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Abstract Background: BNP7787 (disodium 2,2’-dithio-
bis-ethane sulfonate) was evaluated in a phase I clinical
trial with paclitaxel and cisplatin to assess the safety and
potential efficacy for preventing or reducing cisplatin-
and paclitaxel-induced toxicities. During this trial the
effects of BNP7787 administration on the total concen-
trations (oxidized plus free) of cysteine, homocysteine
and GSH in plasma, free and total GSH in WBC and
rate of urinary excretion of cysteine were studied. The
pharmacokinetics of ultrafilterable (free, non-protein
bound) platinum were also determined after cisplatin
(75 mg/m?) treatment which followed paclitaxel
(175 mg/m?) and BNP7787 (8.2 to 27.6 g/m?). Methods:
Plasma thiols were measured by HPLC with fluores-
cence detection and platinum was measured by atomic
absorption spectrophotometry. Results: BNP7787 ad-
ministration produced a significant depletion of all
plasma thiols in all the patients studied. Differences were
noted in the kinetics of BNP7787-induced depletion of
cysteine and other thiols. A significant depletion of
cysteine occurred with a time lag of about 2 h after the
end of BNP7787 infusion, while a reversible depletion of
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GSH and homocysteine occurred immediately following
the start of BNP7787 infusion, with the plasma thiol/
disulfide nadir corresponding to the end of infusion. The
mean half-life of cysteine depletion following BNP7787
administration was 2.2 h, significantly longer than for
homocysteine (0.23 h), or GSH (0.18 h; P<0.05 for
both). A several-fold increase in the urinary excretion of
cysteine occurred following BNP7787 administration
in all patients. The BNP7787-induced thiol/disulfide
depletion in plasma was not affected by cisplatin
administration (P> 0.05). BNP7787 administration had
no effect on the ultrafilterable platinum pharmacoki-
netics. The 2-h lag in the depletion of cysteine, the most
abundant thiol in plasma, suggests that the process may
be related to the formation of free mesna from BNP7787
and that increased levels of mesna are not in circulation
until after 2 h after BNP7787 administration. No effect
of BNP7787 was seen on the GSH concentration in
WBC, possibly reflecting the inability of these cells to
take up BNP7787. Conclusion: The results suggest that
BNP7787 has the potential to enhance cisplatin antitu-
mor activity by depleting the reactive thiols in plasma.

Keywords BNP7787 - Thiols - Disulfides - Cysteine -
Homocysteine - Glutathione

Abbreviations BSO Buthionine sulfoximine - DTT
Dithiothreitol - GSH Glutathione - Mesna 2-Mercapto
ethane sulfonate sodium - MRT Mean residence

time - PUF Plasma ultrafiltrate - WBC White blood cells

Introduction

BNP7787 (disodium 2,2’-dithio-bis-ethanesulfonate) is a
new chemoprotective agent undergoing clinical devel-
opment for the prevention and/or reduction of chemo-
therapy-induced toxicities. It is a water-soluble disulfide
that lacks a free thiol or sulfate moiety [17]. This agent
has been developed with the hypothesis that adminis-
tration of a water-soluble disulfide drug molecule would



