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Abstract. Several studies have documented that for-
mation of oxidant mediators may induce apoptosis in
nucleated and anucleated cells by modulating intra-
cellular signalling pathways. Reactive oxygen species
(ROS) play a very important role in the platelet func-
tion. y-Glutamyltransferase (GGT), a novel source of
cellular production of oxidants in the presence of
iron and reduced glutathione (GSH), is also found on
platelets. The role of platelet-bound GGT in platelet
apoptosis and oxidative stress is unknown. The aim
of our study was to determine the effects of platelet
GGT activity on oxidative stress and apoptotic events
in vitro via determination of lipid peroxidation
(LPO), protein oxidation, GSH, catalase, caspase-3
activation and phosphatidylserine (PS) exposure in
the presence of holo-transferrin (Tf). Stimulation of
platelet GGT activity with GSH and glycylglycine
(GlyGly) increased caspase-3 activation and PS ex-
posure. A significant increase in lipid and protein
oxidation and decrease in GSH and catalase levels
was also observed in platelets with stimulation of
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GGT activity in the presence of Tf. Inhibition of
GGT activity effectively reduced all the markers.
These results suggest that generation of ROS by the
GGT/GSH/Tf system can modify the platelets’ redox
environment and induce apoptosis in in vitro condi-
tions.

Introduction

Platelets are among the most significant targets for
oxidative stress (Stocker and Keaney, 2004). Platelets
also have the ability to produce reactive oxygen species
(ROS) from various intracellular enzymatic or non-en-
zymatic sources (Krotz et al., 2004). y-Glutamyl trans-
ferase/transpeptidase (GGT, EC 2.3.2.2), a novel source
of cellular production of oxidants, is a membrane-bound
ectoenzyme in the cells. It has also been shown by enzy-
matic assays that human platelets express GGT (Sener
and Yardimci, 2000, 2005a). The primary role of GGT is
to metabolize extracellular reduced glutathione (GSH)
allowing precursor amino acids to be assimilated and
reutilized for intracellular GSH synthesis (Lee et al.,
2004).

GSH cannot be taken up by most cells. First, it must
be hydrolysed into its constituent amino acids; then
these can be taken up by the amino acid transport pro-
teins in the cell membrane. GGT is the only enzyme that
can cleave intact glutathione. The enzyme initiates the
breakdown of glutathione by cleaving the y-glutamyl
group, thus releasing cysteinylglycine. This dipeptide
can be hydrolysed into cysteine and glycine by dipepti-
dases on the cell surface (McIntyre and Curthoys, 1982).
Thus, ectoplasmic GGT favours the cellular supply of
GSH, the most important non-protein antioxidant of the
cell. It plays an important role in the maintenance of the
intracellular redox state. However, recent studies have
indicated a novel effect for GGT, suggesting that the ex-
tracellular cleavage of GSH by GGT, in the presence of
transition metals, leads to ROS production. The pro-
oxidant effects of GGT were shown to be mediated by
reactive thiol dipeptide cysteinylglycine, a primary me-
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tabolite of GSH catabolism. Cysteinylglycine (pKa =
6.4) can dissociate to thiolate anion more easily than
GSH (pKa = 8.5) at physiological pH (Stark et al., 1989,
1993). Thiolate anion has a strong reducing capacity.
Autoxidation of thiols leads to redox reactions, resulting
in formation of the superoxide anion, hydrogen perox-
ide and other radicals in the presence of transition met-
als such as Cu*? and Fe" (Tien et al., 1982; Paolicchi et
al., 1997). Thus, GGT-mediated oxidative stress can in-
duce oxidation of lipids (Stark at al., 1993; Paolicchi et
al., 1997) and protein thiols (Dominici et al., 1999), and
produce biological effects such as activation of tran-
scription factors, proliferation and apoptosis in the cell
(del Bello et al., 1999; Maellaro et al., 2000; Paolicchi et
al., 2002). A great number of physiological functions are
controlled by redox-responsive signalling pathways
(Paolicchi et al., 2002). However, redox reactions can
also be hazardous to cells. Pathological effects of altered
redox regulation are implicated in various pathological
conditions such as cardiovascular disease, cancer and
diabetes (Valko et al., 2007).

