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ABSTRACT

pH-mediated conversions in the structure of the topoisomerase (topo) I
inhibitors camptothecin (CPT) and Its analogues have strong implicalions
for the pharmacokinetics and pharmacodynamics of these novel antican
cer agents. Because the cell-penetrating and biologically active lactone
isomers predominate at acidic conditions, we have tested If low pH pa
tentlates the cytotoxic and antitumor effects of CPT and its water-soluble
derivative topotecan (TPT). In L1210 leukemia cells, rapid initial uptake
ofradiolabeled CPT and TPT was followed by a gradual release from cells
at physiological pH 7.4, whereas high dnig levels were maintained in cells
at pH 6.2. Steady-state uptake levels of CPT Increased proportionally, up
to 5-fold,with decreasing pH of the incubating medium (from 7.4 to 6.0).
With TPT, a maximum 3-fold increase was observed at pH 6.8 to 6.4. By
contrast, the cellular pharmacoidnetics of the topoisomerase II inhibitor
etoposide (ETP) were independent of the ambient pH. The large increases
in intracellular CPT and TPT levelscaused onlymoderate potentiationof
cytotoxicity in short-term incubafions. Conditions of very low pH @6.2

evenantagonizedthe cytotoxicityof the topoI andtopoII inhibitors,due
to inhibition of DNAsynthesisby intracellular acidification.However,In
clinically relevant schedules of prolonged exposures at low drug concen
tration, low pH potentiated the cytotoxicity of CPT and TPT by 2â€”3-fold.
To investigatetheeffectoflocal pHin vivo,the basalinterstitialpHof 6.8
of RIF-1 tumors was selectively lowered by i.p. injection of the host
animals with the mitochondrial inhibitor meta-iodobenzylguanidine(32
mg/kg) and glucose (1.5 g/kg). In accordance with the pH optimum for
TPT uptake at pH 6.8 to 6.4, tumor addification had no effect on the
antitumor effect of this analogue. By contrast, the intervention signifi
cantly potentiated the response oftumors to CPT. The results indicate that
local pH is an Important determinant ofthe cellular pharmacokinetics and
the antitumor activity of CPT and analogues.

INTRODUCTION

The cytotoxicity of several conventional and experimental antican
cer drugs, notably bioreductive and alkylating agents, is often poten
tiated by acidic pH (1â€”3).Tumor-selective acidification has been
achieved in animal and human tumors by various interventions. These
include the stimulation of the intrinsically higher glycolytic flux of
tumors by glucose infusion alone (4) or with coadministration of the
mitochondrial inhibitor MIBG4 (5) and the administration of vasoac
tive drugs like hydralazine (6). The strategic concept of tumor-selec
tive acidification, combined with pH-sensitive (pro)drugs or with
drugs that interfere with intracellular pH control (7), is under inves
tigation by several groups (8â€”10).

Among the pH-sensitive candidate drugs, the topoisomerase I-
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targeting CPT and its water-soluble derivative TPT hold special
promise. Under acidic conditions, the parent drugs exist predomi
nantly in the ring-closed lactone form (I 1, 12), which is the most
active configuration for inhibition of topoisomerase I enzyme activity
(13). At neutral or alkaline pH, both drugs are converted by hydroxyl
ion-catalyzed hydrolysis into a ring-open carboxylate form (1 1). Car
boxylate CPT and TPT penetrate cells poorly (14), and up to 98% of
carboxylate CPT binds to serum proteins at physiological pH (15).
These physico-chemical properties predict that CPT and TPT should
be much more cytotoxic at conditions of low pH because higher
intracellular concentrations of the drugs in the pharmacologically
active form may be achieved. The profound urological toxicity of CPT
has been, therefore, attributed to increased local bioavailability and
maintenance of the biologically active lactone form in an acidic
environment (16). Increased cytotoxicity of CPT and TPT at low pH

in vitro has been reported from a single study, but this was not
correlated with altered drug uptake (17). To our knowledge, there are
no reports on the effect of local pH on the cellular pharmacokinetics
of topoisomerase I inhibitors nor on potentiation of their antitumor
effects after selective lowering of the interstitial pH of tumors in vivo.

