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ABSTRACT

I lir addition of the antifol methotrexate to cisplatin (DDP) produces
supraadditive antitumor effects in preclinical studies, but in the clinic
this combination of two nephrotoxic drugs is limited by excessive toxicity.
Trimetrexate (TMTX) is a second generation antifol with predominantly
nonrenal elimination and antitumor activity superior to that of metho
trexate in preclinical models. In early clinical trials TMTX demonstrated
promising activity in non-small cell lung cancer, and nephrotoxicity was

rare. We performed a Phase I clinical and pharmacological study of
TMTX (escalating doses) in combination with DDP (20 mg/m2), both

administered i.v. for 5 consecutive days, every 4 wk. The pharmacoki-

netics of TMTX was determined in 15 patients after administration of
the single agent (baseline study) and following the Day 1 and Day 5 doses
in the TMTX-DDP combination. The recommended Phase II single-
agent dose of TMTX on this schedule, 8 mg/m2, did not produce excessive

toxicity when given concurrently with DDP. Significant drug-related

nephrotoxicity was not observed, even in patients receiving multiple
courses of TMTX-DDP. The mean renal clearance of TMTX increased
1.4-fold and 2.8-fold over baseline on Days I and 5, respectively, of
TMTX-DDP. Urinary flow was similarly greater on days of TMTX-

DDP treatment. The nonrenal clearance of TMTX was unaffected by
concurrent DDP. The steady-state volume of distribution, I',,..,, and

terminal elimination half-life were significantly greater on Day 5 of
TMTX-DDP compared to baseline. The plasma protein-binding of

TMTX in vitro was not altered by DDP, and the disappearance of
ultrafilterable DDP from normal plasma in vitro was unchanged by
TMTX. Although a protein-binding interaction of TMTX and DDP was

not detected in normal plasma in vitro, the changes in renal clearance,
i ',,,,.,and the terminal half-life were consistent with a greater fraction of

unbound TMTX in plasma following Day 5 of TMTX-DDP. Effects of

DDP on the binding of TMTX to extravascular tissue components, or on
the renal handling of TMTX, cannot be excluded. The increase in TMTX
renal clearance correlated with increased urinary flow, which may im
prove the therapeutic index of TMTX as both an antineoplastic and
antiparasitic agent.

INTRODUCTION

DDP' is one of the most active drugs in the treatment of

several common solid tumors. It is an essential component of
regimens with curative potential in testicular, ovarian, and
bladder cancers. In head and neck, lung, cervix, and endometrial
cancers, DDP is one of the most active single agents (1). In
preclinical studies several antimetabolites potentiate the anti-
tumor action of DDP. Best known is the combination of DDP
and 5-fluorouracil which appears especially effective in head
and neck cancer (2). Enhanced antitumor activity in vitro and
in vivo has been observed with DDP combined with several
antifolates. DDP and MTX have supraadditive antitumor ac
tivity in vitro (3). However, both drugs are nephrotoxic, and
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impaired renal excretion of MTX may lead to severe myelo-
suppression and mucositis. For these reasons, concurrent ad
ministration of DDP and MTX has been avoided in humans.
Despite an interval of at least 24 h separating them to minimize
the possibility of toxic interaction, combinations containing
these agents produced toxicity in excess of that expected for
either of the single agents (4-6). The determinants of their
enhanced toxicity (for example, potential pharmacokinetic in
teractions) have not been explored in conventional doses.

TMTX is a lipophilic, nonclassical antifolate currently in
Phase II testing. Like MTX, TMTX is a tightly bound inhibitor
of DHFR. Its entry into cells differs from that of MTX (7), and
intracellularly, TMTX does not undergo polyglutamylation. In
preclinical testing, TMTX demonstrated broader activity than
MTX and was active against cell lines resistant to MTX on the
basis of a transport defect in folate/antifolate transport. In
initial Phase I testing the dose-limiting toxicity of TMTX on a
variety of schedules was myelosuppression. Nephrotoxicity was
uncommon and mild. In humans, plasma disappearance of
TMTX after a single bolus dose is bi- or triexponential with a
terminal half-life of 12 to 40 h (8). Unlike MTX which is
eliminated predominantly by renal excretion, only 10 to 20%
of an administered dose of TMTX is found unchanged in the
urine, indicating that biotransformation is the main route of
elimination of the intact drug. However, when determined by
DHFR-inhibiting activity, approximately 50% of a dose is
recovered in the urine, suggesting that the renal excretion of
active TMTX metabolites may be an important determinant of
toxicity. The antitumor effect of TMTX in a murine model was
optimal with schedules using frequent, repeated doses (9). Thus,
the 5-day, daily bolus schedule was chosen for Phase II testing
in humans.

An early Phase II trial of TMTX in NSCLC yielded a
response rate of 15% (10). A supraadditive antitumor effect of
TMTX with DDP was shown in vivo by Leopold et al. (11)
using repeated bolus doses of both agents. The single-agent
activity of TMTX in NSCLC, the potential synergistic inter
action of TMTX with DDP (the most active single agent in
NSCLC), and the lack of significant nephrotoxicity of TMTX
in Phase I trials prompted our interest in studying TMTX in
combination with DDP.

