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Abstract
Purpose The mechanisms for cisplatin-induced renal cell
injury have been the focus of intense investigation for many
years with a view to provide a more eVective and conve-
nient form of nephroprotection. BNP7787 (disodium 2,2�-
dithio-bis ethane sulfonate; dimesna, Tavocept™), is a
water-soluble disulWde investigational new drug that is
undergoing clinical development for the prevention and
mitigation of clinically important chemotherapy-induced
toxicities associated with platinum-type chemotherapeutic
agents. We hypothesized that part of BNP7787’s mecha-
nism of action (MOA) pertaining to the potential preven-
tion of cisplatin-induced nephrotoxicity involves the
inhibition of gamma-glutamyl transpeptidase (GGT) activ-
ity, mediated by BNP7787-derived mesna–disulWde hetero-
conjugates that contain a terminal gamma-glutamate
moiety [e.g., mesna–glutathione (MSSGlutathione) and
mesna–cysteinyl-glutamate (MSSCE)].
Methods Inhibition studies were conducted on human and
porcine GGT to determine the eVect of mesna–disulWde
heteroconjugates on the enzyme’s activity in vitro. These
studies utilized a Xuorimetric assay that monitored the
hydrolysis of L-gamma-glutamyl-7-amino-4-triXuorometh-
ylcoumarin (GG-AFC) to AFC.
Results Mesna–disulWde heteroconjugates that contained
gamma-glutamyl moieties were potent inhibitors of human
and porcine GGT. An in situ-generated mesna–cisplatin
conjugate was not a substrate for GGT.

Conclusions The GGT xenobiotic metabolism pathway is
postulated to be a major toxiWcation pathway for cisplatin
nephrotoxicity, and BNP7787 may play a novel and critical
therapeutic role in the modulation of GGT activity. We fur-
ther postulate that there are two general mechanisms for
BNP7787-mediated nephroprotection against cisplatin-
induced nephrotoxicity involving this pathway. First, the
active BNP7787 pharmacophore, mesna, produces an inac-
tive mesna–cisplatin conjugate that is not a substrate for the
GGT toxiWcation pathway (GGT xenobiotic metabolism
pathway) and, second, BNP7787-derived mesna–disulWde
heteroconjugates may serve as selective, potent inhibitors
of GGT, possibly resulting in nephroprotection by a novel
means.
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Mesna–disulWde heteroconjugates · Nephrotoxicity

Introduction

Platinum drugs constitute an important class of compounds
in the treatment of cancer, and have demonstrated a broad
spectrum of anti-cancer activity against a variety of tumors
including germ cell tumors, ovarian and bladder carcino-
mas, squamous cell tumors of the head and neck, esopha-
geal cancers, non-small cell lung tumors and colon
carcinomas either as single agent or in combination with
other chemotherapy drugs [1]. Cisplatin (cis-diamminedi-
chloroplatinum(II)) is an important anti-neoplastic plati-
num agent that has been an integral part of chemotherapy
regimens used in the treatment of cancer patients [2, 3].
Cisplatin is highly nephrotoxic and microscopic damage
due to its nephrotoxic eVect is evident in quiescent proximal

F. H. Hausheer (&) · D. Shanmugarajah · B. D. Leverett · 
X. Chen · Q. Huang · H. Kochat · P. N. Petluru · A. R. Parker
BioNumerik Pharmaceuticals, Inc., 8122 Datapoint Drive, 
Suite 1250, San Antonio, TX 78229, USA
e-mail: fred.hausheer@bnpi.com
123



942 Cancer Chemother Pharmacol (2010) 65:941–951
renal tubule cells [4–16]. The extent of cisplatin-induced
nephrotoxicity correlates with the total platinum concentra-
tion present in the kidney [16].

Gamma-glutamyl transpeptidase (GGT, EC 2.3.2.2)
appears to play a major role in the common adverse phar-
macological outcome of cisplatin-induced nephrotoxicity
and is thought to promote the conversion of platinum–sul-
fur conjugates to platinum–sulfur species that contribute to
necrotic renal cell death [4] (Fig. 1a). In addition to GGT,
the activation and toxiWcation of platinum–sulfur com-
pounds, derived from platinum–glutathione metabolites, is
proposed to involve aminopeptidase N (APN) and cysteine-
S-conjugate-�-lyase (CCBL) [4, 17–19]. GGT, APN and
CCBL work in a stepwise, sequential manner and are part
of what is referred to herein as the GGT xenobiotic metabo-
lism pathway (Fig. 1a). Hanigan et al. have tested mixtures
prepared in situ that contain glutathione–cisplatin along
with other molecules and have suggested that glutathione–
cisplatin (Fig. 1a) is a substrate for GGT [4]. Further sup-
port for the concerted involvement of the GGT, APN and
CCBL enzymes in cisplatin-mediated nephrotoxicity is evi-
denced by the fact that mice deWcient in GGT are resistant
to nephrotoxic eVects of cisplatin, and that inhibition of
either GGT by acivicin or CCBL by aminooxyacetic acid
resulted in abrogation of the nephrotoxic eVects of cisplatin
[17, 18, 20, 21]. In addition to having an important role in
the common adverse pharmacological outcome of cisplatin-

induced nephrotoxicity [4, 17, 18, 20, 21], GGT is involved
in a wide variety of physiological processes including drug
resistance, metastatic activity of cancer cells, cardiovascu-
lar disease and lipid peroxidation, as well as being involved
in several disorders that involve glutathione homeostasis
[22–26].

GGT is a heterodimeric glycoprotein and its heavy sub-
unit is anchored to the cell membrane through its N-termi-
nal segment and the light subunit is non-covalently attached
to the heavy subunit [27]. GGT catalyzes the hydrolysis of
glutathione to glutamate and cysteinyl-glycine [28, 29] and
also catalyzes a transpeptidation reaction where glutamate
is transferred to a variety of amino acid acceptor substrates,
including L-methionine, L-cystine, L-glutamine, L-alanine,
glycinyl-glycine, cysteinyl-glycine or methionyl-glycine
[30]. GGT binds its donor substrate (glutathione) and the
enzyme is transiently acylated by glutamate, releasing cys-
teinyl-glycine (i.e., from the substrate, glutathione). The
resulting gamma-glutamyl-acyl enzyme intermediate can
then react with water releasing either free glutamate or
transferring the glutamate to an acceptor substrate forming
a transpeptidated product with a gamma-glutamyl bond [29,
30]. After degradation of extracellular glutathione and con-
jugates, the constituent amino acid and dipeptides are trans-
ferred back to the cell and are used in the intracellular de
novo synthesis of glutathione [31]. GGT is also capable of
hydrolyzing the terminal glutamate from glutathione when

Fig. 1 a GGT xenobiotic 
metabolism pathway based on 
the work by Dekant, Hanigan 
et al. [4, 64–67]. Hanigan postu-
lated that cisplatin may enter the 
proximal renal tubule cells 
where a glutathione–cisplatin 
conjugate can be formed. This 
glutathione–cisplatin conjugate 
is further metabolized by the 
enzymes gamma-glutamyl 
transpeptidase (GGT) or 
aminopeptidase N (APN), and 
cysteine-S-conjugate-�-lyase 
(CCBL). The product of this 
pathway is a putative, highly 
reactive thiol–Pt species, which 
can interact with and modify 
proteins leading, ultimately, to 
renal cell death (nephrotoxicity). 
b Formation of mesna–cisplatin 
adduct may bypass the GGT 
xenobiotic metabolism pathway 
eVectively preventing formation 
of nephrotoxic glutathione–plat-
inum species
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glutathione is conjugated to xenobiotics such as haloge-
nated alkenes. The GGT-mediated production of cysteinyl-
glycine conjugates has been implicated in nephrotoxicity
(Fig. 1a) [4].