We have, therefore, studied the effect of the incubating pH on the
kinetics of uptake and retention of radiolabeled CVf and TN' and
correlated the alterations in drug accumulation with the cytotoxic
potential in clonogenic assays. These studies were performed in
mouse Ll2iO leukemia cells in which the interrelationship between
extra- and intracellular pH and the spectrum of sensitivity to various

pH-dependent drugs have been amply studied (3). To exclude effects
of low pH on drug uptake and activity, unrelated to the specific
physico-chemical properties of CPTs, control studies were performed
with the topoisomerase II inhibitor ETP. This drug resembles topoi
somerase I inhibitors in the ability to form cleavable complexes in
DNA and in the requirement for active DNA replication for cytotox
icity (18), but its lactone ring is very slowly hydrolyzed compared
with that of topoisomerase I inhibitors. In addition, we tested in pilot
experiments whether selective acidification of murine RJF-1 tumors,
by treatment of the host animals with MIBG and glucose (5), can
improve the antitumor effect of the CPTs. The results reveal that the
ambient pH strongly and specifically affects uptake and retention of
topoisomerase I inhibitors and that an acidic environment promotes
their cytotoxic and antitumor activities.

MATERIALS AND METHODS

Cells and Tissue Culture Methods. L12l0 mouse leukemia cells were
grown in RPMI 1640, supplemented with 10% FCS, 60 @.tM(3-mercaptoetha
nol, penicillin (100 U/mI), and streptomycin (100 @g/ml),in a 5% CO2
atmosphere at 37Â°C.Incubations at different pH were performed in closed
culture vials in bicarbonate-free medium, adjusted to the desired pH by

addition of 0.5 Mlactic acid. Clonogenic survival was assayed by seeding cells
in appropriate dilutions in complete RPMI 1640, supplemented with 0.6%
carboxymethylcellulose and 20% conditioned medium (3). Macroscopic col
onies were counted after 10 days. Absolute plating efficiencies were between
70 and 90% and not affected by short-timeincubationsin acidified medium.
Prolonged incubations at pH 6.2 for 16 h reduced the plating efficiency by
maximally 30%. DNA synthesis was monitored by the incorporation of

[3H]thymidine into acid-precipitable cell material.
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were similar to those of experiments using [3H]CPT and [â€˜4C]TPTin
much lower radioactive tracer doses (data not shown), and the uptake
characteristics are thus independent of drug concentration.

To confirm the predominant role of the incubating pH in the
dynamic changes in drug levels, Ll2lO cells were first loaded with
radiolabeled drug for 60 mm at normal or acidic pH. The pH of the
incubating media was subsequently converted from 7.4 to 6.2 by the
addition of calibrated volumes of 0.5 M lactic acid or vice versa with
0.2 MNaOH. A decrease in the extracellular pH stimulated (re)uptake
of CPT, whereas a shift from low to neutral pH accelerated its loss
from the cells (Fig. 2A). With TPT (Fig. 2B), the effects of pH reversal
were similar but with complex and much delayed kinetics of re-uptake
or release compared to CPT. By contrast, intracellular levels of ETP
rapidly equilibrated with the extracellular concentration, and neither
the rate of uptake nor the steady-state levels were affected by the
incubating pH (Fig. 3).

Next, cells were incubated for 60 mm with rad.iolabeled drugs in media

of different pH. This incubation time was chosen to estimate the steady
state drug levels in subsequent survival assays. With CF.!' (Fig. 4), drug
levels increased progressively with decreasing pH. At the lowest pH
tested, intracellular levels exceeded by about 5-fold those at physiological
pH and were about 3-fold above the extracellular concentration. TN'
accumulation was also stimulated by low pH but reached a maximum in

the pH range 6.8 to 6.4. As expected from the results in Fig. 3, the
incubating pH had no effect on the levels of ETP.

pH and Cytotoxicity. To investigate the effects of pH-mediated
variations in drug uptake and retention on cytotoxicity, dose-survival
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Fig. 1. Uptake of topoisomerase I inhibitors by L12l0 cells as a function of the
incubation time and the pH of the incubating medium. A, intracellular drug concentrations
in cells incubated with [3HJCPT (2.9 p.M)at pH 7.4 (@) or pH 6.2 (0). Data are mean
values of three independent experiments; bars, SE. B, intracellular drug concentrations in
cells incubated with [â€˜4C]TPT(2.4 @M)at pH 7.4 (O) or pH 6.2 (0). Data are mean values
of two independent experiments. Dotted lines, extracellular drug concentrations.

