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Abbreviations

 

: [Ca

 

2+

 

]

 

i

 

, intracellular Ca

 

2+

 

 concentra-
tion; GSSG, oxidized glutathione.

Oxidation–reduction (redox) based regulation of
signal transduction and gene expression is a fundamen-
tal regulatory mechanism in cell biology. Redox-sensi-
tivity is caused by electrons transport on side chains of
functional –CH

 

2

 

–SH groups of conservative residues of
cysteine. The list of redox-sensitive signal transduction
pathways steadily increases. The current data suggest
that modulation of the cell redox state may prove to be
an important strategy for the treatment of AIDS and
some forms of cancer (Sen, 1998). A special role in
redox signaling belongs to thioredoxin and glutathione
systems.

Glutathione (

 

γ

 

-glutamylcysteinylglycine) is a uni-
versal tripeptide contained in the majority of plants,
microorganisms, and in all mammal tissues. Glu-
tathione exists in reduced (GSH) and oxidized (GSSG)
forms (Meister, 1988; Lu, 1999; Sies, 1999). In eucary-
otic cells, there are three main pools of GSH. It was
found that 90% of cellular GSH is located in the cyto-
sol; 10%, in mitochondria; and a small percent, in the
endoplasmic reticulum (ER) (Hwang et al., 1992).

GSH is usually present in cells in high concentration
(0.1–10 mM) and is the most widespread among cellu-
lar thiols and low-molecular-weight peptides. The
functions of glutathione are widely diverse. One can
say that GSH is one of the major factors in regulation of
life, proliferation and death of the cell. The GSH func-
tions in cells as a reducing agent and an antioxidant.
GSH prevents the oxidation of SH-groups or reduces
S–S-bonds induced by oxidative stress. The GSH inac-
tivates free radicals involved in detoxication of xenobi-
otics (pharmaceutical agents, carcinogenes, etc.)
(Hayes and Mc Lellan, 1999).

The GSH exists in the cell in an equilibrium with
glutathione disulphide (GSSG), and their correlation is
the measure of the redox-status of the cell. In a normal
cell, the GSSG content is very low, less than 1% of the
total GSH content (Meister, 1988; Lu, 1999). In mam-
malian cells, the ratio of concentrations of GSH/GSSG
in the cytosol is 

 

≥

 

30 : 1, which allows maintaining very
reduced redox potential –220 mV (Banhegyi et al.,
1999). Conversely, the redox potential of the ER lumen
is more oxidized (–180 mV), and is maintained by the
ratio of [GSH]/[GSSG] from 3 : 1 to 1 : 1 (Hwang et al.,
1992; Banhegyi et al., 1999). Thus, on the membrane
of ER or sarcoplasmic reticulum (SR), a significant
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Abstract

 

—Using Fura-2AM microfluorimetry, the effect of oxidized glutathione (GSSG) and its pharmacolog-
ical analogue glutoxim on the intracellular Ca

 

2+

 

 concentration in rat peritoneal macrophages was investigated.
It was shown that GSSG or glutoxim increase the intracellular Ca

 

2+

 

 concentration by inducing Ca

 

2+

 

 mobiliza-
tion from thapsigargin-sensitive Ca

 

2+

 

 stores and subsequent Ca

 

2+

 

 entry from external medium. Dithiothreitol,
which reduces S–S-bonds in proteins, completely prevents or reverses the increase of intracellular Ca

 

2+

 

 con-
centration induced by GSSG or glutoxim. This suggests that the increase of intracellular Ca

 

2+

 

 concentration
induced by GSSG or glutoxim can be mediated by their interactions with functionally important SH-groups of
proteins involved in Ca

 

2+

 

-signaling.

      Two structurally different tyrosine kinase inhibitors genistein and methyl-2,5-dihydroxycinnamate prevent
or completely reverse the increase in the intracellular Ca

 

2+

 

 concentration induced by GSSG or glutoxim. On the
contrary, tyrosine phosphatase inhibitor Na orthovanadate enhances the increase of intracellular Ca

 

2+

 

 concen-
tration evoked by oxidizing agents. The data suggest that tyrosine kinases and tyrosine phosphatases are
involved in the regulatory effect of GSSG and glutoxim on the intracellular Ca

 

2+

 

 concentration in macrophages.
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(40–50 mV) difference of redox potentials does exist,
and the reticulum lumen is more oxidized than the cyto-
sol (Hwang et al., 1992; Banhegyi et al., 1999).

