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Abstract The chemical reduction of the disulfide
homodimer dimesna to its constituent mesna moieties is
essential for its mitigation of nephrotoxicity associated with
cisplatin and ifosfamide anticancer therapies and enhance-
ment of dialytic clearance of the cardiovascular risk factor
homocysteine. The objective of this study was to investi-
gate potential enzymatic and non-enzymatic mechanisms
of intracellular dimesna reduction. Similar to endogenous
intracellular disulfides, dimesna undergoes thiol-disulfide
exchange with thiolate anion-forming sulthydryl groups
via the two-step Sy2 reaction. Determination of equilib-
rium constants of dimesna reduction when mixed with
cysteine or glutathione provided a mechanistic explanation
for dramatic cysteine and homocysteine depletion, but spar-
ing of the endogenous antioxidant glutathione, previously
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observed during mesna therapy. Dimesna was reduced by
recombinant enzymes of the thioredoxin system; however,
oxidation of NADPH by the glutaredoxin system was only
observed in the presence of combined dimesna and reduced
glutathione, suggesting formation of oxidized glutathione
following an initial non-enzymatic reduction of dimesna.
Production of mesna by enzymatic and non-enzymatic
mechanisms in HeLa cell lysate following dimesna incuba-
tion was demonstrated by a loss in mesna production fol-
lowing protein denaturation and prediction of residual non-
enzymatic mesna production by mathematical modeling of
thiol-disulfide exchange reactions. Reaction modeling also
revealed that mixed disulfides make up a significant pro-
portion of intracellular thiols, supporting their role in pro-
viding additional nephroprotection, independent of direct
platinum conjugation.
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Thiol exchange

Abbreviations

APN Aminopeptidase N

DTNB 5,5’-Dithio-bis-2-nitrobenzoic acid

E\ssmmsu  Half-cell potential of the dimesna/mesna
redox system

EDTA Ethylenediaminetetraacetic acid

ESRD End-stage renal disease

CCBL Cysteine-S-conjugate-p-lyase

Cys Cysteine

Cys* Cysteine-34

CySSyC Cystine

F Faraday constant

FBS Fetal bovine serum

GGT I'-Glutamyltranspeptidase

GR Glutathione reductase
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GRX1 Human glutaredoxin

GS-mesna Mesna-glutathione disulfide

GSH Glutathione

GSSG Glutathione disulfide

HPLC-FD High-performance liquid chromatography
with fluorescence detection

k1-4 Micro-rate constants

K, Equilibrium constant

Kobs Pseudo-first-order rate constants

M Mesna moiety

MBB Monobromobimane

MM Dimesna

MM, Dimesna, starting concentration

NADPH Nicotinamide adenine dinucleotide
phosphate

pK, Acid dissociation constant

R Gas constant

R Thiol moiety

RM Oxidized thiol and mesna species

RR Oxidized thiol species

RSSM Mixed disulfide intermediate

T Absolute temperature

TNB 3-Thio-6-nitrobenzoate

Trxrl Rat thioredoxin reductase 1

TRX1 Human thioredoxin

Introduction

The metabolism of the chemoprotectant dimesna to its con-
stituent mesna moieties is an essential step in the mitigation
of ifosfamide-induced hemorrhagic cystitis and cisplatin-
induced nephrotoxicity (Boven et al. 2002; Hensley et al.
2008; Kurowski and Wagner 1997). Interestingly, mesna
does not attenuate the anticancer efficacy of concurrently
administered ifosfamide. This has been attributed to the
rapid metal-catalyzed oxidation of mesna to its disulfide
dimer, dimesna, within plasma (Brock et al. 1981a, b,
1982). When given as a homocysteine-lowering therapy,
however, the formation of dimesna following intravenous
administration of mesna during dialysis may contribute to
its lack of efficacy (Di Giuseppe et al. 2014).

In addition to homodimerization, mesna may form
mixed disulfides with the low molecular weight thiols,
cysteine (Cys), reduced glutathione (GSH), homocyst-
eine, y-glutamylcysteine, or cysteinylglycine. These mixed
disulfides have been hypothesized to play an important role
by providing additional nephroprotection through inhibi-
tion of the enzymes y-glutamyltranspeptidase (GGT) and
aminopeptidase N (APN); enzymes responsible for the
conversion of cisplatin to reactive thiol-platinum species
(Hausheer et al. 2010, 2011). Measuring the abundance of
mixed disulfides will help estimate their contribution to the
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overall chemoprotection provided by mesna and dimesna
therapies.

Within the plasma, a fraction of mesna also circulates
covalently protein bound to cysteine-34 of albumin. Work
by our laboratory and others has demonstrated that the
formation of mesna-Cys>*-albumin following mesna and
dimesna dosing can be exploited to increase the fraction
of homocysteine available for clearance (Lauterburg et al.
1994; Stofer-Vogel et al. 1993; Pendyala et al. 2000, 2003;
Urquhart et al. 2006, 2007a, b). Homocysteine is a non
protein-forming amino acid intermediate of the methio-
nine cycle and precursor of GSH biosynthesis (Finkelstein
1998; Selhub 1999). Elevated plasma total homocyst-
eine [defined as the sum of all sulfhydryl, low molecular
weight disulfide, and protein-bound homocysteine (Mudd
et al. 2000)] is associated in a graded, independent manner
with the development of cardiovascular disease and vascu-
lar access thrombosis amongst patients requiring chronic
hemodialysis (Bostom and Lathrop 1997; Mallamaci et al.
2002; Moustapha et al. 1998; Robinson et al. 1996; Shemin
et al. 1999). The ability of mesna to increase the dialyz-
able fraction of homocysteine by thiol-disulfide exchange
at Cys>*-albumin in uremic plasma has motivated further
expansion of the therapeutic applications of mesna to the
treatment of hyperhomocysteinemia in end-stage renal dis-
ease (ESRD) (Urquhart et al. 2006, 2007a).