Drugs and Radiochemicals. TPT was kindly provided by SmithKline
Beecham Pharmaceuticals (King of Prussia, PA), and [â€˜4CJTVFwas made
available by SmithKline Beecham (The Fryte, Welwyn, United Kingdom).
CVT and ETP were purchased from Sigma Chemical Co. (St. Louis, MO).
[3HICPT and [3HIETP were from Moravek Biochemicals (Brea, CA), and
[â€˜4CJ-and [3H]polyethyleneglycol 4000 from Amersham Corp. (Buckingham
shire, England). Stock solutions of CPTs in saline were adjusted to pH 8.0
(carboxylate form) or pH 4.0 (lactone form). MIBG was synthesized as
described previously (5) and dissolved in saline.

Drug Uptake Assay. The uptake of [3HJCPT, [â€˜4C]TPT,and [3H]ETP was
determined without intercurrent washing of cells, as described previously (19).
Briefly, cells were suspended in a medium of 37Â°C(5 X 106/ml) containing
â€˜4C-or 3H-labeleddrug in traceramounts(0.5 @.tCiJml),supplementedwith
unlabeled drugs to the desired final molar concentration as indicated. In
addition, non cell-penetrating, counterlabeled [3H1-or [â€˜4Cjpolyethylenegly
col 4000 was added in equal radioactive concentrations as markers of the
extracellular volume. Triplicate samples of 106 cells were collected at regular

intervals by rapid centrifugation in an Eppendorf centrifuge and dissolved in

0.1 M NaOH. The 3H and â€˜4Cradioactivity of drugs and markers in the cell
pellets and of l00-,.tl aliquots of the incubating medium was differentially

determined by liquid scintillation counting. Cell-associated drug was calcu
lated in individual samples by subtracting the amount of extracellular drug
(estimated from the radioactivity of the extracellular marker) from the total
amount of drug in the cell pellet. The median cell volume (12 fl/cell) was
determined using a CASY I cell counter (Scharfe System, Reutlingen,
Germany) and used to calculate molar intracellular drug concentrations.

Animal Studies. C3H/Km male mice of 25â€”40g and aged 8â€”10weeks
were injected s.c. with 1 X l0@RIF-l fibrosarcoma cells as described previ
ously (5). After 2 weeks, animals with tumors of 200â€”300mm3 were identified
with ear tags and randomly distributed in treatment groups of seven to nine

animals per cage. MIBG (32 mg/kg) and glucose (I .5 g/kg) were injected i.p.
for intratumoral acidification (5) followed 3 h later by i.p. injection of CPT or
TPT (10 mg/kg). The drugs were dissolved as described in the previous
paragraph in appropriate concentrations and injected in a volume correspond
ing with 0.01 ml/g body weight to a maximum of 0.2 ml. Tumor volume,
calculated from three orthogonal diameters determined with calipers, and body
weight were recorded daily. The relative tumor size was calculated in a
percentage of that on day 0 (start of treatment; 100%).Tumor responses were
expressed as tumor growth delay, calculated as the difference in time (in
days Â± SE) between treated and control animals to reach four times the

pretreatment tumor volume and tested for statistical significance using Stu
dent's I test. Toxicity was monitored as severe illness or intercurrent death and
by daily measurement of body weight of individual animals.