GSSG is capable to enter in thiol–disulphide
exchange with SH-groups of proteins, resulting in the
formation of a mixed disulphide complex, or may oxi-
dize the endogenous SH-groups forming disulphides.
At oxidative stress, the GSH is oxidized to GSSG, and
accumulation of GSSG occurs in the cytosol. To pre-
vent the shift of cellular redox-equilibrium, GSSG may
actively exit from the cell or interact with SH-group of
protein (PSH), forming the mixed disulphide (PSSG).
Thus, under strong oxidative stress, the reduction of
GSH intracellular concentration occurs (Lu, 1999).

The oxidation–reduction system GSH/GSSG takes
part in the regulation of gene expression and signaling
in norm and pathology in immunocompetent cells
(Droge et al., 1994, 1998). In human and mouse mac-
rophages, it was shown that GSH and S-nitrosoglu-
tathione play a significant role in macrophage antimi-
crobial activity and are toxic for 

 

Mycobacterium tuber-
culosis

 

 (Venketaraman et al., 2003). Moreover,
glutathione is one of the leading factors regulating apo-
ptosis in macrophages (Boggs et al., 1998).

The GSSG content is increased in cells during dif-
ferent disturbances in cellular functions; therefore,
GSSG was originally considered a biologically aggres-
sive molecule (Kulinskiy and Kolesnichenko, 1990).
However, the studies on the GSSG effect on cells in
various concentrations, performed in a number of labo-
ratories, showed that GSSG could have a receptor-
mediated effect on cellular processes (Burova et al.,
2005; Filomeni et al., 2002, 2005). In addition, the
pharmaceutical agent glutoxim(

 

r

 

) (PHARMA-VAM,
Moscow), a synthetic analogue of GSSG, has found
clinical application as an immunomodulator and a
hemostimulator in complex therapy in cases of bacte-
rial and viral diseases (Zhukov et al., 2004), psoriasis
(Korsunskaya et al., 2003; Chermoshentsev, 2003), and
radio- and chemotherapy in oncology (Filatova et al.,
2004).

The role of Ca

 

2+

 

 ions, a ubiquitous secondary mes-
senger, in the regulatory effect of GSSG on cells had
not been studied. Therefore, the purpose of the present
research was to study the effect of GSSG and glutoxim
on the intracellular Ca

 

2+

 

 concentration ([Ca

 

2+

 

]

 

i

 

) and Ca-
signals induced by the purinergic agonist ATP and the
endoplasmic Ca

 

2+

 

-ATPase inhibitor thapsigargin in rat
peritoneal macrophages.

MATERIALS AND METHODS

The experiments were performed on cultivated resi-
dent rat peritoneal macrophages. Quartz glasses with
cells were placed in the experimental chamber, which
was filled with saline containing, 140 mM NaCl, 5 mM
KCl, 1 mM CaCl

 

2

 

, 1 mM MgCl

 

2

 

, and 5 mM HEPES–
NaOH (pH 7.3–7.4). Calcium-free medium contained

0 mM CaCl

 

2

 

 and 1 mM EGTA. The detailed description
of macrophages cultivation procedure was given earlier
(Krutetskaya et al., 1997a).

The reagents used in experiments were from Sigma
(United States). The stock solutions of thapsigargin
(500 

 

µ

 

M), nifedipine (20 mM), genistein (50 mM), and
methyl-2,5-dihydroxycinnamate (25 mM) were pre-
pared in DMSO. The stock solutions of ATP (100 mM),
dithiothreitol (100 mM), sodium orthovanadate
(10 mM), GSSG (50 and 5 mg/ml), glutoxim (50 and
5 mg/ml), verapamil (20 mM), chlorides of Ni

 

2+

 

 (1 M),
La

 

3+

 

 (1 M) and Gd

 

3+

 

 (50 mM) were prepared in water.
For measurement of the intracellular Ca

 

2+

 

 concentra-
tion ([Ca

 

2+

 

]

 

i

 

), the fluorescent probe Fura-2AM was
used. Macrophages were incubated for 45 min in saline
containing 2 

 

µ

 

M Fura-2AM, at a room temperature.