We have proposed that disulWde forms of drugs may
aVord better nephroprotection proWles than thiol com-
pounds [32–35]. The disulWde BNP7787 (disodium-2,2�-
dithio-bis-ethane sulfonate, Tavocept™) is an investigational
new drug that is undergoing clinical development to
prevent or mitigate common and clinically important toxic-
ities associated with taxanes and platinum-based chemo-
therapeutic agents [35–37]. BNP7787 is chemically and
mechanistically distinct from other sulfur-containing drugs,
including sodium thiosulfate, diethyldithiocarbamate, glu-
tathione and amifostine, which have been studied for the
prevention or reduction of toxicities associated with plati-
num chemotherapy [36]. It can be given in much higher
doses (18.4 g/m2) without any associated toxicities [33, 35,
38–40]. The mechanisms of action underlying the potential
chemoprotective eVects of BNP7787 involve several dis-
tinct, but interrelated areas. BNP7787 can act as a pharma-
cological surrogate/modulator of physiological thiols and
disulWdes (for example, glutathione, cysteine and homocys-
teine) [34, 41]. Mesna, a metabolite of BNP7787, may react
with platinum compounds forming a mesna–cisplatin spe-
cies that appears to lack susceptibility to the putative toxic,
GGT-mediated activation of glutathione–platinum and other
thiol modiWed platinum species (Fig. 1b) [40]; however, it is
important to recognize that BNP7787 does not form an
adduct with platinum compounds. Additionally, conjugation
of mesna with glutathione or cysteinyl-glutamate appears to
prevent the toxic activation of glutathione–cisplatin and
cisplatin–cysteinyl-glutamate by inhibiting GGT. Such pos-
tulated pharmacologically important reactions, if conWrmed,
could provide helpful information in further elucidating the
mechanism(s) of BNP7787-mediated nephroprotection
against cisplatin-induced nephrotoxicity.

Results from previous in vitro studies demonstrate that
BNP7787 and mesna undergo non-enzymatic thiol transfer
reactions with physiological thiols and disuWdes to form
mesna–disulWde heteroconjugates such as mesna–glutathione
(MSSGlutathione), mesna–cysteine (MSSC), mesna–cys-
teinyl-glutamate (MSSCE) and mesna–cysteinyl-glycine
(MSSCG) (Fig. 2a) [35, 41, 42]. Additionally, following
intravenous administration in rats, BNP7787 is rapidly and
predominantly distributed in the kidney, intestine, bone
marrow and major salivary gland [43, 44]. We postulate
that BNP7787, mesna and one or more of mesna–disulWde
heteroconjugates could interact with GGT to inhibit or
modulate its activity resulting in cisplatin nephroprotection
(Fig. 1a), and/or that a BNP7787-derived, mesna–cisplatin
species may bypass the GGT-mediated xenobiotic metabolism

pathway (Figs. 1b, 2b), thereby preventing cisplatin from
being metabolized to form a potent mercapturic nephro-
toxin [35, 41]. This latter scenario would also reduce the
amount of glutathione–cisplatin that can be formed and
subsequently metabolized to a nephrotoxic species. Meister
et al. have reported studies evaluating GGT activity with
various glutamyl-containing dipeptides [45–47]; however,
the mesna–disulWde heteroconjugates represent a new class
of gamma-glutamyl-based compounds that are generated
via a novel pathway involving the in vivo metabolism of
BNP7787. Herein, the pharmacological eVects of BNP7787
and selected BNP7787 metabolites (mesna–disulWde het-
eroconjugates) were investigated on human and porcine
GGT in vitro using a Xuorogenic assay.

Materials and methods

Chemicals and reagents

BNP7787 was synthesized and puriWed (>97%) at BioNu-
merik Pharmaceuticals, Inc. The GGT inhibitor, acivicin
(�-amino-3-chloro-4,5-dihydro-5-isoxazoleacetic acid) and
other general compounds were purchased from Sigma Ald-
rich (St. Louis, MO). Mesna–disulWde heteroconjugates
(mesna–cysteine, mesna–glutathione, mesna–cysteinyl-
glutamate and mesna–cysteinyl-glycine; structures available
upon request) were synthesized and puriWed at BioNumerik
Pharmaceuticals, Inc. Mesna (¸98% pure by iodine titra-
tion) was purchased from Sigma Aldrich and further puri-
Wed at BioNumerik Pharmaceuticals, Inc., prior to use. The
human GGT enzyme, suspended in 0.05 M Tris buVer, was
purchased from Scipac. Porcine GGT, approximately
2 units/mL, was purchased from Sigma Aldrich. The buVer
(50 mM HEPES, adjusted to pH 8.3 by adding 100 mM
NaOH) was purchased from Sigma Aldrich. The substrate
(20 mM solution of L-gamma-glutamyl-7-amino-4-triXuo-
romethylcoumarin, GG-AFC, in DMSO) and the Xuores-
cent standard (80 �M free AFC in DMSO) were purchased
from Enzyme Systems Products (now MP Biomedicals).
Unless otherwise noted, all compounds were prepared fresh
in sterile water immediately before use.

Instrumentation

The GGT assay was performed on a Tecan Ultra Xuores-
cence microplate reader. The standard, default parameters
(gain-23, no. of Xashes-10 and Z position-8223) for the
instrument were used. An excitation Wlter of 390 nm
(§25 nm) and an emission Wlter of 505 nm (§10 nm) were
used. The autoread, autocalibration, automixing and bank-
ing were set to “oV”.
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Fluorometric method for GGT assay using crude enzymes

The activity of GGT was determined using a modiWed Xuo-
rometric biochemical assay described previously [48, 49].
The assay monitors the release of Xuorescent product, free
7-amino-4-triXuoromethylcoumarin (AFC) that is liberated
when GGT cleaves the substrate, GG-AFC. The amount of
free AFC and, therefore, the total Xuorescence will be
reduced if BNP7787, mesna or the other physiological thi-
ols and disulWdes inhibit GGT.