RESULTS

Pharmacokinetics of CPT and TPT at Different pH. The effect
of the incubating pH on the cellular pharmacokinetics of radiolabeled
CPT and TPT was investigated. Preliminary studies revealed rapid
and complete removal of CPT and of 60% of TN' from the cells
during three consecutive washing steps with PBS, necessary to re
move extracellular radioactivity. Therefore, a rapid assay with non
penetrating markers of the extracellular volume was used instead of

repeated washings as described in the previous paragraphs. Fig. I
shows the effect of the incubating pH on the intracellular drug levels
of CPT (Fig. IA) and TPT (Fig. 1B), both administered in the lactone
form. Unlabeled drug was added to the radiolabeled compounds to a
final cytotoxic dose of I @.tg/ml.The initial uptake of CPT was rapid
and slightly stimulated by low pH, and the peak intracellular CPT
concentrations exceeded the extracellular concentration of 2.9 p.M by

about 3-fold. Subsequently, CPT was rapidly lost from the cells at
physiological pH but at a much slower rate at pH 6.2. This charac
teristic pattern of rapid initial uptake and subsequent pH-dependent

release was also observed with 1FF (Fig. 1B). However, the initial
uptake of TPT at low pH was slightly delayed compared with that at

pH 7.4, and peak intracellular TPT concentrations exceeded the ex
tracellular drug level of 2.4 ,.LMonly by 1.3-fold. The results in Fig. 1
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pH 6.2, as is shown for CPT in Fig. 5. Decreased cytotoxicity at pH
6.2 was also observed with the topoisomerase II inhibitor ETP (data
not shown). Topoisomerase I and topoisomerase II inhibitors both
require active DNA synthesis for their cytotoxic activity (18, 20). We,

therefore, tested whether very low pH antagonized the cytotoxicity by
inhibition of the rate of DNA synthesis. Previous studies have mdi
cated that incubation of Ll2lO in a medium of pH 6.2 is accompanied
by a rapid lowering of the intracellular pH to about 6.7 (3), which is
critical for most metabolic processes (7). Fig. 6 shows that the

incorporation of [3Hlthymidine dropped markedly in cells incubated
for 4 h at pH @6.2,i.e., the condition that affords protection against
topoisomerase I and II inhibitors. During prolonged, 16-h incubations,
[3H]thymidine incorporation was more proportionally inhibited with
decreasing pH. In the latter experiments, inhibition of DNA synthesis
was also evident from reduced cell division and a decrease in the
fraction of S-phase cells, recorded by DNA flow cytometry (data not
shown). The abrupt inhibition in short-time incubations suggest that a
critical intracellular acidification to pH 6.7 by an extracellular pH of
6.2 strongly affects the rate of ongoing DNA synthesis. The additional
inhibition of [3Hlthymidine incorporation at higher pH values during
prolonged exposures probably reflects the reduced progression to
S-phase. During short-time incubations at pH values that did not effect
the rate of DNA synthesis (pH 7.4 to 6.4), only a marginal increase in
the cytotoxicity of CPT and TN', but not of ETP, was observed (data
not shown). Moreover, potentiation of CPT cytotoxicity was only
observed in low drug doses (<0.5 .tg/ml) and absent at higher dose
(> 1.0 p@g/ml). This finding is consistent with the saturating shape of

the survival curve (Fig. 5), implying that stimulated drug uptake will
not result in a further increase in the level of cell kill. However,
prolonged exposure at low dose (0.05 @g/ml),reflecting the clinically
applied schedules of continuous infusion or frequent administration,
revealed that CPT and TN' were both progressively more cytotoxic
with decreasing pH (Fig. 7). The dose-reduction factors, estimated
from the log-linear part of survival curves after I6 h exposure at
physiological pH, indicated 2â€”3-foldpotentiation of drug action at pH
6.4. This level of potentiation was less than the 4-fold increase
predicted from the stimulated uptake (Fig. 4), probably because of
simultaneous inhibition of cell cycle progression.