The glasses with stained cells were washed with
saline and transferred to the experimental chamber dis-
posed on the small table of the Lyumam-KF lumines-
cence microscope (LOMO, St. Petersburg). The fluo-
rescence of Fura-2AM was excited at 337 nm with the
LGI-503 nitrogen laser. The laser was located from one
side of the microscope at an angle of 30

 

°

 

 to the experi-
mental chamber, that allowed the laser beam to be
directed towards the object. The fluorescence intensity
was recorded with the SFN-10 spectrophotometer at
510 nm. The signal from FEU-79 was enhanced with
the specially constructed amplifier and recorded with
the IBM PC digital computer using the original soft-
ware. In experiments, a lens 10X with the aperture 0.4
was used. Under such amplification, 40–50 cells were
observed. To avoid photobleaching, the measurements
were conducted every 20 s, irradiating the object within
2.5 s. After adding ATP, the cells were irradiated con-
tinuously until the maximum fluorescence was reached.
[Ca

 

2+

 

]

 

i

 

 was calculated according to the Grynkiewicz
equation (Grynkiewicz et al., 1985). The experiments
were conducted at room temperature (22–24

 

°

 

C) on the
second and third days of cell cultivation.

RESULTS AND DISCUSSION

The addition of 200 

 

µ

 

M ATP to peritoneal macroph-
ages induces a biphasic Ca

 

2+

 

-signal: a transient peak
caused by Ca

 

2+

 

 mobilization from the stores and a long-
lasting plateau reflecting the Ca

 

2+

 

 entry from the exter-
nal medium (Alonso-Torre, Trautmann, 1993)
(Figs. 1a, 1b). Thapsigargin (0.5 

 

µ

 

M), a specific inhib-
itor of endoplasmic Ca

 

2+

 

-ATPase (Thastrup et al.,
1989), also induces a biphasic Ca

 

2+

 

-signal: a less pro-
nounced peak caused by Ca

 

2+

 

 mobilization from the
stores a and long-lasting phase reflecting the store-
dependent Ca

 

2+

 

-entry from the external medium
(Figs. 1b, 1d).
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The Effect of GSSG and Glutoxim on Ca

 

2+

 

-Signals 
Induced by ATP and Thapsigargin in Macrophages

 

The effect of glutoxim and GSSG at concentrations
of 10, 100, 200, 300, 400, 500, and 600 

 

µ

 

g/ml was stud-
ied. Figure 2 shows the effect of glutoxim (100 

 

µ

 

g/ml)
on [Ca

 

2+

 

]

 

i

 

 in resting cells and Ca

 

2+

 

-signals induced by
200 

 

µ

 

M ATP (Figs. 2a, 2b) or 0.5 

 

µ

 

M thapsigargin
(Fig. 2c) in the macrophages incubated in a normal
saline (a) or nominally calcium-free medium (Figs. 2b,
2c). It can be seen in Fig. 2 that preincubation of cells
with glutoxim in the medium containing Ca

 

2+

 

 for
15 min before ATP addition induces a slight increase in
the basal Ca

 

2+

 

 level and a decrease (by 20–30%). in the
phase of Ca

 

2+

 

 mobilization from the stores induced by
ATP. The [Ca

 

2+

 

]

 

i

 

 increase after the addition of glutoxim

may be determined by both Ca

 

2+

 

 mobilization from the
intracellular stores and Ca

 

2+

 

 entry from the external
medium. To elucidate the mechanism of [Ca

 

2+

 

]

 

i

 

increase induced by glutoxim, the experiments in the
nominally calcium-free medium (Figs. 2b, 2c) were
performed. It was found that, under such conditions,
glutoxim induces a [Ca

 

2+

 

]

 

i

 

 increase and subsequent
decrease (by 20–30%) in the phase of Ca

 

2+

 

 mobiliza-
tion from the stores induced by ATP (Fig. 2b) or thapsi-
gargin (Fig. 2c).This indicates that the [Ca

 

2+

 

]

 

i

 

 increase
caused by glutoxim is determined by Ca

 

2+

 

mobilization
from the intracellular Ca

 

2+

 

 stores. A similar pattern was
obtained in the presence of GSSG (Fig. 3).