Iron is an essential element necessary for life. It is an
important component of many proteins and enzymes, in-
cluding those participating in the generation of high en-
ergy metabolites (Brewer, 2010). On the other hand, it
can also be toxic due to its ability to catalyse formation of
free radicals, which can damage membranes and other es-
sential biological substances. To avoid the hazardous ef-
fects of transition metals, extracellular metal cations are
bound by proteins such as transferrin, ferritin and cerulo-
plasmin (Sener at al., 2009; Brewer, 2010). Transferrin,
amain protein for iron transport, exists in the blood in
either the ferric iron-bound state (holo-transferrin, Tf) or
non-ferric iron-bound state (apo-transferrin). These forms
do not usually cause lipid peroxidation (Prakash, 2007).
In favour of this, apo-transferrin captures free iron re-
leased from the cells, thus showing anti-oxidant effects
(Halliwell and Gutteridge, 1990; Prakash, 2007). How-
ever, various factors (ascorbate, thiols, reduced flavins,
02", mild acidic pH as seen in inflammation, influence of
the vicinity of activated phagocytic cells, and glycosyla-
tion) may also cause reduction of the transferrin-bound
ferric iron, thus releasing ferrous iron, which can catalyse
Fenton-type generation of oxygen-derived free radicals
(Drozdz et al., 1998; Prakash, 2007). ROS can play a
modulatory role on the transduction of proliferative or ap-
optotic signals (Krotz, 2004).

Apoptosis, or programmed cell death, is the physio-
logical mechanism that serves for controlled deletion of
unwanted cells. Although platelets are anuclear cells,
they show morphological marks of apoptosis, such as
depolarization of the mitochondrial membrane potential
(A¥m), microparticle formation, activation of caspases,
and exposure of phosphatidylserine (PS) on the platelet
surface. Normally, PS is located in the inner phospho-
lipid layer of the platelet membrane. It moves to the outer
surface of the cell membrane following platelet activa-
tion, and thus serves as an anchor upon which the pro-
thrombinase complex assembles (Leytin et al., 2009).

The aim of our study was to determine the effects of
platelet GGT activity on oxidative stress and apoptotic
events in vitro via determination of lipid peroxidation
(LPO), protein oxidation, GSH, catalase (CAT), caspa-
se-3 activation, and PS exposure in the presence of Tf.

Material and Methods

Chemicals

Annexin V-FITC, propidium iodide (PI) and the bind-
ing buffer were obtained from BD Biosciences (San
Diego, CA). The Caspase-3 kit was obtained from Che-
micon (Temecula, CA). Holo-transferrin, phosphate-
-buffered saline (PBS), reduced glutathione (GSH),
Triton X-100, 5-5-dithiobis-2-nitrobenzoic acid (DTNB),
adenosine diphosphate (ADP), 7-fluorobenzo-2-oxa-1,3-
-diazole 4-sulfonic acid ammonium (SBD-F), cysteinyl-
glycine, cysteine, glycylglycine, luminol and apyrase
were purchased from Sigma Chemical Co. (St. Louis,
MO). Guanidine hydrochloride, thiobarbituric acid
(TBA), dinitrophenyl hydrazine (DNPH), dithiothreitol
(DTT) and other chemicals were obtained from Merck
(Darmstadt, Germany).

Subjects

Platelet concentrations were obtained from the whole
blood of medication-free healthy volunteers (for meas-
urements of thiols and ROS production, N = 6 and fe-
male/male ratio = 3/3; for measurements of oxidative
stress and apoptosis, N = 12 and female/male ratio =
6/6). All subjects gave written informed consent to par-
ticipate in the study. This study was performed in ac-
cordance with the Declaration of Helsinki. None of the
subjects had been receiving medications such as acetyl-
salicylic acid or other platelet-active drugs for at least
two weeks prior to sampling. Table 1 shows plasma
GSH and serum iron characteristics of the participants.
The serum GSH levels were determined using the HPLC
method as mentioned below. The levels of serum iron,
total iron binding capacity (TIBC) and ferritin were de-
termined using test kits with a Hitachi 917 analyzer
(Roche Diagnostic, Holliston, MA). Transferrin satura-
tion (%) was calculated by the formula (transferrin satu-
ration = 100 % serum iron (pug/dl)/TIBC (ng/dl)). Plasma
GSH levels and iron parameters of all the participants
were within the normal ranges.

