human Other tumours 7.17 32 5.85-7.68
v. Ardenne and Reitnauer
(1979a) 1-10 pm Rat Carcinosarcoma 7.15 20 6.80-7.52
v. d. Berg et al.
(1982) 2 mm Rat Rhabdomyosarcoma 7.15 24 6.91-7.45
(1982) Rat Other tumours 7.07 6 7.01-7.16
Dickson and Calderwood
(1983) 1 mm Rat Yoshida sarcoma 7.19 20 0.13 SD
(1983) Rat MC7 sarcoma 7.17 22 0.08 SD
(1983) Rat D23 carcinoma 7.13 10 0.04 SD
(1983) Rabbit VX2 carcinoma 6.99 6 0.15SD
Eden et al.
(1955) 1 mm Rat Novikoff hepatoma 6.96 39 0.17 SD
(1955) Rat 3741 sarcoma 6.95 28 0.25SD
(1955) Rat 3741 sarcoma 7.13 6 0.16 SD
(1955) Rat 3741 sarcoma 7.09 6 0.07 SD
(1955) Rat Lymphosarcoma 7.00 97 0.19 SD
(1955) Rat E2730 sarcoma 7.04 17 0.11 SD
(1955) Rat Carcinoma 2226 7.00 32 0.11 SD
(1955) Rat Sarcoma 1643 7.01 55 0.16 SD
(1953) Rat Fibrosarcoma ACMCA2 6.83 27 0.24 SD
(1955) Rat Hepatoma 3924A 7.06 43 0.22 SD
Gullino et al.
(1965) - Rat Walker carcinoma 2561 7.00 17 0.141 SD
(1965) Rat Fibrosarcoma 4956 7.09 7 0.123 SD
(1965) Rat Hepatoma 5123 7.19 8 0.078 SD
(1965) Rat Hepatoma 3683 7.01 7 0.14 SD
(1965) Rat Novikoff hepatoma 6.95 7 0.17 SD
Jihde et al.
(1982) 10 ym Rat TVIA 1-25¢g 7.0 500 6.8-7.1
(1982) Rat 46¢g 6.9 1000 6.7-7.1
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Tumour pH.
Investigators Approx. Species Tumour pH® n Range
electrode (mean)
size
Kahler and Robertson
(1943) 1 mm Rat Hepatoma 31 6.99 10 6.81-7.10
(1943) Rat Primary hepatoma 7.02 6 6.72-7.22
(1943) Mouse Hepatoma 6.74 5 6.54-6.93
Miilier-Klieser et al.
(1981) [-5 um Rat DS carcinosarcoma 6.59 480 6.0-7.3
Tagashira et al.
(1954) “micro” Rat Fibrosarcoma (6.88) ? 6.75-7.00
(1954) Rat Reticulosarcoma (6.63) ? 6.55-6.70
(1954) Rat Yoshida sarcoma (6.80) ? 6.65-6.95
(1953) Rat OAT hepatoma 6.95 ? -
(1954) Rat Ascites hepatoma 6.70 ? -
(1954) Mouse Adenocarcinoma 6.25 ? -
(1954) Mouse Ehrlich ascites carcinoma (6.60) ? 6.55-6.65
Voegtlin et al.
(1935) 1 mm Rat Jensen sarcoma 7.11 9 6.92-7.30
(1935) Rat Flexner Jobling sarcoma 7.13 5 7.01-7.22
(1935) Mouse Mammary carcinoma 6.86 2 6.82-6.90
Evanochko et al.
(1983) Mouse 16/C mammary adenocarcinoma 1.1-2g  (7.1) 4 6.8-7.4
Song et al.¢
(1982) 50-80 um  Mouse SCK mammary carcinoma 6.95 900 6.6-7.3
Vaupel et al.
(1981) 1 um Mouse CH3 mammary adenocarcinoma 6.73 1453 5.8-7.2

® This is a separate group of patients from those reported by v. d. Berg et al.
® Numbers in parentheses are the mid-range where the mean pH was not given and could not be calculated from the data reported.
¢ Data presented at the 2nd Annual Meeting of the North American Hyperthermia Group, Utah, April 1982.

al. [29] observed a pH drop from 7.4 to 6.8, in a
subcutaneously implanted mouse mammary aden-
ocarcinoma, as the size increased from 2 to 5 g.

Intra tumour variation

Many workers have demonstrated the heterogene-
ity of single tumours {59,76,120]. One of the main
causes, especially when very small electrodes are
used, is probably the proximity of the electrode tip
to blood vessels. Von Ardenne and Von Ardenne
[129] calculated a gradient from the capillary wall
into the tumour of 7.2-6.9 at 60 um distance.
Greater distance from the blood supply logically

results in lower pH due to restricted oxygen avail-
ability, indeed low oxygen tensions in tumours have
been measured by Vaupel et al. [120]. Intra-tumour
variations of 0.2-0.5 pH have been found in rodent
tumours [59,76,120], with the higher pH values
being found in the tumour periphery. Measure-
ments within human tumours (Wike-Hooley et al.,
unpublished data) reveal variations of 0.05-0.36 pH
units within single tumours.

One might expect the inter-tumour variation to
be greater than the intra-tumour variation, and this
is supported by the work of Eden et al. [27]. These
workers report an inter-tumour variance in rat lym-
phosarcomas of 0.0225 compared to an intra-tu-
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mour variance of 0.0111. No other investigators
have reported similar comparisons, but from a
group of 23 paired measurements in various human
tumours (Wike-Hooley et al., unpublished data) an
inter-tumour variance of 0.039 can be calculated,
compared to an intra-tumour variance of 0.016
(one-way analysis of variance, random effects
model). Values for human tumour variance based
on single point determinations can also be calcu-
lated from the data reported by other authors;
0.108 in gynaecological tumours [77], 0.103 in brain
tumours [86], 0.009 in malignant melanoma [5],
0.235 and 0.233 in mammary carcinoma [119, Wi-
ke-Hooley et al., this paper], and 0.373 in various
other tumours [Wike-Hooley et al., this paper].

Tumour pathology

An evaluation of tumour pathology-related pH dif-
ferences is difficult to make. Particular tumour sorts
measured by different workers have in some cases
yielded different values (see Table IT). The pH val-
ues found may be affected by many factors, such as
the type of electrode used, the tumour histology, tu-
mour size, and the type of anaesthesia, to give a few
examples. Comparisons between tumour sorts mea-
sured by any one author are less difficult to inter-
pret. Unfortunately, few workers have performed
determinations in assorted tumour types, and when
they have done so, the numbers of each tumour sort
are often either very small or not given. Some dif-
ferences can however be found. A students 7 test by
the authors on the data of Gullino et al. [47] reveals
a significant difference (2P =0.0029) between No-
vikoff hepatoma and hepatoma 5123, and
between Walker carcinoma 256 and hepatoma 5123
(2P=0.0014). The authors also found a significant
difference (2P =0.0248) between the Novikoff hepa-
toma and hepatoma 3924 A as determined by Eden
et al. [27]. The differences between the means of
these different tumours is however small (maximum
difference, pH 0.25) and it is unlikely that this dif-
ference could be clinically relevant.