Our objectives in performing this Phase I study were the
following: (a) to determine the maximum tolerated dose of
TMTX in combination with DDP, both given daily for 5 days;
(b) to describe and quantitate the toxicity of this combination;
(c) to determine the pharmacokinetics of TMTX in these pa
tients and to describe the effect of concurrent DDP administra
tion on TMTX disposition; (d) to document any antitumor
effect of this combination in patients with advanced solid tu
mors; and (e) to determine if there is a relationship between
kinetic parameters and toxicity.

MATERIALS AND METHODS

Patient Selection. Patients eligible for this study had histologically
confirmed solid tumors, either refractory to conventional therapy or
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for which no conventional therapy exists; a minimum of 12 wk of life
expectancy and an Eastern Cooperative Oncology Group performance
status of 0 to 2; recovery from prior chemotherapy- or radiation
therapy-induced toxicity; age >18 years; adequate bone marrow func
tion (white cell count, >3,000/mm3; platelet count, >100,000/mm-1);

adequate liver function as defined by total bilirubin <2 mg/dl and
adequate renal function as defined by creatinine si.5 mg/100 ml (or a
creatinine clearance >60 ml/min); and no prior treatment with either
TMTX or DDP. The protocol for this study was approved by the
Institutional Review Board of the Fox Chase Cancer Center. All pa
tients gave written informed consent in accordance with federal, state,
and institutional guidelines.

Treatment Plan. History and physical examination, biochemical pro
file, and urinalysis were obtained pretreatment and every 4 wk during
treatment. Performance status and toxicity assessments, complete
blood count and platelets, and blood urea nitrogen and creatinine were
obtained weekly. Chest X-ray and studies to measure tumor were
obtained pretreatment and repeated as needed. Results are reported
using standard response criteria (12) and the consensus toxicity criteria
(Cancer Therapy Evaluation Program, National Cancer Institute, Be-
thesda, MD, 1988). TMTX (NSC 352122) was supplied as the glucu-
ronate salt by the Division of Cancer Treatment, National Cancer
Institute. Each dose of TMTX was dissolved in 5% dextrose and
administered as a 10-min zero-order i.v. infusion. Initially, patients
received their first 5-day course of treatment with single-agent TMTX,
8 mg/m2/day, for baseline TMTX pharmacokinetic studies. Disease
progression in the 4-wk interval prior to the second course of treatment
with the TMTX-DDP combination occurred in 4 of the first 6 patients.
All subsequent patients were therefore treated with a single 8-mg/m2

dose of TMTX (with pharmacokinetic studies) followed 1 wk later by
the TMTX-DDP combination.

TMTX administration was preceded by hydration with 1 liter of one-
half normal saline solution. Immediately following TMTX, DDP was
given followed by a second liter of one-half normal saline solution.
Lasix and mannitol were not used in the first course during pharma
cokinetic studies, but were used at the discretion of investigators for
subsequent courses. TMTX and DDP were given daily for 5 consecutive
days. Courses were repeated every 28 days in the absence of disease
progression or severe toxicity. Each patient received prophylactic anti-

emetics, consisting of dexamethasone, 20 mg i.v., and prochlorperazine,
10 mg i.v., 20 min before DDP administration. To control for possible
pharmacokinetic effects of concomitant antiemetic administration, pa
tients received the same doses of dexamethasone and prochlorperazine
before TMTX alone and TMTX-DDP.

The starting dose of TMTX was 4 mg/m2/day, which was subse
quently escalated to 6 and 8 mg/m2. The dose of DDP (20 mg/mYday)

was not escalated.
Pharmacokinetic Studies. The elimination of TMTX from plasma

was studied in 15 patients after a single 8-mg/m2 dose of TMTX and

in 14 of these patients after the Day 1 and Day 5 doses of TMTX given
together with DDP during the first course of treatment with the
combination. Heparinized venous blood samples were obtained before
treatment; at the end of infusion; and 15, 30, and 60 min and 2, 4, 6,
12, 18, and 24 h after the end of the infusion. Following the fifth dose,
additional samples were obtained at 30, 36, 42, and 48 h. Urine was
collected at 6-h intervals for 48 h following drug administration for
baseline and Day 5 studies, and for 24 h following the Day 1 doses of
TMTX and DDP. Blood samples were centrifuged immediately at room
temperature, and plasma was stored at -20Â°C. Urine containers were

kept on ice during each collection period; volumes were recorded, and
an aliquot of each sample was stored at â€”20Â°C.

Sample Analysis. TMTX concentrations in plasma and urine were
measured by HPLC. The method used for TMTX in plasma was
essentially that described by Ackerly et al. (13). TMTX concentrations
in urine were measured as previously described (14). Briefly, 1-ml urine
samples to which a known concentration of trimethoprim was added
as an internal standard were loaded onto preconditioned (3 ml of
acetonitrite followed by 3 ml of water) CN Bond Elut Cl8 sample
preparation columns (Analytichem, Harbor City, CA). The column was

washed with water (3 ml), and TMTX and trimethoprim were eluted
with 1.0 ml of acetonitrite:water (15:85) containing 0.75% (v/v) trieth-
ylamine and 0.375% (v/v) orthophosphoric acid (85%). A total of 200
^1 of the eluate were injected into the HPLC.