Table 1. Plasma GGT, GSH levels and serum iron param-
eters of participants

N:12

Plasma GGT (U/1) 29.0+5.6
Plasma GSH (uM) 87+1.3
Serum Iron (pg/dl) 80.3 £25.7
Serum Ferritin (pg/dl) 50.7+22.4
TIBC (ng/dl) 30.5+£31.2
Transferrin Saturation (%) 260+ 6.4
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Platelet isolation

Venipunctures were performed without stasis, using a
21-gauge butterfly needle. Blood samples were collect-
ed into 3.8% trisodium citrate and 1 U/ml apyrase-con-
taining tubes. Samples were centrifuged at 150 x g for
10 min to separate platelet-rich plasma (PRP). PRP was
transferred to another tube. More than 99 % of the cells
in PRP, measured by an automated cell counter Beckman
Coulter LH750 (Beckman Coulter, Fullerton, CA), con-
sisted of platelets. PRP was centrifuged at 2,000 x g for
10 min at room temperature. The pellet was washed
twice in Tris-buffered saline (TBS) containing EDTA
(0.03 M Tris; 0.12 M NaCl, 5 mM EDTA, pH 7.4) with
1 U/ml apyrase. After centrifugation, platelet pellets
were suspended with TBS containing glucose (0.03 M
Tris, 0.12 M NaClI, 5 mM glucose, pH 7.4) for incuba-
tions.

Inhibition of GGT activity

To inhibit GGT activity we used the specific reversi-
ble competitive inhibitor L-serine/boric acid complex
(SBC). Platelets were incubated in two different con-
centrations of SBC (2.5 mM L-serine/5SmM boric acid,
SmM L-serine/10 mM boric acid) in TBS at 37 °C for
60 min. After treatment, the platelet pellet was suspend-
ed in distilled water. Platelet suspensions were sonicat-
ed. After centrifugation, platelet-GGT activity was de-
termined.

Measurement of GGT activity

Platelet-GGT activity was assayed according to
Szasz’s method (Szasz, 1969), using y-glutamyl p-ni-
troanilide as donor substrate and glycylglycine (GlyGly)
as glutamate acceptor for the transpeptidation reaction.
Standard assay included final reagent concentrations of
4 mM y-glutamyl p-nitroanilide, 40 mM glycylglycine
in 185 mM Tris-HCI buffer, pH 8.2. The results were
calculated using a molar extinction coefficient of p-ni-
troaniline at 405 nm of 9,900 M~'cm™ and expressed as
mU/mg protein.

Measurement of extracellular thiols

Platelet GGT-mediated GSH metabolism in the incu-
bation medium was monitored by HPLC measurement
of thiols. Platelets were incubated with 2.5 mM GSH
and 25 mM GlyGly with or without 5/10 mM SBC for
1 h at 37 °C in TBS. Thiol levels were detected by the
method of Pfeiffer et al. (1999) with minor modifica-
tions. For assay of thiols in the extracellular medium,
a mixture of 50 pl of the sample and 25 pul of PBS,
pH 7.4, was incubated with 50 pl of 1 mM DTT for
30 min at room temperature. Trichloroacetic acid (TCA,
5 g/dl) was added for deproteinization. After the sample
had been centrifuged for 10 min at 10,000 x g, 50 ul of
the supernatant was added to the tube containing 10 pl
of 1.55 mol/l NaOH; 125 pl of 0.125 mol/l borate buffer,
pH 9.5; and 50 pl of 1 g/l SBD-F in the borate buffer
(0.125 mol/l pH 9.5). The mixture was then incubated

for 60 min at 60 °C. A 10 pl sample was later injected
into an Agilent 1100 series HPLC system (Agilent, Mis-
sissauga, Canada) with a fluorescence detector (385 nm
excitation, 515 nm emission) and 5 pum Kromasil C18
column (15 cm x 4.6 mm, Hi Chrom, Berkshire, UK).
Acetic acid-acetate buffer (0.1 mol/l, pH 5.5, containing
30 ml/l methanol) was used as the mobile phase. The
flow rate and column temperature were 0.7 ml/min and
29 °C, respectively. The concentrations of thiols were
calculated using standard solutions of GSH, cysteinyl-
glycine and cysteine and were expressed as M.