The redox equilibrium and metabolism of sulthydryl
mesna, and its disulfide dimesna, are key determinants of
their therapeutic applications. The identification of renal
uptake and efflux transporters of dimesna has demon-
strated active secretion of mesna into the urine following
intracellular reduction in proximal tubular cells (Cutler
et al. 2012). Cellular redox homeostasis is maintained by
members of the oxidoreductase family of enzymes, notably
the thioredoxin and glutaredoxin systems, and the abun-
dant redox buffers GSH and cyst(e)ine (Cys; CySSyC)
(Holmgren 1989; Meister and Anderson 1983). These sys-
tems have previously been implicated in the metabolism of
dimesna, yet the kinetics and contributions of enzymatic
and non-enzymatic mechanisms remain to be elucidated
(Shanmugarajah et al. 2009; Verschraagen et al. 2004).

The objective of this study was to investigate potential
enzymatic and non-enzymatic mechanisms of dimesna
metabolism. To determine the mechanisms underlying
dimesna redox equilibrium in the presence of the two most
abundant biological thiols, Cys and GSH, we sought to
measure the kinetics of their respective reactions. Enzy-
matic activities of recombinant enzymes of the thioredoxin
and glutaredoxin systems, mouse kidney and liver homoge-
nates, and cell lysate were also measured. Finally, contribu-
tions of both enzymatic and non-enzymatic activities were
highlighted by mathematical modeling of non-enzymatic
thiol-disulfide exchange.
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Materials and methods
Materials

Bovine insulin, 5,5’-dithio-bis-2-nitrobenzoic acid (DTNB),
oxidized glutathione (GSSG), GSH, mesna, nicotinamide
adenine dinucleotide phosphate (NADPH), ethylenedi-
aminetetraacetic acid (EDTA), recombinant human glutar-
edoxin (thioltransferase-1, GRX1, UniProtKB ID # P35754,
EC 1.8.4.2), glutathione reductase (GR, UniProtKB ID #
P00390, EC 1.8.1.7), thioredoxin (TRX1, UniProtKB ID #
P10599, EC 1.8.4.10), and purified rat thioredoxin reduc-
tase 1 (Trxrl, UniProtKB ID # 089049, EC 1.8.1.9) were
purchased from Sigma—Aldrich Canada Ltd. (Oakville,
Ontario). Monobromobimane (Thiolyte, MBB) was
obtained from EMD Biosciences (Gibbstown, NJ). Dimesna
was a kind gift from Dr. Gideon Koren (University of
Toronto, Canada).

Enzymatic activity of purified glutaredoxin and thioredoxin
systems

Activity of the glutaredoxin system comprised of 0.01 U
glutaredoxin (14.15 nM), 0.01 U glutathione reductase
(80.59 nM), and 1 mM NADPH was measured spectro-
photometrically at 340 nm by the initial rate of oxidation
of NADPH. Endogenous substrate GSSG (1 mM) was
included in each assay as a positive control. Activity of
the thioredoxin system comprised of 0.35 U thioredoxin
(approximately 0.5 uM), 0.05 U thioredoxin reductase
(11.75 nM), and 0.2 mM NADPH was measured spectro-
photometrically at 340 nm by the initial rate of oxidation
of NADPH. Insulin (0.016 mM) was included in each assay
as a positive control. Inhibition of the reduction of 1 mM
DTNB by thioredoxin reductase in the presence of 1 mM
dimesna and 1 mM NADPH was examined by monitor-
ing the production of 3-thio-6-nitrobenzoate (TNB) from
DTNB at 412 nm as previously described (Arner et al.
1999).

Dimesna reduction by human kidney cell line
and enzymatic activity of tissue homogenates and cell
lysate

Five female DBA/lac] mice were anesthetised by isoflurane
inhalation according to an Animal Use Protocol approved
by the University Council on Animal Care. Liver and kid-
neys were removed and homogenized on ice with a motor-
ized Tissue Tearor in PBS with 1 mM EDTA. Human cervi-
cal adenocarcinoma HeLa (ATCC # CCL-2) and HEK293
(ATCC # CRL-1573) human cell lines were cultured in
DMEM (Lonza, Walkersville, Maryland) containing 10 %
fetal bovine serum (FBS; Invitrogen, Carlsbad, CA),

penicillin (50 U/mL) (Invitrogen), and streptomycin (50 pg/
mL) (Invitrogen) at 37 °C in a humidified 5 % CO, atmos-
phere. Three passages of HeLa cells were grown to 80 %
confluence, harvested by scraping, and lysed by repetitive
freeze—thaw in PBS containing 1 mM EDTA. Total protein
was measured by Pierce BCA protein kit (Pierce, Rockford,
IL) and samples diluted in PBS containing 1 mM EDTA,
aliquoted, and stored at —70 °C.

Monolayers of human embryonic kidney cells (HEK293)
were incubated with 100 uM dimesna in Krebs—Henseleit
bicarbonate buffer and collected by scraping. Cells were
centrifuged at 400 g for 5 min and separated incubation
buffer and cell pellets were stored at —70 °C. Thawed ali-
quots of cell pellets and incubation buffer were mixed with
25 uL of 12.5 mM MBB (25 % acetonitrile, 3 mM EDTA)
followed by 25 pL of 50 mM Tris buffer (pH = 9.0) and
then sonicated for 5 min (to lyse cells) prior to incubation
at 37 °C for 15 min. Reaction mixtures were additionally
treated with 25 pL of 15 % perchloric acid and centrifuged
at 9,000 g for 5 min to precipitate proteins. Supernatant pH
was adjusted to 4.0 by addition of 20 pL of 0.5 M citrate:
2.5 M sodium hydroxide solution prior to analysis.

