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Abstract Purpose: Temozolomide is an imidazotetrazine
alkylating agent which undergoes chemical conversion
at physiological pH to the active species 5-(3-met-
hyltriazene-1-yl)imidazole-4-carboxamide (MTIC) but is
stable at acid pH. This study evaluated the e�ect of an
increase in gastric pH, through the use of ranitidine, on
the oral bioavailability and plasma pharmacokinetics
of temozolomide and MTIC. Methods: Fifteen pati-
ents with advanced cancer were enrolled of which 12
were evaluable, all of whom had pharmacokinetic
blood sampling. Each patient received temozolomide
150 mg m)2 day)1 for 5 days in cycle 1 and also received
ranitidine 150 mg every 12 h either on days 1 and 2 or
days 4 and 5. Gastric pH was monitored by the use of
the Heidelberg capsule system. Results: Following the
administration of ranitidine there was a rise in gastric
pH by 1±2 pH units over the duration of the study pe-
riod (pH range 2.2±5.2 without ranitidine and 3.5±6.0
with ranitidine). There was no di�erence in the phar-
macokinetic parameters of temozolomide or MTIC with
or without the concomitant administration of ranitidine.
There was however, a lower Cmax for temozolomide and
MTIC for patients receiving ranitidine on day 1 and 2
versus day 4 and 5. Temozolomide was rapidly absorbed
[time to maximum plasma concentration (tmax) 1.8 h]
and eliminated [elimination half-life (t1/2) 1.8 h] and
MTIC followed a similar pattern with a tmax of 1.9 h and

a t1/2 of 1.9 h. Overall, the AUC of the MTIC repre-
sented about 2±4% of the AUC for temozolomide.
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Introduction

Temozolomide is an oral imadazotetrazine derivative
which is structurally related to dacarbazine (DTIC).
Whereas DTIC requires metabolic activation through
cytochrome P450 to MTIC, temozolomide is degraded
by a pH-dependent chemical hydrolysis under neutral
and basic conditions to the active metabolite monom-
ethyl triazenoimidazole carboxamide (MTIC), which
alkylates DNA predominantly at the O6 position of
guanine and to a lesser extent the N7 position [6]. The
activity of temozolomide is known to be schedule-de-
pendent due to the depletion of alkyltransferase, the
enzyme responsible for the repair of this toxic lesion [8].
The initial phase I trial studied a single dose of
temozolomide and while establishing a maximum toler-
ated dose of 1000 mg/m2, no responses were observed
[10]. Subsequent phase I trials have been performed in
the UK using hand-®lled gelatin capsules and with
machine-®lled capsules in both the UK and the US
on a daily times 5 schedule every 28 days [4, 5, 10]. The
UK trial established an MTD of 200 mg m)2 day)1

times 5 and the US trial reported an MTD of
150 mg m)2 day)1 times 5 in previously treated patients
and 250 mg m)2 day)1 times 5 in patients previously
untreated, with the dose-limiting toxicity being throm-
bocytopenia. The pharmacokinetics of temozolomide
have been investigated in all of these studies and similar
conclusions have been reached in each study. The
pharmacokinetics are linear, there is 100% oral bio-
availability and there is no accumulation of temozolo-
mide on day 5. Temozolomide is rapidly absorbed from
the gastrointestinal tract with a time to maximum plas-
ma concentration (tmax) of approximately 1 h (range
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0.33±2.5 h), followed by a rapid decline in plasma levels
with a t1/2 of 109 min. There were no di�erences in the
pharmacokinetic parameters between those patients who
had received previous nitrosoureas and those who had
not. The metabolites of temozolomide, MTIC, 4-amino-
5-imidazole carboxamide (AIC) and 3-methyl-2,3-di-
hydro-4-oxoimidazotetrazine-8 carboxylic acid (AM;
Fig. 1) are detected in the plasma soon after the oral
administration. AIC peak levels are observed at 150 min
after administration of temozolomide and AIC has an
elimination half-life (t1/2) of 114 min. Trace amounts of
AM are seen representing 0.8% of the exposure to
temozolomide. The mean 24-h urinary excretion of
temozolomide was 5.6% of the administered dose with
92% of this occurring in the ®rst 8 h after administra-
tion [5]. In phase II trials using 150±200 mg m)2 daily
for 5 days every 28 days, temozolomide has demon-
strated activity in recurrent or progressive high grade
gliomas with a response rate of 11%, 47% with stable
disease and a median response duration of 4.6 months
[3]. In metastatic melanoma, the response rate in che-
motherapy naive patients was 21%, with three patients
achieving a complete response, nine partial responses
and eight no change, with an overall median survival of
5.5 months [2]. In 18 patients with heavily pre-treated
low grade non-Hodgkin's lymphoma there was only one
partial response [15].

