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Abstract Redox regulation and carbohydrate recognition
are potent molecular mechanisms which can contribute to
platelet aggregation in response to various stimuli. The pur-
pose of this study is to investigate the relationship between
these mechanisms and to examine whether cell surface glyco-
calyx and cell stiffness of human platelets are sensitive to the
redox potential formed by glutathione. To this end, human
platelets were treated with different concentrations (0.05 uM
to 6 mM) and ratios of reduced or oxidized glutathione (GSH
or GSSG), and platelet morphological, mechanical, and func-
tional properties were determined using conventional light
microscopy, atomic force microscopy, and lectin-induced cell
aggregation analysis. It was found that lowering the glutathi-
one redox potential changed platelet morphology and
increased platelet stiffness as well as modulated nonuniformly
platelet aggregation in response to plant lectins with different
carbohydrate-binding specificity including wheat germ agglu-
tinin, Sambucus nigra agglutinin, and Canavalia ensiformis
agglutinin. Extracellular redox potential and redox buffering
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capacity of the GSSG/2GSH couple were shown to control
the availability of specific lectin-binding glycoligands on the
cell surface, while the intracellular glutathione redox state
affected the general functional ability of platelets to be aggre-
gated independently of the type of lectins. Our data provide
the first experimental evidence that glutathione as a redox
molecule can affect the mechanical stiffness of human plate-
lets and induce changes of the cell surface glycocalyx, which
may represent a new mechanism of redox regulation of inter-
cellular contacts.
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Abbreviations

o-MM  o-Methyl-pD-mannoside

Con A Canavalia ensiformis agglutinin
DEM  Diethyl maleate

GlcNAc N-acetyl-p-glucosamine

GSH  Reduced glutathione
GSSG  Oxidized glutathione

HSR  Haptenic-sugar-resistant
mBCl  Monochlorobimane

NEM  N-ethylmaleimide

PRP Platelet-rich plasma

SNA  Sambucus nigra agglutinin
WGA  Wheat germ agglutinin
AFM  Atomic force microscopy
Introduction

Human platelets are small subcellular fragments of mega-
karyocytes which play a crucial role in hemostasis and
maintaining vascular integrity. Platelets are very dynamic
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structures and, upon activation, change their shape from
small discs (0.5 x 3.0 um?) to more spherocytic cells with
filopodia resulting from significant remodeling of the cyto-
skeleton (Hartwig 2006). These changes are associated with
such important functions of platelets as adhesion to endo-
thelium and aggregation, key events of primary hemostasis
(Ruggeri 2002). Mechanical properties of human platelets
might make a significant contribution to cell adhesion and
aggregation, since cell stiffness was reported to influence
strongly, for instance, the adhesiveness of human mela-
noma cells (Andre et al. 1990) and spreading of rat hepato-
cytes (Bhadriraju and Hansen 2002). Cell stiffness depends
on the cytoskeleton state and can be very efficiently deter-
mined using atomic force microscopy (AFM) in both native
and fixed conditions (Fritz et al. 1994; Radmacher et al.
1996; Yang et al. 2010).

There is strong evidence that platelet functions are regu-
lated by glutathione, which makes these cells an excellent
biophysical model to study mechanisms of redox control of
cell aggregation (Essex 2009). Glutathione is available in
the cell cytoplasm and whole blood at millimolar levels
(Burch and Burch 1987; Hwang et al. 1992; Pastore et al.
2003), while at only micromolar levels in plasma (Pastore
et al. 2003). Changes in intracellular and extracellular glu-
tathione levels and in the ratio of its reduced (GSH) and
oxidized (GSSG) forms often accompany diseases associ-
ated with concomitant impairment of platelet aggregation
such as cardiovascular failure (Shimizu et al. 2004), diabe-
tes (Samiec et al. 1998), and cancer (Kumar et al. 1995).