Enzymatic activities of 1 mg/mL tissue homogenates
and cell lysate supplemented with 1 mM NADPH were
measured spectrophotometrically at 340 nm by the ini-
tial rate of oxidation of NADPH with and without 1 mM
dimesna and 1 mM GSSG, alone and in combination.

Spectrophotometric assay of enzymatic activity

Assays of enzymatic activity were carried out using a
Thermo Multiskan Spectrum spectrophotometer (Thermo
Electron, Waltham, MA). Enzymatic activities of experi-
ments utilizing NADPH as a cofactor were monitored
by a decrease in absorbance at 340 nm at 1 min intervals
for 60 min. Enzymatic activities of experiments utilizing
DTNB as a substrate were monitored by an increase in
absorbance at 412 nm due to the production of TNB at 10 s
intervals for 5 min. All reaction mixtures were dissolved in
PBS (pH = 7.0) containing 1 mM EDTA and pipetted in
triplicate into clear 96-well plates warmed to 37 °C on a
Zipvac 96 evaporator heating block (Glas-Col, Terre Haute,
IN) to a final reaction volume of 200 pL. NADPH was
added immediately prior to spectrophotometric measure-
ments at 37 °C. Negative controls containing all reagents
except dimesna or endogenous substrates were included in
each assay to control for background absorbance.

Reduction of dimesna by non-enzymatic thiol-disulfide
exchange and cell lysates

To detect the presence of an enzymatic reduction of
dimesna in cell lysates, untreated and denatured lysates
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Fig. 1 Production of mesna by bimolecular nucleophilic substitution
(Sn2) reactions whereby a nucleophilic thiol (e.g., Cys or GSH) first
displaces a mesna moiety of dimesna yielding mesna and a mixed
disulfide, followed by substitution of the mesna moiety of the mixed

were incubated with 1 mM dimesna and mesna production
was measured following fluorescence derivatization. Redox
enzymes were inactivated and removed by heating lysate
at 95 °C for 5 min followed by centrifugation at 14,000 g
for 10 min. Dimesna was added to a final concentration of
1 mM immediately prior to incubation of lysates in 1.7 mL
microcentrifuge tubes at 37 °C. Non-enzymatic thiol—
dimesna exchange was examined using final concentrations
of dimesna, Cys, and GSH ranging from 10 to 3,000 uM
diluted in PBS containing 1 mM EDTA and incubated in
1.7 mL microcentrifuge tubes at 37 °C. Aliquots of 50 uL.
were collected at 0, 5, 10, 15, 30, 60, and 90 min and trans-
ferred to a second microcentrifuge tube containing 25 L
of 12.5 mM MBB (25 % acetonitrile, 3 mM EDTA). Deri-
vatization was initiated by addition of 25 puL of 50 mM Tris
buffer (pH = 9.0) and incubation at 37 °C for 15 min. Cell
lysates were additionally treated with 25 pL. of 15 % per-
chloric acid and centrifuged at 9,000 g for 5 min to pre-
cipitate proteins. Supernatant pH was adjusted to 4.0 by
addition of 20 pL of 0.5 M citrate: 2.5 M sodium hydroxide
solution. Samples were diluted with 4 % acetonitrile: 96 %
25 mM ammonium formate buffer (pH = 3.75) as neces-
sary prior to analysis.

Thiol analysis

Thiol analysis was conducted by high-performance liquid
chromatography with fluorescence detection (HPLC-FD)
with slight modification to methods previously described
(Urquhart et al. 2006). Thiols derivatized with monobro-
mobimane were injected onto a Zorbax SB-C18 column
(150 x 3.2 mm, 5 pm particle) maintained at 40 °C in a
Hewlett Packard 1090 LC (Agilent Technologies, Santa
Clara, CA). Analytes were eluted with a gradient of 4 %
acetonitrile: 96 % ammonium formate containing 0.75 mM
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RM M

disulfide, producing a second molecule of mesna and a disulfide
homodimer. Rate constants k1, k2, k3, k4 and species R, MM, RM,
RR, and M denote parameters and variables, respectively, of Egs. 1-6
describing equilibrium kinetics

dibutylamine (pH = 3.75) to 17 % acetonitrile: 83 %
ammonium formate containing 0.75 mM dibutylamine
(pH = 3.75) over 20 min at a flow rate of 0.5 mL min~".
Retention times of derivatized Cys, GSH, and mesna were
approximately 5.3, 8.3, and 12.5 min, respectively. Peaks
were detected by a Waters 474 scanning fluorescence
detector (Aggcitation = 390 nm, A oo = 480 nm; Waters,
Milford, MA). The accuracy and precision of the assay
were 1.3 and 2.0 %, respectively.

Determination of non-enzymatic thiol-disulfide exchange
micro-rate constants

Similar to endogenous intracellular low molecular weight
disulfide cystine (CySSyC), homocystine, and GSSG,
we hypothesized that dimesna undergoes thiol-disulfide
exchange with thiolate anion-forming sulthydryl groups via
an S\2 reaction. This reaction is commonly presented as a
two-step reaction, with each step describing the transfer of
a single electron and subsequently the formation and con-
sumption of the mixed disulfide intermediate (i.e., RSSM,
Fig. 1) (Jocelyn 1972).

Given the equation:

MMy = M/2 + MM + RM/2 (D)

where MM, is the starting dimesna molar concentration,
and M and MM represent mesna and dimesna, respectively.
Mixed mesna disulfide species are denoted as ‘RM’; con-
sisting of a thiol moiety ‘R’ and mesna moiety ‘M’. The
reaction scheme can be quantified by a system of ordinary
differential equations:

R = k2XRM xM— kl xRx MM — k3 x R x RM
4+ k4 x RR x M 2
MM’ = k2 x RM xM — k1 x R x MM 3)
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RM' = k1l x RxMM — k2 x RM x M — k3 x R x RM

+ k4 x RR x M
o)

M =2x(kl xRxMM— k2xRM xM
+ k3 x RxRM — k4 x RR x M)
where RR represents the oxidized species of the starting

thiol. Second-order micro-rate constants k1, k2, k3, and k4
were estimated by simultaneous regression to both mesna

(6)

squares fitting was performed using Scientist software
(Micromath Research, Salt Lake City, UT).