The elimination of temozolomide is predominantly
through the pH-dependent chemical hydrolysis to MTIC
which occurs at a neutral (physiological pH) or basic
environment, but at acid pH temozolomide is stable [13,
14]. Ranitidine is an aminomethyl-furan derivative
which acts as an H2-receptor blocking agent that is
widely used in the overall management of cancer pa-
tients. It produces its therapeutic e�ect by decreasing

gastric acid secretion leading to a rise in the gastric pH
which may compromise the stability and hence alter the
oral absorption of temozolomide from the gastrointes-
tinal tract. The gastric pH can be measured by a non-
invasive technique using a Heidelberg capsule system
[11]. This technique involves the patient swallowing a
capsule containing a pH-sensitive radio frequency
transmitter encased in an inert non-digestible shell. The
radiotransmitter is able to send a signal to a receiver
worn by the patient which then displays a reading be-
tween 1.0 to 8.0 pH units. This system was employed
during this study to evaluate the changes of gastric pH
with and without ranitidine. This study was designed to
evaluate the oral bioavailability and pharmacokinetics
of temozolomide and MTIC in the presence and absence
of ranitidine in the patients with advanced cancer.

Patients and methods

The study was approved by the Research Ethics Committee of the
Royal Marsden NHS Trust and written consent was provided by
all patients. Patients with solid tumours not amenable to curative
therapy or signi®cant palliation were recruited into the trial. Eli-
gibility for the trial included age ³18; treatment-free interval of 4
weeks and 6 weeks for prior nitrosourea and Mitomycin C; no
radiotherapy within the previous 4 weeks or prior radiotherapy to
greater than 50% of bone marrow; measurable or evaluable dis-
ease; adequate bone marrow function (haemoglobin ³10 g/dl,
neutrophil count ³1.5 ´ 109/l, platelet count ³100 ´ 109/l); ade-
quate liver function [bilirubin within upper limits of normal
(ULN), ALT, ALT £2 ´ ULN, ALP £1.5 ´ ULN]; life expectancy
>12 weeks and performance status (PS) 0±2. Patients were ineli-
gible if: gastroenterological abnormalities were likely to compro-
mise absorption; they required the use of antacids or H2 blocking
agents, proton pump inhibitors or sucralfate, if CNS metastases
were present; and if severe toxicities from previous therapy were
still present.

Trial design

Patients were admitted to hospital for the ®rst cycle of treatment
and received temozolomide at a dose of 150 mg/m2 daily for 5 days
in this randomized open-label crossover study. Patients were fasted
for 2 h prior to dosing and for 4 h post-dosing. A routine oral
antiemetic ondansetron 8 mg was administered prior to dosing on
days 2 and 5. Prior to dosing patients were randomized to receive
ranitidine 150 mg every 12 h for three doses either on days 1 and 2
or days 4 and 5. On days 2 and 5 patients swallowed a Heidelberg
capsule which contained a disposable radiotransmitter 15 min prior
to dosing with temozolomide. The capsule transmits a signal from
the gastrointestinal tract to an antenna embedded in a belt worn by
the patient and displays a reading between 1.0 and 8.0 � 0.5 pH
units. Gastric pH was monitored prior to pharmacokinetic blood
sampling for 4 h post-dosing or until the pH rose by >3 pH units,
as measured by two measurements, which indicated the monitor
had passed into the duodenum.

Patients were reviewed on a weekly basis for signs and symp-
toms of toxicity, and disease was assessed after two courses and
responses recorded according to the World Health Organization
(WHO) criteria. Toxicity was graded according to the Common
Toxicity Criteria (CTC). Patients who experienced acceptable
toxicity without disease progression went on to receive further
cycles of treatment with a dosage interval of 28 days. For subse-
quent cycles of treatment patients were given 200 mg m)2 daily if
they had not experienced CTC grade 3 or 4 toxicities during cycle 1.
Patients with CTC grade 3 or 4 haematological toxicities which had
resolved received a reduced dose for subsequent cycles.