Assays were performed in triplicate in a 96-well plate.
Five microliters (5 �L) of the crude enzyme (0.01 units)
and 180 �L of buVer were added to each well, followed by
addition of the test materials (i.e., BNP7787, mesna, or
mesna–disulWde heteroconjugates). The plate was covered
with a disposable plate sealer and reagents were mixed by
inversion and equilibrated to 37°C for approximately
10 min, followed by the addition of 4 �L (500 �M) of the

substrate, GG-AFC. BuVer background control, enzyme
negative control, substrate autohydrolysis control and
enzyme activity positive control were also performed. In
addition, reactions containing 0.5 mM acivicin served as
inhibition controls. This concentration of acivicin inhibited
the GGT rate to 50% and was used to compare with other
treatment groups.

The increase in Xuorescence over time in a reaction con-
taining both GGT and its substrate, GG-AFC, is an indica-
tion of enzyme activity (after correction for autohydrolysis
of the substrate), and the magnitude of the increase over
time reXects the kinetic rate of GG-AFC hydrolysis by
GGT. The linearity across concentrations of standard free
AFC was initially evaluated on a cuvette-based, monochro-
mator instrument, the ISS-K2, and a microtiter plate-based,
Wlter instrument, the Tecan Ultra (data not shown). But the
plate-based format was used to generate the data shown
herein. Data were collected from the linear portion of the

Fig. 2 a Postulated SN2 route of 
non-enzymatic reduction of 
BNP7787 to mesna in the kidney 
[43, 60, 72]. Once BNP7787 is 
administered, a thiol, RSH 
(where R is glutathione, cys-
teine, homocysteine, cys-glu or 
cys-gly), may attack BNP7787 
resulting in the heterolytic cleav-
age of BNP7787’s disulWde 
bond, producing free mesna and 
a mesna–thiol mixed disulWde, 
M–S–S–R, where R is glutathi-
one, cysteine, homocysteine, 
cysteinyl-glutamate or cys-
teinyl-glycine. b Aquation 
reactions of cisplatin and 
subsequent mesna–cisplatin 
adduct formation
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assay over 30 min. Statistical analyses were performed
using Excel.

Preparation of the mesna–cisplatin conjugate

The mesna–cisplatin conjugate was generated in situ and was
expected to be a heterogeneous mixture. DiVerent concentra-
tions of mesna (100–400 �M) were incubated with equal con-
centrations of cisplatin in the HEPES buVer for 4 h at 37°C to
form the mesna–cisplatin conjugate in situ. This mixture was
used to evaluate the eVect of the mesna–cisplatin conjugate on
the GGT activity assay, as described in preceding sections.

Results

Assay optimization and eVects of acivicin on GGT activity

An earlier report by Townsend et al. demonstrated that a 2-h
incubation of acivicin (250 �M) at 25°C could inhibit over
89% of the detectable GGT activity in LLC-PK1 cells
(1 £ 106 cells) as detected by a kinetic assay where the GGT
activity was monitored by following the release of 1 �mol of
p-nitroaniline per min [4]. Treatment of these cells with
acivicin resulted in a statistically signiWcant time- and dose-
dependent inhibition (p < 0.05) [4]. A dose-dependent inhibi-
tory eVect by acivicin was also observed in our experiments
(data not shown). In our studies, a 50% inhibition in GGT
activity relative to untreated enzyme was observed when
500 �M acivicin was incubated with the crude human GGT
for 15 min at 25°C. Additionally, the eVects of BNP7787,
mesna and mesna–disulWde heteroconjugates on GGT activ-
ity, in the presence of acivicin, are described herein.

EVect of mesna and BNP7787 on GGT activity

The results of the eVects of BNP7787 and its metabolites on
GGT are summarized in Table 1. If BNP7787 or one of its

metabolites (e.g., mesna or mesna–disulWde heteroconju-
gates) were either an inhibitor or a substrate of GGT, the
observed rate of cleavage (Xuorescence increase) would be
reduced relative to the untreated control rate of cleavage.
Neither BNP7787 nor mesna is a mimic of glutamate and,
therefore, it is unlikely that they can directly inhibit GGT. No
statistically signiWcant eVects on porcine or human GGT
activity were observed with BNP7787 or mesna (data not
shown); therefore, neither BNP7787 nor mesna acted as sub-
strates or inhibitors of the porcine or human GGT enzymes.
When BNP7787 or mesna were incubated with GGT in the
presence of acivicin, the GGT inhibition was similar to that
observed with acivicin alone (data not shown), suggesting
that neither BNP7787 nor mesna had any additive, potentia-
tive or other eVects on acivicin inhibition of GGT.

Mesna–disulWde heteroconjugates that inhibit GGT activity

Mesna–cysteinyl-glutamate (Fig. 3) and mesna–glutathione
(Fig. 4) decreased the rate of cleavage of the GG-AFC sub-
strate by both the porcine and human enzymes in a dose-
dependent manner. MSSGlutathione [p = 9.57 e¡16 (human);
p = 5.15 e¡13 (porcine)] was more eVective at inhibiting
GGT than MSSCE [p = 8.98 e¡9 (human); p = 1.22 e¡8 (por-
cine)]. At concentrations of 10 mM, MSSCE resulted in 50%
inhibition, whereas MSSGlutathione inhibited about 80% of
the activity of GGT. Both MSSGlutathione and MSSCE con-
tain a glutamate that is expected to compete for binding to the
GGT active site with the substrate, GG-AFC.

Mesna–disulWde heteroconjugates that enhance 
GGT activity

Mesna–cysteine enhanced the human and porcine GGT
enzyme activity, in a dose-dependent manner, while
MSSCG enhanced the rate equally at all concentrations
tested herein (Fig. 3a, b). However, the enhancement of
MSSCG was about threefold higher relative to the no inhibitor

Table 1 Summary of results of 
the eVects of BNP7787 and its 
metabolites on GGT hydrolysis 
of GG-AFC

Compound EVect on GGT (porcine) EVect on GGT (human)

BNP7787 No direct inhibition No direct inhibition

Mesna No direct inhibition No direct inhibition

MSSGlutathione Dose-dependent inhibition Dose-dependent inhibition

MSSCE Dose-dependent inhibition Dose-dependent inhibition

MSSC Dose-dependent enhancement Dose-dependent enhancement

MSSCG Enhanced activity Enhanced activity

MSSGlutathione + MSSC Not tested Inhibited activity

MSSGlutathione + MSSCG Not tested Inhibited activity

MSSCE + MSSC Not tested Inhibited activity

MSSCE + MSSCG Not tested Slightly enhanced activity

Mesna–cisplatin Not tested No direct inhibition
123
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control, while there was less pronounced enhancement by
MSSC, compared to the no inhibitor control.