Modeling of non-enzymatic reduction of dimesna in cell
lysate incubations

Dimesna, mesna, mesna-Cys, Cys, CySSyC, mesna-glu-
tathione disulfide (GS-mesna), GSH, and GSSG concentra-
tion—time courses of untreated (total reactions) and dena-
tured cell lysates (non-enzymatic reactions) were predicted
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using basal Cys and GSH concentrations and supplemented
dimesna concentration as initial values of differential
Egs. 2-6. Dimesna consumption and mesna production
due to Cys and GSH exchange were summed. Mesna, Cys,
and GSH concentration—time courses were regressed to
observed values for calculation of coefficients of determi-
nation using Scientist software (Micromath Research).

Calculation of dimesna/mesna equilibrium constant

At equilibrium, the magnitude of flux between species, as
determined by the product of the second-order rate con-
stants and concentrations of species, is equal, thus the equi-
librium constant for the dependent reactions can be derived
as:

kl x Rx MM = k2 x RM x M @)
k3 X Rx RM = k4 x RR x M ®)

RM = (k4 x RR x M)/(k3 x R)

Substituting Eq. 8 into Eq. 7 yields:

k1 x R x MM = (k2 x k4 x RR x M?)/(k3 x R)
k1 x k3 x R*> x MM = k2 x k4 x RR x M>
(k1 x k3)/(k2 x k4) = (RR x M?*)/(R> x MM)

Keq = (RR x M?)/(R* x MM)

&)
= (k1 x k3)/(k2 x k4)

where K, represents the equilibrium constant.
Calculation of dimesna/mesna half-cell potential

Calculation of K, for dimesna in the presence of the stand-
ard biological reducing agent GSH facilitates indirect cal-
culation of the half-cell potential of the dimesna/mesna
redox system (E*\gsmmsn) bY the Nernst equation:

Enssmmsh = Edsscigsy + (R x T/n x F) x In (Keq)
(10)

where E° 5g56/6sn 1 the half-cell potential of glutathione at
pH 7.0 [-0.262 V (Millis et al. 1993)], Ris the gas constant
(8.314 T K~! mol™!), T is the absolute temperature of the
reaction (310 K), n is the number of electrons transferred
(2), and F is the Faraday constant (96,485 J V! mol™).

Data analysis and statistics
Observed pseudo-first-order rate constants (ky,, = k x MM)

were determined by fitting the first-order exponential
association or decay functions to mesna or Cys/GSH
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concentration—time data, respectively. Significant differences
between enzymatic activity of kidney and liver homogenates
and cell lysates were determined using one-way ANOVA
followed by Tukey’s multiple comparison tests. Pairwise
analysis of enzymatic data was performed using Student’s
t test. Pairwise analysis of fitted micro-rate constants was
performed non-parametrically by Mann—Whitney U test.
A p < 0.05 was considered a statistically significant differ-
ence. Curve fitting and statistics were conducted using Prism
(GraphPad Software, Inc., San Diego, CA).

Results
Non-enzymatic reduction of dimesna

Fluorescence derivatization followed by HPLC-FD allowed
for the simultaneous measurement of mesna, Cys, and GSH
thiols following incubation in PBS containing 1 mM EDTA
at 37 °C, pH = 7.0. The addition of EDTA facilitated the
stabilization of thiols prior to the start of the experiment,
but had no effect on the rate of thiol exchange in the pres-
ence of disulfide (data not shown) consistent with previ-
ously observations (Verschraagen et al. 2004).

Estimation of reaction order and macro-rate constants

Concentration—time courses of mesna production and
corresponding thiol consumption following incubation
of 1,000 uM dimesna with a range of Cys and GSH con-
centrations (10-3,000 uM) (Fig. 2a-d) and 1,000 uM
Cys or GSH with a range of dimesna concentrations (10-
3,000 pM; Fig. 2e-h) obeyed pseudo-first-order kinet-
ics. The observed molar ratio of mesna production was
approximately 2:1 for each mole of Cys or GSH consumed
across all concentrations (mesna/Cys = 2.12 £+ 0.27,
mesna/GSH = 2.06 + 0.14).

Plots of estimated velocities (0—10 or 0—15 min) were
linear with slopes approximating unity at or below equimo-
lar concentrations of reactants, indicating the rate of mesna
production is first order for each of the reactants (Fig. 3a—d).
The slope of the secondary plot of observed pseudo-first-
order rate constants of mesna production yielded apparent
second-order rate constants of 1.394 x 10~* yM~! min~!
and 0.275 x 10~* uM~! min~"! for reduction of dimesna by
Cys and GSH, respectively (Fig. 3e, f).

Estimation of micro-rate constants

Measurement of both reactant (i.e., Cys and GSH) and
product (i.e., mesna) sulfhydryls allowed for estimation
of the micro-rate constants of Eqs. 2—6 describing the pro-
posed thiol-disulfide reaction scheme (Fig. 1). Micro-rate



Mechanisms of dimesna metabolism

517

A s B 6
y =0.915x - 2.701 y = 0.958x - 2.260
o E % IS
© | s 5|
£3? €3’
0 0 -

o
N
N
[}
oo
o
N
N
[}
oo

In([dimesna]) In([cysteine])

C 6 D &6
y=0.813x-1.332 y = 0.836x - 2.148
S 1S S E
>SS o s ,]
£2 £3 2
0 0
0 2 4 6 8 o 2 4 6 8
In([dimesnal]) In([GSH])
E o3 F 006
<024 = 0.04
£ <
g £
3 0.1 3 o0
xo xO
y = 0.00013940x - 0.0733 y = 0.00002749x - 0.0189
0.0 —— 0.00 —