Fig. 1 Metabolic pathways of temozolomide. MTIC 5-(3-methyl-
triazene-1-yl)imidazole-4-carboxamide, AM 3-methyl-2,3-dihydro-
4-oxoimidazotetrazine-8-carboxylic acid, AIC 4-amino-5-imidoz-
ole-carboxamide
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Drug supply

Temozolomide was supplied by Schering Plough, Kenilworth, N.J.,
USA as a machine-®lled white opaque preservative-free two-piece
hard gelatin capsule in four strengths, 5 mg, 20 mg, 100 mg and
250 mg. Ranitidine was supplied by the pharmacy of the Royal
Marsden NHS Trust.

Pharmacokinetics

Pharmocokinetic evaluations were done on days 2 and 5 for each
patient during cycle 1. Blood samples were taken prior to dosing
and at 15, 30, 45, 60 min and 90 min and 2, 3, 4, 6, 8 h and 12 h
post-dosing to determine levels of temozolomide and MTIC. Blood
samples were collected with pre-cooled syringes into pre-cooled
heparinised tubes and placed immediately into an ice water bath.
Samples for MTIC levels were immediately separated by centrifu-
gation in a refrigerated centrifuge maintained at 4 °C for 10 min
and immediately placed in a methanol dry ice bath and then
transferred to a )80 °C freezer. Within 30 min of collection sam-
ples for estimation of temozolomide were centrifuged and plasma
was placed in a plastic tube containing 0.1 ml of 8.5% phosphoric
acid, vortexed and then placed in a )20 °C freezer. Plasma
temozolomide and MTIC concentrations were determined using
validated HPLC assays with limits of quanti®cation of 0.1 lg/ml
and 0.01 lg/ml, respectively [7, 12]. The plasma temozolomide and
MTIC concentration-versus-time data on days 2 and day 5 were
used to determine maximum plasma concentration (Cmax), time to
maximum plasma concentration (tmax), area under the plasma
concentration-versus-time curve to the ®nal sampling time
(AUC0±t), and from time zero to in®nity (AUC0±¥), volume of
distribution (Vd), elimination rate constant (k), half-life (t1/2) and
total body clearance using a model-independent method. Cmax and
tmax were the observed values, the t1/2 was 0.693/k, the AUC0±t was
calculated using the linear trapezoidal method and the AUC0±¥,
was calculated using AUC0±¥ = AUC0±t + C/k where C is the
concentration at the last time point. The total body clearance was
calculated as: CLT/F = Dose/AUC0±¥. The apparent volume of
distribution (Vd/F) was calculated as Vd/F = [Dose/AUC0±¥]/k.
The k, AUC0±¥ and t1/2 could be determined in both phases in ten
patients for temozolomide and only three patients for MTIC.

Statistical analysis

The pharmacokinetic parameters listed above were analysed using
a crossover analysis of variance (ANOVA) model. The e�ects due
to sequence, period and treatment were determined. The 90%

con®dence intervals for the mean di�erence between the two
treatments for the primary parameters, log transformed AUC and
Cmax, were calculated using the pooled residual error and associ-
ated degrees of freedom from the analysis of variance. The mean
di�erence and the 90% con®dence intervals were expressed as a
percentage and these represent an estimate of the relative bio-
availability. The power to detect a 20% di�erence in treatment

Table 1 Patients' characteristics (n = 15)

Characteristic Number

Age (median, range) 44 (18±72)
Gender (male/female) 9/6
PS
0 1
1 9
2 5

Tumour types
Sarcoma 5
Melanoma 4
Astrocytoma 3
Oligodendroglioma 1
Ovary 1
Lung 1

Fig. 2 Mean gastric pH values after administration of temozolo-
mide to patients with and without ranitidine

With ranitidine Without ranitidine Treatment P value

Temozolomide (n = 12)
Mean (% CV) Mean (% CV)

Cmax (lg/ml) 7.76 (48) 8.22 (37) 0.45
tmax (h) 1.79 (88) 1.85 (97) 0.904
AUC0±t lg h ml)1 23.3 (19) 23.3 (22) 0.915
AUC0±¥ lg h ml)1,a 24.3 (18) 24.1 (22) 0.757
t1/2 (h) 1.81 (10) 1.82 (19) 0.201
CL/F (ml min)1 kg)1) 2.85 (16) 2.87 (20) NS
Vd/F 0.44 (18) 0.45 (22) NS

MTIC (n = 11)
Cmax (ng/ml) 181 (43) 211 (48) 0.202
tmax (h) 1.92 (83) 1.88 (97) 0.940
AUC lg h)1 ml)1 516 (25) 530 (23) 0.396

a n = 11

Table 2 Pharmacokinetic parameters for temozolomide and
MTIC with and without ranitidine. Cmax maximum plasma con-
centration, tmax time to maximum plasma concentration, AUC0±t

area under the plasma concentration-versus-time curve to the ®nal

sampling time, AUC0±¥ area under the plasma concentration-ver-
sus-time curve from time zero to in®nity, t1/2 elimination half-life,
CL/F total body clearance, Vd/F apparent volume of distribution
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means for a level of 0.05 (two-tailed) was determined. The original
scale data were used to analyse tmax and t1/2.