The Chromatographie system consisted of a Hewlett-Packard (Palo
Alto, CA) HP-1090 Series A liquid Chromatograph equipped with an
autoinjector/autosampler and an HP-1040A diode-array UV detector.
Separation was performed on a Hewlett-Packard reverse-phase CIS
column (Hypersil ODS, 5 urn, 100- x 4.6-mm inner diameter). TMP
and TMTX were eluted with retention times of 5.8 min and 11.0 min,
respectively, by a gradient mobile phase of 91 % water containing 0.16%
triethylamine, 0.08% phosphoric acid (85%), and 9% acetonitrile. The
percentage of acetonitrile was increased linearly from 9 to 35% over 15
min, followed by a 5-min reequilibration of 9% acetonitrile prior to the
next injection. The column effluent was monitored at 241 nm. Peak
heights were calculated with a Hewlett-Packard HP-85B personal com
puter and DPU multichannel integrator. A standard curve for TMTX
measurement, ranging from 0.1 to 5 Mg/ml, was constructed in plasma
or urine and was extracted daily along with patient samples to be
analyzed. Standard curves were linear over this range (plasma r >
0.999, urine r > 0.999). Patient samples were diluted when necessary
to produce concentrations in the range of the standard curve. The
concentration of TMTX in the patient plasma samples was determined
by comparing the peak height of TMTX in the unknown sample to the
standard curve. For urine samples, the peak height ratio of TMTX to
TMP versus the concentration of TMTX was compared.

Pharmacokinetic Calculations. Plasma TMTX concentration versus
time curves were fitted to bi- and triexponential equations

C(f) = Ae~'" + Be'"'

C(t) = Ae'"' + Be'"' + Ce^'

and corrected for length of infusion (10 min) using the NONLIN84
nonlinear curve-fitting program (15). Day 5 TMTX elimination curves
were fitted to the appropriate equation using a model which incorpo
rates the principal of superposition (16). Simulations of Day 5 elimi
nation curves using data obtained on Day 1 were made using the
superposition model. The Akaike information criterion (17) was used
to determine which equation provided the best description of TMTX
plasma elimination. Initial parameter estimates required for the
NONLIN84 program were obtained with the ESTRIP exponential
curve-stripping program (18). Volume of the central compartment (Fc),
steady-state volume of distribution ( Fdss),total body and renal clearance
(Cltoui,Clreâ€žai),AUC, and the elimination half-lives were calculated from
standard pharmacokinetic equations using the dose administered and
the coefficients and hybrid rate constants derived for the compartmental
models (19).

Protein Binding Studies. Fresh plasma was obtained from a healthy
male volunteer, and TMTX, DDP, or TMTX and DDP were added.
The final concentration of each drug was 5 ng/mL All incubations were
performed at 37Â°C.TMTX protein binding was determined by ultrafil-

tration through a M, 30,000 cutoff, centrifree micropartion device
(Amicon Corporation, Danvers, MA). The concentration of TMTX in
the resultant ultrafiltrate was measured by direct injection of 100 Â¡Aof
ultrafiltrate onto the HPLC column as described above, followed by a
comparison of the TMTX peak height to a standard curve constructed
in serum ultrafiltrate. The nonspecific absorption of TMTX to the
filtration device was determined by filtration of serial 400-^1 samples
of spiked serum ultrafiltrate (1-ml total volume). The percentage of
protein-bound drug was calculated as follows.

of protein-bound drug
serum concentration - ultrafiltrate concentration

serum concentration
x 100

Total DDP was measured in plasma ultrafiltrate using a previously
described HPLC procedure (20). Platinum-containing species and pal
ladium chloride (used as an internal standard) were derivatized with
DDTC in an alkaline solution, producing a complex consisting of 2
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mol of DDTC to 1 mol of platinum that absorbs ultraviolet light with
a wavelength maxima at 254 nm (21). This complex was extracted into
chloroform and separated by normal-phase chromatography, using an
isocratic mobile phase consisting of heptane:isopropranol (90:10) and
a Cyano Spheri-10 column (250 x 4.6 mm, 5-fim particle size) (Brown-
lee Laboratory, Santa Clara, CA). This assay is sensitive (limit of
detection, 50 ng/ml) and linear up to 5000 ng/ml.

Statistical Analysis. Differences in pharmacokinetic parameters be
tween baseline (TMTX, single dose) and Days 1 and 5 of treatment
with TMTX and DDP were analyzed using the Wilcoxon rank sum
test for paired data.

The relation of total clearance and AUC to baseline values of serum
total protein and serum albumin and to the percentage of change in
granulocytes and platelets from baseline values was examined with
scatter plots. Correlation was sought using linear, exponential, and Hill
equations.

RESULTS

The pretreatment characteristics of patients entered on this
study are described in Table 1. Of 19 patients registered on this
study, 15 were fully Ã©valuablefor toxicity and response to the
TMTX-DDP combination. The remaining four patients, all
entered at the 4.0-mg/nr TMTX dose level, received only
TMTX and had progression of their tumor in the 4-wk period
preceding the combination. This prompted a change in admin
istration of the first course of treatment from five daily doses
of TMTX to a single 8-mg/m2 dose of TMTX on Day 1,
followed by the TMTX-DDP combination on Day 8. All pa
tients treated following this modification were Ã©valuable.This
modified design preserved the opportunity to obtain baseline
TMTX pharmacokinetic data with only a minimal delay before
administration of TMTX and DDP.

