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ABSTRACT
Glutathione reductase (GR), an essential antioxidant enzyme against oxidative stress, has become an
attractive drug target for the development of anticancer and antimalarial drugs. In this regard, we eval-
uated the naturally occurring isothiocyanates as promising GR inhibitors and elucidated the mechanism of
action. It was found that benzyl isothiocyanate (BITC) and phenethyl isothiocyanate (PEITC) inhibited yeast
GR (yGR) and human GR (hGR) in a time- and concentration-dependent manner. The Ki and kinact of BITC
against yGR were determined to be 259.87mM and 0.0266min�1, respectively. The GR inhibition occurred
only in the presence of NADPH and persisted after extensive dialysis. The tandem mass spectrometric ana-
lysis revealed that Cys61 rather than Cys66 at the active site of yGR was mono-benzyl thiocarbamoylated
by BITC. Inhibition of intracellular GR by BITC and PEITC in cultured cancer cells was also observed. BITC
and PEITC were evaluated as competitive and irreversible inhibitors of GR.
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Introduction

Isothiocyanates (ITCs) are metabolites of glucosinolates which con-
tained in cruciferous vegetables including cauliflower, watercress,
cabbage and broccoli1–3.

Benzyl isothiocyanate (BITC), phenethyl isothiocyanate (PEITC)
(Figure 1), allyl isothiocyanate (AITC) and sulforaphane (SFN) are
the most common ITCs which have been shown to have anti-
cancer, autophagy and apoptosis-inducing effects4–8. ITCs exert
bioactivities mainly by interacting with thiol and amine groups in
peptides and proteins3. ATP synthase (Complex I), cytochrome c
oxidase (Complex IV) and thioredoxin-dependent peroxide reduc-
tase have been identified as potential ITC targets, the inhibition of
which may lead to reactive oxygen species (ROS) accumulation9.
Several mechanisms have been proposed for ITCs, including the
generation of ROS, depletion of glutathione and initiation of cell
cycle arrest1,9–12. However, the role of ITCs in regulation of intra-
cellular ROS and oxidative stress is not fully understood.

The primary aim of this study was to determine the inhibitory
effects of naturally occurring ITCs against glutathione reductase
(GR) and the potential mechanism of action. The homodimeric
flavoprotein GR, the antioxidant enzyme that catalyses the regen-
eration of reduced glutathione (GSH) from oxidised glutathione
disulphide (GSSG) utilising NADPH as the source of reducing
equivalents, plays an essential role in the cell’s defense mecha-
nisms against oxidative stress13–16. The GR inhibition-induced
intracellular thiol oxidative stress was found to suppress the multi-
step of metastasis of murine melanoma cells in vitro and in vivo17.
In addition, the glutathione system plays a key role in the defense
of malarial parasites against oxidative stress and in the

development of drug resistance18 and the Plasmodium falciparum
GR (PfGR) are essential for the survival of the malarial parasite
within the human erythrocyte19. Therefore, the GR enzyme has
been a potential target for the development of anticancer drugs
and antimalarial drugs and seeking a potent, readily obtainable,
and selective GR inhibitor is urgent in studying GR-related bio-
chemical processes and diseases.

In the present study, we found that naturally occurring ITCs
including BITC and PEITC are irreversible and competitive inhibi-
tors of yeast GR (yGR). The inhibitory kinetics by BITC was
revealed by the spectroscopic studies and its molecular mechan-
ism of inhibition was illustrated by LC-MS/MS analysis.