Results

Patients and doses

Between September 1995 and July 1996, 15 adult pa-
tients with advanced cancer were treated at the Royal
Marsden NHS Trust. The patients' demographic details
are presented in Table 1. All patients had received prior
chemotherapy with radiotherapy and/or surgery. Three
patients were not considered evaluable for the pharma-
cokinetics of temozolomide and MTIC with and without
ranitidine for the following reasons: in one patient the
Heidelberg capsule was not functioning, in another the
plasma samples inadvertently thawed and another re-
ceived ranitidine on days 1 and 2 and days 4 and 5.

Pharmacokinetics

The gastric pH was increased by 1±2 pH units in the
presence of ranitidine and the gastric pH time pro®les
were similar with and without ranitidine (Fig. 2). The
mean pharmacokinetic parameters and the mean con-
centration-time pro®les for temozolomide and MTIC
with and without ranitidine are presented in Table 2 and
Fig. 3 respectively. There were no statistically signi®cant
di�erences in any of the pharmacokinetic parameters for
either temozolomide or MTIC when temozolomide was
administered with or without ranitidine. For temozolo-
mide the (Cmax) was 7.7 versus 8.2 lg/ml; the mean tmax

was 1.8 versus 1.9 h; the mean AUC0±t was 23.3 lg h
ml)1 for both, the mean AUC0±¥ was 24.3 versus
24.1 lg h ml)1, and the mean t1/2 1.8 h for both, with
and without ranitidine, respectively. The clearance and
Vd were similar to previously published results [5, 10].

For MTIC, the mean Cmax was 181 ng/ml and
211 ng/ml; the mean tmax was 1.92 versus 1.88 h; and the
AUC0±t 516 versus 530 ng h ml)1 with and without
ranitidine, respectively. MTIC appeared in the plasma
soon after the administration of temozolomide and the
PK pro®le was similar to that of temozolomide (Fig. 3).
The AUC of MTIC was 2±4% of the AUC for
temozolomide with and without ranitidine.

To determine the treatment e�ect of the various pa-
rameters, the e�ects of sequence, phase and treatment
were analysed using ANOVA. Treatment is de®ned as
ranitidine or no ranitidine; phase is day 2 versus day 5;
and sequence is ranitidine on day 1 and 2 versus
ranitidine on days 4 and 5. There were no signi®cant
treatment or phase e�ects for the AUC and Cmax for
temozolomide and MTIC. However, there was a statis-
tically signi®cant sequence e�ect for Cmax for both
temozolomide and MTIC. For unexplained reasons, the
average Cmax of temozolomide and MTIC was slightly
lower for subjects receiving ranitidine on days 1 and 2

compared with those receiving ranitidine on days 4 and
5 (P values 0.023 and 0.002, respectively). The individual
data for both Cmax and AUC are presented in Fig. 4,
and demonstrate similar values in each patient given
temozolomide with and without ranitidine. This suggests
that the sequence e�ect on Cmax on days 1 and 2 versus
days 4 and 5 is unlikely to be clinically signi®cant. The
point estimates of relative oral bioavailability (Cmax and
AUC) for temozolomide and MTIC were 89±100%,
indicating that the change in gastric pH due to ranitidine
had no e�ect on the oral bioavailability (Table 3).

Tolerability/responses

The 15 patients received a total of 34 cycles of treatment
(range 1±6 cycles per patient). No patient achieved a

Fig. 3 Mean concentration-versus-time curves for temozolomide
and MTIC in patients with and without ranitidine
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response, although four patients achieved stable disease
and received multiple cycles of treatment. Toxicity was
mild, although one patient did experience grade 4
thrombocytopenia and neutropenia after receiving
200 mg m)2 per day for 5 days and subsequently had a
25% dose reduction (Table 4).

