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Each cell receives a complex combination of signals
which simultaneously trigger many different signalling
pathways. Each step in a signalling pathway provides an
opportunity for cross-talk between different signals. Through
cross-talk, the cell integrates information from many different
signalling pathways to initiate an appropriate response
The Genetic Science Learning Center at
The University of Utah Internet site
(The GSLC's)

1. Introduction
Oxidation–reduction (redox) based regulation of signal transduction and gene
expression is a fundamental regulatory mechanism in cell biology. Redox-sensitivity
is caused by electrons transport on side chains of functional –CH2–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; Townsend, 2007; Aquilano et al., 2014). A special
role in redox signalling belongs to thioredoxin and glutathione systems.
The oxidation–reduction system GSH/GSSG is probably the major redoxregulating system in many types of cells. Glutathione (γ-glutamylcysteinylglycine) is
a universal tripeptide contained in the majority of plants, microorganisms, and in all
mammal tissues. Glutathione exists in reduced (GSH) and oxidized (GSSG) forms
(Meister, 1988; Lu, 1999; Sies, 1999). GSH is usually present in cells in high
concentration (0.1–10 mM) and is the most widespread among cellular 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 functions in cells as a reducing agent and an antioxidant.
The GSSG content is increased in cells during different disturbances in cellular
functions; therefore, GSSG was originally considered a biologically aggressive
molecule (Kulinskiy, Kolesnichenko, 1990). However, the studies on the GSSG
effect on cells in various concentrations, performed in a number of laboratories,
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® (PHARMA-VAM, St. Petersburg), a synthetic analogue of GSSG,
has found clinical application as an immunomodulator and a hemostimulator in
complex therapy in cases of bacterial and viral diseases (Zhukov et al., 2004),
psoriasis (Chermoshentsev, 2003; Korsunskaya et al., 2003), and radio- and
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chemotherapy in oncology (Filatova et al., 2004). Another disulfide-containing drug
molixan® (complex of glutoxim with inosine nucleoside) have immunomodulatory,
hepatoprotective and antiviral (except HIV) effects (Borisov et al., 2001). However,
the cellular and molecular mechanisms underlying these drugs action are poorly
understood.
Intracellular Ca2+ regulation is an intensely studied field in physiology and
biophysics due to the ubiquitous nature of Ca2+ and its prominence as a signalling
molecule. Because changes, small or large, in the cytoplasmic Ca 2+ concentration
([Ca2+]i) can alter a tremendous number of cellular processes, a complete
understanding of the regulatory subtleties is essential (Berridge et al., 1998, 2000;
Carafoli, 2002; Berridge, 2003, 2006a,b). There is increasing evidence that alterations
in Ca2+ signalling mechanisms can cause a wide range of pathological conditions
(Berridge, 2003, 2006a,b, 2010, 2011, 2012, 2014). Almost everything that we do is
controlled by Ca2+ - how we move, how our hearts beat and how our brains process
information and store memories. Ca2+ triggers life at fertilization, and controls the
development and differentiation of cells into specialized types. It mediates the
subsequent activity of these cells and, finally, is invariably involved in cell death. To
coordinate all of these functions, Ca2+ signals need to be flexible yet precisely
regulated (Berridge et al., 1998, 2000; Carafoli, 2002; Berridge, 2006a, 2014).
Ionized calcium is the most common signal transduction element in cells
ranging from bacteria to specialized neurons. Unlike many other second messengers,
Ca2+ is required for life, yet prolonged high intracellular Ca2+ levels lead to cell death.
These contradictory roles of Ca2+ in cells, as messenger or as toxin, have intrigued
physiologists for years. Cells avoid death either by using low-amplitude Ca2+ signals
or, more usually, by delivering the signals as brief «transients» (Berridge et al., 1998,
2000; Berridge, 2006a, 2014) .
The incredible versatile Ca2+ signals, depending on an extensive Ca2+ signalling
toolkit, can act in various contexts of space, time and amplitude (Berridge et al.,
1998; Berridge et al., 2000; Clapham, 2007). All the components of Ca2+ signalling
toolkit are very sensitive to the redox modulating agents, including reactive oxygen
species (ROS) as well as disulfide-containing agents. Redox modulation of
components of the Ca2+ signalling toolkit occurs in different physiological and
pathological processes, resulting in altered amplitude and spatiotemporal
characteristics of Ca2+ signals.
The amphibian skin and other isolated epithelial systems serve as classic
models for studying the mechanisms of ion transport through biological membranes.
Both amphibian skin and urinary bladder resemble distal segments of tubules of the
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kidney in their ability to transport electrolytes and to respond to some hormones
(Natochin, 1982); this enables researchers to use data on skin epithelium for
determining the mechanism of water and ion transport in cells of the kidney.
Amiloride-sensitive epithelial Na+ channels (ENaC) play a crucial role in Na+
transport within the reabsorbing epithelia. Because of numerous cysteine residues in
various segments of ENaC, the channel is redox sensitive and, therefore, serves as a
target for both intra- and extracellular oxidizing and reducing agents. At the same
time, almost nothing is known about the effects of these agents on Na+ transport in
native epithelial systems, such as the epithelium of the frog skin.
Thus, it was interesting to investigate the effect of disulfide-containing drugs
on the complicated processes of Ca2+ signalling and Na+ transport and contribute to
the insight of disulfide-containing drugs mechanisms of action as well as to the
comprehension of the cross-talk between redox signalling and Na+ and Ca2+ handling
in nonexcitable cells. We used two adequate model objects – rat peritoneal
macrophages for investigation of Ca2+ signalling, and frog skin epithelium for
investigation of Na+ transport.
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2. The GSH/GSSG redox system
Altered redox homeostasis gives rise to oxidative stress, which may in turn
lead to cell death and facilitate the development of disease. Glutathione (GSH) is the
most abundant intracellular antioxidant thiol. It is involved in cell redox homeostasis
and is central to defensive mechanisms against toxic agents and oxidant-mediated
injury. GSH metabolism is tightly regulated, and has also been implicated in redox
signalling. The balance between oxidants and antioxidants, in particular the
GSH/GSSG ratio, is a useful measure of cellular redox status. Contributions of GSH
and GSSG to the intracellular redox status may induce oxidation or reduction in
specific thiol groups and reversible S-glutathionylation in key proteins involved in
controlling many biological processes. An imbalance in GSH is observed in many
pathologies, including cancer, neurodegenerative disorders, cystic fibrosis, Crohn’s
disease, inflammation and aging (Romagnoli et al., 2012).