The 15 Ã©valuablepatients received a total of 28 courses of
TMTX and DDP. TMTX was escalated from the initial level
of 4.0 mg/nr/day to 6.0 mg/nr (7 patients) and, finally, to 8.0
mg/nr/day (6 patients). Further escalation was not undertaken,
as the goal of administering the single-agent Phase II dose of
TMTX with DDP was achieved. All courses were Ã©valuable.

Myelotoxicity. Myelotoxicity was generally mild in the dose
range studied in this combination (Table 2). Grade 1 leukopenia

Table I Pretrealment patient characteristics

Total no.
Male
Female
Median age

Median performance status

19Â°

11
g

54 (33-75)*

1 (0-2)

PriortherapyRadiationChemotherapyRadiation

andchemotherapyNoneDiagnosisColonBreastHead

andneckSarcomaOther

(oneeach)Location

ofmetastasisLungLiverLymph

nodesBoneOther

soft tissue210S253335105533
" Four patients received only a single 5-day course of TMTX alone.
* Numbers in parentheses, range.

and thrombocytopenia occurred in one patient during her third
course of treatment at the 4-mg/m2/day level. One of six
patients treated at the 6-mg/m2 level had Grade 4 leukopenia

and thrombocytopenia associated with staphylococcal septic
shock. Three additional episodes of leukopenia, one each of
Grades 1, 2, and 3, occurred in 11 other courses at this level.
Of 12 courses at the 8-mg/m2 dose level, four were associated

with Grade 1 or Grade 2 leukopenia. Thrombocytopenia oc
curred in 6 of 12 (50%) courses at this level in 4 of 6 patients;
two episodes were of Grade 3 severity. Thus, myelosuppression
was more frequent at the highest dose level. The duration of
leukopenia and thrombocytopenia was usually brief, with re
covery by Day 21 in most cases.

Nephrotoxicity. Although nephrotoxicity occurred in 13 of
28 (46%) courses, it was usually mild and reversible by Wk 2
following treatment. Two Grade 3 elevations of serum creati-
nine were observed in two patients treated at the 6.0-mg/m2

level. One episode was associated with profound hypotension
and septic shock. In the second patient, a Grade 3 increase in
serum creatinine was associated with bilateral ureteral obstruc
tion due to tumor progression. No severe or irreversible decline
in renal function could thus be attributed to drug toxicity alone.
No patient experienced a symptomatic electrolyte abnormality.

Other Toxicities. Gastrointestinal toxicity was mild. Grade 1
or 2 nausea was documented in 9 of 28 courses and was limited
to treatment days. Diarrhea was infrequent, with three episodes
of Grade 1 or 2 toxicity. Of note was the absence of stomatitis
and rash, both occasional toxicities in most previous studies of
TMTX. There were three episodes of hepatic enzyme elevation,
one (Grade 2) associated with septic shock and two (Grade 1)
that occurred in another patient during the first two courses of
therapy. This patient had hepatic mÃ©tastasesand pretreatment
serum glutamic-oxaloacetic transaminase elevation to just
above the upper limit of normal which did not increase further
during treatment.

Pharmacokinetics. Plasma TMTX concentration-time curves
were fitted to two- and three-compartment pharmacokinetic
models. A triexponential equation provided the best description
of plasma TMTX elimination for 14 of the 15 patients studied;
a biexponential equation provided the best description for one
patient. Platinum administration did not alter the number of
compartments for any of these patients. Representative plasma
TMTX concentration-time curves for a single patient after the
single 8-mg/m2 dose of TMTX and following concurrent

TMTX and DDP are shown in Fig. 1.
Estimated TMTX pharmacokinetic parameters for the 15

Ã©valuablepatients following a single 8-mg/m2 dose of TMTX
are shown in Table 3. The mean Â±SD of total-body clearance
of TMTX was 14.0 Â±7.0 ml/min/m2, with renal clearance

accounting for 23.9% of the total. These values, and the mean
Â±SD of Fdss(30 Â±6.3 liters/m2), V, (4.0 Â±3.0 liters/m2), and
mean terminal elimination harmonic half-life of TMTX (26.5
h) are similar to those previously reported (22-27). The AUC
of the plasma TMTX concentration versus time curve ranged
from 4.7 to 21.9 /Â¿g-h/ml (mean, 11.8 Â±5.5). No significant
variation with dose could be detected for any of these parame
ters over the dose range studied.

The pharmacokinetics of TMTX during treatment Days 1
and 5 of the TMTX and DDP combination was determined for
14 patients and compared to their single-dose TMTX phar
macokinetics obtained 1 wk earlier. Estimated pharmacokinetic
parameters for TMTX administered on Days 1 and 5 of the
combination are shown in Tables 4 and 5, respectively. Median
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Table 2 Myelotoxicity of TMTX and DDP

Grade of toxicity

Platelets
TMTX dose

(mg/m2)4

6
8No.

of
patients2

7
6No.

of
courses412

1203
881

21

0

3 1301 040
1
003

11611 0220 0230 0240
0

IS 20 25 30 :ir. 40

Time (hour)

Fig. 1. Plasma TMTX concentration-time curres for patient 15 after TMTX.
8 mg/m2 (baseline study) (A), Day 1 of TMTX (8 mg/m2) and DDP (20 mg/m2)
(A), and Day 5 of TMTX (8 mg/m2) and DDP (20 mg/m2) (C).

values of the clearances, volumes of distribution, AUC, and
terminal half-life of TMTX at baseline, on Day 1 and on Day
5 of the combination, are summarized and compared in Table
6. The comparisons among baseline, Day 1, and Day 5 param
eters were made using paired data for each patient.