Q O O O O O QO . O O
'1239_)0’\%,\00,\‘]23 rﬁ)bgz\%'\QQ'{ﬁJ

Dimesna (uM) Dimesna (uM)

Fig. 3 Initial velocities of mesna production by dimesna with excess
Cys (a), Cys with excess dimesna (b), dimesna with excess GSH (c),
and GSH with excess dimesna (d). Slope of the lines indicate thiol
exchange of dimesna is first order for each of the reactants. Observed
first-order rate constants (k) of mesna production in the presence of
excess Cys (e) and GSH (f) versus starting dimesna concentrations.
Slope of the line indicates second-order rate constant for the reduc-
tion of dimesna by Cys (e) and GSH (f). All concentrations are in
micromolar. Mean + SEof N =3

constants that simultaneously fitted to mesna and Cys or
GSH concentration—time courses are summarized in Table 1.
Coefficients of determination were consistently high for
predicted time courses of the reduction of dimesna by Cys
(mesna 7* = 0.995 4 0.002, Cys r* = 0.983 + 0.011) and
GSH (mesna > = 0.969 + 0.022, GSH 7 = 0.965 + 0.023).
Rate constants k1, k2, and k3 were significantly different
between reactants Cys and GSH (p < 0.05, Table 1).

Calculation of dimesna redox equilibrium constants
and half-cell potential of disulfide bond

Using rate constants listed in Table 1, the equilibrium
constants of dimesna in the presence of Cys and GSH
were calculated by Eq. 9 to be 0.200 and 1.697, respec-
tively. Calculation of the half-cell potential of the dimesna

Table 1 Estimated second-order micro-rate constants of Sy2 reaction
scheme in Fig. 1, N = 12, p value calculated non-parametrically by
Mann-Whitney U test

Cys + dimesna 10~ GSH + dimesna 107*  p

(uM min~h) (M min~h)

Mean SE Mean SE
k1 0.68 0.03 0.41 0.17 0.001
k2 1.65 0.28 3.22 2.57 0.004
k3 1.16 0.13 16.51 5.66 0.023
k4 2.40 0.61 1.23 0.23 0.301

disulfide bond in the presence of GSH (Eq. 10) resulted in a
dimesna/mesna redox potential of —0.255 V.

Reduction of dimesna by thioredoxin and glutaredoxin
systems

Enzymatic activities of purified enzymes and homogenates
incubated at 37 °C in PBS containing 1 mM EDTA result-
ing in the oxidation of NADPH were monitored spectro-
photometrically in the presence and absence of dimesna
and known disulfide-containing substrates. An equimolar
concentration of dimesna was unable to inhibit reduction of
DTNB to 2-nitro-5-thiobenzoic acid (TNB) by thioredoxin
reductase (1.64 £ 0.10 versus 1.67 £+ 0.07 mAU TNB s/,
p = 0.733). However, the thioredoxin system demonstrated
a significant dimesna concentration-dependent increase in
enzyme velocity (Fig. 4a), indicating that dimesna can be
reduced directly by the thioredoxin system (Fig. 4b).

Incubation of glutathione reductase with its endogenous
substrate, GSSG, resulted in rapid oxidation of NADPH
that was not inhibitable by co-incubation with equimolar
dimesna (17.97 & 1.79 versus 18.49 + 4.79 nmol NADPH
min~!, p = 0.873) suggesting dimesna does not bind to the
catalytic site of glutathione reductase.

Upon addition of dimesna to the glutaredoxin system, no
significant change in NADPH concentration was detected.
However, co-incubation of dimesna with GSH facilitated
a significant increase in enzymatic activity by the glutar-
edoxin system (3.48 & 0.75 nmol NADPH min~!) com-
pared to either dimesna or GSH alone (—0.18 £ 0.57 and
0.30 & 0.19 nmol NADPH min~, respectively, p < 0.001,
Fig. 5a). A proposed mechanism of indirect dimesna reduc-
tion by the glutaredoxin system is summarized in Fig. 5b.

Enzymatic reduction of dimesna by human kidney cell line
and tissue homogenates

Incubation of monolayers of HEK293 cells with dimesna

resulted in linear export of mesna (Fig. 6a) confirming the
capacity of intact renal cell systems to reduce dimesna

@ Springer



518

M. J. Cutler et al.

>
o
o

o o
w N
1 1

Enzyme Velocity
°
N

(nmol NADPH min-1)

o
o
1

Fig.4 a Reduction of dimesna by purified recombinant thiore-
doxin (500 nM) and thioredoxin reductase (11.75 nM) in PBS,
1 mM EDTA at 37 °C, pH = 7.0. Enzyme velocities were measured
by analysis of NAD formed spectrophotometrically. Mean + SE of
N = 3. Differences between incubations determined by ANOVA
* kx FF¥p < 0.01. b Scheme of dimesna (MSSM) reduction by the
thioredoxin system. The N-terminal active site Cys residue of thiore-
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Fig.5 a Reduction of dimesna by purified recombinant glutar-
edoxin (14.15 nM) and glutathione reductase (80.59 nM) in PBS,
1 mM EDTA at 37 °C, pH = 7.0. Enzyme velocities were measured
spectrophotometrically. Mean + SE of N = 3. Differences between
incubations determined by ANOVA, *p < 0.01. b Scheme of dimesna
(MSSM) reduction by the glutaredoxin system. Similar to thiore-
doxin, the N-terminal active site Cys residue of glutaredoxin (SH),
reduces protein disulfides by forming a transient mixed disulfide fol-
lowed by fast thiol-disulfide exchange oxidizing a pair of reactive
cysteines at the active site producing oxidized glutaredoxin(S),. Addi-