It should be emphasized that we have not observed
any dose-dependence of the effect of glutoxim or
GSSG on [Ca

 

2+

 

]

 

i

 

. These agents at the studied concen-
trations had practically the same effect on [Ca

 

2+

 

]

 

i

 

 in
resting cells and on Ca

 

2+

 

-signals induced by ATP or
thapsigargin in the macrophages. However, a more pro-
longed (30-min) incubation of the cells with glutoxim
induced a more pronounced [Ca

 

2+

 

]

 

i

 

 increase.

The data shown in Fig. 4 confirm that the [Ca

 

2+

 

]

 

i

 

increase induced by glutoxim or GSSG is determined
by Ca

 

2+

 

 mobilization from stores. Addition of 2 mM
Ca

 

2+

 

 to the external medium of the cells preincubated
for 2 min with glutoxim (Fig. 4a) or for 16 min with
GSSG (Fig. 4b) induced Ca

 

2+

 

 entry that was caused pre-
sumably by the Ca

 

2+

 

 release from the intracellular store.
After the emptying of Ca

 

2+

 

-stores by 0.5 

 

µ

 

M thapsigar-
gin, glutoxim induced no [Ca

 

2+

 

]

 

i

 

 increase (Fig. 4c).
This suggests that glutoxim or GSSG induce Ca

 

2+

 

mobilization from the thapsigargin-sensitive
Ca

 

2+

 

-stores.

Earlier, we described pharmacological properties of
the store-dependent Ca

 

2+

 

 entry in rat peritoneal mac-
rophages (Krutetskaya et al., 1997c, 2000). It was
shown that store-dependent Ca

 

2+

 

 entry induced by emp-
tying of Ca

 

2+

 

-stores by 0.5 

 

µ

 

M thapsigargin or 200 

 

µ

 

M
UTP is blocked by the following pharmaceutical
agents: (1) two structurally different inhibitors of volt-
age-gated Ca

 

2+

 

-channels, nifedipine (20 

 

µ

 

M) or vera-
pamil (40 

 

µ

 

M); (2) ions Ni

 

2+

 

 (1 mM), La

 

3+

 

 (1 mM), and
Gd

 

3+

 

 (10 

 

µ

 

M); and (3) niflumic acid (100 

 

µ

 

M), a
blocker of non-selective cation channels.

Therefore, we studied the influence of these organic
(nifedipine, verapamil) and inorganic (Ni2+, La3+, and
Gd3+) blockers of Ca2+-channels on the Ca2+ entry
induced by ATP or thapsigargin, after the treatment of
the cells with glutoxim or GSSG. The data shown in
Figs. 2–4 suggest that the agents studied change the
pharmacological properties of Ca2+-channels in mac-
rophages. The channels become less sensitive to the
blocking effect of Ca2+-antagonists, such as nifedipine
(Figs. 2, 3c) and verapamil (Figs. 2c,  3b) as well as the

250

0
2

[Ca2+]i, nM

Time, min
4 6 8 10 12 14

500

TG Ca2+

(d)

500

0

1000

ATP Ca2+

(c)

250

0

500

TG

(b)

500

0

1000

ATP

(a)

Fig. 1. Ca2+-signals induced by ATP (a, c) and thapsigargin
(TG; b, d), in peritoneal macrophages. Here and in Figs. 2–6,
the abscissa axis shows time, min; the ordinate axis,
Ca2+ concentration in the cytosol, nM. (a, b) Cells were
stimulated with 200 µM ATP (a) or 0.5 µM TG (b) in nor-
mal saline. (c, d) Cells were stimulated with 200 µM ATP
(c) or 0.5 µM TG (d) in nominally calcium-free medium;
Ca2+ entry was initiated by addition of 2 mM Ca2+ to the
external medium.
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inorganic blockers La3+ (Fig. 3a) and Gd3+ (Fig. 2a).
The only effective blocker was Ni2+ ions (Figs. 2b, 3b).
Nifedipine and verapamil were ineffective even at a
concentration of 80 µM. In some cases, after nifedipine
addition, some paradoxical enhancement of Ca2+ entry
was observed.