Chemiluminescence measurements

For the generation of reactive oxygen species related
to platelet GGT and thiols, luminol chemiluminescence
was used as the indicator of radical formation. Luminol
detects a group of reactive species including OH', H,0,,
HOCI. The levels of ROS in washed platelets in the
presence of 2.5 mM GSH + 25 mM GlyGly or 2.5 mM
cysteinylglycine or 2.5 mM cysteine and 80 pM Tf were
recorded by the method of Krol et al. (1990). The che-
miluminescence signals were evaluated by a lumino-
meter (Glomax, Promega, Sunyvale, CA) after addition
of 10 pul of 2 mM luminol solution in buffered saline.
Results were expressed as relative light units (RLU).

Platelet incubations for oxidative stress
and apoptosis

To determine oxidative events, platelets were sus-
pended in plastic tubes by 1 ml TBS, each containing
500,000 platelets per mm?. To stimulate the GGT activ-
ity, platelets were incubated with the substrate, 2.5 mM
GSH and co-substrate, 25 mM GlyGly in the presence
or absence of Tf for 1 h at 37 °C. To inhibit GGT activ-
ity, platelets were pre-treated with 5/10 mM SBC for
15 min. Platelet suspensions (1 ml) were incubated at
final concentrations as follows:

1. Platelets+buffer (Control)

2. Platelets+GSH-GlyGly (2.5 mM-25 mM)

3. Platelets+Tf (80 uM)+GSH-GlyGly

4. Platelets+Tf+SBC (5/10 mM)+GSH-GlyGly

At the end of incubation, platelets were centrifuged in
order to remove the incubation medium and washed
once in ice-cold buffer. Platelets were resuspended in
distilled water. Then, platelet suspensions were sonicat-
ed. After centrifugation for 10 min at 2,500 x g, the su-
pernatant was used to determine the GSH levels, GGT
and CAT activities. The precipitate was used to deter-
mine LPO and protein oxidation. The same incubations
were also prepared as mentioned above for caspase-3
and flow cytometric analyses.

Determination of platelet GSH levels

GSH determinations were performed using the meth-
od described by Mergel and Anderman (1979) with col-
orimetric assay using DTNB. This method is based on
protein precipitation by metaphosphoric acid (15%) and
spectrophotometric assay of the yellow derivative at
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412 nm. GSH concentration was calculated using a
standard solution of GSH. The results were expressed as
umol GSH/10? platelets.

Determination of LPO and protein carbonyl
(PCO) contents

For measurements of membrane lipid peroxidation
and protein oxidation, the precipitate was solubilized
with 100 mM Tris-HCI buffer (pH 7.4) containing
1% Triton X-100 and then centrifuged for 10 min at
10,000 x g.

LPO levels were measured by monitoring thiobarbi-
turic acid-reactive substance formation as described
previously (Buege and Aust, 1978). Platelet samples
were treated with 1 ml TBA reagent (containing 0.37%
TBA, 0.25 N HCI, 15% TCA) and incubated for 15 min
in a boiling water bath and then cooled. The absorbance
of the clear supernatant was measured against the refer-
ence blank at 535 nm using a molar extinction coeffi-
cient of 1.56 x 10° M-'cm™'. The results were expressed
as nmol LPO/mg protein.

The contents of PCO for protein oxidation were as-
sayed according to the method of Levine et al. (1990)
with minor modifications. Supernatants were incubated
with 10 mM DNPH in 2 N HCl for 1 h at room tempera-
ture. Protein hydrazone derivatives were precipitated
with 20% TCA and the precipitates were then washed
three times with ethanol : ethyl-acetate (1 : 1). The final
pellet was resuspended in 6 M guanidine hydrochloride
and incubated for 15 min at 37 °C. The absorbance was
measured at 360 nm, using a molar extinction coeffi-
cient of 2.2 x 10* M-'em!. The results were expressed as
nmol/mg protein.

Measurement of CAT activity

The method for the measurement of CAT levels,
which is an important enzymatic mechanism against
oxidative stress, is based on the catalytic activity of the
enzyme which catalyses the decomposition reaction of
H,0, to give H)O and O, (Aebi, 1984). The reaction
mixture (1.5 ml) contained 1 ml of 0.01 M phosphate
buffer (pH 7.0), 0.1 ml of the sample and 0.4 ml of 2 M
H,0,. The reaction was terminated by addition of 2.0 ml
of dichromate-acetic acid reagent (5% potassium di-
chromate and glacial acetic acid mixed in 1 : 3 ratio).
Then the absorbance was read at 620 nm. Lyophilized
bovine liver CAT (Sigma C1345) was used as positive
control. One unit of CAT is defined as the amount need-
ed to decompose 1 nmol H,O, per minute and the spe-
cific activity is expressed as U/mg protein.