Discussion

Temozolomide is an imidazotetrazine derivative with
schedule-dependent activity in glioma and melanoma. It
is converted by pH-dependent chemical hydrolysis to
MTIC under neutral and basic conditions and this me-
tabolite exerts a cytotoxic action by DNA alkylation
preferentially at the O6 position of guanine [13]. MTIC is
itself metabolized to AIC, which is detectable in plasma,
although the appearance in plasma is delayed compared
with that of temozolomide and MTIC. Hepatic metab-
olism appears to play only a minor role in the clearance
of temozolomide, with only trace amounts of AM ap-
pearing in plasma, and renal clearance of the parent
compound contributes to only 6% of the total clearance
[5].

The aim of this study was to determine the e�ect of
altering the gastric pH by the use of ranitidine, an H2-
receptor blocker, on the oral bioavailability of
temozolomide and the plasma pharmacokinetics of
temozolomide and MTIC. Given the decreased stability
of temozolomide at neutral or alkaline pH, it was pos-

Fig. 4 Individual values for plasma temozolomide and MTIC;
Cmax and AUC values with (A) or without (B) ranitidine and
sequence (solid line ranitidine/no ranitidine sequence, broken line no
ranitidine/ranitidine sequence). Cmax maximum plasma concentra-
tion, AUC0±t u

Table 4 Drug-related toxicity for all cycles (n = 36)

Toxicity Grade 1±2 Grade 3±4

Anaemia 4 1
Thrombocytopenia 4 3
Leucopenia 1 1
Neutropenia 1 1
Vomiting 1 0
Lethargy 1 0

Table 3 Relative bioavailabilitya for temozolomide and MTIC
(expressed as a ratio of ranitidine/no ranitidine). Cmax maximum
plasma concentration, AUC0±t u, AUC0±¥ area under the plasma
concentration-versus-time curve from time zero to in®nity

Parameter Relative
bioavailability (%)

90% Con®dence
interval

Temozolomide
Cmax 91.9 76±112
AUC0±t 100 94±107
AUC0±¥ 100 93±108

MTIC
Cmax 89.0 76±104
AUC0±t 96.7 90±104

a The mean di�erence in the log transformed AUC and Cmax values
expressed as a percentage is an estimate of the relative oral bioa-
vailability
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tulated that elevation of gastric pH by ranitidine might
result in reduced oral bioavailability. Ranitidine is
commonly used in cancer patients and therefore the two
drugs may be given concomittently. The gastric pH was
measured by a Heidelberg capsule, which transmitted a
signal to a receiver on a belt worn by the patients. The
pH was seen to rise by 1±2 pH units with use of raniti-
dine, with each patient acting as their own control. The
range of pH throughout the study was 2.2±6.0. The
pharmacokinetics of temozolomide and MTIC were not
altered by altering the gastric pH within this physio-
logical range. The Cmax, tmax, or AUC values for
temozolomide and the metabolite MTIC were similar
following temozolomide administration with and with-
out ranitidine. The Cmax values of both temozolomide
and MTIC, however, were lower in the patients who
received ranitidine on day 1 or 2 rather than day 4 or 5
(sequence e�ect) but this was not re¯ected in a change in
the AUC. The reason for this di�erence is not known
and is unlikely to be clinically signi®cant. The oral bio-
availability of temozolomide and MTIC were similar,
with or without ranitidine.

The results of this study are in keeping with the
temozolomide pharmacokinetics reported from the pre-
vious phase I trials [4, 5, 10]. Temozolomide is rapidly
absorbed and eliminated following oral administration.
Peak plasma temozolomide concentrations are observed
1±2 h after dosing and the t1/2 is 1.8 h. Conversion of
temozolomide to MTIC was rapid, with MTIC ap-
pearing in the plasma soon after temozolomide admin-
istration with a tmax of 1±2 h and a t1/2 of 1.9 h. Overall,
the exposure to MTIC (AUC) represented 2±4% of the
AUC of the parent compound. Additionally, the drug is
well tolerated, with the only signi®cant toxicity being
myelosuppression seen at the higher dose level of
200 mg/m2 per day.

The successful use of the Heidelberg capsule to de-
termine gastric pH has been demonstrated in this study.
While this system has been used previously [1, 9], this is
the ®rst report of its application in cancer drug phar-
macology and it was shown to be well tolerated by the
patients, all of whom had advanced disease. This study
con®rmed that the rise in pH following the administra-
tion of ranitidine had no e�ect on the stability of
temozolomide, which in turn did not a�ect the oral
bioavailability or the pharamocokinetics of temozolo-
mide and MTIC.
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