2.1. The GSH/GSSG redox system organization and functioning
Glutathione (γ-glutamylcysteinylglycine) is a universal tripeptide contained in
the majority of plants, microorganisms, and in all mammal tissues. Glutathione exists
in reduced (GSH) and oxidized (GSSG) forms (Meister, 1988; Lu, 1999; Sies, 1999;
Aquilano et al., 2014) (Fig. 1, 2). In eukaryotic cells, there are three main pools of
GSH. It was found that 90% of cellular GSH is located in the cytosol; 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 cellular 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 functions in
cells as a reducing agent and an antioxidant. GSH prevents the oxidation of SHgroups or reduces S–S-bonds induced by oxidative stress. The GSH inactivates free
radicals involved in detoxication of xenobiotics (pharmaceutical agents, carcinogenes,
etc.) (Hayes, McLellan, 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 mammalian cells, the ratio of concentrations of
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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 (40–50 mV)
difference of redox potentials does exist, and the reticulum lumen is more oxidized
than the cytosol (Hwang et al., 1992; Banhegyi et al., 1999).

Fig 1. The GSH/GSSG redox couple and its functioning as a biological redox buffer
The ratio of GSH/GSSG reflects the redox capacity of the cell. The ratio is kept in balance
through oxidation/reduction reactions involving GSH peroxidase and GSH reductase. Reactive
oxygen species and reactive nitrogen species induced changes that decrease GSH lead to cell death
via apoptosis or necrosis. GP - GSH peroxidase; GR - GSH reductase; GSH - reduced glutathione;
GSSG - oxidized glutathione (modified from Xiong et al., 2011).