Determination of caspase-3 activity

Caspase activity was measured using a caspase-3 col-
orimetric assay kit (Chemicon, Cat No: APT165) fol-
lowing the manufacturer’s protocol. This method uses a
colorimetric assay to monitor cleavage of an acetyl-
Asp-Glu-Val-Asp-p-nitroanilide (Ac-DEVD-pNA) sub-
strate, which resembles the caspase-3 cleavage site.

First, platelets were lysed in the lysis buffer at room
temperature for 15 min. The platelet lysates were then
centrifuged at 2,000 x g for 10 min at 4 °C to precipi-
tate cellular debris. Cell lysates were incubated with
substrate solution Ac-DEVD-pNA for 1-2 h at 37 °C.
In the experiments, N-Ac-Asp-Glu-Val-Asp-CHO (Ac-
-DEVD-CHO) was used as the caspase-3 inhibitor and
shown to completely block the release of p-nitroaniline
(pNA). Lyophilized caspase-3 (Sigma C5974) was used
as positive control. The absorbance was read at 405 nm
using a microplate reader. The caspase-3 activity was
calculated from the cleavage of the specific colorimetric
substrate (Ac-DEVD-pNA). The results were expressed
as nmol pNA/mg protein.

Analysis of apoptosis by flow cytometry

Apoptosis was measured by annexin-V kit (BD
Pharmingen, San Diego, CA, Cat. No: 556547) using
annexin-V-labelled FITC, which has a high affinity for
binding to PS. Annexin-V-FITC (25 pg/ml) and PI
(50 pg/ml) were added to the samples which were incu-
bated with GSH, GlyGly, SBC and Tf as described
above (under the heading of “platelet incubations”). The
sample tubes were kept on ice until analysis for 10 min
in the dark. After addition of an equal volume of cold
binding buffer (0.1 M HEPES/NaOH buffer, pH 7.4,
containing 1.4 M NaCl, 25 mM CaCl,, diluted 1 : 9 with
distilled water), flow cytometric analysis was made in
the FACS Calibur flow cytometry system (Beckman
Coulter) (Overbeeke et al., 1998).

To estimate non-specific and background fluorescence,
inactivated samples were stained with an isotype FITC-
-conjugated immunoglobulin G (IgG) control. The anal-
ysis of all the samples was carried out in the flow cyto-
meter. The system was equipped with 488 nm argon ion
laser. CaliBrite beads (BD Biosciences, San Jose, CA)
were used for daily quality control. In each tube, 50,000
cells were counted and the results represented the mean
value of the duplicate samples. Platelets were identified
by staining the platelets with FITC-conjugated CD41a,
which was gated from logarithmic scaled forward scat-
ter/side scatter scattergram. The results were expressed
as the percentage of positive cells. The negative control
cursor was set to 2 % of cells on histograms.

Protein determination

Protein content was analysed according to the Brad-
ford’s method (1976) using bovine serum albumin as the
standard and expressed as mg protein per ml platelet
suspension.

Statistical analysis

All data represented mean values with standard devi-
ation (SD) obtained from at least 2-3 independent ex-
periments. Statistical analysis was carried out using the
Instat statistical package (GraphPad Software, San
Diego, CA). For statistical analyses, first the degree of
normality was investigated. Friedman test was used for
the nonparametric data and repeated-measures analysis
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of ANOVA was used for the parametric data. A P value
< 0.05 was considered statistically significant.

Results

Determination of inhibitor concentrations

First, we analysed the platelet GGT activity after in-
cubation of platelets for 15 min with two different con-
centrations of the inhibitor. As shown in Table 2, SBC
inhibited 93 % of platelet GGT activity at 5 mM L-serine
and 10 mM boric acid concentrations. This concentra-
tion of the inhibitor was used for the analysis.