be much less toxic and much less likely to have unfa-
vorable drug-drug interactions than its corresponding
free thiol species. A proportion of the disulfide is ex-
pected to undergo metabolism in the cell by the action of
reductases and thiol transferases into 2-mercaptoethane
sulfonate, a free thiol [8, 12, 39]. Such reactions in key
target organs such as kidney, bone marrow and neuro-
nal cells would be expected to provide protection from
toxicity of chemotherapeutic agents such as platinum
drugs and alkylating agents. The safety and efficacy data
from the preclinical studies and those emerging from
clinical trials indicate that BNP7787 protects against
several common and serious chemotherapy-induced
toxicities [17, 38]. Studies in rats and beagle dogs have
shown that BNP7787 protects against lethal and suble-
thal toxicities associated with cisplatin, including neph-
rotoxicity, emesis, myelosuppression and neurotoxicity
[17, 18]. Similar protective effects have been observed for
toxicities associated with paclitaxel [6], carboplatin [20]
and oxaliplatin (Hausheer FH, unpublished laboratory
observations). These and other studies have demon-
strated that BNP7787 improves the therapeutic index of
cisplatin, carboplatin and paclitaxel and does not
interfere with their antitumor activity [4, 6, 17, 18, 19,
20, 21]. It has also been shown that BNP7787 treatment
does not result in tumor protection in a variety of
human cancer cell lines and in tumor-bearing rat and
mouse xenograft models [4, 6, 17, 18, 19, 20, 21].
BNP7787 is stable and chemically inert in plasma due
to the presence of the disulfide linkage, the high pO,
concentration, and the absence of enzymatic metabolism
of disulfides in plasma. Several mechanisms of action for
BNP7787 have been characterized. The drug is a direct
modulator of tubulin polymerization and protects
against taxane-induced hyperpolymerization of tubulin
[6, 19, 21]. The free thiol form of BNP7787 has been
shown to block tubulin toxicity induced by hydrated
platinum species [19, 21]. The cytoprotective properties
against nephrotoxicity, neurotoxicity and myelosup-
pression noted with this agent suggest that BNP7787 is
taken up by certain tissues such as the kidney, bone
marrow and neuronal cells, and is metabolized to the
free thiol form to elicit its protective function.
Glutathione (y-glutamyl-cysteinyl-glycine, GSH) is a
tripeptide present in cells at millimolar concentrations
[9]. GSH has many essential functions in the cell such as
the maintenance of the thiol status of proteins, reduction
of ribonucleotides to deoxyribonucleotides and partici-
pation in leukotriene and prostaglandin metabolism [9].
GSH is an important antioxidant and protects cells
against oxidative damage from drugs and free radicals
[36]. GSH reacts with electrophiles either directly or
through glutathione-S-transferase-mediated reactions
[40]. In addition, the multidrug-resistance-associated
protein (MRP) is either a GSH-S-conjugate carrier [43],
or requires GSH to pump the drugs out of cells [41].
GSH counteracts the antitumor activity of a number of
chemotherapeutic agents used in cancer treatment,
thereby leading to drug resistance. It has been shown
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that in many cancers the cellular GSH levels are much
higher than in the adjacent normal tissues. Elevation of
GSH has been demonstrated in many platinum drug-
resistant cell lines and is considered to be an independent
resistance factor for chemotherapy [3, 11, 16]. Depletion
of GSH results in an enhancement of the activities of
many platinum agents in the experimental drug resis-
tance models [28, 32]. GSH also protects normal cells
from drug toxicity. It has been shown that GSH protects
cardiac and skeletal muscles from cyclophosphamide-
induced toxicity in a nude mouse model [14].

GSH is produced in a two-step synthesis [10]. The
first is the formation of y-glutamylcysteine from cysteine
and glutamic acid catalyzed by intracellular y-glutam-
yleysteine synthetase. The second step is the addition of
glycine to y-glutamylcysteine with the formation of
GSH. Cysteine is the rate-limiting substrate for GSH
biosynthesis [10]. GSH production can be increased by
agents such as N-acetylcysteine which produce an
elevation in cysteine [31] or decreased by inhibitors of
y-glutamylcysteine synthetase such as BSO [2, 26].
Cysteine in cells is either produced through the cysta-
thionine pathway with homocysteine as the intermediate
or is taken up by cells from extracellular sources [9, 10].
The depletion of GSH and cysteine in tumors is an
important therapeutic objective of cancer therapy.