The ratio of GSH and its disulfide, GSSG , contributes to the redox potential of
the cell and thereby contributes to redox homeostasis (Fig. 1, 2). Oxidative or
nitrosative stress induced by physiological or pathological conditions leads to a
decreased ratio of GSH/ GSSG. In addition to the level of GSH and GSSG in cellular
compartments, redox homeostasis is defined by the GSH content that is utilized by
proteins themselves. The disulfide proteome has been described as having two
subproteomes, a structural group and a redox-sensitive group (300). The redoxsensitive proteome can be post-translationally modified through disulfide linkages

10

between GSH and redox-sensitive cysteine residues within proteins, for example, Sglutathionylated (P-SSG) (Fig, 3). Regulation through S-glutathionylation has been
ascribed to a large number of proteins that fall into the following clusters:
cytoskeletal, glycolysis/energy metabolism, kinase and signalling pathways, calcium
homeostasis, antioxidant enzymes, and protein folding (Xiong et al., 2011).

Fig. 2. The GSH/GSSG redox couple
GSH is a tripeptide consisting of glutamic acid, cysteine and glycine. In its oxidized state,
two molecules of GSH are joined together through a disulphide bond to form GSSG. This is the
most abundant redox couple in the cell. The state of this couple can be determined by measuring the
half-cell reduction potential (E−hc). Under normal reducing conditions, this potential is high, i.e.
−240 mV, and this seems to be associated with cell proliferation. Differentiation seems to occur at
lower potentials (−200 mV), whereas still lower potentials of −170 mV favour apoptosis. At these
lower potentials, where there is an alteration in the redox balance, the build-up of GSSG within the
cell can reverse the operation of the glutaredoxin system that functions normally in the recovery of
oxidation-sensitive processes. GSSG interacts with reduced glutaredoxin [Grx-(SH)2] to form
oxidized Grx-S2, and this disulphide bond can be transferred to oxidize target proteins (from
Berridge, 2014).

GSSG is also capable to enter in thiol–disulphide exchange with SH-groups of
proteins, resulting in the formation of a mixed disulphide complex, or may oxidize
the endogenous SH-groups forming disulphides. At oxidative stress, the GSH is
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oxidized to GSSG, and accumulation of GSSG occurs in the cytosol. To prevent 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 signalling in norm and pathology in immunocompetent cells
(Droge et al., 1994, 1998). In human and mouse macrophages, it was shown that
GSH and S-nitrosoglutathione play a significant role in macrophage antimicrobial
activity and are toxic for Mycobacterium tuberculosis (Venketaraman et al., 2003).
Moreover, glutathione is one of the leading factors regulating apoptosis in
macrophages (Boggs et al., 1998).

Fig.3. S-glutathionylation cycle
Cysteine residues on proteins that have a low pKa are targets for redox modulation under
conditions of oxidative or nitrosative stress. The cysteine residue within proteins can be oxidized to
form sulfenic, sulfinic, and sulfonic acids. Both sulfenic and sulfinic acids of proteins can be
reduced or conjugated to GSH to form S-glutathionylated proteins via glutathione S-transferases,
Grx, or nonenzymatically. The post-translational modification can be reversed by Grx and/or
sulfiredoxin. Grx - glutaredoxin; ROS – reactive oxygen species, RNS – reactive nitrogen species
(from Xiong et al., 2011).
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2.2. Disulfide-containing drugs based on GSSG
The GSSG content is increased in cells during different disturbances in cellular
functions; therefore, GSSG was originally considered a biologically aggressive
molecule (Kulinskiy, Kolesnichenko, 1990). However, the studies on the GSSG
effect on cells in various concentrations, performed in a number of laboratories,
showed that GSSG could have a receptor-mediated effect on cellular processes
(Burova et al., 2005; Filomeni et al., 2002, 2005). In addition, there is the number of
therapeutic agents synthesized on the basis of glutathione disulfide. All these drugs
are known as thiopoetins being successfully applied in clinical practice because of
their systemic cytoprotective effects (Borisov et al., 2001; Zhukov et al., 2004).
Glutoxim® (bisodium salt of GSSG containing nanoconcentrations of d-metal;
PHARMA-VAM, St. Petersburg) is a pharmacological GSSG analogue with
immunomodulating and hematopoiesis-stimulating effects (Fig. 4).