Comparison between human tumours is equally
difficult. Pampus [86] measured the pH in several
different brain tumours and testing of his data re-
veals a significant difference (2P=0.0045, student

t test) between glioblastoma (6.905) and meningeo-
ma (6.40), but only three meningeomas were mea-
sured (with a Mann-Whitney U test also signifi-
cant). There were no differences between the other
tumour types. Ninety-seven measurements by Wi-
ke-Hooley et al. (unpublished data) and Van den
Berg et al. [119] in various human tumours reveal
no significant differences between the groups. The
mean tumour pH found by Pampus [86], Naeslund
and Swenson [77] and Ashby [5] is much lower than
found by Wike-Hooley et al. (unpublished data)
and Van den Berg et al. [119]. Naeslund and Swen-
son [77], however, measured the pH following glu-
cose infusion, which lowers the tumour pH. Ashby
[5] used an extremely large electrode (5 mm), which
must have caused considerable tissue damage and
therefore very long equilibration times. Examina-
tion of the three traces that he presents shows that
in two of them the pH is still rising at the point at
which he administered glucose to reduce the tu-
mour pH. The true pH of these tumours may thus
have been higher. The low pH values found by
Pampus [86] were determined in patients under gen-
eral anaesthesia, in most cases with artificial respi-
ration, which may have influenced the result. Reg-
ulation of the acid-base status of a patient under
narcosis is, to a large extent, in the hands of the
anaesthetist. Normal tissue pH is known to be a
sensitive indicator of the metabolic state and may
register changes long before changes in blood pH
are seen [20,30,137). However, to the best of the
authors” knowledge, the effect of anaesthesia upon
human tumour pH has never been investigated.
From these data it is therefore not possible to dem-
onstrate that tumour pathology has a significant
effect upon the pH variation between tumours, with
the possible exception of brain tumours.

The comparatively high interstitial pH found in
some tumours may be the resunlt of nutritional dep-
rivation inhibiting lactate production due to lack of
substrate [46], or to the presence in some tumours
of an adequate vascularization. It is however evi-
dent that some human tumours, though not all,
have a relatively low interstitial pH. The possible
implications of this fact with respect to cancer ther-
apy are discussed in the following sections.



The influence of pH on the radiation response of
mammalian cells

Since the early work of Trowell [114] several reports
have appeared on the influence of extracellular pH
on the radiation response of mammalian cells.
Trowell studied rat lymph nodes cultured in vitro.
The other reports all concern cells cultured in vitro.
All of the studies on the influence of pH on the
radiation response of cells show a slightly decreased
radiation sensitivity towards lower extracellular pH
[34,52,54,56,94,95]. Both Haveman [52] and Réttin-
ger et al. [94] report data showing that, at low ex-
tracellular pH (6.5-6.75 vs 7.3-7.5), the radiation
survival curve of cells exhibits a relatively broad
shoulder. Freeman et al., [33] report a slight in-
crease in survival of CHO (Chinese Hamster Ovary)
cells after irradiation during exposure to low pH
(6.7 vs 7.5), but their data do not permit the con-
clusion that this enhanced survival is the result of
a broader shoulder in the radiation survival curve
at low pH.

Freeman and Sierra [35] have obtained addition-
al data on CHO cells. These and other data from
the literature are summarized in Fig. 1, which
shows the « and § values derived from the actual
data fitted with the equation S/So = exp(—aD —
BD?) where S/S, is the relative survival and D the
radiation dose. The parameter « determines the in-
itial slope of the radiation survival curve, and the
fraction o/f determines the shoulder width, « being
an important parameter when the survival after low
dose rate irradiation or multifraction irradiation is
considered. The data of both Haveman and Réttin-
ger show that the value of « is significantly influ-
enced by the extracellular pH both during and after
the radiation treatment. In contrast to this, Free-
man and Sierra [35] report that « is hardly influ-
enced by the environmental pH. The «/f ratios
shown in Fig. 1 speak for themselves: when the val-
ue of «/p is small the shoulder of the radiation sur-
vival curve is large and vice versa. Large changes
in the value of o/f under the influence of pH are
reported by Haveman and Rottinger et al. and not
by Freeman et al.

The relatively broad shoulder in survival curves
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RELATIVE CELL SURVIVAL

PPN |

RADIATION DOSE (0-12 Gy

Fig. 1. The effect of reducing environmental pH upon the ra-
diation sensitivity of three different cell lines in vitro. The curves
have been drawn on the basis of the « and § parameters, the
ratios of which are given below. (A) M8013 cells, a/f ratios of
1.99 and 6.36 at pH 6.5 and 7.5, resp. [52]. (B) Human glioma
cells, a/f ratios of 0.89 and 17.3 at pH 6.7 and 7.4, resp. [94].
(C) CHO cells, /B ratios of 10.87 and 8.38 at pH 6.7 and 7.3,
resp. [35]. Dashed line, finear component («); dotted line, quad-
ratic component (f); solid line, linear-quadratic survival curve.

at low pH, reported by Haveman [52] and Ré&ttinger
et al. [94], implies that the influence of pH is more
important when cells are treated with fractionated
irradiation or low dose rate irradiation. It is clear
from the data discussed so far that the changes in
radiation sensitivity in response to changes in en-
vironmental pH may vary greatly between different
cell lines. Holahan et al. [56] report that when CHO
cells are kept in “acid” conditions (pH 6.7 instead
of 7.4, under normal conditions) only immediately
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after X-irradiation, their survival is enhanced com-
pared to cells kept in acid conditions before or dur-
ing irradiation. They conclude that enhanced sur-
vival under acidic conditions after irradiation may
be primarily due to either a decrease in fixation of
damage in the cells or to an increase in recovery of
damage.

These observations on Chinese hamster ovary
cells have led to further study by Freeman and Sier-
ra [35]. The latter authors confirm that incubation
of cells under acidic conditions during and after ir-
radiation leads to a reduced degree of fixation of
potentially lethal lesions. An important observation
by the same authors is moreover that acid condi-
tions modify survival of exponentially growing cells
only, and not of unfed plateau phase cells. Men-
donca and Alpen [71] tried to correlate the radiore-
sistance observed at low pH with pH-induced cell
cycle effects, and their data seem to indicate some
correlation. Further studies, however, are required.