Methods and materials

Materials

All reagents for enzyme assays, including yGR, recombinant
human GR (hGR), bovine serum albumin (BSA), guanidine hydro-
chloride, ethylenediaminetetraacetic acid (EDTA) and reduced
form of nicotinamide adenine dinucleotide phosphate (NADPH)
were purchased from Sigma-Aldrich Chemical Co (St. Louis, MO,
USA). HPLC grade acetonitrile and trifluoroacetic acid (TFA) were
purchased from Tedia Company, Inc (Fairfield, OH, USA). Formic
acid was obtained from ROE Scientific Inc (Newark, DE, USA).
Foetal bovine serum (FBS), RPMI 1640 growth medium, DMEM
growth medium, penicillin/streptomycin, phosphate-buffered
saline (PBS) and trypsin were purchased from Gibco (Grand Island,
NY, USA). The mass spectrometry grade trypsin was purchase from

CONTACT Wei Chen chenwei@zjcc.org.cn Cancer Hospital of the University of Chinese Academy of Sciences, Hangzhou, China
� 2020 The Author(s). Published by Informa UK Limited, trading as Taylor & Francis Group.
This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial License (http://creativecommons.org/licenses/by-nc/4.0/), which permits
unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.

JOURNAL OF ENZYME INHIBITION AND MEDICINAL CHEMISTRY
2020, VOL. 35, NO. 1, 1773–1780
https://doi.org/10.1080/14756366.2020.1822828

http://crossmark.crossref.org/dialog/?doi=10.1080/14756366.2020.1822828&domain=pdf&date_stamp=2020-09-19
http://creativecommons.org/licenses/by-nc/4.0/
http://www.tandfonline.com


Promega Corporation (Madison, WI, USA). Benzyl isothiocyanate
(BITC) and phenethyl isothiocyanate (PEITC) were obtained from
Aladdin (Shanghai, China) and prepared as a 100mM stock solu-
tion in ethanol for all enzyme assays and a 100mM stock solution
in dimethyl sulfoxide (DMSO) for cell-based assay. Other reagents
were obtained in their highest purity grade available
commercially.

Cell lines and culture conditions

Human melanoma A375 cells and human ovarian cancer A2780
cells were cultured at 37 �C in a humidified atmosphere of 5%
CO2 in DMEM or RPMI-1640 medium, respectively, supplemented
with 10% FBS, 100U/mL penicillin and 100mg/mL streptomycin.

GR activity assay

The GR activity assays were carried out as described20 with minor
modifications using a Multiskan Spectrum microplate reader
(Thermo Scientific, Waltham, MA, USA). In brief, the standard assay
mixture was prepared with bovine serum albumin (1mg/ml) and
NADPH (0.2mM) in PE buffer (100mM potassium phosphate, pH
7.0 with 2mM EDTA). The reaction was initiated by the addition
of GSSG solution (final concentration 0.5mM) and the GR activity
was measured by the initial rates of NADPH consumption deter-
mined using 96-well plates by the microplate reader at 340 nm.
The final volume of all the enzyme kinetics system was 150 mL
and the final untreated yeast or human GR concentration was
0.2 U/mL for each sample.

Kinetics of GR inhibition induced by BITC

The time- and concentration-dependence of GR inhibition by BITC
was evaluated to determine the parameters of enzyme inhibition
kinetics. 0.6 U/mL yGR in PE buffer containing 1mg/mL BSA and
0.2mM NADPH was incubated with various concentrations of BITC
(0, 20, 40, 80 and 160 mM) at room temperature. Aliquots were
withdrawn and analysed for remaining GR activity at 30, 60 and
120min as described for GR assay. Samples in the absence of BITC
were conducted in parallel as a control. 100 mL Mixture containing
NADPH (0.3mM) and GSSG (0.75mM) was added to the 50 mL GR
assay solution in a 96-well plate, and enzyme activity was deter-
mined as described above. Inhibitory parameters, Ki and
kinact, were determined by the method of Kitz and Wilson21.

Dialysis of BITC-inhibited GR to determine the irreversibility of
GR inhibition

yGR (6 U/mL) was incubated at room temperature with 1mM BITC
in the presence of 0.2mM NADPH for 2 h to achieve a � 90%
inhibition, followed by extensive dialysis in 500ml PE buffer in a
Slide-A-Lyzer dialysis cassette (Thermo Scientific) with a molecular
mass cut-off of 10000Da. Control samples were prepared in the
absence of BITC. Aliquots (5 mL/sample) were withdrawn at differ-
ent time intervals, and the remaining yGR activity was determined
as described in the GR activity assay.