Bisodium salt of
GSSG

Me

Me

Coordinative
compound of
GSSG with
d-metal

Fig. 4. The drug glutoxim
Glutoxim includes bisodium salt of GSSG (in the top) and the nanoconcentration of d-metal
constituting the coordinational compound with GSSG (in the bottom). The proportion between
GSSG salt and its complex with d-metal is 10000 : 1.
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According to the Russian Register of Medicines, glutoxim stimulates
hematopoiesis in red bone marrow and acts differentially on normal cells (by
stimulation of proliferation and differentiation) and tumor cells (by induction of
apoptosis). Glutoxim induces regeneration of neutrophil, monocyte and lymphocyte
levels in peripheral blood and stimulates functional activity of immune cells,
particularly their phagocytic activity and production of cytokines, including
interleukins-1, 2, 6 (IL-1, 2, 6), tumor necrosis factor (TNF) and interferons (IFNs)
(Vasilenko et al., 2006). Thus, the drug glutoxim supports the natural anti-tumor and
anti-infectious immunity.
Glutoxim regulates thiol-disulfide exchange and oxidative metabolism in cells,
so its effects are suggested to be caused by its influence on intracellular signalling
processes (Vasilenko et al., 2006). Thus, GSSG and glutoxim were shown to
transactivate (i.e. to activate independently of a ligand) the epidermal growth factor
receptor (EGFR) and stimulate its own tyrosine kinase activity (Vasilenko et al.,
2006).
Nowadays glutoxim is effectively applied in complex therapy of bacterial and
viral infections (Zhukov et al., 2004), tuberculosis, psoriasis (Chermoshentsev et al.,
2003; Korsunskaya et al., 2003), in radio- and chemotherapy of oncological diseases
(Filatova et al., 2010; Manikhas, Zhukova, 2012).
Molixan® (the complex of glutoxim and nucleoside inosine; PHARMA-VAM,
St. Petersburg) was reported to have immunomodulatory, hepatoprotective and
antiviral (except HIV) effects (Borisov et al., 2001). Similarly to glutoxim, molixan
modulates thiol-disulfide exchange in hepatocytes and immune cells, with stimulation
of interleukin and interferon production in liver macrophages and induction of
apoptosis in infected hepatocytes. Nowadays, molixan is actively used in therapy of
viral hepatitis B and C (Borisov et al., 2001).
Drugs Redoxcell, Bikvolit and Liglutin are also pharmacological analogues of
GSSG. Molixan, bikvolit and redoxcell were shown to have hepatoprotective effect
during therapy of liver cirrhosis: these drugs effectively decreased connective tissue
formation and dystrophic processes in patients’ liver (Borisov et al., 2001).
NOV-002. Another GSSG analogue is the drug NOV-002 (Novelos
Therapeutics Inc.) (Townsend, Tew, 2009; Jendernya et al., 2010). NOV-002 is the
complex of GSSG and cis-platinum (1000 : 1) (Fig. 5).
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Fig.5. The structure of NOV-002

Cellular effects of NOV-002 were investigated in details on the premyeloid
HL-60 cell line (Townsend et al., 2008; Townsend, Tew, 2009). It was reported that
NOV-002 is plasma membrane impermeable but it is able to oxidate protein SHgroups exposed to the external medium. Extracellular thiol groups are believed to be
sensors (receptors) of external redox status and participate in redox-signal translation
into cytosol (Townsend et al., 2008).
NOV-002 treatment affects the intracellular GSH and GSSG amount: this drug
increases both GSH and GSSG levels but decreases the ratio GSH/GSSG (Townsend
et al., 2008). At the same time intracellular oxidant production becomes enhanced.
So, NOV-002 promotes mild oxidative stress inside the cell that carries out signalling
function. The effects of NOV-002 are supposed to be connected with Sglutathionylation of key cellular proteins. Structural components of NOV-002 have
different functions (Townsend et al., 2008). Thus, it is GSSG that is responsible for
S-glutathionylation and regulation of cellular redox-balance while cis-platinum has
accessory function promoting interaction between GSSG and its targets (Townsend et
al., 2008).
NOV-002 was reported to stimulate HL-60 cells proliferation by activation of
such protein kinases as JNK (c-Jun N-terminal kinase), p38, ERK (extracellular
signal-regulated kinase) (Townsend et al., 2008). All these signalling proteins are
involved in hematopoiesis, so NOV-002 is considered to stimulate generation of
blood cells in red bone marrow. Clinical investigations confirmed the activating
effect of NOV-002 on myeloproliferation. Thus, NOV-002 treatment increased levels
of lymphocytes, monocytes and natural killers in patients.
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3. Redox modulation of Ca2+ signalling processes in macrophages
Ca2+ signalling – a tale for all seasons
Ernesto Carafoli, 2002