The fact that GSSG and glutoxim change the phar-
macological properties of Ca2+ channels, making them
less sensitive to the blocking effect of organic and inor-
ganic Ca2+-channel blockers, suggests that these oxi-
dizing agents modify the functionally important SH-
groups located in the outer mouth and/or in the pore of
store-dependent Ca2+-channels.

Dithiothreitol Influence on the Effect of Glutoxim
and GSSG on [Ca2+]i

It is known that GSSG is able to enter in the thiol–
disulphide exchange with active protein SH-groups
with formation of a mixed disulphide complex or may
oxidize the endogenous SH-groups with formation of
disulphides (Meister, 1988; Lu, 1999). Therefore, we
studied the influence of dithiothreitol (DTT), an agent

reducing the S–S-bonds in proteins, on the effect of
GSSG and glutoxim.

It was shown that the addition of 100 µg/ml glu-
toxim to macrophages in nominally calcium-free
medium induced a significant [Ca2+]i increase deter-
mined by Ca2+ mobilization from the intracellular
Ca2+-stores (Figs. 5a, 5c). The addition of 2 mM Ca2+ to
the external medium caused a fast [Ca2+]i increase
reflecting Ca2+ entry from the external medium. The
addition of 1 mM DTT during the phase of already
developed Ca2+ entry induced by glutoxim completely
reversed [Ca2+]i increase and returned [Ca2+]i to the
basal level (Fig. 5c). Preincubation of macrophages for
10 min with 1 mM DTT in calcium-free medium almost
completely prevented the glutoxim-induced [Ca2+]i

increase (Fig. 5b).
Thus, the reducing agent DTT prevents or com-

pletely reverses the [Ca2+]i increase induced by glu-
toxim or GSSG in rat peritoneal macrophages.

The results are in agreement with the data obtained
for permeabilized rat hepatocytes, according to which
GSSG and cystine effect is reversed by DTT (Renard
et al., 1992).
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Fig. 2. Effect of glutoxim on the intracellular Ca2+ concentration and Ca2+-signals induced by ATP or thapsigargin in macrophages.
(a) Macrophages in normal saline were preincubated for 15 min in the presence of 100 µg/ml glutoxim and then stimulated with
200 µM ATP; 20 µM Gd3+ was added during the plateau phase of Ca2+-signal. (b, c) Cells were incubated for 15 min in the presence
of 100 µg/ml glutoxim in nominally calcium-free medium, then stimulated with 200 µM ATP (b) or 0.5 µM TG (c), after which
Ca2+ entry was initiated by addition of 2 mM Ca2+ to the external medium. During the developed Ca2+ entry, 80 µM nifedipine (b)
or 80 µM verapamil (c) and then 2 mM Ni2+ (b) were added.
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Fig. 3. Effect of oxidized glutathione (GSSG) on the intracellular Ca2+ concentration and ATP- or thapsigargin-induced Ca2+-sig-
nals in macrophages. (a) Macrophages in normal saline were preincubated for 15 min in the presence of 100 µg/ml GSSG and then
stimulated with 200 µM ATP; 1 mM La3+ was added during the plateau phase of Ca2+-signal. (b, c) Cells were incubated for 15 min
in the presence of 100 µg/ml GSSG in nominally calcium-free medium and then stimulated with 200 µM ATP (b) or 0.5 µM TG
(c), after which Ca2+ entry was initiated by the addition of 2 mM Ca2+ to the external medium. During the developed Ca2+ entry,
80 µM verapamil (b) or 80 µM nifedipine (c) and then 2 mM Ni2+ (b) were added.
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Fig. 4. Effect of glutoxim and GSSG on intracellular Ca2+ concentration in macrophages. (a, b) Cells were preincubated for 12 min
(a) or 16 min (b) in the presence of 100 µg/ml glutoxim (a) or GSSG (b) in nominally calcium-free medium, after which Ca2+ entry
was initiated by addition of 2 mM Ca2+ to the external medium. During the developed Ca2+ entry, 2 mM Ni2+ (a) or 80 µM nife-
dipine (b) were added. (c) Macrophages were stimulated with 0.5 µM TG in nominally calcium-free medium; after the termination
of the phase of Ca2+ mobilization from stores, 100 µg/ml glutoxim was added and 15 min later 2 mM Ca2+ was added to the external
medium. During the developed Ca2+ entry, 80 µM nifedipine was added.
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Thus, it can be assumed that [Ca2+]i increase
induced by glutoxim or GSSG is mediated by their
interaction with the functionally important SH-groups
of proteins involved in the processes of Ca2+-signalling.