Substrate protection assay

NADPH-pretreated 1.5 U/mL yGR was incubated with 0.2mM BITC
in the presence or absence of GSSG (0.1, 0.2 and 0.4mM) in PE
buffer at room temperature for 2 h. After incubation, 20 mL of GR
solution was withdrawn and the remaining GR activity was deter-
mined as described in the GR activity assay.

NADPH-dependent GR inhibition

yGR (1.5 U/mL) was incubated with 0.2mM BITC or PEITC in the
absence or presence of 0.2mM NADPH in PE buffer at room tem-
perature for 2 h. After incubation, 20 mL of GR solution was with-
drawn and the remaining GR activity was determined as described
for the GR activity assay.

Mass spectrometry analysis of BITC-treated GR

yGR samples for mass spectrometric analysis were prepared as
described earlier for thioredoxin reductase mass spectrometric
analysis22 with minor modifications. In brief, 8.0 mg reduced yGR
(NADPH-treated) was treated with 0.2mM BITC in the presence of
0.2mM NADPH in PE buffer for 1 h at room temperature. The con-
trol sample without BITC was processed in the same way. After
incubation, the remaining BITC was removed by a PD MiniTrap G-
25 column (GE Healthcare Life Sciences). The GR samples were
concentrated and then denatured in 6M guanidine hydrochloride
at 60 �C for 30min. And then, the samples were digested with
trypsin (1:50, w/w) in 25mM ammonium bicarbonate solution at
37 �C for 3 h. The digested peptides were extracted and desalted
by using PierceVR C18 Tips (Thermo Scientific, Rockford, IL, USA)
following the manufactory protocol. The digested peptides were
eluted from the tips by using 80% (v/v) acetonitrile in water and
the solvent was removed under vacuum. The samples were recon-
stituted in 0.1% (v/v) TFA aqueous solution. The above 200 ng
digested peptides were analysed by a Q-Exactive Orbitrap high
resolution mass spectrometer equipped with an Easy-nLCTM 1000
ultra-high pressure nano-HPLC system. The samples were sepa-
rated on a C18 AcclaimVR PepMap RSLC column (50mm � 15 cm,
2 mm, 100Å) (Thermofisher Scientific) coupled with a C18 AcclaimVR

PepMap 100 pre-column (100mm� 2 cm, 5 mm, 100Å)
(Thermofisher Scientific), and then the eluted peptides were intro-
duced into the mass spectrometer operating in tandem mass
mode across a 60min gradient [5% (v/v) acetonitrile/0.1% (v/v)
formic acid to 40% acetonitrile/0.1% (v/v) formic acid in 40min,
40% (v/v) acetonitrile/0.1% (v/v) formic acid to 90% (v/v) aceto-
nitrile/0.1% (v/v) formic acid in 10min and held at 90% (v/v)
acetonitrile/0.1% (v/v) formic acid for another 10min].

Figure 1. The chemical structures of benzyl isothiocyanate (BITC) and phenethyl
isothiocyanate (PEITC).
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Determination of intracellular GR inhibition induced by ITCs in
human cancer cells

A375 and A2780 cells were treated with different concentrations
of BITC or PEITC (20, 40, 80 and 160 mM) for 2 h. Control samples
were processed in parallel without ITCs treatment. After the treat-
ment, the cells were collected by trypsinization. The cell pellets
were washed twice with cold PBS and suspended in hypotonic
phosphate buffer (1mM) containing 1mM EDTA, and homoge-
nised over ice with an Omni homogeniser. The homogenate was
centrifuged at 150,000 3g for 30min at 4 �C. The supernatant was
collected and used to determine GR activity as described above.

Statistical analysis

Data were analysed with software of GraphPad Prism. The two-
tailed Student’s t-test was performed to illustrate the differences
between treatment groups and untreated controls. Each experi-
ment was implemented at least triplicate. p< 0.05 was considered
as significance in all experiments. Values were expressed
as mean± SD.