Depletion of intracellular glutathione in platelets by sev-
eral compounds including diamide, N-ethylmaleimide
(NEM), and quinones has been shown to correlate with
inhibition of platelet aggregation (Matsuda et al. 1979; Hill
etal. 1989; Samal etal. 1998; Kim et al. 2001). Exoge-
nously added glutathione has been reported to modulate
platelet aggregation in a characteristic, dose-dependent
manner; i.e., platelet aggregation in response to conven-
tional physiological agonists [adenosine diphosphate
(ADP), collagen] was inhibited or enhanced depending on
administration of high millimolar or low micromolar dos-
ages of reduced glutathione (Pacchiarini et al. 1996; Essex
and Li 2003). Surprisingly, at doses which enhance human
platelet aggregation, glutathione has recently been shown to
inhibit cell adhesion to immobilized fibronectin (Ball et al.
2008). Functional significance and molecular mechanisms
of these controversial effects of glutathione remain uncer-
tain, and at least two different approaches have been consid-
ered: first, a direct GSH-mediated biochemical modification
of responsive signaling molecules, e.g., through glutath-
ionylation (Ghezzi 2005), and, second, a redox-potential-
dependent modification of functional responses of cells
associated with the voltage of the environment as a
biophysical factor. The latter mechanism is supported by data
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showing that lower extracellular redox potential is condu-
cive to cell proliferation and T-cell activation (Jonas et al.
2002; Yan et al. 2009), while shifting the redox potential
from a normal range of —(230-260) to —170 mV and more
is associated with apoptosis, oxidative stress, and many dis-
eases (Moriarty-Craige and Jones 2004; Palumaa 2009).
Although oy, f; integrin was reported to be a principal
redox-sensitive adhesion protein of human platelets (Essex
and Li 2003), the contribution of redox potential and redox
buffering capacity of the GSSG/2GSH couple to regulation
of platelet aggregation is still unclear, and it remains
unknown whether these effects of glutathione are agonist
specific.

Platelet activation and aggregation in most cases are
governed through mobilization of glycoprotein receptors,
which can be adequately probed by specific lectins, a type
of multimeric carbohydrate-binding proteins. Lectins can
recognize specific sugars of cell surface glycocalyx and
cause clusterization of membrane glycoreceptors, trans-
membrane signaling, and cell aggregation similar to physi-
ological agonists of platelets (Higashihara etal. 1985;
Samal et al. 1998; Torti et al. 1999). Lectin-induced aggre-
gation of cells has a very important technical advantage in
comparison with physiological agonists, because this
response can be specifically blocked by inhibiting haptenic
sugars. If haptenic sugars are added to lectin-induced cell
aggregates, nascent lectin bridges become disrupted and
cannot be formed anymore, while any lectin-induced addi-
tional adhesive contacts remain stable and provide unique
information about the stability of cell aggregates
(Timoshenko et al. 1986, 1999; Gorudko et al. 2008). As much
as lectins seem to be “crude” stimuli of platelet aggregation
because they bind same sugar residues of different cell
surface glycosylated molecules, the precise mechanisms of
platelet activation and aggregation caused by lectins and
physiological agonists may differ noticeably. For example,
wheat germ agglutinin (WGA), a strong agonist of plate-
lets, has been shown to elicit a prompt and sharp increase in
platelet intracellular Ca** concentration, however in
contrast to thrombin-mediated responses, this Ca>* mobili-
zation was sensitive to protein kinase inhibitor stausporine
and was resistant to inhibition by cyclic adenosine mono-
phosphate (AMP) (Yatomi etal. 1993). In comparison,
efficient aggregation of platelets has been observed in
response to Sambucus nigra agglutinin (SNA), which failed
to affect intracellular Ca®* availability (Samal et al. 1998).
These differences in functional activity of lectins with
different carbohydrate-binding specificity are central to
their use as proper tools for studying platelet aggregation.

Since the platelet aggregation response in many aspects
is determined by protein—carbohydrate interactions and is
under control of redox systems, this study was designed to
investigate effects of variable glutathione dosage on
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aggregation of human platelets induced by plant lectins
with different carbohydrate-binding activity as well as on
morphology and stiffness of these cells. We also specifi-
cally addressed the biophysical question of whether extra-
cellular redox potential and redox buffering capacity
formed by the GSSG/2GSH couple is a regulatory factor of
platelet aggregation.

Materials and methods
Reagents

Lectins including mannose/glucose-specific Canavalia
ensiformis agglutinin (Con A), Neu5Aca(2,6)Gal/GalNAc-
specific Sambucus nigra agglutinin (SNA), and GlcNAc-
specific wheat germ agglutinin (WGA) were purchased
from Lektinotest (Lviv, Ukraine). All other biochemicals
were obtained from Sigma Aldrich (St. Louis, MO, USA)
except for monochlorobimane (mBCl), which was obtained
from Molecular Probes (Eugene, OR, USA), and reduced
and oxidized glutathione, which were obtained from Appli-
chem (Darmstadt, Germany).