Total and nonrenal clearances of TMTX were not signifi
cantly influenced by DDP on Day 1 of treatment. Renal clear
ance of TMTX increased 1.4-fold from baseline when admin
istered with DDP, but did not reach statistical significance (P
= 0.068) when all patients (treated at 4, 6, or 8 mg/nr/day of

TMTX) were considered. This increase in renal clearance was
significant (P = 0.031) when only patients treated with the
same dose of TMTX (8 mg/m2) at baseline and in the combi
nation were considered. DDP (20 mg/m2) administered with
TMTX on Day 1 did not alter Vâ€žAUC, or terminal half-life
from baseline values. The Fdss of TMTX on Day 1 of the
combination decreased from baseline when all 14 patients were
considered, but was unchanged in the subgroup of patients
treated at the 8-mg/m2 TMTX dose level.

The total-body clearance of TMTX increased to approxi
mately twice the baseline value by Day 5 in the combination.
The renal clearance of TMTX on Day 5 of TMTX-DDP was
greater than that of single-agent TMTX. Median renal clear
ance was 2.0- and 2.8-fold greater for Day 5 of TMTX-DDP
compared to Day 1 and baseline, respectively. In contrast,
nonrenal clearance was not significantly greater on Day 5 of
TMTX-DDP compared to TMTX alone (Table 6).

Analysis of TMTX pharmacokinetics on Day 5 of the
TMTX-DDP combination is complicated by the potential ac

cumulation of the previous TMTX doses on Days 1 to 4 on
this schedule. With a mean terminal half-life of approximately
34 h, significant plasma and urine concentrations of TMTX
residual from prior doses could contribute to those following
the Day 5 dose; this would be expected to elevate values of
AUC and renal clearance while total clearance (= dose/AUC)
would be decreased. Of note, however, is the decrease in AUC
on Day 5 compared to Day 1 of the combination and to baseline,
with an increase in total TMTX clearance. This apparent de
crease in AUC on Day 5 of TMTX and DDP is illustrated in
Fig. 2. A pharmacokinetic model based on the Day 1 TMTX
pharmacokinetic parameters accounting for accumulation of
TMTX over the 5-day treatment period was used to predict the
concentration versus time profile of TMTX following the Day
5 dose. The actual plasma concentration-time relationship is
shifted downward from the predicted curve and has a slower
terminal elimination phase, corresponding to a prolongation of
the terminal half-life over the 5-day course of treatment. The
absence of TMTX accumulation in plasma over the 5-day
treatment course is further illustrated by comparison of 24-h
and 120-h plasma TMTX concentrations (Table 7).

The contribution of prior TMTX dose to the calculation
of TMTX renal clearance following the Day 5 dose was esti
mated from the amount of TMTX remaining in the body
(estimated AUC0-<*â€”AUC0-24h) after one preceding dose and

the fraction of a given dose expected to be eliminated by renal
mechanisms. Assuming no true change in renal clearance over
the 5-day treatment period (i.e., using the Day 1 TMTX-DDP
renal clearance), and observing that a mean of 50% of the total
Day 1 AUC was present 24 h after this dose, a 1.5-fold [(0.2
-I-[0.2][0.5])/0.2] increase in the renal clearance on Day 5 would

be expected compared to Day 1. Assuming no significant con
tribution of earlier doses of TMTX (supported by the absence
of TMTX plasma accumulation; Fig. 2), this value is insufficient
to account for the observed 2.8-fold increase over Day 1 renal
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Table 3 Baseline estimated pharmacokinetic parameters in patients treated with a single dose of TMTX, 8 mg/m2

Patient1378910II121314151617IX19Mean

harmonic half-lifea

(min)16.88.43.61.233.614.43.08.4189.610.21.212.64.87.24.6(1.2-33.6)Â°Half-lives0(h)4.11.50.80.742.22.40.71.51.43.52.40.93.01.32.21.4(0.7-4.1)l(h)76.945.936.317.538.410.420.627.043.026.431.954.420.018.326.5(10.4-76.9)r.(liters/m2)4.94.13.40.713.83.92.23.95.62.43.32.93.43.82.44.0

Â±2.9*V+.(liters/m3)36.922.930.135.832.826.817.830.738.128.624.623.143.733.924.430.0Â±7.0AUC(iig-h/ml)20.921.913.04.714.614.65.96.56.812.610.415.112.55.86.311.4Â±5.5Clearances

(ml/min/m2)Total6.46.110.328.59.19.222.820.519.510.612.98.810.623.021.214.6

Â±7.2Renal1.52.32.73.81.61.48.92.94.83.11.83.06.84.73.5Â±2.2
" Numbers in parentheses,range.
*MeanÂ±SD.