EVect of combinations of enhancers and inhibitors on GGT 
activity

Previous studies have shown that when BNP7787 reacted
with thiols, formation of mesna–disulWde heteroconjugates
(e.g., MSSCG, MSSCE, MSSC and MSSGlutathione)
occurred (Fig. 2a) [35, 41, 42]. Therefore, it was necessary
to determine the eVect on GGT activity by combinations of
mesna–disulWde heteroconjugates that, as single agents,
either enhanced or inhibited GGT activity. The results indi-
cated that when the enhancers and inhibitors were mixed

together, the inhibitory eVect usually predominated
(Fig. 5). However, when MSSCE (5 mM) was added to
MSSCG (10 mM), a small but statistically insigniWcant
enhancement of GGT activity was observed (p = 0.19).

EVects on GGT activity by in situ formed mesna–cisplatin 
conjugate

A fraction of cisplatin is spontaneously converted to a
monoaquated species in vivo that may react with the metab-
olites of BNP7787, such as mesna and/or mesna–disulWde
heteroconjugates (Fig. 1b). However, cisplatin does not
react directly with BNP7787. For the in vitro studies in this
work, the putative mesna–cisplatin conjugate was formed

Fig. 3 EVect of mesna–cysteine 
(MSSC), mesna–cysteinyl-glu-
tamate (MSSCE) and mesna–
cysteinyl-glycine (MSSCG) on 
GGT activity. DiVerent concen-
trations of MSSC, MSSCE and 
MSSCG in the presence and ab-
sence of acivicin (500 �M) were 
tested on porcine (a) and human 
GGT (b). Pure MSSCE 
[p = 8.98 e¡9 (human); 
p = 1.22 e¡8 (porcine)] de-
creased the rate of cleavage of 
substrate, while pure MSSC 
[p = 4.93 e¡5 (human); 
p = 6.12 e¡5 (porcine)] and pure 
MSSCG [p = 9.21 e¡6 (human); 
p = 2.16 e¡5 (porcine)] en-
hanced the rate of cleavage of 
the substrate for both the human 
and porcine enzymes in a statis-
tically signiWcant manner. This 
enhancement was not dose 
dependent at the concentrations 
studied herein; millimolar con-
centrations were selected and 
evaluated because both glutathi-
one and BNP7787 are present in 
vivo at millimolar levels
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by incubating cisplatin with mesna for 4 h and then evaluat-
ing the eVect of this post-reactant mixture on GGT activity.
Relative to the control (enzyme only), there was no signiW-
cant diVerence among the test groups consisting of diVerent

concentrations of cisplatin and mesna (Table 2). The impli-
cations of this observation are discussed in the following
sections. The controls of mesna alone or cisplatin alone had
no eVect on the activity of GGT.

Fig. 4 EVect of mesna–glutathione (MSSGlutathione) on GGT activ-
ity. DiVerent concentrations of mesna–glutathione (MSSGlutathione)
in the presence and absence of acivicin (500 �M) on porcine and hu-
man GGT. Porcine GGT data are shown in the solid grey bars; human
GGT data are shown in the hashed bars. MSSGlutathione (1 mM)
inhibited both the human and porcine enzymes as eVectively as
acivicin (500 �M). At all MSSGlutathione concentrations there was
statistically signiWcant inhibition, and a correlation between MSSGlu-

tathione concentration and inhibition was evident [p = 9.57 e¡16

(human); p = 5.15 e¡13 (porcine)]. Millimolar concentrations of
MSSGlutathione were used to reXect the likely physiological levels of
this species based on the concentration of glutathione and BNP7787 in
vivo; however, reported levels of cysteine, homocysteine, cysteinyl-
glycine, and cysteinyl-glutamate are lower and would not be expected
to exceed high micromolar ranges [70, 71]
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Fig. 5 EVects of the mixture of 
inhibitors (MSSGlutathione, 
MSSCE) and enhancers (MSSC, 
MSSCG) on human GGT. The 
results indicate that even in the 
presence of the enhancers, such 
as MSSC and MSSCG, there 
was statistically signiWcant 
inhibition of human GGT 
when MSSGlutathione 
was added [p = 5.71 e¡7 
(MSSGlutathione + MSSCG); 
p = 1.97 e¡8 (MSSGlutathione + 
MSSC)]. However, when 
MSSCE and MSSCG were 
incubated together, there was a 
slight, but statistically insigniW-
cant (p = 0.19), enhancement 
of the GGT activity
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Discussion

Nephrotoxicity is a prevalent and serious side eVect of
many chemotherapeutic agents, including cisplatin, a
widely used chemotherapeutic agent [50]. Several Wrst-gen-
eration drugs such as thiol-generating cytoprotective agents
have undergone clinical evaluation (e.g., sodium thiosul-
fate, diethyldithiocarbamate, amifostine and reduced gluta-
thione) in an attempt to reduce the toxicity of platinum
drugs like cisplatin [51]. The only agent that is approved
for prevention of cisplatin-induced nephrotoxicity is ami-
fostine (WR2721, (ethanethiol, 2-[(3-aminopropyl)amino]
dihydrogen phosphate ester)), and this agent has been an
important advance; however, its administration is associ-
ated with several reported side eVects, including ototoxic-
ity, hypotension, dizziness, severe nausea and vomiting,
transient decrease in serum calcium levels and infusion-
related Xushing [52–54]. Despite the ability to protect
against certain toxicities, nearly all platinum-protecting
drugs have demonstrated tumor protection as well as their
own intrinsic toxicities following administration [33, 35].
Consequently, there remains a real, unmet need for a safe,
nontoxic nephroprotective agent that can be used to prevent
and mitigate cisplatin-induced nephrotoxicity. BNP7787
(Tavocept™) is a water-soluble disulWde containing inves-
tigational new drug that is undergoing clinical development
for the prevention and mitigation of clinically important
chemotherapy-induced toxicities associated with platinum
and taxane chemotherapeutic agents [32–37, 44, 55–60].
Previous nonclinical and early human clinical trials have
shown that BNP7787 has strong potential to protect against
cisplatin-induced nephrotoxicity [33, 38–40, 61, 62] with-
out interfering with the antitumor activity of platinum
agents, paclitaxel or other chemotherapy agents [33, 38–40,
61, 62]. BNP7787 can be given to humans at doses (up to

41 g/m2) that correspond to millimolar concentrations in
vivo, and, in contrast to thiol-based reagents, BNP7787
does not perturb the plasma thiol–disulWde balance [35].
BNP7787 demonstrates chemically, pharmacologically and
toxicologically distinct behavior in vitro, in vivo and in
human subjects compared to free thiol-containing agents,
including mesna or other sulfur-containing compounds that
have been evaluated for cisplatin nephroprotection.