Isolation of human platelets

All procedures of human platelet isolation were conducted
at room temperature, and use of glass containers and
pipettes was avoided. Venous blood samples were obtained
from healthy donors at the Republic Scientific and Practical
Centre of Hematology and Transfusion (Minsk, Belarus).
Blood was collected in tubes containing 3.8% (w/v) triso-
dium citrate as anticoagulant at 9:1 ratio. To study
ADP-induced platelet aggregation, platelet-rich plasma
(PRP) was prepared by centrifugation of blood at
200 x g for 10 min followed by cell counting and adjusting
of cell concentration to 2.5 x 10% cells/ml in autologous
blood plasma. To study lectin-induced platelet aggregation,
washed platelets were prepared by additional two-step cen-
trifugation of PRP at 600 x g for 3 min at 20°C, and the
cell pellet was resuspended in a Tris/ethylenediamine tetra-
acetic acid (EDTA) buffer solution (13.3 mM Tris, 120 mM
NaCl, 15.4 mM KCl, 6 mM b-glucose, 1.5 mM EDTA, pH
6.9), with final cell concentration of 2.5 x 10° cells/ml.
This buffer prevented self-aggregation and clumping of
stored platelets in our experiments.

Measurement of platelet aggregation

The processes of platelet aggregation and disaggregation
were measured at 37°C by light transmission using an ana-
lyzer of platelet aggregation (AP 2110; SOLAR, Minsk,
Belarus). To study platelet aggregation, the aggregometer

cuvette was filled with either 400 pul PRP or 50 pl washed
platelets in Tris/EDTA storage buffer plus 350 pl phos-
phate-buffered saline (PBS) containing 1 mM CaCl, and
0.5 mM MgCl,, and incubated at 37°C with stirring for
2 min (in the absence and presence of glutathione) before
adding an agonist. Although our samples contained leftover
EDTA, which is know to inhibit platelet aggregation at
high concentration of 2 mM (Pidard et al. 1986), no EDTA-
mediated inhibition was observed in our assays due to the
relatively low EDTA concentration (only 0.19 mM) and the
excess of Ca>* and Mg?* ions in the aggregating buffer.

ADP was used as a positive standard agonist and refer-
ence to plant lectins. Resistance of lectin-induced cell
aggregates to dissociating action of haptenic sugars referred
to as haptenic-sugar-resistant contacts (HSR contacts) was
determined as described elsewhere (Timoshenko et al.
1986, 1999; Samal et al. 1998; Gorudko et al. 2008). In par-
ticular, to induce dissociation of cell aggregates, we used
haptenic sugars at the following final concentrations:
100 mM GlcNAc, 60 mM lactose, and 60 mM o-methyl-p-
mannoside («-MM). For quantitative assessment of HSR
contacts we used the parameter of stability R, which was
calculated as R = (7/T;) x 100%, where T'is the steady-
state value of light transmission after haptenic sugar addi-
tion and 7, is the maximal value of light transmission
reached during the process of platelet aggregation before
adding the haptenic sugars.

Light microscopy

To confirm the formation of cell aggregates in response to
lectins, microscopy analysis of cell samples, which were
taken from the suspension of aggregating cells at plateau
(maximal response), was performed. An aliquot of cells
(100 pl) was mixed with an equal amount of 1.5% glutaral-
dehyde to fix cell aggregates and viewed using an optical
microscope Olympus BX51W1 (Tokyo, Japan) and LUMP-
lanF1 objective (40x/0.80). Images of cells and cell aggre-
gates were captured using a digital camera (Olympus DP
20; Tokyo, Japan).

Investigation of platelet surface by atomic force
microscopy

AFM is a unique technique which allows quantitative deter-
mination of microelastic properties of living cells in aque-
ous environment (Fritz et al. 1994; Radmacher et al. 1996)
as well as fixed and dehydrated cells (Yang et al. 2010). In
our study we used glutaraldehyde-fixed human platelets,
which allowed avoidance of unwanted activation of plate-
lets on glass slides (Radmacher et al. 1996) and detection of
only sustained differences between GSH-treated and
untreated cells.
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PRP (200 pl at 2.5 x 108 cells/ml) was treated with GSH
for 10 min at room temperature, fixed in 1.5% glutaralde-
hyde for 30 min, and centrifuged at 600 x g for 3 min. The
supernatant was discarded, and the cell pellet was washed
twice in PBS (10 mM Na,HPO,/KH,PO,, 137 mM NaCl,
2.7 mM KCl, pH 7.35) and twice in distilled water. Washed
cells were put on a glass slide and dried in air for several
hours. All steps were performed at room temperature.

AFM observations were carried out using a NT-206
microscope (MicroTestMachines, Minsk, Belarus) working
in contact mode. Cantilevers (NSC11) with spring constant
of 3 N/m were used. Tip radii were checked by using a
standard TGTOI silicon grating from NT-MDT (Moscow,
Russia) and were 40 nm for topography visualization and
100 nm for cell stiffness determination.