All of the above mentioned studies concern cells
under well oxygenated conditions only, and this
may mean that the results cannot be used to predict
the influence of pH on the radiation sensitivity of
cells in vivo. A low pH is eften observed in solid
tumours concomitant with poor nutritional condi-
tions and relative hypoxia, all the result of poor
vascularization. Hypoxia in particular may lead to
altered responses at low pH. The 31P-NMR study
of Gillies et al. [43] clearly showed that well oxy-
genated, respiring Ehrlich ascites cells were able to
maintain a pH gradient across the plasma mem-
brane, particularly at extracellular pH values below
7.2. These data and those of Gonzalez-Mendez et
al. [45] confirm earlier results by Spencer and Lehn-
inger [103]. The pH gradient was observed to col-
lapse immediately upon onset of hypoxia. It may
be that cells in tumours where low extracellular pH
values have been observed are not able to maintain
an internal pH of around pH 7.3, due to hypoxia
and possibly also a result of a lack of cellular en-
ergy. Indeed, the recent in vivo 3'P-NMR study of
Evanochko et al. [29] showed that levels of high-
energy phosphate in experimental tumours are low,
together with a decreased apparent pH and an in-
creased level of inorganic phosphate. Haveman [52]

studied the influence of the drug CCP (Carbonyl-
cyanide-3-chlorophenylhydrazone) during irradia-
tion of cells at low pH. This drug has proton-con-
ducting properties, and pH gradients across the cel-
lular plasma membrane collapse in the presence of
this drug. CCP is, moreover, an uncoupler of oxi-
dative phosphorylation, and the presence of this
drug in the cellular medium leads to deprivation of
available cellular energy. The presence of CCP at
low pH might, to some extent, mimic the situation
of cells at low pH under hypoxic conditions: in both
cases pools of cellular energy will be depleted and
intracellular and extracellular pH will equilibrate.
The results of Haveman [52] show that irradiation
of cells at low pH, and in the presence of CCP, leads
to an increase in radiosensitivity. Based on these
results we may speculate that hypoxic cells will be
sensitized to radiotherapy by a low environmental
pH. Hypoxia will of course, on the other hand, lead
to radioresistance which will mask the influence of
pH.

Radiation combined with hyperthermia

The radiation response of cells may be enhanced by
hyperthermia [8,135]. In vitro experiments with
Hela cells [69] have shown that thermal enhance-
ment of the cell killing effect of 7 MeV electrons is
only slightly influenced by changing the pH of the
cellular medium from 7.4 to 6.7. Changing the pH
of the cellular medium has, however, a large influ-
ence on the effectiveness of heat treatment of cells.
Heat damage responsible for enhancement of ra-
diation effects is thus distinguishable from damage
which leads to cell killing after heat treatment
alone. Another in vitro study, using Madcap 37
cells [33], showed that modification of the effect of
X-irradiation by heat was increased in cells in an
acidic environment (pH 6.5 or 6.7 vs 7.5). More-
over, when the heat treatment preceded irradiation
the duration of the sensitization appeared to be pro-
longed at low pH. Studying murine mammary car-
cinoma (M8013) cells, Haveman [54] also showed
that thermal radiosensitization was influenced by
pH. The influence of pH in combined heat-irradia-
tion treatment could be explained by neither the
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Fig. 2. Influence of environmental pH upon the effectiveness of
irradiation and heat treatment of murine M8013 cells. The pH
of the cellular medium was maintained by “zwitterion” buffers
in Hank’s salts solution (HSS). The pH was adjusted prior to
sterilization of the medium. Data redrawn from Haveman [54].
W, effect of 30 min at 42°C in buffered HSS; @, effect of 30 min
at 37°C and 5.8 Gy in buffered HSS (the medium was changed
for normal culture medium immediately after irradiation); A,
effect of 30 min at 42°C and 5.8 Gy (given half-way during heat-
ing) in buffered HSS.

observed influence of pH on the effects of radiation
alone, nor of heat alone. Thermal enhancement was
relatively strong below pH 7.0 and above 7.75 (see
Fig. 2). In common with studies on the influence of
pH on the effectiveness of radiation alone, the stud-
ies on thermal radiosensitization were also con-
ducted on well oxygenated cells in vitro only. The
results may thus be of limited value in predicting
the response of cells in a tumour at low pH.

Influence of pH on the cytotoxicity of hypoxic cell
radiosensitizers

The radiation sensitizer, misonidazole, and also
other, related, electron-affinic compounds have
been shown to display a differential cytotoxicity to-
wards hypoxic cells relative to oxygenated cells
[108,109]. The hypoxic cell toxicity is related to the
electron affinity, the more electron-affinic drug
being more cytotoxic [1]. A distinction should, of
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course, be made between the cytotoxic and radi-
osensitizing properties of these drugs. The toxicity
of electron-affinic compounds can be enhanced by
both hyperthermia and low pH. This has been de-
scribed by Rajaratnam et al. [89]. These workers
studied the effects of low pH and temperature upon
metronidazole, misonidazole and nitrofurantoin.
Lowering the extraceliular pH led to enhanced hy-
poxic cell toxicity with all three compounds. More-
over, at low pH, drug cytotoxicity was enhanced by
temperature in all instances. The concentration-
time dependence of hypoxic cytotoxicity implies
that the critical reactions involved have appreciable
activation energies [89]. This is in sharp contrast to
the extremely rapid free radical reactions involved
in radiosensitization.

The influence of pH observed on the cytotoxicity
of radiation sensitizers may have clinical implica-
tions. Radiation sensitizers are now being tested in
clinical trials with regard to their possible beneficial
effect in the radiotherapeutic treatment of tumours
with large hypoxic cell fractions.

The importance of pH to hyperthermia therapy

Interest in the influence of tissue pH upon the re-
sponse of tumour tissue to hyperthermia stems
from the origination of two different concepts. In-
itially, Von Ardenne [126,130] proposed that hy-
perthermia should be accompanied by acidification
of the tumour tissue, achieved by the high-dose in-
travenous infusion of glucose. Later, once it had
become evident that hyperthermia could be em-
ployed as a treatment modality, the question arose
as to whether the oxygen effect, well known in
radiotherapy, was also of importance to hyperther-
mia-induced cell killing. The latter idea led to sev-
eral in vitro investigations, such as those by Ger-
weck, indicating that hypoxia per se was relatively
unimportant [37,39] but that the accompanying tis-
sue acidity sensitized the (tumour) cells to hyper-
thermia [38,82]. As measured by clonogenic assay
techniques, there is presently no doubt that a low
pH sensitizes cells to hyperthermic treatment, al-
though the mechanisms involved in pH dependent
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sensitization are not clear. Possible targets may be
the plasma membrane, intracellular proteins, the
energy-dependent processes that maintain the intra-
cellular pH, and the lysosomes. The data support-
ing these various possibilities have been reviewed in
a recent book by Hahn [48]. Von Ardenne and
Overgaard both proposed that lysosomal damage
was instrumental in the hyperthermic insult to cells
[83,126]. Subsequently, Overgaard and Poulsen [85]
demonstrated that, after treatment at pH 6.4 and
42.5°C for prolonged periods of time (4 to 12 h),
proteolysis was increased compared to that at pH
7.2 and 37°C. Similar observations were made by
Keech and Wills [63], who found some increase in
lysosomal activity at 42.0°C and pH 6.6, compared
to values at 37.0°C and pH 7.2. The effect was much
stronger at lower pH values, but this is probably
not relevant for “in vivo” situations. On the other
hand, Haveman [53] demonstrated that the acrid-
ine-orange staining of lysosomes, which may be re-
garded as being related to intra-lysosomal pH, was
destroyed by hyperthermia. He concluded that, al-
though a lysosome effect is an important and early
event in cellular injury, it is not directly caused by
hyperthermia, but activated by other hyperther-
mia-induced cellular damage.