Ca2+ and redox regulation constitute the most important intracellular signalling
systems participating in the regulation and integration of diverse cellular functions.
Reciprocal redox regulation of Ca2+ homeostasis occurs in different physiological and
pathological processes, by modulating components of the Ca2+ signalling toolkit and
altering characteristics of local and global Ca2+ signals.
3.1. General aspects of Ca2+ signalling
Ca2+ signalling is one of the major signalling systems in cells. It functions to
regulate many different cellular processes throughout their life history (Berridge,
2012). It triggers new life at the time of fertilization. It controls many processes
during development, and once cells have differentiated, it governs the activity of
most cellular processes, effectively determining how we metabolize, secrete, move
and think. There also is a darker side to its action, because larger than normal
elevations can cause cell death, either in the controlled manner of programmed cell
death (apoptosis) or in the more catastrophic necrotic changes that occur during
processes such as stroke, cardiac ischaemia and Alzheimer’s disease (Berridge, 2003,
2006a,b, 2010, 2011, 2012, 2014).
The basic mechanism of Ca2+ signalling is relatively simple in that it depends
upon an increase in the intracellular concentration of Ca2+ ([Ca2+]i) (Berridge, 2014).
The Ca2+ concentration is low when cells are at rest, but when an appropriate
stimulus arrives, there is a sudden elevation, which is responsible for a change in
cellular activity. However, there are multiple variations of this relatively simple
theme. The versatility of Ca2+ signalling is achieved by having an extensive Ca2+
toolkit from which a large number of Ca2+ signalling signalsomes are assembled. This
large toolkit contains many different components that can be mixed and matched to
create many different Ca2+ signalling modules (Clapham, 2007; Bootman, 2012).
There are Ca2+ entry channels (voltage-operated Ca2+ channels, store-operated Ca2+
channels and etc.), which control the entry of Ca2+ from the outside. There are Ca2+
release channels (ryanodine receptors (RYRs), IP3 receptors (IP3Rs) and etc.), which
control the release of Ca2+ from internal stores. The Ca2+ buffers (Ca2+ binding
proteins) ensure that the concentration of Ca2+ remains within its operation range and
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does not rise to levels that can induce cell death. Once Ca2+ has carried out its
signalling function, there are Ca2+ pumps (PMCA, plasma membrane Ca2+-ATPase;
SERCA, sarco/endoplasmic reticulum Ca2+-ATPase) and Na+-Ca2+ exchangers that
remove it from the cytoplasm by either extruding it from the cell or returning it to the
internal stores. Ca2+ signalling functions are carried out by various Ca2+ sensors and
Ca2+ effectors that are responsible for translating Ca2+ signals into a change in cellular
activity (Carafoli, 2002; Berridge, 2011, 2014).
Cells at rest maintain a low intracellular concentration of Ca 2+ (approximately
100 nM), but this increases rapidly into the micromolar range when cells are
stimulated (Fig. 6). This increase in intracellular Ca2+ can operate over a very wide
time domain (e.g. microseconds to hours) to regulate many different cellular
processes. This very wide temporal range of Ca2+ signalling is an intrinsic property of
the Ca2+ signalling modules (Berridge, 2014).

Fig. 6. The basic mechanism of Ca2+ signalling
The concentration of Ca2+ in cells at rest is approximately 100 nM, but this increases to 500
nM or more following a stimulus that activates the Ca2+ ON reactions. When the stimulus is
removed, the Ca2+ OFF reactions return the concentration of Ca2+ to its resting level. Ca2+ is a
universal signal capable of activating many different cellular processes operating over a very wide
time domain (from Berridge, 2014).
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An important feature of Ca2+ signalling is its dynamic nature, as exemplified by
the fact that Ca2+ signals invariably appear as a brief transient. The rising phase of
each transient is produced by the ON reactions, whereas the falling phase depends on
the OFF reactions (Fig. 7). At any moment, the level of Ca2+ is determined by the
balance between the Ca2+ ON reactions that increase Ca2+ and the Ca2+ OFF reactions
that remove it from the cytosol (Fig. 7, 8). An important aspect of the ON and OFF
reactions is their spatial location (Galan et al., 2010; Berridge, 2014).