Influence of Inhibitors of Tyrosine Kinases
and Tyrosine Phosphatases on the Effect of GSSG

and Glutoxim on [Ca2+]i in Macrophages

Earlier, we have shown that phenylarsine oxide
(PAO) causes a dose-dependent [Ca2+]i increase con-
nected with both Ca2+ mobilization from stores and
Ca2+ entry from the external medium (Krutetskaya
et al., 1997b; Krutetskaya and Lebedev, 1998). As a
specific sulfhydryl reagent, PAO covalently binds to
SH-groups of adjacent protein (Webb, 1966).

It was shown that [Ca2+]i increase in macrophages
induced by PAO (10–50 µM) is effectively blocked by
tyrosine kinase inhibitors, 100 µM genistein and 25 µM
methyl-2,5-dihydroxycinnamate (MDC).

Preincubation of the cells with 100 µM genistein or
25 µM MDC significantly reduces but does not prevent
the Ca2+-response to PAO (Krutetskaya et al., 1997b;
Krutetskaya and Lebedev, 1998).

In addition, it was shown in human epidermoid car-
cinoma A431 cells that GSSG and glutoxim cause
transactivation of the epidermal growth factor receptor
and activation of its intrinsic tyrosine kinase activity
(Burova et al., 2005; Vasilenko et al., 2006). In mac-
rophages, including rat peritoneal macrophages, the
receptors with intrinsic tyrosine kinase activity were
also identified: receptors for the colony-stimulating
factor 1 (CSF-1) (Yue et al., 1993; Correll et al., 2004);
receptors for the hepatocyte growth factor (HGF)
(Camussi et al., 1997); receptors for the epidermal
growth factor (EGF) (Nolte et al., 1997); and receptors
for the macrophage-stimulating protein (MSP, mac-
rophage-stimulating protein) (Iwama et al., 1995; Wang
et al., 2000; Zhou et al., 2002; Correll et al., 2004).

These receptor tyrosine kinases contain external
cysteine-rich domains and may be also targets for
GSSG and glutoxim.
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Fig. 5. Influence of dithiothreitol (DTT) on the effect of glutoxim on the intracellular Ca2+ concentration in macrophages. (a) Mac-
rophages were incubated for 15 min with 100 µg/ml glutoxim in nominally calcium-free medium; Ca2+ entry was initiated by addi-
tion of 2 mM Ca2+ to the external medium. (b) Cells were preincubated for 10 min in the presence of 1 mM DTT in calcium-free
medium, after which 100 µg/ml glutoxim was added; 16 min later Ca2+ entry was induced by addition of 2 mM Ca2+ to the external
medium. (c) Macrophages were incubated for 25 min in the presence of 100 µg/ml glutoxim in calcium-free medium, then Ca2+

entry was initiated by addition of 2 mM Ca2+ to the external medium; 1 mM DTT was added during the developed Ca2+ entry.
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Moreover, it is known that oxidative stress and
decrease in the GSH/GSSG ratio change the activity of
redox-sensitive enzymes, first of all, tyrosine kinases
and tyrosine phosphatases (Staal et al., 1994; Rao et al.,
2000; Forman and Torres, 2002), which results in an
increased phosphorylation of proteins at tyrosine resi-
dues.