Table 4 Estimated pharmacokinetic parameters in patients treated with TMTX and DDP (20 mg/m2/day) Day I

Dose, 4mg/m2Mean

harmonichalf-lifeDose,

6mg/m2Mean

harmonichalf-lifeDose,

8mg/m2Mean

harmonic half-lifePatient1378911)11121314IS16171819a

(min)4.8Half-livesrf(h)T(h).1
119.17.2

0.964.96.0
(4.8-7.2)Â°11.411.412.7

35.4
(4.24.87.87.3(4.2-12.7).0(0.9-1.0)

84.0(64.9-119).5

35.8.6
36.5).8

21.2.5
36.6.2
28.3.4
21.8.3(0.8-1.6)

28.7(21.1-36.5)7.8

0.917.54.8
1.222.012.6
1.849.45.4
0.817.616.8
2.218.34.8
0.79.87.1

(4.8-16.8).2(0.7-2.2) 17.8(9.8-48.4)K(liters/m2)2.97.55.2

Â±3.3*6.44.25.73.82.51.14.84.1

Â±1.82.32.86.33.18.42.04.2

Â±2.6Ku,

(liters/m2)33.224.328.8

Â±6.327.339.520.118.641.630.229.129.5

Â±8.718.227.229.325.127.913.423.5

Â±6.3AUC(^g-h/ml)19.715.217.4Â±3.210.77.012.58.49.36.57.05.8Â±2.58.88.118.47.26.56.79.3Â±4.5Clearances

(ml/min/m2)Total3.44.43.9

Â±0.79.414.48.010.815.314.417.312.8

Â±3.415.216.47.218.520.419.816.3

+ 4.9Renal1.51.61.6

Â±02.26.11.62.86.33.713.7

Â±2.05.94.83.04.68.26.05.4

Â±17
Â°Numbers in parentheses,range.
*Mean Â±SD.

Table 5 Estimated pharmacokinetic parameters in patients treated with TMTX and DDP (20 mg/m2/day). Day 5

Dose, 4mg/m2Mean

harmonichalf-lifeDose,

6mg/m2Mean

harmonichalf-lifeDose,

8mg/m2Mean

harmonic half-lifePatientI378910111213141516171819a

(min)4.29.65.7

(4.2-9.6)Â°1.03.79.419.42.18.43.0(1.0-19.4)6.28.931.415.05.07.58.5(5.0-31.4)Half-livesff(h)1.72.21.9(1.7-2.2)0.70.714.23.10.43.00.84(0.4-3.1)1.71.99.35.21.42.52.4(1.4-9.3)T(h)82.3130.8106.6(82.3-130)39.437.765.512.559.825.6(12.5-65.5)22.129.471.3157.622.820.931.3(20.9-57.6)V,(liters/m2)2.25.53.9Â±2.3*0.53.56.63.92.14.33.5

Â±2.12.23.86.14.22.33.43.7

Â±1.4Kb.

(liters/m2)79.983.781.8

Â±2.748.477.527.051.528.785.553.1

Â±24.325.653.352.4133.347.930.157.1

Â±35.7AUC(/ig-h/ml)5.08.456.7

Â±2.46.13.84.47.63.44.45.0

Â±1.66.84.710.39.44.05.56.8

Â±2.6Clearances

(ml/min/m2)Total13.48.010.7

Â±3.816.426.522.813.129.422.521.8

+6.119.728.612.914.233.324.322.2

Â±8.1Renal3.45.44.4

Â±1.49.27.53.93.69.911.17.5

Â±3.26.611.96.111.212.310.79.8

Â±2.7
Â°Numbers in parentheses,range.
" Mean Â±SD.
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Table 6 Comparison of TMTX pharmacokinetic parameters with and without DDP (20 mg/ni1/day for 5 days)

All patients (n =14)ParameterClearances

(ml/min/m2)Â°TotalNonrenalRenalVolumes

(liters/m2)"V,v<*AUCGig-h/ml)"Mean

terminal harmonic half-life (h)TMTX

(baseline)10.67.72.93.630.412.626.5TMTX
+ DDP

(Day1)14.48.24.24.027.3'8.524.8TMTX
+DDP(Day

5)21.1*12.3SA"3.652.0'5.2'31.4Patients

at 8 mg/m2 (n =6)TMTX(baseline)11.78.73.93.126.611.527.9TMTX

+ DDP
(Day1)17.411.95.4'2.926.17.717.8TMTX

+ DDP
(Day5)22.0e13.410^3.650.2*Â«V31.3

" Median values presented.
* P = 0.0004, Day 5 versus baseline.
c P = 0.031, Day 5 versus baseline.
d P = 0.0001. Day 5 versus baseline and Day 5 versus Day 1.
' P = 0.031. Day 1 versus baseline. Day 5 versai baseline, and Day 5 versus Day 1.
*t = 0.035, Day 1 versus baseline.

' P = 0.0023. Day 5 viraiÂ«baseline; P = 0.0002, Day 5 versus Day 1.
* P = 0.063, Day 5 versus baseline; P = 0.031. Day 5 versus Day 1.
1P = 0.0001, Day 5 versus baseline; P = 0.0012, Day 5 versus Day 1.
; P = 0.031, Day 5 versus baseline.