Extracellular GSH and cysteinylglycine levels

The GGT activity-dependent production of cysteinyl-
glycine was monitored by HPLC in the extracellular
medium with or without the presence of GGT inhibitor.
After stimulation of GGT activity with 2.5 mM GSH
and 25 mM GlyGly, cysteinylglycine and cysteine lev-
els were detected at maximum levels when compared to
the control group (498 + 61 uM, 140 + 20 uM, respec-
tively, P < 0.001, Fig. 1). The extracellular GSH level
decreased from 2.5 to approximately 2 mM. The inhibi-
tion of platelet GGT activity with SBC significantly de-
creased production of cysteinylglycine as compared to
the GSH-GlyGly group (P <0.001).

Table 2. Inhibition of GGT activity. Platelets were incuba-
ted with SBC for 15 min and GGT activity was measured.

GGT activity Inhibition
(mU/mg protein) (%)
Control 19.0+£3.5 0
SBC (2.5/10 mM) 11.6 £2.0 39
SBC (5/10 mM) 1.34 £0.60 93

Values are expressed as the means + SD; N = 12 in each group
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Fig. 1. Levels of thiols in extracellular medium. Cells were
suspended in 1 ml of solution containing 2.5 mM GSH, 25
mM GlyGly for 1 hat 37 °C in TBS. Experiments were run
with or without SBC. Values are expressed as the mean +
SD; N = 6 in each group. (***P < 0.001 vs. control, “'P <
0.001 vs. GSH-GlyGly)

ROS generation

In our experimental conditions testing whether the
thiols possess similar oxidant properties, platelets were
incubated with GSH-GlyGly in the presence of Tf; and
ROS generation was monitored by chemiluminescence
of luminol for 5 min (without an enhancer, i.c., H,0,,
HOCI or platelet agonists) (Fig. 2A). Addition of GSH
and GlyGly in platelet suspensions enhanced the inten-
sity of chemiluminescence as compared to the control
group. Fig. 2B also shows ROS generation by platelets
which were incubated with GSH, cysteinylglycine or
cysteine for 3 min. Cysteinylglycine markedly increased
the intensity of chemiluminescence as compared to
GSH and cysteine (P < 0.001). GSH also increased the
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Fig. 2. (A) Effects of GGT activity on ROS generation.
Washed human platelets were stimulated for 5 min with
2.5 mM GSH and 25 mM GlyGly in the presence of 80 uM
holo-transferrin and 2 mM luminol. (B) Platelet-GGT and
thiol-induced ROS generation from platelets in the pres-
ence of Tf. The reaction mixture contained 2.5 mM
GSH + 25 mM GlyGly or 2.5 mM cysteinylglycine (CysGly)
or 2.5 mM cysteine (Cys). Experiments were run with
2 mM luminol and 80 uM Tf. Results are expressed as
mean + SD; N = 6. (*P < 0.05 vs. control, ¥***P < 0.001 vs.
control, GSH and cysteine)
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intensity of chemiluminescence as compared to the con-
trol group (P < 0.05).

LPO levels

In our study, we investigated whether the lipid per-
oxidation process stimulated by platelet-bound GGT
might be propagated to platelet lipids in the presence of
Tf. High concentrations of GSH and GlyGly were used
in order to provide the Vmax of GGT activity.

Fig. 3A shows LPO levels mediated by platelet GGT.
When washed platelets were incubated with GSH,
GlyGly and/or Tf, LPO levels of the Tf+GSH-GlyGly
group increased significantly as compared to the control
and GSH-GlyGly groups in the platelet crude mem-
branes (P < 0.001). After inhibition of GGT activity by
SBC, the LPO levels decreased significantly as com-
pared to the Tf+GSH-GlyGly group (P < 0.05).
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Fig. 3. Oxidative stress damage after incubation with
agents for 1 h. Values are expressed as the mean + SD; N =
12 in each group. (A) Platelet LPO levels (***P <0.001 vs.
GSH-GlyGly and control, *P < 0.05 vs. TF+GSH-GlyGly).
(B) Platelet PCO levels (**P < 0.01 vs. GSH-GlyGly and
control, ***P < 0.001 vs. TF+GSH-GlyGly)

PCO contents

As shown in Fig. 3B, the platelet PCO amounts in-
creased significantly with GGT activity stimulation in
the presence of T (P < 0.01). On the other hand, follow-
ing incubation of GGT substrates and Tf with platelets
that had been pre-incubated with GGT inhibitor, the
PCO amounts decreased significantly (P < 0.001).