To determine a possible role of tyrosine phosphory-
lation in the action of GSSG and glutoxim on [Ca2+]i in
macrophages, we studied the effect of two structurally
different tyrosine kinase inhibitors genistein (Akiyama
et al., 1987; Akiyama and Ogawara, 1991; Hidaka and
Kobayashi, 1992) and MDC (Umezava et al., 1990;
Casnellie, 1991) and the inhibitor of tyrosine phos-

phatases sodium orthovanadate on the Ca2+ response
induced by GSSG or glutoxim (Gordon, 1991).

It is shown that the addition of 100 µM genistein
(Fig. 6a) or 25 µM MDC (not shown) during an already
developed Ca2+ entry induced by 100 µg/ml glutoxim
completely suppressed the glutoxim-induced [Ca2+]i

increase and returned [Ca2+]i to the basal level. In addi-
tion, the preincubation of the macrophages with
100 µM genistein for 7 min before the addition of
100 µg/ml glutoxim almost completely suppressed the
[Ca2+]i increase and the Ca2+ entry induced by glutoxim
(Fig. 6b). The inhibition of the glutoxim-induced Ca2+

entry by genistein or MDC is in agreement with our
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Fig. 6. Influence of genistein and sodium orthovanadate (Na3VO4) on glutoxim effect on intracellular Ca2+ concentration in mac-

rophages. (a) Cells were incubated for 20 min in the presence of 100 µg/ml glutoxim in calcium-free medium, then Ca2+ entry was
initiated by addition of 2 mM Ca2+ to the external medium; 100 µM genistein was added during the developed Ca2+ entry. (b) Cells
were preincubated for 6 min with 100 µM genistein in calcium-free medium, then 100 µg/ml glutoxim was added; 16 min later Ca2+

entry was initiated by addition of 2 mM Ca2+ to the external medium. (c) Cells were incubated for 2 min in the presence of 50 µM
Na3VO4 in calcium-free medium, then 100 µg/ml glutoxim was added, and 18 min later Ca2+ entry was initiated by addition of

2 mM Ca2+ to the external medium; during the developed Ca2+ entry, 100 µM genistein was added. (d) Macrophages were prein-
cubated for 6 min in the presence of 50 µM Na3VO4 and 100 µM genistein in calcium-free medium, then 100 µg/ml glutoxim was

added, and 16 min later Ca2+ entry was induced by addition of 2 mM Ca2+ to the external medium. 
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previous data that genistein and MDC inhibit the Ca2+

entry induced by ATP, UTP (uridine triphosphate),
thapsigargin, and cyclopiazonic acid in rat peritoneal
macrophages (Krutetskaya et al., 1997a).

The total level of protein phosphorylation on
tyrosine residues in cells is controlled by an opposite
action of tyrosine kinases and tyrosine phosphatases
(Sun and Tonks, 1994). An increase in phosphorylation
level may be determined by an increase in the tyrosine
kinase activity or a decrease in the tyrosine phosphatase
activity (Fischer et al., 1991; Hunter, 1995, 1996).

To determine a possible role of tyrosine phos-
phatases in the [Ca2+]i increase induced by glutoxim or
GSSG, we used sodium orthovanadate, which changes
the balance between the activity of tyrosine kinases and
tyrosine phosphatases. It was shown that the addition of
50 µM sodium orthovanadate 2 min before the addition
of 100 µg/ml glutoxim enhanced the glutoxim-induced
Ca2+-response determined by Ca2+ release from the
stores and subsequent Ca2+ entry from the external
medium (Fig. 6c). Addition of genistein during the
developed Ca2+ entry returned [Ca2+]i to the basal level.
Thus, the pretreatment of cells with sodium orthovana-
date increased the glutoxim-induced Ca2+ entry but did
not prevent subsequent inhibition of Ca2+ entry by
genistein. This is in agreement with our previous data
that the preincubation of cells with sodium orthovana-
date enhanced the ATP-induced Ca2+ entry but did not
prevent subsequent inhibition of Ca2+ entry by
genistein (Krutetskaya et al., 1997a).