Results

Inhibition of purified GRs by ITCs

Purified yGR or recombinant hGR (final 0.2 U/mL) in PE buffer con-
taining 1mg/mL BSA and 0.2mM NADPH was incubated with vari-
ous concentrations of BITC or PEITC (0, 20, 40, 80 and 160mM) at
room temperature for 2 h. The remaining GR activity was deter-
mined by GR assay. The results (Figure 2) showed that both of
BITC and PEITC inhibited yeast or human GR in a concentration-
dependent manner. BITC exerted comparable inhibitory effect
against both of yeast and human GRs, but PEITC showed much
better inhibitory effect against yGR than hGR. Thus, BITC and yGR
were selected as the candidate compound and enzyme to illus-
trate the inhibitory kinetics and the mechanism of action.

Kinetics of yGR inhibition

It has been shown that the yGR was inhibited by BITC in a con-
centration- and time-dependent manner as indicated in Figure 3,
which presents a plot derived from the natural logarithm of the
GR activity versus time at various concentrations of BITC. The fig-
ure shows that the yGR lost activity over time, indicating a charac-
teristic of irreversible enzyme inhibition. By plotting the reciprocal
of apparent rate constant of inhibition (kapp) (slopes obtained
from Figure 3) against the reciprocal of inhibitor concentration,
the inhibitory parameters Ki and kinact of BITC were determined to
be 259.87mM and 0.0266min�1, respectively (Figure 4)21.

Confirmation of the irreversible GR inhibition by dialysis

Dialysis of BITC-inhibited yGR was carried out to determine the
irreversibility of the GR inhibition by BITC. The BITC-inhibited yGR
was extensively dialysed in bulky PE buffer. No GR activity recov-
ery was observed in BITC-inhibited yGR after 24 h-dialysis, thus fur-
ther confirming the irreversible inhibition of GR by BITC (Figure 5).

Substrate protection assay

The substrate protection assay were conducted in the absence
and presence of substrate GSSG to determine whether BITC is a

competitive inhibitor of yGR and whether the inhibition occurs at
the catalytic centre of GR. It has been shown that GSSG, the sub-
strate of GR, protected yGR from inhibition by BITC in a concentra-
tion-dependent manner revealing that the substrate protected the
enzyme from inhibition by BITC (Figure 6). The result indicated

Figure 2. Inhibition of GR by BITC and PEITC. yGR or hGR was incubated with
20, 40, 80 and 160mM BITC or PEITC for 2 h, and the GR activity was determined
and presented as the percentage of the control. The results are shown as the
means± SD of three independent experiments.

Figure 3. Time- and concentration-dependent inhibition of yGR by BITC. The nat-
ural logarithm of remaining yGR activity (% of control) is plotted against time.
The yGR was incubated with various concentrations of BITC (�, 20mM; �, 40mM;
�80mM; �,160mM), and aliquots were withdrawn at different time intervals (30,
60, 90 and 120min) and the remainig GR activity was detected. The data were
derived from one of triplicate experiments.
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that BITC and GSSG were competing for the same substrate bind-
ing site of GR and BITC is a competitive inhibitor of yGR.

NADPH-dependent GR inhibition

As a member of the pyridine nucleotide-disulphide oxidoreductase
family of homodimeric flavoenzymes, each subunit of GR contains
one FAD, two substrate binding sites, and an intramolecular disul-
phide in oxidised from of GR (Eox). During the reductive half-reac-
tion, electrons are transferred rapidly from NADPH on the re side
of the flavin to the Cys disulphide on the si side. In the oxidative
half-reaction the final electron acceptor GSSG is reduced to 2
GSH, regenerating the disulphide at the active site of GR13. So
GSSG reduction catalysed by GR, primarily, requires reduction of
the disulphide bond at the active site of enzyme to the two-elec-
tron-reduced EH2 form by NADPH. GR (EH2) presumably occurs as
the principal species of the enzyme in vivo under physiological
reducing conditions13. To determine whether the Cys residues or
the thiol group of Cys residue at the active site are involved in
ITCs inhibition, inhibitory experiments in the presence and
absence of NADPH were conducted. In Figure 7, inhibition was

only observed in the presence of NADPH, indicating that only the
reduced thiol(s) in the active site were involved in the inhibition
suggesting that it was the GR (EH2) that was inhibited.