Local elastic properties of platelets were quantitatively
determined using force spectroscopy regime. Force curves
were obtained by recording cantilever deflection while the
tip was brought into contact with a cell at a fixed point and
retracted. Taking into account that the stiffness of human
platelets varies significantly across the cell body (Fritz et al.
1994; Radmacher et al. 1996) and to avoid the influence of
a rigid substrate on the magnitude of the estimating elasticity
modulus (Mathur et al. 2001), we recorded at least three
force curves only from the central region of five randomly
selected cells for each treatment. The central region was
characterized by the largest thickness within the body of
fixed cells. The cell Young’s moduli were calculated as
described earlier (Chizhik et al. 1998; Drozd and Chizhik
2008) and used as a measure of platelet stiffness. Force
curves as well as histograms of Young’s modulus distribu-
tion at indentation depth of 25 nm are presented as Supple-
mentary Data.

Calculation of extracellular redox potential
of the GSSG/2GSH couple

The redox potential of the GSSG/2GSH redox couple was
calculated according to the Nernst equation: Ej,=E;+
(2.3RT/nF)10g([GSSG]/[GSH]Z), where Ey=—264 mV at
pH 7.4 (Kirlin et al. 1999), and n = 2. [GSH] is squared in
this equation because two GSH molecules are needed to
form one GSSG molecule. This means that not only the
GSSG to GSH ratio but also the total concentration of glu-
tathione determines the redox potential. In other words, a
cellular environment with more total glutathione has a
greater redox buffering capacity than one with lower glu-
tathione level. Taking into account this notion and to ana-
lyze the role of redox potential, we maintained fixed
glutathione concentration of 5 pM, 100 pM, 3 or 6 mM
determined as total glutathione sulfur (GSH + 2GSSGQG)
and varied the GSH to 2GSSG ratio in the range of 1:100
to 100:1.
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Estimation of intracellular GSH level

Intracellular level of GSH was detected using mBCl assay
as described elsewhere (Wang and Joseph 2000) with some
modifications. Briefly, 50 ul platelet suspension (2.5 x 10°
cells/ml) was added to 1.25 ml PBS supplemented with
0.2% Triton X-100 to lyse the cells, and then 80 uM mBCl
together with 0.24 U/ml bovine glutathione S-transferase to
increase the reaction rate between GSH and mBCl were
added, leading to formation of highly fluorescent GSH-
bimane adduct. The kinetics of fluorescence increase was
recorded at 490 nm (excitation at 394 nm) using a LSF
1211A spectrofluorimeter (SOLAR). Steady-state fluores-
cence was typically achieved at 15 min and used for
estimating the intracellular GSH level.

Statistical analysis

Data are presented as mean =+ standard error of the mean
(SEM); statistical significances between means were assayed
using Student’s 7 test. Correlation coefficients were deter-
mined using Pearson’s test. Values of P < 0.05 were con-
sidered to indicate statistically significant differences.

Results and discussion

Aggregation response of GSH-treated human platelets
depends on carbohydrate-binding specificity of plant
lectins

Three lectins (WGA, Con A, and SNA) used in this study
were selected based on their nonoverlapping carbohydrate-
binding specificity (Sharon and Lis 2003). All these lectins
were able to induce efficient aggregation of human plate-
lets, which was detected as an increase in light transmission
of cell suspensions and was comparable to the standard
aggregation induced by ADP, our positive control (Fig. 1).
Formation of true cell aggregates was further confirmed by
microscopy analysis (Fig. 2). The lectin-induced aggrega-
tion was specifically blocked by corresponding haptenic
sugars, i.e., by GIcNAc (WGA response), «-MM (Con A
response), and lactose (SNA response) (Fig. 1). None of
these sugars affected ADP-induced platelet aggregation,
confirming the specificity of lectins as probes for cell
surface glycoligands (data not shown). The differences in
carbohydrate-binding specificity of lectins resulted in a rather
unexpected variation of platelet aggregation observed in the
presence of low (micromolar) concentrations of GSH.
Thus, although GSH enhances in a dose-dependent manner
(GSH concentrations range from 0.05 to 10 pM) platelet
aggregation induced by ADP (2.5 uM), WGA (5 pg/ml),
and Con A (10 pg/ml), the maximal fold increase of the cell
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aggregation rate varied between these stimuli and was
2440.6, 1.4£0.1, and 4.6 & 1.2, respectively, which
was consistent with microscopy observations (Fig. 2). All
these effects were statistically significant in comparison
with the aggregation of GSH-untreated cells (n=4,
P <0.05). At the same time, GSH failed to affect platelet
aggregation induced by SNA (75 pg/ml), which was rela-
tively stable at the experimental conditions (Figs. 1, 2).
These findings imply that GSH at low micromolar doses
most likely potentiates platelet aggregation in conjunction
with Ca?*-mediated signaling, because the major functional
difference between SNA and Con A/WGA is linked to their
ability to affect intracellular free Ca®>*. All these three
lectins have different carbohydrate-binding specificity, but
only Con A and WGA induce an increase of cytoplasmic
free Ca*, which is comparable to the thrombin and ADP
responses (Samal et al. 1998). It should be noted that the
stimulating effect of low micromolar doses of GSH on the
lectin-induced aggregation was similar to those previously
reported by Essex and Li for ADP and collagen, natural
platelet agonists (Essex and Li 2003).