In an earlier phase I clinical study in which patients
received escalating doses of ifosfamide and mesna fol-
lowed by a fixed dose of carboplatin, we found a signifi-
cant depletion of total cysteine and homocysteine levels in
plasma in all patients [33]. A moderate reversible deple-
tion of plasma GSH was seen only in 60% of the patients
and the kinetics of GSH depletion suggested that this
effect may be related to reactions of GSH mostly with
ifosfamide metabolites [33]. We describe here the effects of
BNP7787 on the total cysteine, homocysteine and GSH
levels in plasma and GSH in WBC in patients receiving
this drug alone and a week later in combination with
paclitaxel and cisplatin chemotherapy.

Materials and methods

Drug administration, patients and sampling for thiol measurements

BNP7787 was given as a single agent on day -7 (1 week prior to
chemotherapy) and again on day 1 following paclitaxel (175 mg/m?)
administered i.v. over 3 h and prior to cisplatin (75 mg/m?> over
1 h). Patients received 11 of 0.9% NaCl over 2 h just prior to
BNP7787. BNP7787 was administered as a single 15-30 min i.v.
infusion. Thiol modulation was studied in a total of 12 patients at
the doses of 8.2, 12.3, 18.4 and 27.6 g/m> (n=5, 2, 1 and 4,
respectively). Blood samples were obtained immediately preceding
the BNP7787 treatment, 5 min before the end of the BNP7787
infusion, at the end of the infusion, and at 0.5, 2.0 and 6.0 h after
infusion on day —7 and day 1 of chemotherapy. On day 1, one
additional blood sample was taken prior to the paclitaxel infusion.
A 12-h pooled urine sample prior to the BNP7787 treatment and a
6-h sample following the treatment were obtained on day —7. On
day 1, a 12-h pooled urine sample was obtained prior to the initi-
ation of chemotherapy and a 6-h sample was collected following
BNP7787 treatment. Samples were obtained for pharmacokinetic
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measurements of ultrafilterable platinum at 0.5, 1.0, 1.25, 1.5, 2.0,
3.0, 4.0 and 6.0 h after cisplatin administration. All blood samples
were collected into heparinized tubes. The blood and urine were
transported to the laboratory on ice. Plasma and cells were sepa-
rated and collected immediately from the samples. Ultrafiltrates
from plasma were obtained immediately following plasma collec-
tion. All plasma, PUF and urine samples were stored frozen at
—20°C until analysis. The WBC were collected by dextran sedi-
mentation [33]. Plasma samples for GSH measurements were
stored with 50 ul of L-serine/Na borate to inhibit A-glutamyl-
transpeptidase activity, which would otherwise have destroyed
GSH [5]. Cells were stored, frozen in 5% sulfosalicylic acid to
prevent oxidation of GSH [1].

Thiol measurements

The total cysteine, total homocysteine and total GSH levels were
measured in plasma. The levels of free and total GSH were mea-
sured in WBC. Total cysteine was measured in urine. "Total’ refers
to the free 'SH’ form plus mixed disulfides including protein
disulfides of each of the thiols.

A previously validated reversed-phase HPLC procedure with
fluorescence detection was used to quantitate all plasma thiols,
following derivatization with monobromobimane (thiolyte) as de-
scribed previously [33]. Mixed disulfides were reduced to the free
thiol form by incubation with DTT prior to derivatization with
thiolyte [1]. The free GSH in WBC was measured without prior
reduction by DTT. The derivatization reaction was carried out for
20 min in the dark at pH 8.0 [13]. The reaction was stopped by the
addition of 50% sulfosalicylic acid and after the removal of pre-
cipitated protein by centrifugation, the derivatized thiols in the
supernatant were subjected to HPLC. Quantitation of the free
thiols was based on identically prepared analytical standards. The
concentration of thiols was expressed on a per milliliter basis for
plasma, and on a per milligram protein basis for the cells. Protein
was measured by the assay of Lowry et al. [24]. The excretion rate
of cysteine in urine was calculated as follows: [cysteine concentra-
tion in urine (mg/ml) X total volume of urine (ml) in the collection
period]/urine collection period (h).