Figure 4. Double-reciprocal plot of the apparent rate constants of inhibition
(kapp, slope from Figure 2) versus the reciprocal of inhibitor (BITC) concentration
([I]). The Ki and kinact values were calculated to be 259.87mM and 0.0266min�1,
respectively, based on the method of Kitz and Wilson21.

Figure 5. Determination of the irreversibility of GR inhibition by BITC via dialysis.
yGR (6U/mL) was incubated with 1mM BITC at room temperature in the pres-
ence of 0.2mM NADPH for 2 h. Then extensive dialysis was performed in a Slide-
A-Lyzer dialysis cassette for 24 h. Aliquots were withdrawn at indicated time
intervals, and the remaining GR activity was determined as described in Material
and Methods. No recovery of GR activity was observed after 24 h of dialysis in
BITC-treated yGR samples. The results are presented as the means± SD of three
independent experiments. �, control GR; �, BITC-inhibited GR.

Figure 6. Substrate protection of GR from BITC inhibition. Reduced yGR (1.5 U/
mL) was incubated with 0.2mM BITC in the presence or absence of GSSG (0.1,
0.2, and 0.4mM) in PE buffer at room temperature for 2 h. An aliquot was with-
drawn and the remaining GR activity analysed as described in Material and
Methods. The results are presented as the means± SD of three independent
experiments. �p< 0.001 versus control group.

Figure 7. Determination of NADPH-dependent GR inhibition by BITC (A) and
PEITC (B). The yGR (1.5 U/mL) was incubated with 0.2mM BITC or PEITC in the
absence or presence of 0.2mM NADPH in PE buffer at room temperature for 2 h.
An aliquot was withdrawn and the remaining GR activity analysed as described
in Material and Methods. The results are presented as the means± SD of three
independent experiments. �p< 0.001 versus control group.
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Mass spectrometric analysis of BITC-inhibited yGR

yGR was incubated with 0.2mM BITC in PE buffer in the presence
of NADPH for 1 h at room temperature. The BITC-treated and the
untreated GR samples were denatured and followed by trypsin
digestion. And then the desalted samples were subjected to a Q-
Exactive Orbitrap high resolution mass spectrometer equipped
with an Easy-nLCTM 1000 ultra-high pressure nano-HPLC system.
The trypsin-digested peptides and their corresponding tandem
mass fragment ions of yGR protein sequence (www.uniprot.org;
P41921) were predicted by Skyline software (MacCoss Lab,
Department of Genome Sciences, University of Washington, USA).
The predicted trypsin-digested peptide ALGGTCVNVGCVPK con-
tains the substrate binding sites Cys61 and Cys66. The precursors
of unmodified ALGGTCVNVGCVPK, and its corresponding mono-
benzyl thiocarbamoylated adduct are m/z 659.3369 [(Mþ 2H)2þ]
and m/z 733.8515 [(Mþ 2H)2þ], respectively. In the BITC-treated
yGR samples, precursor ion at m/z 733.8515 ± 10 ppm (mono-ben-
zyl thiocarbamoylated adduct) rather than m/z 882.8817 (bis-ben-
zyl thiocarbamoylated adduct) was extracted from the mass