Another level of differences between lectins was
revealed with respect to the formation of HSR contacts
between aggregated platelets, as it was detected by record-
ing aggregate dissociation in response to haptenic sugars.
Con A (10 pg/ml) and SNA (75 pg/ml) induced formation
of very stable cell aggregates (R = 100%) during several
minutes, which were resistant to 60 mM «-MM and 60 mM

lactose, respectively (Fig. 1c, d). This stability was sus-
tained in the presence of micromolar doses of GSH. Platelet
aggregates induced by WGA (10 pg/ml) were partly disso-
ciated in the presence of specific haptenic sugar GlcNAc
(100 mM) with R=82.7 +3.8% (n=15). However, GSH
significantly (P < 0.05) enhanced the stability of the WGA-
induced aggregates, raising Rto 97.6 = 1.7% (n=4) at
concentration of 2.5 pM. Of interest, GSH at micromolar
doses stabilized WGA-induced aggregates even if added at
a maximum of aggregation response, i.e., acting as a trigger
of HSR contacts (data not shown). Thus, Con A and SNA
induced the formation of more stable platelet aggregates in
comparison with WGA, which could result from variations
in Ca**-independent transmembrane signaling in this case.
More impressive differences between lectin-induced
responses of human platelets were observed when we
turned to the high millimolar concentrations of GSH in the
range of 0.5-6 mM. These experiments were performed
with increased concentrations of lectins (10 pg/ml WGA
and 100 pg/ml Con A), since we expected inhibition of
platelet aggregation. At these conditions, WGA-induced
platelet aggregates were relatively resistant to GlcNAc
(Fig. 3a); however, there was consistent dose-dependent
inhibition of WGA-induced human platelet aggregation and
aggregate stability up to GSH concentration of 6 mM
(Fig. 3b, c). In contrast to this gradual inhibition, a biphasic
GSH dose-dependent response was observed in cases of
Con A- and SNA-induced platelet aggregation, with

@ Springer



200

Eur Biophys J (2011) 40:195-208

Fig. 2 Light-microscopy visu-
alization of human platelet
aggregates formed in response to
WGA (5 pg/ml), Con A (10 pg/
ml), and SNA (75 pg/ml) in the
absence and presence of low
micromolar concentration of
GSH (5 uM): a WGA,

b WGA + GSH, ¢ Con A,

d Con A + GSH, e SNA,

f SNA + GSH, and g control
suspension of nonaggregated
human platelets. Original
magnification, x400

maximum inhibition at 3 mM and maximum stimulation at
6 mM of GSH (Fig. 3b). Of note, the stimulating effect of
GSH on SNA-induced platelet aggregation significantly
exceeded the relatively small change of Con A-induced
response. No significant changes were observed with
respect to stability of Con A- and SNA-induced aggregates
as compared with GSH-untreated cells (Fig. 3c). The bipha-
sic effect of GSH at millimolar concentrations was also
confirmed by direct microscopic analysis, which revealed
corresponding variations in sizes of platelet aggregates

@ Springer

after GSH treatment (Fig. 4). While the inhibitory effect of
high millimolar concentrations of GSH on platelet aggrega-
tion was predictable, as reported earlier for ADP and PAF
(Pacchiarini et al. 1996), the activation of SNA-induced
response was rather surprising. Because the viability of
cells was sustained, the findings imply that there might be
remodeling of platelet glycocalyx resulting in masking or
“closing” of WGA-reactive GIcNAc residues and exposing
or “opening” of SNA-reactive NeuSAcu(2,6)Gal/GalNAc
residues and partly Con A-reactive a-Man/x-Glu residues,
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at high reducing conditions. Because this effect may be due
to redox-sensitive changes of receptor clusterization
(Nakashima et al. 1994; Beppu et al. 2001), resulting from
remodeling of cell cytoskeleton, we next examined the
effects of GSH on human platelet morphology and elastic
properties using AFM.