The enhancement of Ca2+ entry by sodium ortho-
vanadate confirmed the importance of tyrosine kinase
activation for stimulation of Ca2+ entry. This is in agree-
ment with the data that the degree and duration of pro-
tein phosphorylation on tyrosine, mediated by tyrosine
kinase receptors, could be considerably enhanced by
treatment of cells with sodium orthovanadate or its per-
oxy derivatives (Gordon, 1991; Posner et al., 1994;
Hunter, 1995).

Figure 6d shows the combined effect of genistein
and sodium orthovanadate on [Ca2+]i increase induced
by glutoxim. The cells were incubated with 50 µM
sodium orthovanadate and 100 µM genistein and then
treated with 100 µg/ml glutoxim; 16 min later, 2 mM
Ca2+ was added to the external medium. The suppres-
sion of both phases of the glutoxim-induced Ca2+

response was observed. Thus, sodium orthovanadate
did not prevent the inhibition of Ca2+ entry by genistein
even if both inhibitors were added before glutoxim. It is
possible to assume that the stimulation of Ca2+ entry by
glutoxim or GSSG is mediated by tyrosine kinase acti-
vation or increased tyrosine phosphorylation of the
Ca2+-channel in the plasma membrane or a regulatory
protein related to the channel. It is also possible that the
glutoxim- or GSSG-induced Ca2+ mobilization from

stores is connected with phosphorylation on tyrosine
and activation of the Ca2+-release channel of IP3-recep-
tor in ER membrane (Jayaraman et al., 1996). This is in
agreement with the data that the IP3-receptor of type 1,
identified in cerebellum cells, smooth muscle cells of
the aorta, and T-lymphocytes of the human, contains
two potential sites of phosphorylation on tyrosine (Tyr
482 and Tyr 2617). Tyr 482 is near the IP3-binding site,
and Tyr 2617 is located near the C-terminal domain of
the receptor that forms the Ca2+-release channel (Har-
nick et al., 1995; Marks, 1997). It was found that· upon
activation of T-lymphocytes, the tyrosine phosphoryla-
tion of the IP3-receptor occurs, which results in an
increase of the open state probability of the Ca2+-
release channel (Harnick et al., 1995; Jayaraman et al.,
1996).

Tyrosine phosphatases may be targets for covalent
modification with GSSG or glutoxim. Two types of
tyrosine kinases and tyrosine phosphatases (receptor
and cytoplasmic) have been identified (Hunter, 1995,
1996). In the catalytic domain of all known tyrosine
phosphatases, both cytoplasmic (Barford et al., 1994;
Denu et al., 1996) and receptor ones (Fischer et al.,
1991; Walton and Dixon, 1993), the functionally
important cysteine residue was identified, which exhib-
its phosphatase activity only in the reduced state. The
cytoplasmic tyrosine phosphatases (PTP1C and
PTP1D) were detected, which contain two SH2-
domains (src homology domains) interacting with
phosphorylated tyrosine residues of proteins. These
SH2-domains containing cysteine residues allow
tyrosine phosphatase to bind to phosphorylated protein
substrates and apparently ensure the specific localiza-
tion of tyrosine phosphatase in the cell. The tyrosine
phosphatase 1B (PTP1B) is also the target for redox-
regulation in cells (Denu and Dixon, 1998; Barrett
et al., 1999; Filomeni et al., 2002). Therefore, the cys-
teine residues in SH2-domains and the conservative
cysteine residue in the catalytic domain of tyrosine
phosphatase may be possible targets for covalent mod-
ification by GSSG or glutoxim.

Thus, this was the first study to show that GSSG and
its pharmacological analogue glutoxim increase
[Ca2+]i, causing Ca2+ mobilization from the thapsigar-
gin-sensitive Ca2+-stores and subsequent Ca2+ entry in
rat peritoneal macrophages. With the use of tyrosine
kinase and tyrosine phosphatase inhibitors, the involve-
ment of tyrosine kinases and tyrosine phosphatases in
the [Ca2+]i increase induced by GSSG or glutoxim in
macrophages was detected. Taking into account that
genistein and MDC inhibit a broad spectrum of tyrosine
kinases, it is possible to suggest that both receptor and
cytoplasmic tyrosine kinases may be involved in the
regulatory effect of glutoxim or GSSG on [Ca2+]i.
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