GSH levels

The platelet GSH contents increased significantly after
stimulation of GGT in the absence of Tf as compared to
the control group (P <0.001, Fig. 4A). However, after ad-
dition of Tf, GSH levels decreased as compared to the
GSH-GlyGly group (P <0.001). When GSH, GlyGly and
Tfwere added to platelets that had been pre-incubated with
SBC, GSH contents increased significantly (P < 0.001).
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Fig. 4. Bar graphs showing GSH and CAT levels after in-
cubation with agents for 1 h. Values are expressed as the
mean + SD; N = 12 in each group. (A) Platelet GSH levels
(***P < 0.001 vs. control, P < 0.001 vs. GSH-GlyGly,
P < 0.001 vs. TF+GSH-GlyGly) (B) Platelet CAT activi-
ties (*"P < 0.01 vs. control and GSH-GlyGly, *P < 0.05 vs.
Tf+GSH-GlyGly)
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CAT activity

The platelet CAT activity decreased significantly af-
ter stimulation of GGT in the presence of Tf (P < 0.01,
Fig. 4B). After addition of inhibitors, the CAT activity
increased significantly compared to the group treated
with TF+GSH-GlyGly (P < 0.05).

PS exposure

Platelet samples stained with annexin V-FITC are
represented by histograms in Fig. SA. The percentage of
PS exposure in the Tf+GSH-GlyGly group was signifi-
cantly different from that of the GSH-GlyGly group
(P < 0.001). The inhibition of GGT activity with SBC
prevented Tf+GSH-GlyGly-mediated increases in PS
(P <0.001, Fig. 5B).

Caspase-3 activity

After incubation with GSH, GlyGly and Tf, platelet
caspase-3 levels increased significantly as compared to
the control group and GSH-GlyGly group (P < 0.01,
Fig. 6). On the other hand, following incubation of
GSH, GlyGly and Tf with platelets that had been treated
with inhibitors, the caspase-3 levels decreased signifi-
cantly with SBC as compared to the group treated with
Tf+GSH-GlyGly (P <0.01).

Discussion

Pro-oxidant products which are generated by redox
reactions during GGT-mediated GSH catabolism were
first shown by Stark et al. (1993). Additionally, it has
been shown that cysteinylglycine liberated during the
destruction of GSH by GGT in the presence of an iron
source is also primarily responsible for the pro-oxidant
effect (Drozdz et al., 1998). The first step in our study
was to investigate platelet GGT-mediated metabolism of
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GSH and reduced production of cysteinylglycine (ap-
proximately 79 %). In our previous study, we observed
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study, we used Tf as a physiological source of iron. We
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observed that at in vitro conditions and in the presence
of Tf, cysteinylglycine is markedly more effective than
both GSH and cysteine on platelet ROS generation. This
finding may result from the fact that the iron-reducing
effect of cysteinylglycine is stronger when compared to
GSH and cysteine (Drozdz et al., 1998). GSH also in-
creased ROS production to some extent. This increase
may be due to cysteinylglycine released as a result of the
platelet GGT activity.

In the second part of our study, we investigated the
relationship between platelet GGT-mediated cysteinyl-
glycine formation and platelet oxidative stress. Platelet
GGT-mediated GSH catabolism caused increases in the
oxidative process (lipid peroxidation, protein oxidation)
and reductions in the intracellular GSH levels and CAT
activity. The stimulation of GGT activity without holo-
transferrin did not cause any increase in oxidative
events. Our previous findings demonstrated that platelet
GGT/GSH/Fe* systems can also induce lipid peroxida-
tion, protein oxidation and consumption of intracellular
antioxidant capacity in platelets (Sener et al., 2011).
Inhibition of the GGT activity also blocked the decrease
in intracellular GSH and CAT levels in this study. These
events may contribute to the atherosclerotic process by
changing membrane specifications and increasing pla-
telet thrombotic response. A study conducted using
erythrocytes showed that the GGT/GSH/iron system
can oxidize isolated erythrocyte membranes and cause
dysfunctions. Erythrocytes are thought to be important
targets of pro-oxidant molecules produced by the serum
GGT activity (Aberkane et al., 2002). It is considered
that serum GGT activity is largely derived from the liver
(Dufour et al., 2000). However, it was observed that
platelets can contribute to GGT activity and the oxida-
tive modifications in the plasma (Bolodeoku et al., 1997;
Sener and Cevik 2009). In circulation, human platelets
produce and release ROS, such as hydrogen peroxide
(H,0,), under physiological stimulation. At the same
time, they are also significant targets for ROS. High
concentrations of ROS may cause platelet activation,
loss of function in platelets and shorten their life span
(Krotz et al., 2004). H,O, may induce platelet activation
and platelet aggregation by causing tyrosine phospho-
rylation in the intracellular site of platelet membrane
glycoprotein Gp IIb/Illa, which has a significant role in
platelet activation (Law et al., 1996). Free thiol groups
in Gp IIb/Il1a are also controlled by the ratio of extracel-
lular GSH/GSSG (Essex et al., 2004). Thus, besides the
intracellular and extracellular ROS concentrations, the
GSH/GSSG ratio is also an important regulator of plate-
let functions. Therefore, addition of exogenous GSH is
expected to have an anti-platelet effect. However, it has
been reported that exogenous GSH addition to platelets
may affect platelet aggregation in a different way de-
pending on the concentration. It has been indicated that
GSH addition has an anti-oxidant effect in millimolar
concentrations but an anti-aggregant effect at micromo-
lar concentrations (Essex and Li, 2003; Essex, 2009).
Although the concentration that we used in this study