(Cutler et al. 2012; Ormstad et al. 1983; Ormstad and
Uehara 1982). Analysis of cell pellets revealed a rapid
accumulation of intracellular mesna (Fig. 6b) suggesting
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doxin (SH), reduces protein disulfides by forming a transient mixed
disulfide followed by fast thiol-disulfide exchange oxidizing a pair
of reactive Cys at the active site producing thioredoxin(S),. Alter-
natively, reduced thioredoxin (SH), may directly reduce dimesna
to form two mesna moieties and thioredoxin(S),. Reduction of
thioredoxin(S), is facilitated by the flavoprotein thioredoxin reductase
via electron transfer from NADPH

B GSH + MSSM > MSSG + MSH

MSH
SH SSG y;
glutaredoxin <«—> (glutaredoxin | + GSH
SH SH Ns
GSSG 2GSH

glutathione
reductase

NADPH + Ht NADP*

tionally, glutaredoxin (SH), specifically reduces S-glutathionylated
proteins and mixed disulfides, yielding a glutaredoxin-GSH conju-
gate. Dimesna (MSSM), although not a substrate of glutaredoxin, can
first undergo non-enzymatic thiol exchange with GSH to produce the
mixed mesna-glutathione disulfide (MSSG). MSSG can subsequently
be reduced by glutaredoxin producing mesna and a glutaredoxin-
GSH conjugate. The glutaredoxin-GSH conjugate can be reduced to
glutaredoxin (SH), by an additional molecule of GSH, forming oxi-
dized glutathione (GSSG). Glutathione reductase recycles GSSG to
two molecules of GSH via electron transfer from NADPH

the observation of dimesna reduction by intact cells is
transporter dependent, necessitating the use of cell-free
systems (i.e., tissue homogenates).
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No enzymatic activity was observed with dimesna
alone in mouse kidney and liver homogenates or Hela
cell lysate (Fig. 6¢). The rate of GSSG reduction with
and without dimesna was greater in kidney than liver and
HeLa cell homogenates when normalized to protein con-
centration (p < 0.001, Fig. 6¢). Enzymatic reduction of
GSSG in all homogenates was unaltered by the presence of
dimesna (Fig. 6¢). Co-incubation of dimesna with increas-
ing concentrations of GSH showed a saturable, concen-
tration-dependent, increase in enzymatic activity that was
equivalent between kidney and liver homogenates (kidney
kgps = 0.79 & 0.14 versus liver kg, = 0.90 & 0.22 mM ',
p = 0.231, Fig. 6d).

Contribution of enzymatic and non-enzymatic mechanisms
of reduction of dimesna in HeLa cell lysates

Incubation of HeLa cell lysate with 1 mM dimesna yielded
saturable mesna production (plateau = 87.7 £ 1.3 uM) and
concurrent decrease of endogenous Cys and GSH (Fig. 7).
Following denaturation, the concentration of mesna pro-
duced significantly decreased (plateau = 29.7 + 1.2 uM,
p < 0.001, Fig. 7a). Denaturation significantly decreased
the basal GSH concentration (1.70 £ 0.04 puM versus
13.0 &+ 0.08 uM, p < 0.001, Fig. 7c). No change in GSH
concentration of denatured lysate was detected in the
presence of dimesna (p = 0.079, Fig. 7¢). Low molecular

weight thiols cysteinylglycine, cysteinylglutamate, and
homocysteine were not detected in HeLa cell lysates.
Application of Eqgs. 1-6 describing a two-step thiol—
disulfide exchange reaction (Fig. 1) enabled predictive
modeling of the absolute contribution of non-enzymatic
reduction of dimesna by cell lysate. Using fitted micro-
rate constants (Table 1) and basal concentrations of endog-
enous thiols (i.e., Cys and GSH) the concentration—time
courses of mesna, Cys, and GSH following incubation of
HeLa lysates were predicted (Fig. 7; solid and dotted lines).
Cysteine and GSH concentrations during incubation of
HeLa lysate prior to denaturation were well predicted with
r-squared values of 0.822 and 0.937, respectively. In con-
trast, prediction of mesna production due to non-enzymatic
thiol-disulfide exchange alone accounted for only 58 % of
total sulfhydryl mesna produced (> = 0.383, Fig. 7a; solid
line). The disparity between observed mesna (Fig. 7a; cir-
cles) and mesna predicted by non-enzymatic reduction
alone (Fig. 7a; solid line) was likely due to the additional
presence of enzymatically produced mesna. Following
removal of enzyme activity by denaturation, remaining
total sulfhydryl mesna production was more accurately
predicted by Cys-mediated non-enzymatic reduction of
dimesna with coefficients of determination of mesna and
Cys concentration—time courses of 0.993 and 0.802, respec-
tively, confirming the contribution of both enzymatic and
non-enzymatic mechanisms of dimesna reduction within
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Fig. 7 Mesna (a), Cys (b), and GSH (c) concentrations following
incubation of HeLa cell lysate (1 mg/mL in PBS, 1 mM EDTA) with
1 mM dimesna at 37 °C before (open circle) or after (open square)
protein denaturation. Mean + SE of N = 3. Predicted concentrations
of thiol species due to non-enzymatic thiol exchange as described by
Eqgs. 1-6 using second-order rate constants listed in Table 1 and basal
endogenous thiol concentrations of HeLa lysate before (solid lines)
or after (dashed lines) denaturation are also plotted (a—c). Estimated
GSH (dotted), GS-mesna (dashed), GSSG (solid) concentrations (d)
given basal concentrations of GSH in un-denatured cell lysate
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cell lysate. Modeling also facilitated estimation of disulfide
GS-mesna, the precursor to mesna—cysteinylglutamate and
mesna—cysteinylglycine disulfide species that may provide
additional chemoprotection (Hausheer et al. 2010, 2011).
Remarkably, GS-mesna concentrations were higher than
GSSG and reached approximately 15 % of mesna levels,
suggesting these newly identified chemoprotective species
may reach clinically relevant concentrations (Fig. 7d).