Platinum measurements

PUF was obtained from plasma by centrifugal ultrafiltration using
Amicon Centrifree Micropartition Systems and platinum measured
by atomic absorption spectrophotometry (PE ZL4100) equipped
with an autosampler. PUF was diluted 1:1 in 0.1% nitric acid plus
0.2% Triton X-100 prior to a 20-ul injection. The standards were
identically prepared in the same matrix. The method had been
validated previously in our laboratory [37] and included the de-
termination of limits of quantitation (LOQ, 20 ng/ml), linear range
(20 to 400 ng/ml), precision (inter- and intraday assay variability),
accuracy of the measurement of quality controls of known con-
centrations and stability of samples stored at —20°C. The quality
controls prepared at three different concentrations representing
the high end, middle and low end of the standard curve range
were assayed along with the patient samples. In order to accept the
patient data, the observed QC values had to be <15% of the
expected for the high and mid QC values and <20% for the QC
values near the LOQ); otherwise the assays were rerun.

Cisplatin pharmacokinetic and thiol kinetic data analysis

The pharmacokinetics of free platinum concentrations in plasma
were evaluated using standard noncompartmental methods, as
implemented in LAGRAN [35]. Briefly, the area under the con-
centration-time curve was calculated by the log-linear trapezoidal
rule. Half-life was calculated as In 2/ke, where ke is the terminal
elimination rate constant, computed by least squares linear
regression of the data points in the terminal elimination phase. The

resultant parameters were compared with those in previous reports
of cisplatin pharmacokinetics; however, no formal statistical com-
parisons were made.

The time to nadir for plasma thiols was calculated from the
beginning of the BNP7787 infusion until the time of the minimum
observed concentration. The half-life of thiol depletion was com-
puted from the baseline thiol concentration, just prior to drug
infusion, until the time of nadir. The magnitude of thiol depletion
was defined as the percent difference between baseline and nadir
concentrations [(baseline—nadir)/baseline x 100].

Statistics

Related group statistical comparisons were evaluated using the
Wilcoxon signed-ranks test, and independent sample comparisons
by the Mann-Whitney test. The relationship between BNP7787
dose and thiol kinetics was evaluated by simple linear regression.
All descriptive statistics and statistical analyses were conducted in
SYSTAT (Version 10; SPSS, Chicago, Ill.). A P-value less than 0.05
was required for a declaration of statistical significance.

Results
Thiols in plasma

Changes in total cysteine, homocysteine and GSH in
plasma following BNP7787 alone on day —7 are shown
in Figs. 1A, 2A and 3A, respectively, and following
BNP7787 with chemotherapy (paclitaxel and cisplatin)
onday 1 are shown in Figs. 1B, 2B and 3B, respectively).

Asshown in Figs. 1, 2 and 3, the levels of all measured
plasma thiols/disulfides decreased significantly from
baseline following BNP7787 administration (P <0.01).
However, the kinetic characteristics of these changes
were quite different between plasma cysteine and the
other thiols (Table 1). While a significant decline in total
cysteine was not evident until 2 h after administration of
BNP7787 (Fig. 1), a rapid decline in total homocysteine
and GSH were clearly evident after only a few minutes
from initiation of the BNP7787 infusions (Figs. 2 and 3).
The time to nadir and half-life of depletion were both
greater for cysteine than for the other thiols (P <0.01 for
all comparisons). The greatest effect on homocysteine
and GSH levels was observed at the end of BNP7787
infusion, when the peak plasma level of BNP7787 would
be expected. Following the end of BNP7787 infusion, the
GSH and homocysteine levels in plasma started to re-
cover and approach their respective pretreatment levels
by 6 h after infusion. However, at the highest dose of
BNP7787 studied (27.6 g/m?), the homocysteine levels in
plasma remained 20 to 30% of the pretreatment level at
6 h. The magnitude and rate of decline in plasma cysteine
concentration appeared to be dependent on BNP7787
dose (P <0.01 for both), while no dose dependence was
found for either homocysteine or GSH (P> 0.05). This
relationship between dose and plasma cysteine depletion
and half-life is illustrated in Fig. 4.