Direct eVects of BNP7787 and BNP7787-derived 
mesna–disulWde heteroconjugates on GGT hydrolysis 
of GG-AFC

Dekant et al. have described a general nephrotoxigenic
mechanism wherein a xenobiotic conjugates with glutathi-
one and is converted to a toxic metabolite by GGT, APN
and CCBL (the GGT xenobiotic metabolism pathway) [63–
67]. Hanigan et al. proposed that cisplatin and glutathione
form a glutathione–cisplatin conjugate, which is metabo-
lized through the GGT xenobiotic metabolism pathway
resulting in the formation of a toxic, reactive platinum spe-
cies (Fig. 1a) [4, 17, 18, 21]. GGT, APN and CCBL are
very important in clearing toxic platinum conjugates of glu-
tathione and cysteine from the kidney; unfortunately, the
platinum–thiol conjugates, produced by the action of GGT,
APN and CCBL, may result in toxic species that cause cel-
lular damage [4, 17, 18, 20, 21]. We hypothesized that
mesna–disulWde heteroconjugates, formed when BNP7787
reacts with physiological thiols containing cysteinyl-gluta-
mate moieties, could potentially inhibit GGT toxiWcation
and also reduce the amount of glutathione–cisplatin that is
formed in the renal tubule. Additionally, the mesna–
cisplatin adduct could limit or prevent the amount and
proportion of glutathione–cisplatin to be subsequently
metabolized to toxic, reactive platinum species by the GGT
pathway in the renal tubule (Fig. 1a, b).

Neither BNP7787 nor mesna had any statistically signiW-
cant eVect on the observed activity of the porcine or human
GGT enzymes (data not shown) and this is likely due to a
lack of structural similarity between mesna and GGT’s
preferred substrate, glutathione. However, thiol-glutamate
analogs are eVective inhibitors of GGT [29, 30, 46] and
competing with the binding of the glutamate moiety in
glutathione may result in GGT inhibition. Consistent with
this hypothesis, MSSGlutathione and MSSCE, inhibited
human and porcine GGT (Figs. 3, 4) (cysteinyl-glutamate
or �-glutamyl-cysteine are formed during the biosynthesis
of glutathione) [68, 69]. In contrast, we observed that spe-
cies lacking glutatmate moieties (i.e., MSSC and MSSCG)
enhanced the rate of the GGT hydrolysis of GG-AFC; these
species probably serve as acceptors of the glutamate group
that is cleaved from the GG-AFC substrate (Fig. 3a, b;
[68, 69]).

Table 2 EVects of the mesna–cisplatin conjugate on human GGT
activity (all concentrations are micromolar)

a 1, 10 and 100 �M cisplatin alone did not inhibit enzyme activity
b 200 and 400 �M mesna alone did not inhibit enzyme activity

Cisplatin 
concentrationa

Mesna 
concentrationb

Enzyme 
activity (%)

0 0 100 § 2.06

1 200 104 § 1.84

10 200 109 § 1.65

100 200 101 § 1.96

1 400 101 § 2.45

10 400 104 § 1.61

100 400 110 § 1.34
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EVects of combinations of inhibitory and enhancing 
mesna–disulWde heteroconjugates on GGT hydrolysis 
of GG-AFC

In vitro, we observed that millimolar concentrations of
MSSC and MSSCG resulted in statistically signiWcant
GGT enhancement (Fig. 3), while statistically signiWcant
inhibition was observed for MSSGlutathione and MSSCE
(Figs. 3, 4). In vivo, a mixture of the mesna–disulWde het-
eroconjugates would be present and would probably not
exceed micromolar concentrations (based on reported con-
centrations of physiological thiols and disulWdes [70, 71]).
Consequently, we examined combinations of enhancers and
inhibitors with GGT simultaneously (Fig. 5), to determine
the predominant eVect on GGT activity when mixtures of
the mesna–disulWde heterconjugates were present. When
MSSGlutathione and MSSCG were co-incubated, the net
pharmacological eVect was GGT inhibition (Fig. 5). The
glutamate moiety of MSSGlutathione is expected to com-
pete for binding to the active site where GG-AFC normally
binds and, since MSSCG is structurally similar to the pre-
ferred substrate glutathione, but lacks a glutamate moiety,
MSSCG would be expected to inXuence the catalysis less
than MSSGlutathione when both are present (the cysteinyl-
glycine moiety of MSSCG probably binds peripherally to
the active site pocket). Similar eVects were observed when
MSSC was incubated with either MSSGlutathione or
MSSCE (Fig. 5); however, when MSSCE was incubated
with MSSCG, there was a very slight enhancement of GGT
activity and it is possible that the cysteinyl-glycine of
MSSCG may serve as a glutamate acceptor preferentially
driving the GGT reaction forward, but this enhancement
was slight and was not signiWcantly diVerent from levels of
uninhibited GGT. In summary, the data suggest that in the
presence of mixtures of heteroconjugates, the GGT reaction
would either be inhibited or essentially unaVected; net inhi-
bition of GGT is further strongly supported by animal and
human data with cisplatin and BNP7787 co-administration
[35–37].

Indirect eVects on GGT by BNP7787 or BNP7787-derived 
species

It was important to determine if mesna–cisplatin was able
to bypass the GGT xenobiotic metabolism pathway
entirely (i.e., mesna–cisplatin might not be a substrate for
the xenobiotic pathway) (Figs. 1b, 2b). Previous studies
have shown that glutathione–cisplatin is a substrate of
GGT and toxic to LLC-PK1 cells [4]. In contrast to gluta-
thione–cisplatin, we observed that mesna–cisplatin had no
eVect on GGT activity and appears not to be a GGT
substrate (Table 2). If this putative mesna–cisplatin conju-
gate supplants a signiWcant amount of the corresponding

glutathione–cisplatin conjugate in vivo and is not pro-
cessed through the xenobiotic pathway, the amount of
toxic platinum species produced would be decreased,
aVording nephroprotection. This is an important Wnding
and is thought to be one key mechanism through which
BNP7787 may have a nephroprotective eVect against
cisplatin-induced nephrotoxicity.

Conclusions

BNP7787 administered in combination with cisplatin
appears to have potential advantages over other compounds
that have previously been evaluated for cisplatin nephro-
protection. Results in this study further elucidate the mech-
anisms behind potential BNP7787-mediated cisplatin
nephroprotection with a speciWc focus on understanding
how BNP7787 and BNP7787-derived mesna–disulWde
heteroconjugates may impact GGT-mediated cisplatin
toxiWcation activity and/or formation of nephrotoxins as a
consequence of xenobiotic metabolism involving GGT.
Assuming that the GGT xenobiotic metabolism pathway is
the major toxiWcation pathway for cisplatin nephrotoxicity,
we postulate that there are two general mechanisms
(Fig. 1), either or both of which may result in signiWcant
cisplatin nephroprotection: (1) the active pharmacophore
(mesna) produces an inactive mesna–cisplatin conjugate
that is not a substrate for, and therefore completely
bypasses, the GGT toxiWcation pathway (GGT xenobiotic
metabolism pathway); and (2) cysteinyl-glutamate contain-
ing mesna–disulWde heteroconjugates can serve as
selective, potent inhibitors of GGT (e.g., MSSCE, MSSG-
lutathione) possibly resulting in nephroprotection by a
novel means.