Morphological changes of human platelets in response
to GSH and cell stiffness

Treatment of human platelets with three concentrations of
GSH (5puM, 3mM, 6 mM) which differently affected
lectin-induced platelet aggregation led to significant and
characteristic changes in the fine structure of the plasma
membrane. Thus, in the presence of millimolar concentra-
tions of GSH (3 mM, 6 mM), platelets appeared more het-
erogeneous, forming numerous blebs, filopodia, and
extensions in comparison with control disk-shaped resting
platelets and platelets treated with 5 uM GSH (Fig. 5). To
assess the platelet surface elastic properties and cell stiff-
ness, we determined the local Young’s modulus for intact
human platelets and platelets treated with GSH (Table 1).
The Young’s moduli of the fixed human platelets were in
the range 60—170 MPa, which was approximately 1,000 times
higher than for living human platelets (1-50 kPa) adhered

to glass (Radmacher et al. 1996). GSH at concentrations of
5uM and 3 mM caused decrease of Young’s modulus
values by approximately 40% and 10%, respectively, while
GSH at concentration of 6 mM led to a notable increase of
local Young’s modulus by 3 times in comparison with
intact platelets. These data indicate that highly reducing
conditions stabilize and increase the mechanical stiffness of
human platelets, while lowering the redox buffer makes
cells “softer,” a biphasic change which has not been previ-
ously described.

There may be several ways by which GSH can modulate
morphological and mechanical properties of human plate-
lets. In particular, cell stiffness can be changed due to
redox-mediated remodeling of the cytoskeleton (Wu et al.
1998; Dalle-Donne et al. 2001, 2003; Kasas et al. 2005;
Oberleithner et al. 2009) or depolarization of plasma mem-
brane (Heinemann and Hoshi 2006; Callies et al. 2009).
These mechanisms are supported by findings that pore-
forming protein streptolysin O increases the elasticity of
platelets, while actin cytoskeleton-stabilizing drug phalloi-
din partially restores the elasticity (Walch etal. 2000).
Whatever biophysical mechanism is responsible for GSH-
mediated modulation of platelet stiffness, it would very
likely affect the state of surface glycocalyx, which
contributes significantly to the adhesive behavior of cells
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Fig. 4 Light-microscopy visu-
alization of human platelet
aggregates formed in response to
WGA (10 pg/ml), Con A

(100 pg/ml), and SNA (75 pg/
ml) in the absence and presence
of high millimolar concentration
of GSH: a WGA,

b WGA + 3 mM GSH, ¢ Con A,
d Con A + 3 mM GSH, e SNA,
and f SHA + 6 mM GSH. Origi-
nal magnification, x400

(Agrawal and Radhakrishnan 2007). Taking into account
that GSH at high doses caused a large increase of platelet
stiffness, it is possible that changes in platelet morphology
and stiffness mediated by GSH at millimolar concentrations
reflect stabilization of cortical actin cytoskeleton, which in
turn leads to different glycoligand surface exhibition and as
a consequence to different platelet aggregation activity in
response to various lectins. The decrease in platelet stiffness
induced by GSH at micromolar concentrations may be due
to disorganization of actin cytoskeleton. It is known that
cortical actin cytoskeleton exerts a negative regulatory role
on store-mediated calcium entry (Rosado etal. 2000,
2004). As GSH at micromolar concentrations potentiated
platelet aggregation induced by agonists which trigger intra-
cellular Ca* signaling, it is intriguing to speculate that GSH
at micromolar concentrations enhances platelet aggregation
via Ca®*-dependent reorganization of actin cytoskeleton.
Thus, low and high concentration of GSH affected
differently, often oppositely, the platelet stiffness and lectin-
induced aggregation of human platelets, and these differ-
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ences become more challenging when the carbohydrate-
binding specificity of lectins was considered. The biphasic
effects of GSH are a common theme of many studies,
although the particular mechanisms may vary significantly.
For instance, GSH at micromolar concentrations is known
to serve as a substrate for protein disulfide oxidoreductases,
leading to functional sulthydryl rearrangements of mem-
brane proteins and glutathionylation, while GSH at milli-
molar concentrations possibly leads to formation of high
reduction potential that nonselectively alters protein thiols/
disulfides and thus their function (Essex 2009; Ghezzi
2005). In this context, it should be noted that effects of GSH
can be interpreted not only in terms of concentrations but
also in terms of redox potentials of the GSSG/2GSH couple
according to the Nernst equation (refer to the “Materials
and methods” section). Because higher GSH concentrations
reduce the extracellular redox potential and increase the
redox buffering capacity of the medium, we decided to
perform a quantitative analysis of these factors as prospective
regulators of cell aggregation.
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Fig. 5 Atomic force microscopy images of human platelets in the
presence of GSH. Before imaging, PRP was treated with different con-
centrations of GSH for 10 min at room temperature and then fixed with