A comparison of the data between A and B of
Figs. 1, 2 and 3 for each of the thiols indicates that
cisplatin had no effect on the BNP7787-induced deple-
tion of plasma thiols/disulfides (P>0.05). While the
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Fig. 1A, B Changes in total cysteine in plasma with time during and
after BNP7787. A Day —7, BNP7787 administered alone. B Day 1,
BNP7787 followed by a I-h infusion of cisplatin (75 mg/m?).
Each bar represents the mean + SD of the change in all the patients
treated at that BNP7787 dose (Pre pretreatment samples; for day 1
the pre paclitaxel concentrations are used to demonstrate the
changes in subsequent samples). On the x-axis, —0.08 h and 0 h
represent 5 min before the end of the infusion and the end of
infusion, respectively. The mean pretreatment concentrations (all
micromolar) at the four doses were as follows: 8.2 g/m’ day —7
423.5+46.8, day 1 522.2+99.5; 12.3 g/m’ day =7 351.9+34.6,
day 1392.44+140; 18.4 g/m’ day —7 283.5, day 1 308.5; 27.6 mg/n’
day —7 249.8+ 49.6, day 1 291.6+70.6

decline in cysteine was highly consistent in every patient
studied and showed clear dose dependence, some
variability occurred in the decline and recovery of
homocysteine and GSH between patients and doses.
One patient treated with a dose of 18.4 mg/m* BNP7787
showed less of an effect on both homocysteine and GSH
than the others (Figs. 2 and 3A) and this patient’s values
contributed most to the observed variability. With the
exception of this patient, the data for GSH and homo-
cysteine from the remaining 11 patients suggest that the
low doses of 8.2 to 12.3 g/m> were quite effective in
producing a significant decline in homocysteine and
GSH to levels of less than 20% of their pretreatment
levels. These levels remained significantly below pre-
treatment levels for 2 h following the BNP7787 infusion,
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Fig. 2A, B Changes in total homocysteine in plasma with time
during and after BNP7787. A Day —7, BNP7787 administered
alone. B Day 1, BNP7787 followed by a 1-h infusion of cisplatin
(75 mg/m?). Each bar represents the mean + SD of the change in all
the patients entered at that BNP7787 dose (Pre pretreatment
samples; for day 1 the pre paclitaxel concentrations are used to
demonstrate the changes in subsequent samples). On the x-axis,
—0.08 h and 0 h represent 5 min before the end of the infusion and
the end of infusion, respectively. The mean pretreatment concen-
trations (all micromolar) at the four doses were as follows: 8.2 g/ni’
day =7 12.2+5.1, day 1 10.7+4.5; 12.3 g/m’ day =7 11.8+5.2,
day 16.0+1.9; 18.4 g/m? day =7 1.2, day 1 1.6; 27.6 mg/m’ day -7
152+7.2,day 1 104+1.7

a period during which cisplatin was administered
(P<0.05).

The free GSH levels in WBC did not decrease during or
after BNP7787 administration (P > 0.05), as illustrated in
Fig. 5. GSH levels did not decline in these cells when
BNP7787 was administered alone (Fig. SA) or in combi-
nation with paclitaxel and cisplatin (Fig. 5B). The total
GSH in white blood cells followed the same pattern, and
no effect of BNP7787 was observed (data not shown).