12

10

Time of incubation (minutes)

Fig. 3. Uptake of [3HIETP (1.7 p@M)by L1210 cells at pH 6.2 (0) or pH 7.4 (â€¢).
Arrowhead, extracellulardrug concentration.Data are mean valuesof three independent
experiments; bars, SE.

curves were established for Ll2lO cells, incubated for 4 h with the

drugs at pH 7.4 or 6.2. At physiological pH, cell survival leveled off
at doses above 0.2 pg/mi for CPT and 0.3 @.tg/mlfor TN'. These
saturating kinetics are consistent with the reported S-phase specificity
of the lethal action of CPTs (18, 20) and with the rapid release of drug
from plated cells, described in the previous paragraph. Despite stim
ulated drug accumulation, CPT and TN' were clearly less cytotoxic at
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Fig. 2. The effect of reversal of the extracellular pH on the levels of topoisomerase I
inhibitors in Ll2lO cells. Cells were preincubated with radiolabeled CPT or TPT for 60
mm at pH 6.2 (0) or pH 7.4 (â€¢)as described in the legend to Fig. I. Concentrated NaOH
or lactic acid was added to the drug-containing media (T0)to increase or lower the ambient
pH, respectively, as indicated. A, effect of pH reversal on the intracellular levels of
[3HJCPT. B, idem of [â€˜4CJ'@'p@fData points are means of three independent experiments;
bars, SD. Dotted lines. extracellular drug concentration.
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independent experiments (CII'. TP'l') or of two experiments with E'FP; bars, SE.
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P = 0.2). By contrast, the two isomers of CPT were each more
effective on tumors of MIBG/glucose-treated animals (Fig. 8, C and
D). Pretreatmentcausedan increasein tumor growth delay from
1.4 Â±0.2 days to 2. 1 Â±0.2 days (P = 0.05) with carboxylate CPT and
from 2.6 Â±0.3 to 4.5 Â±0.4 days (P = 0.009) with the parent drug.
None of these schedules caused acute toxicity to the hosts, i.e.,
intercurrent death or weight loss exceeding 10% of total body weight.

DISCUSSION

CPT analogues are a promising class of anticancer drugs, targeted
against topoisomerase I enzymes (16, 23). Whereas the parent com
pound CPT has been abandoned from clinical studies because of
unpredictable toxicity, several derivatives are currently under clinical
investigation. These include the water soluble, semisynthetic com
pound TN'. The level of topoisomerase I enzymes (24), the fraction
of S-phase cells (18, 25), and the capacity of P-glycoprotein- or
multidrug resistance-mediated drug export (26, 27) have all been
identified as important factors in the sensitivity to CPTs. Relatively
little is known, however, about the effect of pH-mediated structural
changes on the cytotoxicity and antitumor capacity of these drugs.

Theoretically, there are several arguments for an important role of
intra- and extracellular H@-ion activity in the cytotoxicity of CPTs. In
vitro DNA relaxation studies have indicated that the ring-closed

___________________________________________ lactone, which predominates at increased H@-ion concentrations, is
biologically most active (13). Administration of the hydroxy acid
sodium salt of CPT, however, still causes toxic and antitumor effects

in animal tumors (17, 28), and clinical studies have indicated that the
pharmacodynamics of TN' are more consistent with the plasma AUC
of total drug than with that of the lactone form alone (29). These
observations have been interpreted as proton-catalyzed conversion of
carboxylate drug into the lactone form, close to or inside the target
cells. In addition, the ring-closed configurations of CPT and TN' are

4 h more lipophilic and electroneutralin caseof CPT, promoting their
uptake in an acidic environment (14). Finally, hydroxylate CPT but
not TV.!' binds to serum proteins (15, 30), and CPT is, therefore, less
efficient in vivo than TN' because of reduced bioavailability.

Using a rapid and versatile assay, the cellular pharmacokinetics of

0@@@@ .@ . 80

7.4 7.0 6.6 6.2 5.8

Incubating pH

Fig. 6. The effect of incubating pH on [3H]thymidine incorporation in L12l0 cells

during 4 h (0) or 16h (â€¢).Data are mean values oftwoto three independent experiments.