Intracellular pH reduction

Some of the aforementioned hypotheses on the
heat-induced destruction of tumour cells were
based on the concept that the intracellular pH de-
creases as a result of treatment, leading to cell
death. Well oxygenated cells have, however, a
remarkable ability to maintain their internal pH
when the external pH is modified within the physio-
logical range, as has been demonstrated in a num-
ber of recent studies using the 3'P-NMR technique
[43,45]. On the other hand, Hofer and Mivechi [55]
demonstrated that once the intracellular pH was
decreased the cell viability, estimated from a 12°]-
URD incorporation assay, decreased strongly after
hyperthermic treatment. A possibie explanation for
interaction between pH and heat has been given by
Haveman [51] on the basis of experiments with a
proton-conducting drug at low pH. This drug
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Fig. 3. The enhancement of hyperthermic cell kill by low pH is
shown as a function of pH over four temperature ranges. The
enhancement ratios plotted are either those given by the authors
[41,42,116], or are calculated from the ratio of the D37 values
at normal and low pH [21,31,33,37,38,51,68,69,73,79,84].

strongly enhanced the effect of hyperthermia at low
pH. These experiments clearly indicate that when
the intracellular pH is lowered the thermal sensitiv-
ity of cells is enhanced.

Enhancement of hyperthermic effect by low pH

With respect to hyperthermic cell survival studies,
the effect of pH is usually expressed as a “pH en-
hancement ratio”. This can be defined as the factor
by which a heat treatment can be reduced to achieve
an iso-effect at two different medium pH values.
This factor is frequently expressed as the ratio of
the slopes of the “final D,” values, but some au-
thors present ratios derived from a single iso-effect
level, e.g., the 1% level. The pH enhancement fac-
tor found by Freeman et al. [31] for CHO cells was
found to be dependent upon the pH of the medium.
As the pH of the medium was decreased from 7.4
to 6.6, it gradually increased to a factor of 1.5. The
exposure time may also be of importance, as Free-
man et al. [33] showed that the pH-increased cyto-
toxicity was most pronounced with exposures ex-



ceeding 100 min, at moderate temperatures. Similar
findings were obtained by Gerweck and Richards
[41] who investigated the “pH enhancement ratio”,
expressed as the ratio between the Do at pH 7.4 and
the Dy at pH 6.7. They observed a difference be-
tween two cell lines, i.e. CHO celis and glioblasto-
ma cells, the latter being more resistant. From their
investigations it also became apparent that the “pH
effect” increased with decreasing temperature. In
other words, the enhancing effect of low pH
seems to be more pronounced at moderate treat-
ment temperatures. This trend is shown as a func-
tion of environmental pH in Fig. 3. The aforemen-
tioned observations can be summarized as a sensi-
tizing effect of low environmental pH that becomes
important at values below pH 7, and that increases
as the pH is lowered.

Thermotolerance

The development of “thermotolerance”, or rather
the observation that cells and tissues can become
more resistant to heat after a priming treatment or
during longer exposure to relatively low hyper-
thermic temperatures, is presently a subject that is
at issue for many investigators. If one assumes that
such an induced thermal resistance, as seen in vitro,
also develops in human tumours, the question aris-
es as to whether the rate of development is lower
in tumours with a low interstitial pH. As a result of
their experiments with L1A2 cells Nielsen and
Overgaard [79] concluded that the development of
thermal resistance, expressed as the Thermal Tol-
erance Ratio (TTR) — calculated from the ratio of
the D, values - decreased from a value of 4.1 to 2.4
at pH 6.5, with a smaller decrease at pH 6.8. Similar
observations were made by Goldin and Leeper [44]
for CHO cells. Gerweck et al. [40,42] showed that
the pH effect upon thermotolerance (pH 6.7 vs. 7.4)
was greatest at moderate temperatures. Moreover,
this effect was more pronounced with fractionated
hyperthermia treatment than with a single heat
dose. With split-dose treatments at 42°C the pH en-
hancement ratio derived was a factor of 6. The con-
clusion, therefore, seems justified that a low inter-
stitial pH in tumours will not only enhance hyper-
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thermic cytotoxicity to tumour cells, especially at
moderate temperatures, but will, in addition, help
to inhibit the development of thermal tolerance,
provided that the interval between heat treatments
is sufficiently long for thermotolerance to decay be-
tween treatments [40]. These data indicate that
(fractionated) hyperthermic treatment may be of
additional benefit in eliminating those tumour cells
in areas with a low environmental pH.

The effect of pH upon chemotherapy

The question as to whether tumour pH plays a role
in determining the effectiveness of chemotherapeu-
tic agents is particularly interesting in view of the
notorious unpredictability of individual tumour re-
sponse to therapy. As most drugs act intracellularly
the concentration attained within the cell may limit
the effectiveness of some drugs. The pH of the mil-
ieu is one of the factors that determines the intra-
cellular drug levels that can be achieved. Transport
of antineoplastic agents into the cell is achieved by
one of two mechanisms; by active transport via spe-
cific carriers, or by passive diffusion through the
cell membrane [74]. Both processes may be influ-
enced by changes in the membrane. Hydrogen ion
concentration can affect membrane fluidity by al-
tering the transition temperature of polar lipid com-
ponents of the membrane. This may affect active
drug uptake as a result of changes in the kinetics of
many transport processes and membrane bound
enzymes. Passive diffusion of drugs may be affected
by altered membrane permeability. These matters
are discussed in detail in a recent book by Hahn
[48]. In addition to this, the distribution of a pas-
sively diffusing drug on either side of a membrane
may be affected by the pH gradient across the mem-
brane [74]. Some drugs dissociate to an extent that
varies with the hydrogen ion concentration [93].
The pH at which 50% dissociation occurs is known
as the pKa of the compound. It has been demon-
strated that drugs in the non-ionized form diffuse
more easily through the cell membrane [15]. Theo-
retically, therefore, the concentration that can be
obtained in a cell depends upon the pH in the cell.
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Ross [92] calculated that for a pH difference of one
unit, eight times the concentration of a drug with
a pKa of 8 can be achieved in malignant tissues as
opposed to normal tissues. Further reduction of the
tumour pH would enhance this effect.