Urinary excretion of cysteine

The rate of cysteine urinary excretion increased
approximately tenfold during the 6-h period following
BNP7787 administration in all patients studied (Fig. 6).
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Fig. 3A, B Changes in total GSH in plasma with time during and
after BNP7787. A Day -7, BNP7787 administered alone. B Day 1,
a 1 hinfusion of cisplatin (75 mg/m?) followed BNP7787. Each bar
represents the mean + SD of the change in all the patients entered at
that BNP7787 dose (Pre pretreatment samples; for day 1 the pre
paclitaxel concentrations are used to demonstrate the changes in
subsequent samples). On the x-axis, —0.08 h and 0 h represent
5 min before the end of the infusion and the end of infusion,
respectively. The mean pretreatment concentrations (all micromo-
lar) at the four doses were as follows: 8.2 g/m’ day =7 4.1+1.7,
day 14.0+2.7; 12.3 g/m’ day =7 3.4+ 1.3, day 1 3.3+ 1.7; 18.4 g/m’

day =7 43, dayl 58; 27.6 mg/m’ day -7 43409, day
135+1.9
Excretion rates during the 6-h period following

BNP7787 administration during the initial study period
(BNP7787 alone) were approximately half those ob-
served during the second study period (BNP7787 coad-
ministered with cisplatin and paclitaxel; P <0.01.). Most
of this difference between study periods was from four
patients, whose rate of cysteine excretion increased four-
to eightfold (Fig. 7).

Pharmacokinetics of ultrafilterable platinum
after cisplatin

The pharmacokinetic parameters of ultrafilterable plat-
inum following cisplatin administration at the different

Table 1 Kinetics of plasma thiol depletion following administration

of BNP7787

Cysteine Homocysteine GSH

Mean
Median
CV%
Mean
Median
CV%
Mean
Median
CV%

Depletion half-life (h)

Time to nadir (h)

Decrease from
baseline to nadir (%)

0.23
0.15

0.6

0.18
0.28
97
0.81
0.25
170
71.9
74.3
56

A 100

% Decrease in Plasma Cysteine

40 °
=067
p < 0.0001
30 T T T T
5 10 15 20 25 30
Dose (mg/m?)
B ¢
?=0.33
o p<0.01
[ ]
3 -

Cysteine Half-Life (h)

1 T T T T
5 10 15 20 25 30

Dose (mg/m?)

Fig. 4A, B Relationships between BNP7787 dose and plasma
cysteine concentrations (A) and half-life (B)

doses of BNP7787 are shown in Table 2. All the
observed pharmacokinetic parameters are consistent
with those published for cisplatin [34].

Discussion

There is a wealth of literature that suggests that GSH
plays a key role in resistance to a variety of chemo-
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Fig. 5A, B GSH in WBC during and after BNP7787. A Day -7,
BNP7787 administered alone. B Day 1, BNP7787 followed by a 1-h
infusion of cisplatin (75 mg/m?). Each bar represents the
mean+SD of the change in all the patients entered at that
BNP7787 dose (Pre pretreatment samples; for day 1 the pre
paclitaxel concentrations are used to demonstrate the changes in
subsequent samples). On the x-axis, —0.08 h and 0 h represent
5 min before the end of the infusion and the end of infusion,
respectively. The mean pretreatment values (all nanomoles per
milligram protein) at the four doses were as follows: 8.2 g/m’
day =7 14.7429, day 1 14243.1; 12.3 g/m’ day -7 150+
0.8, dayl 15.6+2.0; 184 g/m’ day -7 18.1, day 1 22.85;
27.6 mg/n’ day =7 10.7+3.1, day 1 10.2+3.3

therapeutic agents, especially platinum drugs and
electrophilic alkylating agents [15, 16, 29]. Many studies
have demonstrated that inhibiting GSH synthesis with
BSO potentiates the activities of platinum agents [27, 28,
32]. Studies have shown that the biotransformation
products of platinum agents in plasma include many
thiol-Pt conjugates, indicating that circulating thiols
inactivate platinum agents [7, 25]. Lowering of circu-
lating thiols during platinum administration is therefore
desirable. We have shown that mesna depletes thiols in
plasma [33]. However, free thiol cytoprotective agents
have been controversial because of their reactivity
and potential inactivation of the circulating platinum
agents in direct reactions [17]. The free thiol-containing
or thiol-generating cytoprotective agents that have
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Fig. 6A, B Urinary excretion of cysteine pretreatment and during a
6-h period after BNP7787 administration (A day -7, B day 1)
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Fig. 7 The rate of urinary excretion of cysteine from day —7 to
day 1 in individual patients

undergone clinical evaluation (e.g. sodium thiosulfate,
diethyl dithiocarbamate, reduced GSH and WR2721)
have demonstrated tumor protection as well as their own
intrinsic toxicities following administration [17].