Discussion

The reduction of dimesna to its two mesna thiol moieties
is essential for conjugation of reactive metabolites of cis-
platin and ifosfamide, attenuating otherwise dose-limiting
toxicities and enabling their use in first-line chemotherapy
(Boven et al. 2002; Hensley et al. 2008; Kurowski and
Wagner 1997). To further expand the therapeutic applica-
tion of mesna, in vitro experiments have shown that sulfhy-
dryl mesna is capable of increasing the dialyzable fraction
of homocysteine by thiol-disulfide exchange at albumin-
Cys* in uremic plasma (Urquhart et al. 2006). Thus, the
redox equilibrium and metabolism of sulthydryl mesna
and its disulfide dimesna play an important role in their
pharmacology.

As previously reported for other thiols (Gilbert 1995),
the rate of thiol-disulfide exchange is dependent on the
concentrations of both reactants (i.e., the ‘thiol’ and
‘disulfide’) hence the overall rate of dimesna consumption
was expected to proceed via a second-order reaction. This
is confirmed by the positive linear slopes of the plots of
the observed pseudo-first-order rate constants with respect
to dimesna in the presence of excess thiol. As anticipated
from the steeper concentration—time courses of Cys com-
pared to those of GSH, the second-order rate constant of
Cys was approximately fivefold greater than that of GSH.
This difference in reactivity is likely due to the lower acid
dissociation constant of Cys [pK, = 8.2-8.5 (Benesch and
Benesch 1955)] than that of GSH [pK, = 8.7 (Srinivasan
et al. 1997)] ensuring greater ionization of the Cys thiol to
a thiolate anion under physiological conditions.

Verschraagen et al. reported first-order rate constants
for the net loss of dimesna when co-incubated with sin-
gle concentrations of Cys or GSH (500 uM each). Consist-
ent with our results, the authors reported the rate of loss
of dimesna to be significantly higher when mixed with
Cys than GSH (Verschraagen et al. 2004). Shanmugara-
jah et al. later expanded on the kinetics of non-enzymatic
dimesna reduction by determining the forward and reverse
second-order rate constants describing the transfer of the
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first electron and formation of the mixed disulfide. The
values of forward and reverse rate constants, although con-
sistent with the single concentration of dimesna and thiol
used (100 uM) may only represent apparent rate constants
because of the omission of the transfer of the second elec-
tron and formation of the final oxidized thiol (i.e., CySSyC
and GSSG) and may not accurately predict the quantity of
mixed disulfide produced at equilibrium (Shanmugarajah
et al. 2009).

To fully characterize the non-enzymatic mechanism of
dimesna reduction by Cys and GSH, we sought to deter-
mine the second-order micro-rate constants of the differen-
tial equations describing the two reversible redox reactions.
A number of observations regarding the tendency of thiol
species to exchange with one another can be made from fit-
ted rate constants. First, the rate of reaction between Cys
and dimesna is likely the rate limiting step and may explain
how an acceptable coefficient of determination could be
obtained using only this first reaction (Shanmugarajah
et al. 2009). The simple equilibrium constant of this first
reaction (k1/k2) is approximately threefold greater for Cys
than GSH, and within the two- to fivefold range of appar-
ent first- and second-order rate constants reported here and
previously (Shanmugarajah et al. 2009; Verschraagen et al.
2004). Also, the rate constants of the second reaction sug-
gest different affinities of Cys and GSH species for mesna.
Whereas formation of the mesna-Cys mixed disulfide is
favored, and thus more stable than CySSyC, the reverse
is true of GS-mesna, with GSSG existing as a more stable
product. This pattern may be related to the relative differ-
ences in half-cell potentials. The redox potential of GSH
(E°'grssrrsu = —0.262) is slightly lower than that of Cys
(E° gssrrsy = —0.245) at pH = 7.0, thus GSSG possesses
a more stable disulfide bond than CySSyC (Jocelyn 1972;
Millis et al. 1993).

To provide insight into the thermodynamic stability of
dimesna compared to CySSyC and GSSG, the K, of the
proposed reaction mechanism was derived. Calculation
of K., of dimesna when mixed with Cys or GSH revealed
Kgs of 0.200 and 1.697, respectively. A K, < 1 implies the
reverse reaction is more favored, suggesting dimesna is a
more stable species than CySSyC. A K., > 1 of dimesna
when mixed with GSH implies a tendency of the forward
reaction to be favored, because it yields the more stable
disulfide product GSSG (Millis et al. 1993). These observa-
tions are consistent with the existence of mesna moieties
predominately as dimesna in patient plasma, despite circu-
lating total Cys concentrations of approximately 300 puM,
the majority of which exists in an oxidized form. In con-
trast, only approximately 3 uM of GSH is present in plasma
to facilitate reduction of dimesna by a more favorable reac-
tion (Pendyala et al. 2000; Masuda et al. 2011; Verschraa-
gen et al. 2003).

For comparison to previously established half-cell
potentials of other endogenous and common therapeu-
tic thiols, the half-cell potential of the disulfide bond of
dimesna was determined indirectly using the equilibrium
constant of dimesna in the presence of GSH and its estab-
lished half-cell potential. The half-cell potential of mesna
(—0.255 V) is similar to the redox potentials of therapeutic
and endogenous thiols captopril (—0.287 V), cysteamine
(—0.260 V), Cys (—0.245 V), GSH (—0.262 V), homo-
cysteine (-0.256 V), and penicillamine (—0.243 V) and
much like the redox potentials of these thiols, favors oxi-
dation (E®gggp/rsy < 0) (Jocelyn 1972; Millis et al. 1993).
Thus, our findings provide a mechanistic explanation for
the greater reduction of cystine and homocystine by mesna
than for GSSG in vitro and clinical observations of dra-
matic Cys and homocysteine depletion with only a mod-
est decline in GSH during mesna therapy (Pendyala et al.
2000; Lauterburg et al. 1994; Stofer-Vogel et al. 1993;
Smith et al. 2003). The redox potential of dimesna/mesna
further supports the development of mesna as a therapeutic
thiol exchange agent in ESRD without depletion of the pro-
tective endogenous antioxidant GSH.