Acknowledgments We thank Vanessa Sandoval and Erika Ramirez
for editorial assistance in the preparation of this manuscript. In addi-
tion, we appreciate the time and eVort of David Margrave and Dr. Scott
Whitaker in reviewing these manuscripts and we thank Julie Martin for
providing Fig. 1.

References

1. Wong E, Giandomenico CM (1999) Current status of platinum-
based antitumor drugs. Chem Rev 99:2451–2466

2. Go RS, Adjei AA (1999) Review of the comparative pharmacol-
ogy and clinical activity of cisplatin and carboplatin. J Clin Oncol
17:409–422

3. Reed E (2006) Cisplatin and analogs. In: Cancer chemotherapy
and biotherapy. Chap. 14. Lippincott Williams & Wilkins, Phila-
delphia, pp 332–343

4. Townsend DM, Deng M, Zhang L, Lapus MG, Hanigan MH
(2003) Metabolism of cisplatin to a nephrotoxin in proximal tubule
cells. J Am Soc Nephrol 14:1–10

5. Levi J, Jacobs C, Kalman SM, McTigue M, Weiner MW (1980)
Mechanism of cis-platinum nephrotoxicity: I. EVects of sulfhydryl
groups in rat kidneys. J Pharmacol Exp Ther 213:545–550
123



950 Cancer Chemother Pharmacol (2010) 65:941–951
6. Tanaka H, Ishikawa E, Teshima S, Shimizu E (1986) Histopathol-
ogical study of human cisplatin nephropathy. Toxicol Pathol
14:247–257

7. Arany I, SaWrstein RL (2003) Cisplatin nephrotoxicity. Semin
Nephrol 23:460–464

8. Daugaard G, Abildgaard U (1989) Cisplatin nephrotoxicity: a
review. Cancer Chemother Pharmacol 25:1–9

9. Gemba M, Fukuishi N (1991) Amelioration by ascorbic acid of
cisplatin-induced injury in cultured renal epithelial cells. Contrib
Nephrol 95:138–142

10. Madias NE, Harrington JT (1978) Platinum nephrotoxicity. Am J
Med 65:307–314

11. Meijer S, Sleijfer DT, Mulder NH, Sluiter WJ, Marrink J, Koops
HS, Brouwers TM, OldhoV J, van der Hem GK, Mandema E
(1983) Some eVects of combination chemotherapy with cis-plati-
num on renal function in patients with nonseminomatous testicular
carcinoma. Cancer 51:2035–2040

12. OVerman JJ, Meijer S, Sleijfer DT, Mulder NH, Donker AJ, Koops
HS, van der Hem GK (1984) Acute eVects of cis-diamminedichlo-
roplatinum (CDDP) on renal function. Cancer Chemother Pharma-
col 12:36–38

13. Weiner MW, Jacobs C (1983) Mechanism of cisplatin nephrotox-
icity. Fed Proc 42:2974–2978

14. Dobyan DC, Levi J, Jacobs C, Kosek J, Weiner MW (1980) Mech-
anism of cis-platinum nephrotoxicity: II. Morphologic observa-
tions. J Pharmacol Exp Ther 213:551–556

15. Gonzales-Vitale JC, Hayes DM, Cvitkovic E, Sternberg SS (1977)
The renal pathology in clinical trials of cis-platinum (II) diammin-
edichloride. Cancer 39:1362–1371

16. Kuhlmann MK, Burkhardt G, Kohler H (1997) Insights into poten-
tial cellular mechanisms of cisplatin nephrotoxicity and their clin-
ical application. Nephrol Dial Transplant 12:2478–2480

17. Hanigan MH, Gallagher BC, Taylor PT Jr, Large MK (1994) Inhi-
bition of gamma-glutamyl transpeptidase activity by acivicin in
vivo protects the kidney from cisplatin-induced toxicity. Cancer
Res 54:5925–5929

18. Hanigan MH, Gallagher BC, Taylor PT Jr (1996) Cisplatin neph-
rotoxicity: inhibition of gamma-glutamyl transpeptidase blocks
the nephrotoxicity of cisplatin without reducing platinum concen-
trations in the kidney. Am J Obstet Gynecol 175:270–274

19. Zhang L, Hanigan MH (2003) Role of cysteine S-conjugate beta-
lyase in the metabolism of cisplatin. J Pharmacol Exp Ther
306:988–994

20. Hanigan MH, Lykissa ED, Townsend DM, Ou CN, Barrios R,
Lieberman MW (2001) Gamma-glutamyl transpeptidase-deWcient
mice are resistant to the nephrotoxic eVects of cisplatin. Am J
Pathol 159:1889–1894

21. Townsend DM, Hanigan MH (2002) Inhibition of gamma-glutam-
yl transpeptidase or cysteine S-conjugate beta-lyase activity blocks
the nephrotoxicity of cisplatin in mice. J Pharmacol Exp Ther
300:142–148

22. Godwin AK, Meister A, O’Dwyer PJ, Huang CS, Hamilton TC,
Anderson ME (1992) High resistance to cisplatin in human ovar-
ian cancer cell lines is associated with marked increase of glutathi-
one synthesis. Proc Natl Acad Sci USA 89:3070–3074

23. Hanigan MH, Gallagher BC, Townsend DM, Gabarra V (1999)
Gamma-glutamyl transpeptidase accelerates tumor growth and in-
creases the resistance of tumors to cisplatin in vivo. Carcinogene-
sis 20:553–559

24. Benlloch M, Ortega A, Ferrer P, Segarra R, Obrador E, Asensi M,
Carretero J, Estrela JM (2005) Acceleration of glutathione eZux
and inhibition of gamma-glutamyl transpeptidase sensitize meta-
static B16 melanoma cells to endothelium-induced cytotoxicity. J
Biol Chem 280:6950–6959

25. Ruttmann E, Brant LJ, Concin H, Diem G, Rapp K, Ulmer H
(2005) Gamma-glutamyl transferase as a risk factor for cardiovas-

cular disease mortality: an epidemiological investigation in a co-
hort of 163, 944 Austrian adults. Circulation 112:2130–2137

26. Paolicchi A, Minotti G, Tonarelli P, Tongiani R, De CD, Mezzetti
A, Dominici S, Comporti M, Pompella A (1999) Gamma-glutamyl
transpeptidase-dependent iron reduction and LDL oxidation: a po-
tential mechanism in atherosclerosis. J Investig Med 47:151–160