We have shown in a previous study that in patients
receiving mesna with ifosfamide followed by carbopla-
tin, total plasma cysteine and homocysteine are depleted
significantly in a dose-dependent manner [33]. At the
highest dose administered (8 g/m? per day) there was
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Table 2 Pharmacokinetics of

ultrafilterable platinum BNP7ZS7 Cisplat%n Number ti2 (h) CL(l/h) AUC Vss (1)

following BNP7787 (g/m”) (mg/m~) of patients (pg/ml-h)

administration.Values are

means = SD 8.2 75 5 1.6+£0.42 22.4+4.7 4.06+0.7 29.16£8.2
12.3 75 2 2.2+0.7 28.1+4.5 3.0£04 43.6+20.0
18.4 75 1 3.2 16.9 4.1 43.5
27.6 75 3 25+1.3 29.0+4.9 29+0.1 54.5+16.4

a 99% depletion. Total GSH was depleted only formed (about 1-3%) relative to the total concentration

moderately (by about 50%) with no dose relationship
and only in 60% of the patients [33]. The current study
with BNP7787 clearly shows that this drug is different
from mesna in terms of its ability to induce a significant
depletion of all plasma thiols studied, including GSH. In
the current study, the depletion of cysteine increased
with escalating doses of BNP7787 and occurred with a
significant time lag of 2 h following BNP7787 adminis-
tration. A significant depletion of GSH and homocy-
steine occurred immediately after the start of BNP7787
infusion at all dose levels, including the lowest doses, with
no demonstrable effect of dose. The GSH and homocy-
steine levels in plasma remained significantly lower than
the pretreatment values for 2 h following BNP7787,
during which time cisplatin was administered. Unlike free
mesna, the disulfide BNP7787 would not be expected to
react with any of the plasma thiols, disulfides, platinum
agents or platinum metabolites directly in plasma, so the
thiol/disulfide depletion caused by BNP7787 administra-
tion would be expected to provide greater efficacy for
cisplatin and other electrophilic chemotherapeutic agents
that react with GSH and other thiols.

The differences in the kinetics of depletion between
cysteine and the other thiols/disulfides suggest that the
depletion process is related to the relative plasma con-
centrations of the thiols/disulfides. Total homocysteine
and total GSH exist in plasma in low micromolar con-
centrations, while total cysteine concentrations are in the
order of 0.25 mM and above. In addition, while about
65% of GSH in plasma is in its free thiol form, only about
5% of cysteine and homocysteine are in the free thiol
form, and the rest in all combinations of cysteine, hom-
ocysteine and GSH, in the form of mixed disulfides in-
cluding disulfides with proteins [22, 23]. Our previous in
vitro studies have demonstrated that free mesna is a re-
ducing agent which is capable of directly reducing the
disulfides cystine and homocystine to their free thiol forms
[33]. Cysteine is the most abundant plasma thiol and least
sterically hindered disulfide and thus a higher concentra-
tion of the reducing free thiol form of BNP7787 would be
required to deplete it. The delay in significant cysteine
depletion in plasma in the first 2 h after BNP7787 (8.2 to
27.6 g/m?) administration suggests that BNP7787 is the
predominant circulating species during this time. After
this time a small fraction of mesna formed by the reduc-
tion of BNP7787 in some tissues such as kidney, intestine,
neuronal cells and bone marrow may be entering the cir-
culation leading to plasma cysteine depletion. Separate
pharmacokinetic studies of BNP7787 in patients (and in
animals) indicate that indeed a small fraction of mesna is

of BNP7787 at this time (Hausheer F, unpublished ob-
servations). The half-life and MRT of mesna are ap-
proximately 2.8 and 4.8 h as opposed to the half-life and
MRT of BNP7787, which are 1.4and 1.9 h. These findings
support the view that a slow generation of mesna is taking
place and that it is outside the plasma compartment.