spectrum (Figure 8(A)) at retention time of 26.16min indicating
that one of the substrate binding sites of yGR was modified by
BITC via monomer modification. By investigating the tandem mass
of the monomer precursor ion at m/z 733.8515 [(Mþ 2H)2þ], a ser-
ies of fragment ions were observed (Table 1, Figure 8(B,C)). A y8
ion (VNVGCVPK) was detected at m/z 815.4444 without BITC modi-
fication. A y9 ion which equals the addition of mono-benzyl thio-
carbamoylation and the residue CVNVGCVPK, was observed at m/z
1067.4705 revealing that only the thiol on Cys61 was mono-benzyl
thiocarbamoylated by BITC (Figure 9). In the same sample, the
precursors ion of unmodified ALGGTCVNVGCVPK at m/z 659.3356
[(Mþ 2H)2þ] was extracted from the mass spectrum (Figure 8(D))
at retention time of 18.90min. In addition, a series of fragment
ions were also observed (Table 1, Figure 8(E)). As in the untreated
yGR sample, there was no mono-benzyl thiocarbamoylation
detected on Cys61 or Cys66.

Figure 8. Mass spectrum of trypsinized yGR. (A) Mass spectrum of mono-benzyl thiocarbamoylated peptide ALGGTCVNVGCVPK containing active site of yGR. (B, C)
Fragmentation of precursor ion m/z 733.8515 [(Mþ 2H)2þ] eluting at 26.16min from trypsin-digested BITC-treated yGR. A series of fragment ions were observed
including the y8 (VNVGCVPK) ion at m/z 815.4444 and the mono-benzyl thiocarbamoylated y9 ion at m/z 1067.4705. (D) Mass spectrum of unmodified
ALGGTCVNVGCVPK containing active site of yGR. (E) Fragment ions of precursor ion m/z 659.3369 [(Mþ 2H)2þ] eluting at 18.90min.
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Determination of intracellular GR inhibition in A2780 and
A375 cells

To evaluate whether BITC and PEITC can inhibit intracellular GR,
A2780 and A549 cells were treated with BITC or PEITC at 20, 40,
80 and 160 mM concentrations. After a 2 h treatment, the intracel-
lular GR activity was significantly attenuated by BITC or PEITC
(Figure 10), indicating that BITC and PEITC can also inhibit intra-
cellular GR activity in the cancer cells.

Discussions

BITC and PEITC are two common ITC derivatives derived from glu-
cosinolates and are effective chemo-preventive and anticancer
agents against various types of cancer cells4. However, the inhibi-
tory effects of ITCs against GR have not been reported. In this
study, we have presented that naturally occurring isothiocyanates
BITC and PEITC as GR inhibitors are capable of inhibiting purified
yGR and intracellular hGR in the human cancer cells. The isothio-
cyanates own central electrophilic carbons which is able to
undergo rapid thiocarbamoylation reactions with cellular thiols23.
Isothiocyanates react with thiols to generate labile dithiocarba-
mate adducts. Glutathione, one of the most abundant physio-
logical thiol, is depleted by isothiocyanates through generation of
dithiocarbamate adducts. These conjugates can be rapidly effluxed
from cells, or metabolised into cysteine–isothiocyanate conjugate
which is able to dissociate back to the parent isothiocyanate3.
This reversibility provides the opportunity for transportation of
reactive isothiocyanates throughout the body and make them
react with more reactive targets.

GR inhibitors have been evaluated as potential anticancer and
antimalarial agents. BITC and PEITC showed similar inhibitory
effects against yGR activity, but PEITC showed lower inhibitory
effect against human GR than BITC. Therefore, BITC and yGR were
selected as the candidate compound and enzyme to illustrate the
inhibitory kinetics and the mechanism of action. BITC exhibited a
time- and concentration-dependent inhibitory manner suggesting

that the inhibition was irreversible. The irreversible inhibition was
further confirmed by the dialysis experiment. When the BITC-
inhibited yGR was dialysed extensively, no recovery of enzyme
activity was observed. The GR inhibition by BITC was prevented
by the presence of substrate GSSG, indicating that most likely the
inhibitor was acting at the active site of yGR and competing with
the substrate.