was at the millimolar level, contrary to expectations, it
caused an increase in oxidative reactions in the presence
of Tf and iron (Sener et al., 2011). Prevention of the in-
crease in oxidative reactions by addition of the GGT
inhibitor denotes that GGT has a role in redox reactions
associated with GSH/Tf or iron (Sener et al., 2011).
Moreover, the fact that cysteinylglycine levels in the in-
hibited samples were very low shows that cysteinylgly-
cine is more effective than GSH in redox reactions.

In the third step, we analysed the effects of platelet
GGT activity on platelet apoptosis by determination of
cytosolic caspase-3 levels and externalization of PS. In
our study, stimulation of GGT activity increased the cas-
pase-3 levels in the presence of holo-transferrin as com-
pared to the control. The inhibition of GGT activity par-
tially blocked this increase. When we analysed PS
translocation as another apoptosis marker, we observed
that while PS in platelets increased as a result of GGT
stimulation, they decreased following GGT inhibition.
In several studies, it has been shown that the GGT activ-
ity stimulation is effective on apoptosis and cell prolif-
eration in certain types of cells. It has been shown that
the additional exogenous GSH in GGT-transfected
Ramos cells (without inclusion of transition metals) in-
creases cell viability compared to cells not transfected
with GGT to provide the cysteine (Karp et al., 2001).
The stimulation of GGT activity with 200 uM GSH
in melanoma cells is observed to be approximately
15 nmol H,0,/10° cells/h (Maellaro et al., 2000). H,O,
originating as a by-product during GGT activity is capa-
ble of acting as a signal molecule. It has been shown that
blocking low level H,O, generation in U937 monoblas-
toid cells using GGT inhibitors increases cell death and
DNA fragmentation (del Bello et al., 1999). In spite of
these studies, Lopez et al. (2007) have shown that plate-
let exposure to exogenous H,O, in a dose-dependent
manner results in activation of caspase-3 and PS expo-
sure. The ROS that increased during the GSH metabo-
lism may be responsible for the increased apoptosis lev-
els that we observed in our study. Excess ROS may
trigger apoptosis and activation through several signal
pathways in the platelets (Krotz et al., 2004). In our pre-
vious study, we showed that the increase of platelet oxi-
dative modifications and apoptosis occurs simultane-
ously in individuals with hypercholesterolaemia (Sener
et al., 2005¢c). We obtained similar findings in this study
as well.

Conclusions

Here, in in vitro conditions, we report that the stimu-
lation of membrane bound-GGT activity in washed pla-
telets triggers oxidative modifications and induces plate-
let apoptosis in the presence of Tf. Our observations
may be helpful in suggesting possible mechanisms for
the regulation of platelet activation and life span and in
improving the antithrombotic therapy in several clinical
conditions such as iron overload after blood transfusion,
inflammation and cardiovascular diseases.
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Study limitations

In our study, we used washed platelets. Thus, this
study provided unaltered information about the relation
between platelet GGT activity and oxidative stress that
was not affected by plasma antioxidant capacities. The
used GSH concentration exceeds the plasma concentra-
tion. Consequently, these phenomena do not represent
physiological conditions but may constitute a significant
basis for our and other ongoing studies on platelet GGT
in physiological conditions.
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