Animal Studies. The antitumor effects of CPT and TN' was tested
in RIF-l tumor-bearing animals, with and without pretreatment with
MIBG/glucose. As reported previously (5), this intervention causes in
RIF-l tumors a protracted and tumor-specific reduction of the basal
interstitial pH of 6.8 down to 6.2. Unlike tissue culture cells in
acidified media (3, 8), RIF-1 tumors can maintain the intracellular pH
at physiological levels in the face of low extracellular pH (5, 9, 21).
Treatment with MIBG/glucose alone had no effect on tumor growth

(Fig. 8A). In agreement with other studies (22), TN' and CN' (bolus
i.p., 10 mg/kg) administered in the carboxylate form were less effec
tive than the parent lactones, shown for CN' in Fig. 8, C and D.
Neither carboxylate nor lactone TN' were potentiated by a preceding
MIBG/glucose treatment, as is shown for the parent drug in Fig. 8B.
Tumor growth delay by TFP in control animals (2.1 days) was not
significantly different from that in pretreated animals (2.4 days;
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Fig. 5. Clonogenic survival of L1210 cells exposed for 4 h in increasing concentrations
of CPT at pH 6.2 (0) or pH 7.4 (I). Data are mean values of three independent
experiments; bars, SE.

100

80

60

40

20

TPT

CPT

__ 60
0

0

(B
>

@: 4Â°

U)

(B

0 20

0-

7.4 7.2 7.0 6.8 6.6 6.4

incubating pH
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to TPT (0) or CPT (â€¢)in a dose of0.05 @g/ml.Data are mean values of triplicates of two
independent experiments.
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Fig. 8. The effect of manipulation of intratumoral pH
of RIF-l tumors by MIBG/glucose on the response of
R!F-l tumors to CPTs. A, tumor growth in vector
injected control animals (0) and after treatment with
MIBG (32 mg/kg) and glucose (1.5 g/kg) alone (i@).
CVI's were administered (i.p. bolus, 10 mg/kg) as lac
tone topotecan (B), carboxylate CPT (C) or as lactone
CVr (D). â€¢,TPT/CPT alone; 0. TVIYCF1@injected 3 h
after administration of MIBG and glucose. Control stud
ies (A) are combined data (n = 16) of two separate
experiments. The results in Bâ€”Dare based on seven to
eight animals per group, and the results of repeated
studies were similar to those shown. In these experi
ments, the mean time to reach 4-fold the pretreatment
tumor volume in controls was 3.8 Â±0.2 days. Bars, SE;

error bars if not shown are within the size of the
symbols.
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CN' and TN' appeared highly dynamic (Figs. 1 and 2). After an
initial, rapid uptake to levels exceeding extracellular concentrations, a
gradual and pH-dependent release was observed. The kinetics of drug

release at physiological pH (Fig. 1) and of re-uptake after a switch
from low to neutral pH (Fig. 2) are both consistent with the reported
half-life of about 20 mm of the lactone form at pH values >7.0 and
of the carboxylate form under acidic conditions (1 1), as is the absence
ofpH-dependenteffectsontheuptakeandretentionofETP,whichis
hydrolyzed at a much slower rate. This suggests that pH-mediated
interconversions, generating gradients between the intra- and extra
cellular concentrations of the movable lactone form, is an important
driving force in the dynamic retention characteristics of CN's, but
other pH-mediated effects are also involved.

Despite obvious similarities, the uptake of CN' differed from that
of 1'.N' in several aspects. The initial binding of CN' was much more
in excess of the extracellular concentration than with TN', probably
due to the higher affinity of CN' for binding to cellular proteins.
Compared with CN', TN' showed a delayed initial uptake at low pH

(Fig. 1) and a clear lag period in the pH reversal experiments (Fig. 2).
The reason for these differences is poorly understood, especially for
the higher UP levels observed immediately after acidification com
pared to those after 60 mm loading at physiological pH. A role of
transient cellular injury by the addition of lactic acid and sodium
hydrochloride cannot be excluded, however. Moreover, intracellular
CN' levels at steady state increased proportional with decreasing pH
but reached a maximum in case of TN' at pH 6.8 to 6.4 (Fig. 4). The
pH optimum in TN' uptake can be plausibly explained by an adverse
effect of very low pH, causing increased protonation of the dimethyl
amino groups of TPT, which lowers its lipid partitioning capacity
(14), as has been reported for some other drugs as well (3, 31).