The discovery that glucose administration can
lower tumour pH was the basis of much of the
earlier work on selective chemotherapy [19,92,
106,107]. These investigators found that various
agents were more effective when used in combina-
tion with glucose, although the tumour pH was not
measured in these experiments. Care should be tak-
en in interpreting these findings, however. Although
glucose administration lowers the extracellular pH,
the intracellular pH may be unaffected or may even
rise [23,57,88,98]. In addition, glucose itself may
affect drug action. As early as 1960 it was demon-
strated, by Woods and his colleagues, that SFU was
not metabolized when glucose was not present in
the cellular medium [138]. The glucose-mediated
potentiation of this drug that they observed in vivo
may thus have been due to the presence of glucose
rather than to a reduction in tumour pH. A discus-
sion on the effects of glucose upon SFU uptake and
action is presented by Hult and Larson [57]). A pH
effect cannot, however, be ruled out, indeed an op-
timum of pH 6.8 has been found for the action of
5FU upon cultured human mesothelioma cells [80].
Other drugs that have been shown to be more ef-
fective at low pH are N-oxide mustard [126] and
Thio-tepa [28], both upon Ehrlich mouse ascites
cells. Enhanced uptake of chlorambucil in trans-
formed hamster cells at low pH has also been
demonstrated [74].

A different approach to pH-selective therapy is
the use of agents which become active at low pH,
as a result of either selective activation or pH-de-
pendent release. In 1969 Stevens and Mosteller
[107] reported glucose enhancement of the anti-
tumour action of tetraazatricyclododecane, a com-
pound with a pH-dependent decomposition rate. It
hydrolyzes to form formaldehyde and ethylene dia-
mine, a process that occurs more rapidly at low pH.
A second possibility was suggested by Bicker [13],
who proposed the administration of inactive glu-
curonides of active drugs. He showed that such

compounds could be activated by glucose-mediated
enhancement of tumour glucuronidase activity. Us-
ing this technique he demonstrated tumour selective
uptake of 8-hydroxy quinoline (a disinfectant) and
2-napthol. The effect was attributed to glucose-in-
duced tumour pH reduction activating the lysoso-
mal enzyme, B-glucuronidase. This technique has
been used successfully in the treatment of tumour-
bearing mice [6]. Although the glucuronide of SFU
was innocuous to normal mice, it effectively retard-
ed tumour growth. This effect was enhanced by
prior intraperitoneal injection of glucose. More re-
cently, Yatvin et al. [139] proposed the use of pH-
sensitive liposomes to deliver cytostatic drugs selec-
tively to malignant tissues. Liposomes were so con-
structed that, in regions of low pH, the pH-sensitive
lipid incorporated into the vesicle wall underwent
a structural change, thus releasing the encapsulated
drug.

Low tumour pH may form an incentive to avoid
the use of certain drugs. As mentioned earlier, the
degree of dissociation of alkylating agents depends
upon the pH and pKa of the drug. Generally speak-
ing, the lower the pH, the greater the proportion of
drug that will be present in the undissociated form.
Some drugs, such as basic aliphatic nitrogen mus-
tards, are less reactive in the undissociated form
[93], but unacceptable toxicity to normal tissues
prevents the use of higher drug dosages. In this case
Ross suggested the possibility of pH-dependent
protection of normal tissues using readily alkylated
sulphydryl compounds (thiols). According to this
theory these would be present mainly in the active,
ionized form in normal tissues, and mainly in the
undissociated form in regions at lower pH. Alkyl-
ating agents would thus be selectively deactivated
in normal tissues. To the authors’ knowledge no
further work has been published in this field with
respect to chemotherapy. Both Adriamycin and
Bleomycin have also been shown to be less effective
at lower pH. Born and Eicholtz-Wirth [14] have
demonstrated that low environmental pH protects
cells against Adriamycin, an effect that is more pro-
nounced in well oxygenated than in chronically hy-
poxic cells. Although they measured decreased up-
take of Adriamycin in both hypoxic cells and those



at lower pH, the difference was insufficient to ex-
plain the difference in cytotoxicity. This is perhaps
not surprising in view of recent work showing that
Adriamycin can be actively cytotoxic without en-
tering the cell, and can thus exert its effect solely by
interaction with the cell surface [113]. A similar pro-
tective effect at low pH has been observed against
both Adriamycin and Bleomycin by Réttinger (un-
published data) in cultured human glial cells. He
also found the action of cis-Platinum to be pH in-
dependent. Evidence for a pH effect upon the action
of cyclophosphamide is inconclusive. Early work
indicated that pH had a marked influence upon the
reaction speed of cyclophosphamide, the alkylating
derivatives being formed more slowly under acid
conditions [90]. A recent investigation [117] found
no enhancement of the cytotoxic effect of cyclo-
phosphamide in vivo following glucose administra-
tion, but when it was combined with hyperthermia
a substantial enhancement was seen following glu-
cose administration. Only mild normal tissue dam-
age was observed. The authors attribute the im-
proved effect largely to glucose-induced tumour pH
reduction, although no pH determinations were
performed.

In addition to the direct pH effects on drug up-
take and action that have already been discussed,
certain pH-related biological effects may also mod-
ify drug action. As mentioned earlier, cell growth
is influenced by environmental pH. Sensitivity to
cytotoxic agents has been shown to be affected by
the growth rate of the target cells, slowly growing
cells being more resistant [100,118]. As a result of
changes in growth rate at lower pH, a large per-
centage of cells are found in the G1 phase of the
cell cycle [71]. The relevance of cell cycle distribu-
tion to the effectiveness of antineoplastic agents is
well known [10,70].

It is thus evident that tumour pH may have a role
in determining response to chemotherapeutic treat-
ment. However, the relevance of these findings to
multi-drug combination therapy still remains to be
elucidated.
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Can the pH of tumours be modified?

The effect of the administration of a variety of
agents has been investigated in attempts to modify
tumour pH. These can basically be divided into
four categories:

(i) acidic compounds;

(i1) sugars;

(ii1) other metabolically active compounds;
(iv) various treatment modalities.

Acidic compounds

A limited number of acidic compounds have been
administered systemically to experimental animals
in attempts to induce either metabolic or selective
tumour acidification. The earliest work in which
such compounds were administered with concomi-
tant measurement of tumour pH changes was that
of Gullino et al. [47]. Using micropore chambers
embedded in the tissues of both normal and tumour
bearing rats, these workers were able to collect fluid
samples from both tumours and normal subcuta-
neous tissues. They established that selective tum-
our acidification was possible by either of two tech-
niques. Increasing the carbon dioxide content of in-
haled air led to a decrease in tumour interstitial
fluid of 0.33 pH units. The corresponding decrease
in normal tissue fluid was 0.2 units. A more selective
decrease was obtained by administering sodium bi-
carbonate in the drinking water. Tumour intersti-
tial fluid fell by 0.27 pH units, whilst the fall in
normal tissue fluid was minimal. Force feeding with
ammonium chloride also caused a pH reduction,
but this was of the same order of magnitude in both
normal and malignant tissues. The administration
of ammonium chloride, particularly when com-
bined with a low calcium diet, has been shown to
inhibit the growth of tumours in mice [4]. However,
no tissue pH determinations were performed in this
study, and considerable reductions in animal body
weight were also noted. Similar experiments have
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also shown tumour growth inhibition without sig-
nificant body weight loss following systemic acidi-
fication with hydrochloric acid [49]. Once again, no
pH determinations were performed and it cannot
therefore be determined whether selective tumour
pH reduction occurred in these investigations.