Fig. 7. The sequence of ON and OFF reactions during the generation of a typical Ca 2+
transient
The rising phase of the Ca2+ spike results from the activation of Ca2+ entry and release
mechanisms (yellow bars), which are then terminated by inactivation processes. Once the ON
reactions have been inactivated, a series of OFF reactions operate in a sequential manner to restore
Ca2+ to its resting level (blue bars). During the rising phase of the Ca2+ transient, large amounts of
Ca2+ are rapidly bound to the Ca2+ buffers (Ca2+ binding proteins) and are taken up by the
mitochondria. The mitochondria and cytosolic buffers help to shape the Ca2+ signal by reducing the
impact of the ON reactions. In effect, they enable the cell to generate very fast transients without
running the risk of being overwhelmed by Ca2+ (from Berridge, 2014)
.

In cases where cells need to be stimulated over a long time, these transients are
repeated at set intervals to set up Ca2+ oscillations. These oscillations are part of the
spatiotemporal aspects of Ca2+ signalling.
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Fig. 8. The dynamics of Ca2+ signalling
The dynamics of Ca2+ signalling are governed by an interplay between the ON and OFF
reactions that control the fluxes of Ca2+ across both the plasma membrane and the internal
organelles such as the endoplasmic reticulum (ER) and mitochondria. External stimuli activate the
ON reactions, which introduce Ca2+ into the cytoplasm either through Ca2+ entry channels in the
plasma membrane or from internal stores such as the ER (via Ca2+ release channels). Most of the
Ca2+ that enters the cytoplasm is adsorbed on to buffers, while a much smaller proportion activates
the effectors to stimulate cellular processes. The OFF reactions remove Ca2+ from the cytoplasm
using a combination of mitochondria and different pumping mechanisms. When cells are at rest,
these OFF reactions keep the concentration low, but these are temporarily overwhelmed when
external stimuli activate the ON reactions. Sequential activation of the ON and OFF reactions gives
rise to the Ca2+ transients, which are such a characteristic feature of Ca2+ signalling systems. PMCA
- plasma membrane Ca2+-ATPase; SERCA - sarco/endo-plasmic reticulum Ca2+-ATPase (from
Berridge, 2014)

Activation of a wide variety of membrane receptors leads to a biphasic [Ca2+]i
increase, a biphasic Ca2+ signal, in cells. The first, transient, phase of the Ca2+ signal
is associated with Ca2+ mobilization (release) from intracellular Ca2+ stores. The
second phase is connected with Ca2+ influx from the external medium via voltageoperated Ca2+ channels in excitable cells and via store-operated Ca2+ channels in
nonexcitable cells (Fig. 9).
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Fig. 9. Changes in intracellular Са2+ concentration upon agonist cell stimulation
In Fig. left, cells were incubated in a physiological solution containing 1.8 mM Ca2+. Addition
of an agonist to the external medium caused a rapid increase of [Ca2+]i. This forms the first phase of
the Ca2+ signalling process, which is often referred to as Ca2+ mobilization (Ca2+ release) from the
intracellular Ca2+ stores. The increase was transient, and [Ca2+]i quickly decreased to a level that is
still substantially higher than the resting [Ca2+]i. This is the second, or sustained, phase of Ca2+
increase following stimulation of cell receptors, associated with Ca2+ influx from the external
medium. It is generally accepted that the active extrusion of Ca2+ from cytosol to ER and external
space by the Ca2+ pumps is the major cause of the rapid decrease of [Ca2+]i.
Fig., right, Ca2+-free/Ca2+-reintroduction protocol. If cells were incubated in Ca2+-free
medium, agonist-stimulated [Ca2+]i increase would still occur. However, it would, in general, have a
lower peak level than when external Ca2+ was present and would decrease to the basal level within a
few minutes. Readdition of Ca2+ to the extracellular medium of these cells would cause [Ca2+]i to
increase again (shaded area). Therefore, external Ca2+ contributes to the sustained phase of [Ca2+]i
increase by Ca2+ influx through plasma membrane Ca2+ entry channels. By refilling the internal
stores, Ca2+ influx serves as a crucial process for cells to respond to the continued presence of
extracellular stimuli (from Zhu, Birnbaumer, 1998)
.