Table 1 Effects of GSH on surface elasticity of human platelets

Intact cells 5 uM GSH 3 mM GSH 6 mM GSH

61.0£5.6 42.6 &+ 3.5% 562 £7.1 191.6 &+ 7.0%*

Average = SEM values of Young’s modulus (E, MPa) at indentation
depth of 25 nm are presented

* P <0.01; ** P <0.001 in comparison with control untreated cells

Extracellular redox potential controls human platelet
aggregation

Platelet plasma membrane is poorly permeable to glutathi-
one, which allows for easy manipulation of extracellular
redox potentials by varying the concentration of GSSG/
2GSH redox couple components in cell suspension. As
WGA- and SNA-mediated reactions demonstrated opposite
trends in response to treatments with GSH, we selected
these two lectins for our experiments with redox potentials.

X, um

1.5% glutaraldehyde for 30 min: a an intact platelet, b 5 uM GSH,
¢ 3 mM GSH, and d 6 mM GSH. Scanning area sizes are 4.6 x 4.1 pm
(a), 3.8 x 4.5 um (b), 4.8 x 4.4 um (c¢), and 4.9 x 4.6 um (d)

First, the aggregation of human platelets was induced by
WGA (10 pg/ml) in media with three different constant
concentrations of (GSH + 2GSSG) of 5 uM, 100 pM, and
3 mM. These conditions correspond to the fixed buffering
capacity of the GSSG/2GSH redox couple. Changing the
extracellular redox potential from approximately —250 to
0 mV led to either a decrease or increase in WGA-induced
aggregation of human platelets depending on the redox
buffer (Fig. 6). Voltage-dependent decrease of both WGA-
induced cell aggregation and the stability of cell aggregates
was observed in the presence of low total glutathione con-
centration of 5 uM (Fig. 6a), whereas voltage-dependent
increase was clearly observed in the presence of high total
glutathione concentration of 3 mM (Fig. 6¢). At total gluta-
thione concentration of 100 uM, the significance of redox
potential was less evident (Fig. 6b), indicating that the
balance between redox-potential-dependent and redox-
potential-independent effects of glutathione might be
important. We noticed no differences in trends describing
the changes of the extent of aggregation (parameter 7) and
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Fig. 6 Effect of the extracellular
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the stability of aggregates (parameter R), which correlated  dependent and redox-potential-independent effects of

significantly with each other (r=0.858, P <0.0001,
n=17). It appeared that the glutathione redox potential
damped the WGA-induced aggregation of human platelets
to certain intermediate level as far as redox conditions
change from reducing to oxidizing state.

Second, aggregation of human platelets was induced by
SNA (75 pg/ml) in media with three different constant
concentrations of (GSH + 2GSSG) of 5 uM, 100 uM, and
6 mM. Changing the extracellular redox potential from
approximately —250 to 0 mV did not affect SNA-induced
platelet aggregation when the total glutathione concentra-
tion was 5 or 100 uM, while led to a considerable decrease
of SNA-mediated cell aggregation in the presence of total
glutathione concentration of 6 mM (Fig. 7). Thus, SNA-
reactive glycoligands of the plasma membrane of human
platelets are masked when the extracellular redox potential
increases. This change is opposite to the unmasking of
WGA-reactive glycoligands at similar conditions as
described above. It should be noted that, while glutathione-
mediated changes of platelet aggregation at low redox
buffering conditions may be due to both redox-potential-
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glutathione, observed differences at high redox buffering
conditions might be controlled predominantly by the extra-
cellular redox potential, confirming our hypothesis about
redox sensitivity of plasma membrane glycocalyx.

To the best of our knowledge, this is the first evidence
that redox potential and redox buffering capacity of gluta-
thione are factors that can control lectin-mediated cell—cell
interactions and can change the expression profile and
accessibility of specific glycoligands on the cell surface.
Although we do not offer a mechanism explaining the
redox-mediated changes of the glycocalyx at this point, we
believe that the conformational flexibility of complex
oligosaccharides (DeMarco and Woods 2008) might be
crucial in this context. We may not also exclude redox-
mediated regulation of activity of certain glycosidases (e.g.,
hyaluronidase and neuraminidase), which can remodel the
glycocalyx (Lydataki etal. 2003). Further studies are
required to find out how extracellular redox potential
modulates the glycobiological properties of human
platelets, i.e., the expression and accessibility of different
glycoligands on the cell surface.
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Fig. 7 Effect of the extracellular
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Intracellular glutathione redox status is essential for lectin-
induced aggregation of human platelets