27. Hanigan MH (1998) Gamma-glutamyl transpeptidase, a glutathi-
onase: its expression and function in carcinogenesis. Chem Biol
Interact 111–112:333–342

28. Hanigan MH, Pitot HC (1985) Gamma-glutamyl transpeptidase:
its role in hepatocarcinogenesis. Carcinogenesis 6:165–172

29. Tate SS, Meister A (1981) Gamma-glutamyl transpeptidase: cata-
lytic, structural and functional aspects. Mol Cell Biochem 39:357–
368

30. Keillor JW, Castonguay R, Lherbet C (2005) Gamma-glutamyl
transpeptidase substrate speciWcity and catalytic mechanism.
Methods Enzymol 401:449–467

31. Deneke SM, Fanburg BL (1989) Regulation of cellular glutathi-
one. Am J Physiol 257:L163–L173

32. Boven E, Verschraagen M, Hulscher TM, Erkelens CA, Hausheer
FH, Pinedo HM, van der Vijgh WJF (2002) BNP7787, a novel pro-
tector against platinum-related toxicities, does not aVect the eY-
cacy of cisplatin or carboplatin in human tumour xenografts. Eur J
Cancer 38:1148–1156

33. Hausheer FH, Kanter P, Cao S, Haridas K, Seetharamulu P, Reddy
D, Petluru P, Zhao M, Murali D, Saxe JD, Yao S, Martinez N,
Zukowski A, Rustum YM (1998) Modulation of platinum-induced
toxicities and therapeutic index: mechanistic insights and Wrst- and
second-generation protecting agents. Semin Oncol 25:584–599

34. Pendyala L, Schwartz G, Smith P, Zdanowicz J, Murphy M,
Hausheer F (2003) Modulation of plasma thiols and mixed
disulWdes by BNP7787 in patients receiving paclitaxel/cisplatin
therapy. Cancer Chemother Pharmacol 51:376–384

35. Hausheer FH, Kochat H, Parker AR, Ding D, Yao S, Hamilton SE,
Petluru PN, Leverett BD, Bain SH, Saxe JD (2003) New approach-
es to drug discovery and development: a mechanism-based ap-
proach to pharmaceutical research and its application to BNP7787,
a novel chemoprotective agent. Cancer Chemother Pharmacol
52(Suppl 1):S3–S15

36. Verschraagen M, Boven E, Ruijter R, van der Born K, Berkhof J,
Hausheer FH, van der Vijgh WJF (2003) Pharmacokinetics and
preliminary clinical data of the novel chemoprotectant BNP7787
and cisplatin and their metabolites. Clin Pharmacol Ther 74:157–
169

37. Boven E, Westerman M, van Groeningen CJ, Verschraagen M,
Ruijter R, Zegers I, van der Vijgh WJF, Giaccone G (2005) Phase
I and pharmacokinetic study of the novel chemoprotector
BNP7787 in combination with cisplatin and attempt to eliminate
the hydration schedule. Br J Cancer 92:1636–1643

38. Hausheer F, Kanter P, Rustum Y, Cao S, Haridas K, Reddy D,
Seetharamulu P, Zhao M, Yao S, Pavankumar P, Murali D (1997)
Abstract #2089: BNP7787: A novel antitumor potentiating drug
which protects against cisplatin and carboplatin toxicities. In: Pro-
ceedings of the AACR (88th annual meeting), vol 38, p 311

39. Hausheer F, Cavaletti G, Tredici G, Oggioni N, Spinelli S, Pezzoni
G, Manzotti C, Haridas K, Reddy D, Zhao M, Seetharamulu P,
Yao S, Pavankumar P, Murali D, Wu M, Saxe J, Cavalletti E
(1999) Abstract #2633: Oral and intravenous BNP7787 protects
against platinum neurotoxicity without in vitro or in vivo tumor
protection. In: Proceedings of the AACR (90th annual meeting),
vol 40, p 398

40. Hausheer FH, Rustum Y, Cao S, Haridas K, Reddy D, Seetharam-
alu P, Zhao M, Yao S, Pavankumar P, Murali D (1998) Abstract
#1077: BNP7787—Administration in vivo results in increased
therapeutic index and toxicity reduction of platinum drugs. In:
Proceedings of the AACR (89th annual meeting), vol 39, p 158
123



Cancer Chemother Pharmacol (2010) 65:941–951 951
41. Shanmugarajah D, Ding D, Huang Q, Chen X, Kochat H, Petluru
PN, Ayala PY, Parker AR, Hausheer FH (2009) Analysis of
BNP7787 thiol-disulWde exchange reactions in phosphate buVer
and human plasma using microscale electrochemical high-perfor-
mance liquid chromatography. J Chromatogr B Analyt Technol
Biomed Life Sci 877:857–866

42. Shanmugarajah D (2007) Mechanism of action of BNP7787, a
novel chemoprotective agent. Dissertation, presented to the Uni-
versity of Texas Health Science Center at San Antonio

43. Ormstad K, Uehara N (1982) Renal transport and disposition of
Na-2-mercaptoethane sulfonate disulWde (dimesna) in the rat.
FEBS Lett 150:354–358

44. Verschraagen M, Boven E, Torun E, Erkelens CA, Hausheer FH,
van der Vijgh WJF (2004) Pharmacokinetic behaviour of the
chemoprotectants BNP7787 and mesna after an i.v. bolus injection
in rats. Br J Cancer 90:1654–1659

45. Tate SS, Meister A (1974) Interaction of gamma-glutamyl trans-
peptidase with amino acids, dipeptides, and derivatives and ana-
logs of glutathione. J Biol Chem 249:7593–7602

46. Thompson GA, Meister A (1977) Interrelationships between the
binding sites for amino acids, dipeptides, and gamma-glutamyl do-
nors in gamma-glutamyl transpeptidase. J Biol Chem 252:6792–
6798

47. Thompson GA, Meister A (1975) Utilization of L-cystine by the
gamma-glutamyl transpeptidase–gamma-glutamyl cyclotransfer-
ase pathway. Proc Natl Acad Sci USA 72:1985–1988

48. Forman HJ, Shi MM, Iwamoto T, Liu RM, Robison TW (1995)
Measurement of gamma-glutamyl transpeptidase and gamma-
glutamylcysteine synthetase activities in cells. Methods Enzymol
252:66–71

49. Smith GD, Ding JL, Peters TJ (1979) A sensitive Xuorimetric as-
say for gamma-glutamyl transferase. Anal Biochem 100:136–139

50. Kintzel PE (2001) Anticancer drug-induced kidney disorders.
Drug Saf 24:19–38

51. Jones MM, Basinger MA, Holscher MA (1992) Control of the
nephrotoxicity of cisplatin by clinically used sulfur-containing
compounds. Fundam Appl Toxicol 18:181–188