60 80 100 120 1400 20 40

Time (hour)
Fig. 2. Model of TMTX concentration versus time curve ( ) over the 5-day

treatment period of Patient 15, based on pharmacokinetic data obtained on Day
1 of treatment. A, actual TMTX concentrations on Days 1 and 5.

Table 7 Trimetrexate plasma concentrations at 24 h following i.v. infusions on
Days 1 and 5

Patient13789101213141516171819TMTX
dose

(mg/m2)44666666888888Plasma

TMTXconcentration(Mg/ml)24

h0.0980.127NDÂ°ND0.1800.147ND0.0780.1000.1070.1760.1030.0810.077120h0.1010.1440.1450.109ND0.128ND0.0890.1120.0990.2190.1190.0790.091

clearance. Urinary volume (flow), another possible determinant
of TMTX renal excretion (26), was greater on the days of
TMTX and DDP treatment (mean Â±SEM urinary volume,
baseline = 2.28 Â±0.431; Day 1 of TMTX + DDP = 3.56 Â±
0.29; Day 5 of TMTX + DDP = 4.81 Â±0.371; P = 0.005
baseline versus Day l, P = 0.0002 baseline versus Day 5, and P
- 0.0188 Day 1 versus Day 5, P values being derived from the
two-tailed Mann-Whitney test of unpaired data). Vc was un
changed on Day 5, but a significant increase in the Day 5 VAx
compared to baseline and Day 1 was found for the total group
and in the six patients treated at the 8-mg/m2/day dose of

TMTX both in the combination and baseline.
The relationship of the AUC, total and renal clearances of

TMTX (at baseline and on Day 5 of TMTX-DDP), to myelo-
toxicity during the first course of treatment was investigated.
There was no correlation of these parameters to the nadir
percentage of change in granulocytes or platelets. Similarly,
low pretreatment serum total protein and albumin levels did
not correlate with the degree of myelosuppression or with the
total clearance of TMTX or AUC as reported by others (24,
27-29). Our HPLC assay of plasma and urine did not measure
metabolites of TMTX possessing DHFR inhibitory activity,
and thus their potential contribution to toxicity could not be
determined.

Protein Binding. TMTX is extensively bound to plasma pro
teins (24, 30), and the binding of DDP to plasma proteins
constitutes the main route of free DDP elimination. Thus, the
possibility of an interaction of these two agents at the level of
protein binding was studied. DDP (5 ng/m\) did not affect the
extent of TMTX protein binding after 15 min (98.1 Â±0.18%,
no DDP versus 98.1 Â±0.25% with DDP) and l h (98.0 Â±07%,
no DDP versus 98.2 Â±0.22% with DDP, mean Â±SD, n = 3)
incubations. Similarly, the disappearance of ultrafilterable DDP
from plasma was not altered in the presence of 5 Â¿ig/mlof
TMTX (f,/,,no TMTX = 87.9 min versus terminal half-life with
TMTX = 93.9 min).

DISCUSSION

1ND, not detected.
Concern over concurrent administration of MTX and DDP

is based on the possibility of severe renal impairment that might
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occur with these two nephrotoxic drugs and the potential delay
of TMTX excretion that could follow DDP-induced renal tu
bular damage. Severe nephrotoxicity has been observed in some
(4, 5, 31) but not all (32, 33) regimens incorporating MTX and
DDP at various doses and schedules. Although in most of these
regimens an interval of at least 24 h separates MTX and DDP,
myelosuppression and mucositis have been severe. Delayed
renal excretion of MTX following DDP therapy could account
for these toxicities, but this effect has been demonstrated only
in MTX-DDP combinations utilizing "high-dose" (>2 g/m2)

MTX (34, 35). Newer antifols such as TMTX appear less
nephrotoxic than MTX, and their elimination is less dependent
on renal excretion.

Phase I studies of TMTX using the 5-day bolus schedule
established that the safe starting dose for this agent was 8 mg/
m2/day every 3 wk (22). This study demonstrates that the

concurrent administration of cisplatin and an antifol, a combi
nation which is synergistic in preclinical models, is feasible with
both agents given at full doses. The observed toxicities were
qualitatively and quantitatively those expected for each individ
ual drug. Nephrotoxicity, in particular, was no worse than that
anticipated with single-agent cisplatin. Myelosuppression was
within the range observed in single-agent Phase I and II studies
of TMTX using this dose and schedule. The two occurrences
of severe renal insufficiency were in the settings of progressive
tumor causing bilateral urÃ©tera!obstruction and septic shock.

Baseline TMTX pharmacological studies in 15 patients
yielded pharmacokinetic indices within the ranges reported by
others in single-agent Phase I studies of TMTX. The wide
interpatient variability in these parameters noted in previous
investigations was also observed in our study. These interpatient
differences in the single-agent pharmacokinetics of TMTX are
highlighted by the large number of patients in our study (n =
15) who received the same dose of TMTX (8 mg/m2) for their

initial pharmacological evaluation.
Each patient in our study served as his or her own control in