Recently, Jihde and Rajewsky [58] attempted to
reproduce the effect of sodium bicarbonate report-
ed by Gullino and co-workers. Following admin-
istration in the drinking water at the same dosage
as given by Gullino’s group, they observed no re-
duction in tumour pH. Their determinations were
however performed after only 3 days of treatment,
whereas those of Gullino et al. were 10 days after
start of treatment, although the latter group did
state that changes generally occurred on the third
day of treatment.

The above mentioned studies have all been con-
cerned with changes in the extracellular pH. In vitro
work indicates, however, that changes in the extra-
cellular environment brought about by acidic com-
pounds, in this case carbon dioxide or lactic acid,
can modify the intracellular pH [2]. The relation-
ship between the intra- and extracellular pH for
various concentrations of CO, and lactate was de-
scribed by multiple linear regression equations, al-
though the authors conclude that these findings
may not be applicable to the in vivo situation.

Sugars

It has been demonstrated by a great number of
workers that the administration of glucose can low-
er the interstitial pH of tumours [5,23,27,61,62,
91,110,125-128,131-133]. A reduction was seen in
all but one case, an ascitic hepatoma, as determined
by Tagashira et al. [110]. Various doses of glucose
(0.05 to approx. 40 g/kg) and administration routes
(i.p., 1.v. or s.c. injection) have been used. The pH
reduction observed varied from 0.02 pH units with
very low-dose glucose [62] to 0.8 pH units with high
doses [58]. The minimum tumour pH values found
following glucose injection vary, falling in the range
of 5.50-6.46 for rats, 6.15-6.22 for mice, and
6.29-6.55 for humans.

Until recently the pH drop seen following glucose

loading was thought to be a result of the stimula-
tion of glycolysis. Gullino et al. [46] showed that
glucose levels in tumours were very low, but could
be raised by glucose infusion. The increase in avail-
able energy substrate was thought to enable cells to
metabolize more rapidly, thus producing larger
quantities of lactic acid. Indeed, higher levels of lac-
tic acid have been measured in tumours following
glucose injection [23,61,125]. The observation that
administration of non-metabolizable sugars, such
as galactose, did not result in pH changes was fur-
ther evidence for this hypothesis [125]. However, as
long ago as 1951 it had been shown that glucose
caused a reduction in tumour blood flow [3]. To test
whether this might be a mechanism for pH reduc-
tion, Eden et al. [27] injected lymphosarcoma bear-
ing rats with a compound that was thought to se-
lectively reduce tumour blood flow (podophyllotox-
in), and found no change in pH values. It was also
reported by von Ardenne [130] that glucose caused
a reduction in blood flow. He attributed this effect
to glucose-induced pH reduction resulting in
stiffening of the erythrocyte membrane (as observed
by Schmid-Schonbein, [99]), the resulting erythro-
cyte aggregation leading to blocked capillaries thus
reducing blood flow. He thus believed that blood
flow changes were secondary to pH changes. Earlier
work had demonstrated, however, in rats bearing
lymphosarcoma, that injection of the non-metab-
olized sugar galactose could indeed cause a drop in
tumour pH [62], in contrast to the work of Voeg-
tlin’s group. The authors supposed that this indi-
cated a differential ability of some tumours to
metabolize certain sugars.

Only recently has this question been resolved. In
a series of reports beginning in 1979, Dickson and
Calderwood have shown that glucose injection re-
duces the extracellular pH of the Yoshida sarcoma,
associated with an accumulation of lactate. This is
accompanied by a decrease in both glycolysis and
tumour blood flow. However, the pH change occurs
more slowly than and affer the change in blood
flow. It is proposed that a change in blood viscosity,
as a direct result of glucose, initiates a vicious circle
in which progressive congestion of tumour capil-
laries occurs, resulting in vascular stasis. This leads



to reduced clearance of metabolites and a pH drop
that is secondary to the decrease in blood flow. To
test this hypothesis further they substituted galac-
tose for glucose, and found vascular stasis without
tumour pH reduction. They concluded that blood
flow changes and pH changes were independent.
Glucose reduced the blood flow, and led to a de-
crease in glycolysis. As a result of reduced perfusion
and inhibited lactate removal, the pH falls.

These conclusions are not at variance with the
previously mentioned work by Eden and co-work-
ers and Kahler and Moore [27,62]. The injection of
either podophyllotoxin or galactose may have re-
duced tumour blood flow, but in the presence of
very low levels of glucose the metabolic rate may
have been too low for this to cause a pH drop in
the first case, but sufficient for the reduced blood
flow to lead to a build up of metabolic products in
the second.

Other metabolically active agents

In a series of reports beginning in 1965, von Ar-
denne has propounded his conceptual “Krebs
Mehrschritt-Therapie” or Cancer Multistep thera-
py. The basis of this approach is the carefully timed
application of a combination of agents. One of the
important steps in the proposed schedule is the at-
tainment of “optimized tumour acidification”
which in turn causes a decrease in the tumour mi-
crocirculation, supposedly enabling hyperthermia
to be administered effectively at moderate temper-
atures. Although von Ardenne achieves tumour
acidification using high-dose glucose infusion, he
has combined this with a variety of agents in at-
tempts to further lower the tumour pH. Using
amygdalin and f-glucosidase he obtained a pH de-
crease of 0.97 pH units beyond the decrease
achieved with glucose alone, the total decrease
being of up to 1.6 pH units. The values in healthy
tissue remained unchanged [127]. These authors
have also reported improved acidification following
the administration of certain anti-hypertensive
drugs such as sodium nitroprusside or NAD
[128,133].

Injection of insulin has been shown to induce pH
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changes in rat tumours, once more over and above
those induced by glucose alone [91]. This is presum-
ably a result of the effect of insulin upon glycolysis.

Finally, intracellular acidification has been
achieved in tumour slices by the presence of oxa-
mate in the incubation medium [57]. This com-
pound inhibits the enzyme lactic dehydrogenase,
thus causing a build up of acidic glycolytic inter-
mediates.