Compared with the large, 3â€”5-foldstimulation of drug uptake, the
cytotoxicity of TN' and CN' was only moderately potentiated during
short-term incubation at decreased pH, most probably because of the

saturating characteristics of the dose-survival curve and of rapid
release of drug after plating of cells. At pH 6.2 or lower, there was
even antagonism of drug action, not only of TN' and CN' but also of
ETP, as reported previously for this drug (32). These findings contrast
with the strong potentiation of several other, mostly alkylating, drugs
in Ll210 cells by low pH (3). However, the decreased cytotoxicity of

the topoisomerase I and II inhibitors at pH 6.2 was coincident with a
strong decline in the rate of DNA synthesis, and active DNA synthesis
is essential for the development of lethal double strand breaks after

stabilization of cleavable complexes by topoisomerase inhibitors (18,
20). By contrast, a marked, 2â€”3-foldpotentiation by increased acidity
was observed during prolonged incubation at low drug concentration
(Fig. 7), i.e., the in vitro correlate of continuous infusion or frequent
administration of CN's in the clinic (29). In these experiments, the

level of potentiation is the balance of promoted drug uptake and
reduced sensitivity to the drugs by simultaneous inhibition of DNA
synthesis. Obviously, the net outcome of low pH-stimulated cytotox
icity of CN's is complex and dependent on specific conditions of
extra- and intracellular pH, the particular analogue, and the treatment
schedule.

Although admittedly preliminary, the results of the animal experi
ments were remarkably consistent with those of in vitro drug uptake
studies. TN' was not potentiated by the MIBG/glucose intervention
(Fig. 8B). This is in agreement with the observed optimum for TN'
uptake in vitro at pH 6.8, i.e., the basal pH of RIF-l tumors. However,
tumors with a neutral interstitial pH may be well be potentiated to
TN' by acidification. MIBG/glucose treatment did potentiate the
antitumor activity of the two isomers of CN' (Fig. 8, C and D). These
findings are consonant with stimulated initial uptake and superior
retention of the parent drug at pH 6.2 (Figs. IA and 4) and with rapid
stimulation of the (re)uptake of carboxylate CN' in an acidic envi
ronment (Fig. 2A). Although a low interstitial tumor pH could also
locally convert carboxylate TN' into the active and cell-penetrating
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lactone form, the delayed kinetics of TN' re-uptake of about 30 mm
(Fig. 2B) are probably not matching with the rate of tumor perfusion
to achieve detectable potentiation of this drug. It could be argued that
the pharmacokinetics studied in leukemic cells in vitro inadequately
represent that of RIF- 1 fibrosarcoma cells, used in the animal studies.
Although basically true, it is of note that the effects of ambient pH on
drug uptake could all be attributed to the specific physico-chemical
properties of the drugs and not to cellular factors.

The present animal experiments probably failed to reveal the full
potency of tumor acidification on the antitumor activity of CN'.
Because of rapid inactivation of circulating drug and the S-phase
dependency of their cytotoxic action, continuous infusion or frequent
administration of CN's is much more effective than the single bolus
injection that was applied in the present studies (20, 29). The in vitro
studies (Fig. 7) indicated that the effect of low pH was indeed most
marked in a clinically relevant schedule. In addition, the estimated
2â€”3-foldpotentiation at pH 6.4 in vitro significantly underestimates
the effect of low pH in tumors cells which, unlike tissue culture cells,
resist inhibition of DNA synthesis by intracellular acidification. Fi
nally, the arbitrary schedule of MIBG/glucose treatment followed by
drug administration 3 h later may be suboptimal. Because an acidic
environment promoted both initial uptake and retention (Fig. 1), other
schedules or even a reversed sequence could be more effective. It is
clear that more studies are needed to fully appreciate the clinical value
of basal tumor pH and its manipulation in the therapeutic efficacy of
various CN' analogues.

In summary, the present studies are the first to account for the
complex cellular pharmacokinetics of topoisomerase I inhibitors and
the profound effect of local pH on drug uptake and retention. Al
though dominated by pH-dependent interconversions between lactone
and carboxylate isoforms, the uptake of CN' and TN' was also
significantly modulated by structural differences between both inhib
itors. Low intratumoral pH, either basal or induced by appropriate
pharmacological interventions, would seem an important determinant
of the antitumor activity of CN's.
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