Enzymatic reduction of dimesna has been proposed
to proceed via the thioredoxin system consisting of the
12 kDa E. coli protein thioredoxin (¢rxA; Trx1, UniProtKB
ID # POAA25) and 55 kDa bovine thioredoxin reductase
(TXNRD1; TR1, UniProtKB ID # 062768, EC 1.8.1.9.)
(Verschraagen et al. 2004). In the present study, we dem-
onstrate a concentration-dependent increase in enzymatic
activity of a thioredoxin system consisting of recombinant
human thioredoxin and purified rat thioredoxin reductase in
the presence of clinically relevant dimesna concentrations.
Given that dimesna was unable to lower the rate of reduc-
tion of DTNB by thioredoxin reductase, dimesna is most
likely reduced directly by thioredoxin.

Incubation of dimesna with 12 kDa glutaredoxin from
rat liver (Grx1, UniProtKB ID # Q9ESH6, EC 1.8.4.2;
formerly thiol transferase) and 53 kDa yeast glutathione
reductase (Gr, UniProtKB ID # P41921, EC 1.8.1.7, for-
merly EC 1.6.4.2) increased the sulfhydryl concentration
of the mixture at a rate similar to dialyzed cytosolic frac-
tions of kidney homogenate (Ormstad et al. 1983). Reduc-
tion of dimesna by purified enzymes of the glutaredoxin
system consisting of the 10 kDa E. coli protein glutar-
edoxin (Grx1, UniProtKB ID # P68688, EC 1.8.4.2) and
yeast glutathione reductase when supplemented with GSH
has also been reported using spectrophotometric measure-
ment of NADPH oxidation. Consistent with the results of
Verschraagen et al. using non-mammalian enzymes (Ver-
schraagen et al. 2004), enzymatic activity of the human
cytosolic glutaredoxin system was only observed follow-
ing co-incubation of GSH with dimesna. This was cor-
roborated by the inability of dimesna to inhibit reduction
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of equimolar GSSG by glutathione reductase. The catalytic
site of glutathione reductase is believed to be highly spe-
cific to the y-glutamylcysteine residues of GSH (Meister
and Anderson 1983), thus, the formation of glutathio-
nylated mesna moieties (i.e., mixed disulfides) by chemical
thiol-disulfide exchange of GSH with dimesna facilitates
enzymatic activity.

Similar to findings from the purified glutaredoxin sys-
tem, supplementing kidney and liver homogenates with
GSH dramatically increased the enzymatic activity. The
equivalency between kidney and liver homogenates,
despite the greater reductive capacity of the kidney, sug-
gests that formation of the glutathione—mesna-mixed
disulfide represents the rate limiting step in GSH-medi-
ated enzymatic reduction of dimesna. Our results suggest
that GSH-dependent reduction of dimesna by kidney and
liver derives from a combination of non-enzymatic GSH-
dimesna exchange and glutaredoxin-catalyzed reduction
of GS-mesna disulfides (Goren et al. 1998; Ormstad et al.
1983; Ormstad and Uehara 1982).

To elucidate the contributions of enzymatic and non-
enzymatic mechanisms of dimesna reduction in HeLa cells,
the concentration—time courses of thiols species were pre-
dicted in silico by our model of thiol-dimesna exchange
using parameters from in vitro experiments. Application
of the model using basal Cys and GSH concentrations
resulted in good fits to observed Cys and GSH data, for both
untreated and denatured lysates. Interestingly, predicted
mesna production due to non-enzymatic thiol exchange
alone could only account for just over half of the mesna
found in untreated lysate, suggesting the existence of enzy-
matic mechanism(s) of dimesna reduction. Upon removal of
cellular enzymes by denaturation, the residual mesna pro-
duction was almost entirely accounted for by non-enzymatic
Cys—dimesna exchange. Taken together, our results demon-
strate for the first time that enzymatic reduction significantly
contributes to the intracellular metabolism of dimesna.

In addition to prediction of product and reactant thi-
ols, the use of micro-rate constants allows for calculation
of concentrations of mixed disulfide reaction intermedi-
ates. The importance of the production of mesna-mixed
disulfides containing a terminal y-glutamate or glycinate
moieties in the mitigation of cisplatin-induced nephrotox-
icity has recently been proposed (Hausheer et al. 2010,
2011). Toxication of cisplatin proceeds by S-glutathionyla-
tion and sequential cleavage of glutamate, glycine, and Cys
residues by GGT, APN, and finally cysteine-S-conjugate-
B-lyase (CCBL) to form reactive thiolate-platinum spe-
cies (Townsend et al. 2003; Hanigan et al. 1994, 1996,
2001). Mesna was previously believed to be the sole active
metabolite of dimesna; able to directly conjugate to cispl-
atin, thereby preventing its metabolic activation. Hausheer
et al. has since demonstrated that mesna-mixed disulfides
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such as mesna-cysteinyl-glutamate and mesna-cysteinyl-
glycine can inhibit GGT and APN activities, respectively
(Hausheer et al. 2010, 2011). Our finding that GS-mesna-
mixed disulfide is formed by non-enzymatic GSH-dimesna
exchange at concentrations approximately 15 % of intra-
cellular mesna suggests that inhibition of the toxication
pathway of cisplatin by mixed disulfides may represent an
additional clinically relevant mechanism of chemoprotec-
tion. Greater chemoprotection may be gained through the
synthesis of new mixed disulfides of mesna with cysteine-
containing dipeptide moieties to inhibit toxication of plati-
num while maintaining a redox state that spares endog-
enous GSH loss.
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