Treatment modalities

The treatment modality upon which the greatest
amount of work has been performed with respect
to pH changes in tumours is hyperthermia (see
Table III). Several workers have determined tu-
mour pH either during or immediately following
hyperthermia treatment. In most cases a fall was
seen [12,101,121,122,131,132]. The authors account
for these changes by variations in blood flow and
tissue oxygenation during treatment, and that such
variations occur has also been demonstrated
[12,122]). Two groups have, however, been unable
to demonstrate pH changes as a result of hyperth-
ermia [23,136]. It has been suggested that this could
be a question of temperature [122). Indeed, the
groups reporting pH drops all used treatment tem-
peratures above 42°C. Of the groups that saw no
change, Wike-Hooley and co-workers gave a treat-
ment of 2 h at 41.8°C (whole body hyperthermia),
and Dickson and Calderwood subjected Yoshida
sarcoma of rats to 42°C x 60 min. Interestingly, a
different group [122] heated the latter tumour to
44°C for 60 min and observed a modest fall in pH
(—0.24 pH units), which lends support to the
theory that treatment temperature may play a role.
In one case, however, tumour pH reduction has
been reported during treatment at temperatures
under 40°C [12]. Scrutinization reveals that the tum-
our temperature in the example given never exceed-
ed 34°C, and this cannot therefore be considered to
be an effect induced by hyperthermia. That there
should be a temperature “threshold” effect is not
surprising in view of the work performed on the
effects of hyperthermia upon blood flow and tissue
oxygenation. It has been demonstrated that as tum-
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TABLE Ii1

Changes in tumour pH induced by hyperthermia.

Tumour Species  pH determin- Temp. HT duration pH decrease n Ref.
ation (HT) °C (min) (mean)
DS carcinoma Rat During 42-43 ? —0.41 12 131
DS carcinoma Rat During 42-43 130-195 —0.47 12 132
Yoshida sarcoma Rat After 42.0 60 0 Soré 23
C3H mammary carcinoma Mouse  After 43.0 60 —0.55 96/108 12
Walker 256 carcinoma Rat During 43.0 60 —0.16* 1 101
Walker 256 carcinoma Rat During 46.0 60 —0.38* 1 101
SCK mammary carcinoma Mouse  During 43.5 30 —0.38* 1 101
Dunn osteosarcoma Mouse  After 47.0 15 —0.25* I 78
Dunn osteosarcoma Mouse After 47.0 30 —0.62° 1 78
C3H mammary carcinoma Mouse After 43.0 60 —-0.54 142/136 121
Yoshida sarcoma Rat After 44.0 60 —-0.24 440/450 122
16/C mammary carcinoma Mouse After 47.0 15 —0.1* 1 29
16/C mammary carcinoma Mouse After 47.0 30 —0.5* 1 29
Various Man During 41.8 120 0 11 136

2 Where values for only one tumour were reported the maximum pH drop is given.

our temperature increases the tissue oxygen tension
and blood flow also increase up to temperatures of
about 41-42°C [12]. At higher temperatures these
parameters are rapidly reduced. A similar effect was
observed by Vaupel and co-workers [122]. No
change in blood flow was seen most frequently in
tumours treated at 40-42°C for short periods,
whereas a progressive decrease in flow was fre-
quently seen in tumours heated to 44°C or higher.
At intermediate temperature doses a biphasic
course was seen. A corresponding change in tissue
oxygenation was observed. Examination of the few
measurements of tumour pH performed during hy-
perthermic treatment reveals that heating seems to
cause an initial short pH rise, presumably due to
increase in blood flow and oxygenation during
“warming-up” followed by a continual, gradual
decrease in pH once the tissue is at the treatment
temperature [101,132]. The exception to this pattern
is a Walker tumour heated to 43°C in which a con-
tinual pH rise was seen during the first hour of
treatment [101]. A second treatment at the same
temperature did however result in a pH drop. This
may be explained by the fact that Song’s group
found no change in blood flow in this tumour fol-
lowing 1 h at 43°C. In all other studies of hyperth-

ermia-induced pH changes where pH reduction has
been observed, the pH determinations have been
performed prior to and immediately following
treatment (see Table III), so no conclusions as to
the moment at which the change occurs can be
drawn.

To the best of the authors’ knowledge no reports
on radiation therapy-induced pH changes, and only
two reports (both from the same group) concerning
chemotherapeutically induced changes have ap-
peared in the literature. In the latter case the pH
determinations were performed by *'P-NMR spec-
troscopy prior to and following treatment of tu-
mour bearing mice with BCNU or Adriamycin
[29,78]. In both cases a pH rise was observed shortly
following drug administration; from 7.2 to 7.3 22
h after administration of BCNU, and from 6.8 to
7.4 27 h after treatment with Adriamycin. In both
cases the values were given for only one animal.
The changes in pH occurred before any change in
tumour volume was seen, although the first mouse
gave a complete response and the second a tumour
mass reduction of about 70%.

Therapy can thus induce acute changes in tu-
mour pH. Tumour regression with accompanying
changes in tissue perfusion and oxygenation can



also, however, result in long-term changes. This has
been demonstrated for combined hyperthermia and
radiation therapy [136]. This study reported a mean
increase of 0.23 pH units in human tumours follow-
ing a series of combined treatments given over a
period of up to 3 weeks. These changes were as-
cribed to changes in tissue perfusion and oxygena-
tion as have already been reported following radio-
therapy alone [87]. The two: pronged attack with
radiotherapy attacking the well oxygenated, active-
ly metabolizing cells and hyperthermia destroying
hypoxic cells should logically lead to tissue nor-
malization with a subsequent rise in interstitial pH.
Whether a similar rise in tumour pH occurs follow-
ing radiotherapy alone is not yet known.

Summary and conclusions

The wide range of tumour pH values that have been
determined in human tumours is shown in Fig. 4.
It can be seen that tumour pH values may be very
low, or may fall in the same range as the values
found in normal tissues. This means that pH-me-
diated modification of therapeutic effectiveness will
be patient specific, rather than a general phenom-
enon.
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Fig. 4. A cumulative distribution of all the human tumour pH

determinations reported to date (see Table I) and the corre-
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the mean value has been plotted.
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That the pH of the cellular environment might
influence the effectiveness of various therapeutic
agents is not a new idea. The data published in this
field to date concerning such effects have been dis-
cussed extensively and are summarized in Table I'V.
Here we can see that low pH leads to decreased cell
survival following treatment with hyperthermia,
radiotherapy combined with hyperthermia, radi-
osensitizers and various chemotherapeutic agents.
Conversely, low pH affords some protection
against radiation and some drugs. Most of these
data were, of necessity, derived from in vitro stud-
ies. In vivo studies are in most cases not feasible
due to the difficulty of isolating the effect of one
selected factor. Low tumour pH is, in vivo, gen-
erally assumed to be closely interlinked with tissue
hypoxia and low blood-flow levels, each of which
may individually influence the experimental out-
come. Moreover, most of the aforementioned in
vitro studies were conducted under well-oxygenated
conditions. As previously mentioned, euoxic cells
can, under certain conditions, maintain a pH gra-
dient over the cell membrane. This collapses with
the onset of hypoxia, leading to intracellular aci-
dification. Low oxygen levels have been shown to
be characteristic of many tumours. Within these
limitations it is thus evident that tumour pH values
could have far-reaching consequences for therapy.
If the in vitro findings should prove to be relevant
to the clinical situation various applications are
possible. Pre-selection of patients less likely to re-
spond to certain (toxic) chemotherapeutic agents,
or conversely selection of agents that are more
likely to be effective in the pH range of the tumour
to be treated are two examples. Alternatively, the
exploitation of low tumour pH values is a possibil-
ity. Agents that form or release toxic derivatives in
areas of low pH, e.g., pH-sensitive liposomes, will
work selectively in such areas. Tumour selective
therapy may also be possible in patients with higher
tumour pH values if the tumour pH can be lowered.
This has been achieved experimentally by the ad-
ministration of hyperthermia at temperatures
above 42°C, or by the administration of glucose.
The latter method may, however, have further con-
sequences, such as reduced tumour blood flow and
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TABLE 1V

The influence of pH reduction upon the effectiveness of various treatment modalities.