All the above evidence indicated the formation of a covalent
bond between BITC and the reduced thiol groups at the active
site of the enzyme. To identify which residues Cys61 and/or Cys66

are involved in the covalent bond formation with BITC, an LC-MS/
MS analysis was performed. Interestingly, the tandem mass spec-
trometric analysis showed that only the Cys61 residue rather than
Cys66 was modified by BITC through a mono-benzyl thiocarbamoyl
covalent bond. This finding indicated that BITC inhibits GR by
selectively mono-benzyl thiocarbamoylating the thiol group at
Cys61 residue while the thiol at Cys66 was unaffected (Figure 8).
Cys58 and Cys63 are the active sites of hGR, but only Cys58 has
been reported highly reactive towards alkylating or

Table 1. Observed ions of peptide benzyl thiocarbamoylated
ALGGTC�VNVGCVPK and ALGGTCVNVGCVPK and their corresponding fragment
ions in the tandem mass spectrum of trypsin-digested BITC-treated yeast GR.

Observed ions Theoretical (m/z) Observed (m/z)

ALGGTC�VNVGCVPK 733.8518 (Mþ 2H) 733.8515 (Mþ 2H)
ALGGTCVNVGCVPK 659.3369 (Mþ 2H) 659.3356 (Mþ 2H)
GGTCVNVGCVPK (y12) 1133.5447 (MþH) 1133.5397 (MþH)
C�VNVGCVPK (y9) 1067.4840 (MþH) 1067.4705 (MþH)
CVNVGCVPK (y9) 918.4541 (MþH) 918.4516 (MþH)
VNVGCVPK (y8) 815.4449 (MþH) 815.4444 (MþH)
NVGCVPK (y7) 716.3765 (MþH) 716.3765 (MþH)
GCVPK (y5) 503.2652 (MþH) 503.2649 (MþH)
VPK (y3) 343.2345 (MþH) 343.2336 (MþH)
PK (y2) 244.1661 (MþH) 244.1654 (MþH)
�Benzyl thiocarbamoylation.

Figure 9. Proposed mechanism of yGR inhibition by BITC. The tandem mass analysis of the BITC-inhibited yGR revealed that only the thiol on Cys61 was mono-benzyl
thiocarbamoylated by BITC, resulting in irreversible inhibition.

Figure 10. Inhibition of intracellular GR by BITC and PEITC in A375 (A) and
A2780 (B) cells. A375 and A2780 cells were incubated in the presence of 20, 40,
80 and 160mM BITC or PEITC for 2 h, and the GR activity was determined and
presented as the percentage of the control. The results are shown as the
means± SD of three independent experiments.
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carbamoylating agents. BCNU (carmustine), the best known inhibi-
tor of hGR, modified Cys58 of hGR (EH2) instead of hGR (Eox)

24.
Accordingly, based on our tandem mass spectrometric data, we
speculate that the thiol group in Cys61 in yGR is more volatile
than Cys66 to be thiocarbamoylated by BITC. The irreversible
inhibition of yGR by BITC resembles in part the inhibition of hGR
by BCNU. The IC50 of BCNU was reported at 646mM against GR25,
and BITC and PEITC shown much more efficient inhibitory effects
against yGR and intracellular GR. Both of BITC and PEITC showed
better inhibitory effects against intracellular hGR than purified
one, it could be induced by the 100- to 200-fold increased intra-
cellular concentration of ITCs8. GR is a well-known potential target
for treatment malarial parasites, in addition, GR-mediated thiol oxi-
dative stress is able to suppress cancer cell metastasis in vitro and
in vivo17. It makes ITCs good candidates, most likely lead com-
pounds, for the development of antiparasitic and anti-
cancer drugs.

Conclusions

In summary, we have characterised the irreversible inhibition
mechanism of yGR by BITC and PEITC. BITC inhibits yGR by benzyl
thiocarbamoylating the thiol group in Cys61 of yGR (EH2). In add-
ition, BITC and PEITC significantly inhibited hGR activity in human
melanoma and ovarian cancer cells.
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