In every patient studied, a dose-dependent depletion
of plasma cysteine was observed only 2 h after the end of
BNP7787 infusion, suggesting that the free mesna entry
into plasma is a slow and dose-dependent process. The
fact that we infused 8.2 to 27.6 g/m* of BNP7787 which
corresponds to about 14 to 48 g of the total agent over
15 to 30 min and found such a delayed and relatively
moderate reductive clearance of total cysteine indicates
that the entry of the reactive free thiol form into
plasma is slow and not likely to be clinically significant.
These results support the argument that unlike mesna,
BNP7787 does not contribute to direct chemical reac-
tions with platinum species to any appreciable degree,
since the average half-life of free platinum in the 12
patients studied was only 2.1£0.9 h and the entry of
free mesna into the circulation appears to be =2 h.

The increase in urinary excretion of cysteine is con-
sistent with the depletion of plasma cysteine. It is un-
clear, however, why the rate of urinary excretion of
cysteine had further increased in four patients after
BNP7787 on day 1, when it was administered following
paclitaxel. The lack of change in plasma cysteine levels
after paclitaxel alone, but prior to administering
BNP7787 (Fig. 1B) suggest that it could not be an effect
of paclitaxel. In fact there are no significant differences
in the magnitude of plasma cysteine depletion between
day —7 when BNP7787 was administered alone and
day 1 when it was administered following paclitaxel but
prior to cisplatin. It is possible that the apparent increase
in the rate of cysteine in these four patients could have
been due, in part, to problems inherent in urine collec-
tions for pharmacological studies such as accurate doc-
umentation of collection period, total urine volume and/or
storing of a homogeneous urine aliquot.

In the current study the observation that the nadir for
GSH and homocysteine in plasma coincided with the
time of peak plasma concentration for BNP7787, and
that the plasma levels of these physiological thiols/di-
sulfides recovered following the end of BNP7787 infu-
sion suggests that the effect is directly related to the
infusion of BNP7787. At the highest dose of BNP7787
administered in four patients, the total homocysteine
concentrations at 6 h remained at 20 to 30% of pre-
treatment levels suggesting that, like the total cysteine,



the free thiol form of BNP7787 also produces the con-
tinued reductive clearance for homocysteine.

Similar to the findings of our previous study of free
mesna [33], we saw no effect of BNP7787 on GSH in
WBC. This may have been related to the lack of uptake
of BNP7787 into these cells. BNP7787 is a highly water-
soluble dianionic molecule and is apparently not taken
up by most cells including WBC. However, the drug
appears to be taken up by the renal tubular epithelial
cells, intestine, bone marrow, and the dorsal root ganglia
where the protective effects of this drug are observed.

The pharmacokinetics of ultrafilterable platinum
following BNP7787 and cisplatin administration were
similar to those found previously [34]. It has also been
observed in other phase I trials that BNP7787 adminis-
tration has no effect upon the plasma levels of total
platinum, ultrafilterable intact cisplatin, monohydrated
platinum or the free platinum in all patients [42].

The phase I studies of BNP7787 showed major dif-
ferences in the safety profiles of BNP7787 and mesna.
High doses of BNP7787 (up to 41.0 g/m? i.v. over 15 to
30 min) were nontoxic [38], whereas doses of mesna of
up to 2.4 g/m? are associated with substantial toxicity
such as diarrhea, nausea, vomiting, pain and hypoten-
sion in more than 80% of patients [30]. The studies
presented here, together with the excellent safety profile
of the drug, suggest that BNP7787 has the potential to
enhance cisplatin activity by depleting plasma thiols
without concurrently producing free mesna.
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