52. Alberts DS, Bleyer WA (1996) Future development of amifostine
in cancer treatment. Semin Oncol 23:90–99

53. Gandara DR, Wiebe VJ, Perez EA, Makuch RW, DeGregorio MW
(1990) Cisplatin rescue therapy: experience with sodium thiosul-
fate, WR2721, and diethyldithiocarbamate. Crit Rev Oncol Hema-
tol 10:353–365

54. Kemp G, Rose P, Lurain J, Berman M, Manetta A, Roullet B,
Homesley H, Belpomme D, Glick J (1996) Amifostine pretreat-
ment for protection against cyclophosphamide-induced and cis-
platin-induced toxicities: results of a randomized control trial in
patients with advanced ovarian cancer. J Clin Oncol 14:2101–
2112

55. Verschraagen M, Zwiers TH, de Koning PE, Welink J, van der Vi-
jgh WJF (2001) QuantiWcation of BNP7787 (dimesna) and its
metabolite mesna in human plasma and urine by high-performance
liquid chromatography with electrochemical detection. J Chroma-
togr B Biomed Sci Appl 753:293–302

56. Verschraagen M, van der Born K, Zwiers TH, van der Vijgh WJF
(2002) Simultaneous determination of intact cisplatin and its
metabolite monohydrated cisplatin in human plasma. J Chroma-
togr B Analyt Technol Biomed Life Sci 772:273–281

57. Verschraagen M, Zwiers TH, Torun E, Donker MG, Reinhoud NJ,
van der Vijgh WJF (2003) Simultaneous determination of

BNP7787 and its metabolite mesna in plasma and tissue by micro-
HPLC with a dual electrochemical detector. J Pharm Sci 92:1040–
1050

58. Verschraagen M, Bosma M, Zwiers TH, Torun E, van der Vijgh
WJF (2003) QuantiWcation of mesna and total mesna in kidney tis-
sue by high-performance liquid chromatography with electro-
chemical detection. J Chromatogr B Analyt Technol Biomed Life
Sci 783:33–42

59. Verschraagen M, Kedde MA, Hausheer FH, van der Vijgh WJF
(2003) The chemical reactivity of BNP7787 and its metabolite me-
sna with the cytostatic agent cisplatin: comparison with the nucle-
ophiles thiosulfate, DDTC, glutathione and its disulWde GSSG.
Cancer Chemother Pharmacol 51:499–504

60. Verschraagen M, Boven E, Torun E, Hausheer FH, Bast A, van der
Vijgh WJF (2004) Possible (enzymatic) routes and biological sites
for metabolic reduction of BNP7787, a new protector against cis-
platin-induced side-eVects. Biochem Pharmacol 68:493–502

61. Hausheer FH, Kochat H, Reddy D, Zhao M, Seetharamulu P, Yao
S, Pavankumar P, Murali D, Wu M, Saxe J, Parker A, Hamilton S
(2000) Abstract #4890: BNP7787: A novel chemoprotecting agent
for platinum and taxane toxicity. In: Proceedings of the AACR
(91st annual meeting), vol 41, pp 769–770

62. Hausheer FH, Kochat H, Zhao M, Hamilton S, Wu M, Seetharam-
ulu P, Petluru P, Huang Q, Chen X, Ma H, Ding D, Leverett B, Wu
Y, Wang J, Saxe J, Parker A, Berghorn E (2001) Abstract #1990:
BNP7787, A novel neuroprotective agent in taxane and platinum
regimens, does not interfere with antitumor activity. In: Proceed-
ings of the AACR (92nd annual meeting), vol 42, p 370

63. Anders MW, Dekant W (1998) Glutathione-dependent bioactiva-
tion of haloalkenes. Annu Rev Pharmacol Toxicol 38:501–537

64. Dekant W (1993) Bioactivation of nephrotoxins and renal carcin-
ogens by glutathione S-conjugate formation. Toxicol Lett 67:151–
160

65. Dekant W, Vamvakas S, Anders MW (1994) Formation and fate
of nephrotoxic and cytotoxic glutathione S-conjugates: cysteine
conjugate beta-lyase pathway. Adv Pharmacol 27:115–162

66. Dekant W, Henschler D (1999) Organ-speciWc carcinogenicity of
haloalkenes mediated by glutathione conjugation. J Cancer Res
Clin Oncol 125:174–181

67. Dekant W (2001) Chemical-induced nephrotoxicity mediated by
glutathione S-conjugate formation. Toxicol Lett 124:21–36

68. Okada T, Suzuki H, Wada K, Kumagai H, Fukuyama K (2007)
Crystal structure of the gamma-glutamyl transpeptidase precursor
protein from Escherichia coli: structural changes upon autocata-
lytic processing and implications for the maturation mechanism.
J Biol Chem 282:2433–2439

69. Okada T, Suzuki H, Wada K, Kumagai H, Fukuyama K (2006)
Crystal structures of gamma-glutamyl transpeptidase from Esche-
richia coli, a key enzyme in glutathione metabolism, and its reac-
tion intermediate. Proc Natl Acad Sci USA 103:6471–6476

70. Andersson A, Isaksson A, Brattstrom L, Hultberg B (1993) Homo-
cysteine and other thiols determined in plasma by HPLC and thiol-
speciWc postcolumn derivatization. Clin Chem 39:1590–1597

71. Kleinman WA, Richie JP Jr (2000) Status of glutathione and other
thiols and disulWdes in human plasma. Biochem Pharmacol 60:19–
29

72. Shaw IC, Graham MI (1987) Mesna: a short review. Cancer Treat
Rev 14:67–86
123


	Mechanistic study of BNP7787-mediated cisplatin nephroprotection: modulation of gamma-glutamyl transpeptidase
	Introduction
	Materials and methods
	Chemicals and reagents
	Instrumentation
	Fluorometric method for GGT assay using crude enzymes
	Preparation of the mesna-cisplatin conjugate

	Results
	Assay optimization and eVects of acivicin on GGT activity
	EVect of mesna and BNP7787 on GGT activity
	Mesna-disulWde heteroconjugates that inhibit GGT activity
	Mesna-disulWde heteroconjugates that enhance GGT activity
	EVect of combinations of enhancers and inhibitors on GGT activity
	EVects on GGT activity by in situ formed mesna-cisplatin conjugate

	Discussion
	Direct eVects of BNP7787 and BNP7787-derived mesna-disulWde heteroconjugates on GGT hydrolysis of GG-AFC
	EVects of combinations of inhibitory and enhancing mesna-disulWde heteroconjugates on GGT hydrolysis of GG-AFC
	Indirect eVects on GGT by BNP7787 or BNP7787-derived species
	Conclusions

	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