Treatment pH" Para- Cell line Derivation 0, Serum  Refs.
effect meter status®  present
Radiotherapy - pHe Lymph nodes Rat E + 114
— pHe M 8013S Mouse mammary carcinoma E — 52, 54
+ pH i M 8013S Mouse mammary carcinoma EH + 52
-3 pHe Glial Human astrocytoma E + 94
— pHe Glial Human astrocytoma E + 95
0 pH i&e  BPS ascites Mouse sarcoma E + 75
0 pH i&e  BPS ascites Mouse sarcoma AH + 75
— pHe CHO Mouse sarcoma E + 34
- pHe CHO Mouse sarcoma E + 56
Hyperthermia + pHe LIA2 ascites Mouse lung E - 83
0 pH i SDB Rat mammary carcinoma E - 22
+ pHe CHO Chinese hamster E + 38
+ pHe CHO Chinese hamster AH + 39
+ pHe CHO Chinese hamster CH + 39
+ pHe CHO Chinese hamster E + 40, 42
+ pHe Glioblastoma Human E + 41
+ pHe PNIJ ascites Mouse mammary carcinoma E + 11
+ pHe CHO Chinese hamster E + 31
+ pHe CHO Chinese hamster E + 32
+ pHe CHO Chinese hamster E + 34
+ pHe Madcap 37 Mouse mammary carcinoma E + 73
+ pHe M 8013S Mouse mammary carcinoma E - 51
+ pH i M 8013S Mouse mammary carcinoma EH - 51
0 pHe CHO HAI Chinese hamster E - 68
+ pHe CHO HAI Chinese hamster E + 68
+( pHe BP8 ascites Mourine sarcoma E — 55
+ pH i BP8 ascites Murine sarcoma E — 55
+ pHe Fibrosarcoma Mouse E + 116
+ pH i&e  BP8 ascites Murine sarcoma E + 75
+ pH i&e  BPS8 ascites Murine sarcoma AH + 75
+ pHe Glial Human astrocytoma E + 95
+ pHe M 80138 Mouse mammary carcinoma E - 54
Radiotherapy and + pHe Hela cells Human cervix carcinoma E + 69
hyperthermia + pHe Madcap 37 Mouse mammary carcinoma E + 33
+ pHe CHO Chinese hamster E + 34
+ pH i&e  BPS8 ascites Mouse sarcoma E + 75
+ pH i&e  BPS ascites Mouse sarcoma AH + 75
+ pHe M 8013S Mouse mammary carcinoma E — 54
Chemotherapy
Aromatic nitrogen mustards
basic
methylam. + ga.t Walker carcinoma Rat v 92
melphalan
ester + ga’ Walker carcinoma Rat v 92



TABLE 1V (continued)

The influence of pH reduction upon the effectiveness of various treatment modalities.

361

Treatment pH® Para- Cell line Derivation 0, Serum Refs.
effect meter status® present
neutral
(CB1074) 0 ga.c Walker carcinoma Rat v 92
Zwitterionic,
melphalan 0 ga’ Walker carcinoma Rat v 92
acidic, chlor-
ambucil — ga’ Walker carcinoma Rat v 92
Chlorambucil + pHe GD 248 lymphoid V79 Chinese hamster E - 74
SFU + ga.c Flexner-Jobling ca. Rat v 65
5FU 0 pH i Walker 256 (slices) Rat E - 57
SFU + pHe Mesothelioma Human E + 80
Triethylene

melamine + ga.c Walker carcinoma Rat v 19
Aromatic nitro-

gen mustards

(CB 3039) + g.a.° Walker carcinoma Rat v 19
Others 0 ga.® Walker carcinoma Rat v 19
Nor-HN2 0 ga.t Walker carcinoma Rat v 19
Diepoxides 0 ga.c Walker carcinoma Rat v 19
Azo-compound 0 ga.’ Walker carcinoma Rat v 19
Cyclophosphamide 0 ga’ Fibrosarcoma Mouse v 117
Tetraazatricyclo-

dodecane + ga.’c Ehrlich ascites Mouse v 107
N-oxide mustard,

Mitomen + pHe Ehrlich ascites Mouse H ? 126
Thio-tepa + pHe Ehrlich ascites Mouse E - 28
Adriamycin - pHe B14FAF28 Chinese hamster E + 14
Adriamycin — pHe B14FAF28 Chinese hamster CH + 14
Adriamycin - pHe Glial Human E + 4
Bleomycin - pHe Glial Human E + 4
Cis-Platinum 0 pHe Glial Human E + 4
Radiosensitizers
Metronidazole + pHe V79-379A Chinese hamster H + 89
Nitrofurantoin + pHe V79-379A Chinese hamster H + 89
Misonidazole + pHe V79-379A Chinese hamster H + 89

Low dose rate.

—, Protection, increased survival at low pH; 0, no effect; +, sensitization, decreased survival at low pH.
Glucose administered i.p. or i.v. to reduce tumour pH, minimum dose 5 g/kg.
Rottinger, unpublished data.

E, euoxic; H, hypoxic; AH, acutely hypoxic; CH, chronically hypoxic; EH, equivalent to hypoxic conditions due to the addition of

CCP (carbonylcyanide-3-chloro-phenylhydrazone), an uncoupler of oxidative phosphorylation; IV, in vivo.

hence impaired drug delivery to the tumour.

Any of the above mentioned approaches to ther-
apy requires an idea of the acidity of the tumour
that is to be treated. This necessitates individual

assessment of tumour pH. At the moment very few
pH electrodes suitable for clinical use are commer-
cially available. Although the Philips C9028S tissue
pH electrode has proven to be sufficiently robust
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for clinical use, its comparatively large size (tip di-
ameter 2 mm) renders repeated determinations un-
feasible, due to the long stabilization times that are
required. However, as it has been shown that ther-
apy can affect tumour pH, repeated determinations
may be necessary when different therapies are tried.
Non-invasive determination by 3!P-NMR spectro-
scopy would be an ideal solution, if this can be
adapted for clinical use. It is to be hoped that a
suitable technique will be developed in the near fu-
ture, so that tumour pH determination can become
a simple, routine procedure in the assessment of
malignant disease.
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