the comparison of the pharmacokinetics of TMTX alone and
in combination with DDP on Days 1 and 5. We found progres
sive increases in the total-body and renal clearances of TMTX
on the days of DDP administration compared to baseline val
ues; these increases were statistically significant on Day 5 of
the combination. In contrast, the nonrenal clearance of TMTX
was not different on days of DDP administration. The V<Â¡ŵas
significantly greater on Day 5 of treatment compared to Day 1
and to baseline. The terminal half-life of TMTX was prolonged
after the Day 5 dose compared to Day 1 and to baseline,
approaching statistical significance (P = 0.078). With a mean
terminal half-life of 34 h, the accumulation of TMTX over the
5-day course of TMTX and DDP could lead to overestimation
of the Day 5 values of AUC and terminal half-life and to
underestimation of total clearance. However, the 24-h TMTX
plasma concentrations were not consistently higher on Day 5
compared to Day 1, and accumulation models of TMTX elim
ination based on Day 1 parameters underestimated TMTX
elimination on Day 5. This reflects the increased renal clearance
on Day 5 of TMTX-DDP. Although increased biotransforma-
tion of TMTX through induction of its metabolizing enzymes
also could augment TMTX total clearance, we did not detect a
significant change in nonrenal clearance over the 5 days of
TMTX-DDP. Direct evidence that the metabolism of TMTX
was not increased would require simultaneous measurement of
TMTX and its metabolites in plasma and urine during
treatment.

Although urinary TMTX following Day 5 doses of TMTX
and DDP could have included a fraction of TMTX from earlier
doses, this effect alone could not account for the observed
increases in renal clearance on Days 1 and 5 of the combination.
The acute effects of DDP on renal tubular function have been
observed within hours to days of administration in experimental
models (36, 37) and in humans (38, 39). Thus, DDP-induced
renal tubular damage could alter the renal handling and clear
ance of TMTX. Reece et al, (26) found a significant correlation
between urinary flow (volume) and TMTX renal clearance,
suggesting that TMTX, like MTX, may undergo tubular reab-
sorption. The increase in the renal clearance of TMTX in our
study was associated with greater fluid volumes administered
to patients on the days of TMTX and DDP, which resulted in
greater urine flow compared to baseline. The possibility that
increasing urinary flow can augment renal clearance of TMTX
or its metabolites warrants further study, since it may provide
a simple means of enhancing the therapeutic index of this agent
in the treatment of both cancer and Pneumocystis carinii pneu
monia (40).

The prolongation of terminal half-life on Day 5 of TMTX-
DDP without a decrease in total clearance is consistent with
the observed increase in Fdss. An increase in the fraction of
unbound TMTX in plasma due to an interaction with DDP at
plasma protein binding sites could make more free drug avail
able for distribution to extravascular tissues and for renal
excretion. However, we found no change in the protein binding
of TMTX in the presence of 5 Me/ml of DDP in normal plasma.
Although it is possible that TMTX metabolites could compete
for protein binding, these likely would undergo more rapid
urinary excretion than the parent compound and would not be
expected to increase over the 5-day treatment period. A decrease
in the concentration of plasma TMTX-binding protein(s) dur
ing treatment also could lead to a greater unbound fraction of
TMTX and a larger Fdss.Alternatively, a DDP-induced increase
in the affinity of extravascular tissue components for TMTX,
or some other time-dependent alteration in the tissue binding
of TMTX, could increase the Fdss.Consistent with our findings
is a report by Smit et al. who found a 3-fold increase in the Fdss
between Days 3 and 21 in a 5-mo-old boy receiving a 21-day
course of TMTX (30 mg/m2 of a single daily i.v. dose with

leucovorin rescue) for refractory P. carinii pneumonia. In
creased total clearance of TMTX and a corresponding decrease
in AUC were observed on Day 21 compared to Day 3; urinary
excretion of TMTX and details of fluid administration were
not reported, however (41). The prolonged, daily dosing sched
ule of TMTX in the treatment off. carinii will provide further
opportunity to investigate the extent and mechanisms of time-
dependent changes in TMTX pharmacokinetics.

The AUC, total body clearance of TMTX, total protein, and
serum albumin did not correlate with myelotoxicity in this
group of patients in whom toxicity was generally mild. Metab
olites of TMTX with dihydrofolate reducÃaseinhibitory activity
which were not measured in our assay could be important
determinants of toxicity. The extent of binding of TMTX or its
metabolites to plasma proteins other than albumin is unknown,
but could also play a role in the toxicity of this drug. The
effect(s) of concurrent DDP administration may have obscured
a correlation between TMTX pharmacokinetic indices and tox
icity. Finally, differences in patient characteristics (e.g., prior
therapy, bone marrow reserve) may explain the lack of corre
lation in our study. Clearly, the pharmacodynamic effects of
TMTX in combination with DDP are determined by multiple

3086

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/51/12/3080/2444039/cr0510123080.pdf by guest on 19 M

ay 2023



PHARMACOLOGY OF TRIMETREXATE WITH CISPLATIN

influences in addition to pharmacokinetics.
In summary, we have observed differences in the pharmaco

kinetics of TMTX when administered in combination with
DDP compared to its use as a single agent. The increases in
total and renal clearance paralleled the increases in urinary flow
on days of DDP administration, but an effect of DDP per se
on the renal handling of TMTX and on the Fdsscannot be
excluded. In contrast to DDP and MTX, TMTX and DDP can
be administered concurrently at full doses of each agent. The
possibility that TMTX renal clearance may be urinary flow
dependent warrants further study.
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