In comparison with cell surface glycocalyx (the exoplasmic
face), the cytoplasmic face of the platelet membrane is
exposed to highly reducing conditions, since the intracellu-
lar level of GSH is relatively high and normally maintained
at the millimolar level (Essex 2009). Indeed, treatment of
human platelets with 1 mM GSH did not change the intra-
cellular level of GSH in comparison with control (Fig. 8a,
inset), indicating autonomy from intracellular redox. To
change glutathione-controlled intracellular redox status of
human platelets, we used three cell-membrane-permeable
reagents with different modes of redox activity including a
sulfhydryl alkylating reagent NEM (Hansen and Winther
2009), an oxidative stress inducer menadione (Timoshenko
etal. 1996), and a GSH-depleting agent diethyl maleate
(DEM) (Boyland and Chasseaud 1967). All three of these
reagents were found to decrease the level of intracellular
GSH as detected by fluorometric assay using mBCl
(Fig. 8a), which implies change of intracellular redox status

-300 -250 -200 -150 -100 -50 0
Eh,mV

from reducing to oxidative state. This forced shift of intra-
cellular redox state resulted in uniform inhibition of lectin-
induced aggregation independently of lectin type (WGA or
SNA). Typical aggregation curves are shown in Fig. 8b and
exemplify the dose-dependent inhibition of WGA-induced
cell aggregation by DEM. Both the aggregation extent
(7T) and the stability of cell aggregates (R) were significantly
decreased in the presence of NEM (50 uM), menadione
(50 uM), or DEM (25 mM) for WGA- and SNA-mediated
responses (Fig. 8c, d). Thus, the intracellular redox state
seems to control the general functional ability of human
platelets to aggregate in response to different agonists and to
play a more robust role than the extracellular redox state.
Indeed, the redox reagents used can actually work through
many GSH-dependent and GSH-independent mechanisms,
engaging, e.g., reactive oxygen species and multiple redox-
sensitive regulatory proteins and enzymes (Essex 2009).
Nevertheless, the significance of the intracellular redox
status is evident, and more work should be done to
understand better how it links to the extracellular redox
potential.
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Fig. 8 Effect of redox compounds on intracellular GSH and platelet
aggregation. a Fluorescence measurements of GSH levels in human
platelets (2.5 x 10% cells/ml) using mBCl. Cells were pretreated for
5 min with 50 pM menadione (Men), 25 mM DEM, 50 uM NEM, or
10 min with 1 mM GSH and exposed to the reaction mixture contain-
ing 80 pM mBCl, 0.2% Triton X-100, and 0.24 U/ml bovine glutathi-
one S-transferase in PBS. The increase in fluorescence (emission at
490 nm, excitation at 394 nm) is proportional to the amount of GSH-
bimane adducts representing intracellular concentration of GSH. The
inset shows the relative levels (mean £ SD) of GSH in cells recalcu-
lated from fluorescence kinetics, *P < 0.005, n = 3. b Typical kinetics

Conclusions

Redox regulation of functional activity of animal and
human cells represents an important biophysical mecha-
nism beyond cell aggregation and cell-cell interactions.
The results of the present study provide the first experi-
mental evidence that glutathione as a redox molecule can
affect the mechanical stiffness of human platelets and
change the cell surface glycocalyx, resulting in specific
modulation of lectin-induced aggregation of these cells.
These effects of glutathione are biphasic and readily
depend on the redox potential and redox buffering capac-
ity of the GSSG/2GSH couple. Although our study was
limited to human platelets, we believe that redox sensitiv-
ity of cellular glycocalyx is a more universal phenomenon
that may open up new avenues of research in cell biophysics
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of platelet aggregation induced by WGA (10 pg/ml) and cell aggregate
dissociation induced by GlcNAc (100 mM) in the absence of DEM (1)
and in the presence of DEM at concentrations of 3 mM (2), 6 mM (3),
12mM (4), 24 mM (5), and 48 mM (6). The time points of adding
DEM, WGA, and GlcNAc are indicated by arrows. ¢ and d Effects of
NEM (50 uM), menadione (50 uM, Men), and DEM (25 mM) on
platelet aggregation induced by either WGA (10 pg/ml) or SNA
(75 pg/ml). The extent of platelet aggregation (7)) and the stability of
lectin-induced aggregates (R) were calculated as described in the
“Materials and methods” section. Each bar corresponds to mean +
SEM, n = 3; *P < 0.05 in comparison with untreated cells

and glycobiology. Further work is required to unravel
molecular mechanisms of redox-mediated remodeling of
the cell surface glycocalyx.
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