The main Ca2+store in nonexcitable cells is endoplasmin reticulum. Ca2+
mobilization from this store occurs according to classical phosphoinositide signalling
pathway, which leads to Ca2+ release from the store via IP3-receptors (Fig. 10, 11A).
Subsequent Ca2+ entry in nonexcitable cells has a «store-dependent» («capacitative»)
character. According to store-dependent model of Ca2+ entry (SOCE – store-operated
Ca2+ entry) Ca2+ entry is regulated by intracellular Ca2+-stores so that store-depletion
activated Ca2+ entry via store-operated Ca2+-channels (Putney, 1997) (Fig. 10, 11).
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Fig. 10. Phosphoinositide signalling cascade
Activation of phospholipase C (PLC) is a common route for the action of many hormones,
neurotransmitters, and growth factors. The β-type PLC is activated by members of the αq-family
and βγ-subunits of heterotrimeric G proteins (G) following receptor activation, whereas the γ-type
PLC is activated by receptor tyrosine kinases. PLC catalyzes the hydrolysis of phosphatidylinositol
4,5-bisphosphate (PIP2) and produces two second messengers - 1,2-diacylglycerol (DAG) and
inositol 1,4,5-trisphosphate (IP3). DAG stimulates protein kinase C (PKC). IP3 is the natural ligand
for a set of Ca2+ channels located on the ER membrane, the IP3 receptors. IP3 binding leads to the
opening of the IP3 receptor and release of Ca2+ from its internal stores into the cytosol. This forms
the first phase of the PLC-mediated Ca2+ signalling process, which is referred to as Ca2+
mobilization. The depletion of the intracellular Ca2+ stores activates store-operated Ca2+ channels in
plasma membrane.
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Fig. 11. Capacitative Ca2+ entry
A. Agonist activation of surface receptor (R) leads to activation of a polyphosphoinositidespecific phospholipase C (PLC), usually through the intermediate action of a heterotrimeric Gprotein (Gp). (1,4,5)IP3 is formed which activates a (1,4,5)IP3-receptor-channel (I.R.C.) causing a
rapid release of Ca2+. This release in turn signals positively to a channel (Entry channel) in the
plasma membrane.
B. With SERCA inhibitors, such as thapsigargin (TG), the receptor-PLC pathway is
bypassed, and Ca2+ is released by virtue of inhibition of the SERCA pump (PUMP). Ca2+ exits the
endoplasmic reticulum via an endogenous leak (Leak). Calcium entry is activated to an extent
similar to that seen with agonist activation (from Putney, 1997).
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3.2. Redox signalling and modulation of Ca2+ signalling
Cells have evolved a sophisticated mechanism of intracellular signalling based
on localized changes in the oxidation state of specific proteins. The internal
environment of cells is normally highly reduced. Certain forms of stress are
associated with an increase in the oxidative state, and this can induce apoptosis. It is
also well known that certain phagocytic cells, such as neutrophils, can rapidly
generate superoxide radical (O2−•) and hydrogen peroxide (H2O2) that are used to kill
other cells during inflammatory responses. In addition to these pathological effects,
there is increasing evidence that the redox system has been adapted to perform a
variety of signalling functions and can modulate the activity of other signalling
pathways. As such, they can control many cellular processes, including cell
proliferation, apoptosis and cellular senescence. Some of these effects are exerted
through a two-way interaction with Ca2+ signalling. For example, redox signalling
can help to promote the tyrosine phosphorylation events that generate many
signalling cascades and it can modulate the activity of the ryanodine receptors
(RYRs) and inositol 1,4,5-trisphosphate receptors (IP3R) that release Ca2+.
Conversely, Ca2+ can stimulate redox signalling, particularly within the
mitochondrion, indicating that there are dynamic interactions operating between these
signalling pathways (Berridge, 2012).
So, there are reciprocal interactions operating between the redox and Ca2+
signalling pathways. There are Ca2+ signalling effects on redox signalling and there
are redox signalling effects on Ca2+ signalling (Berridge, 2014).
The calcium ion, as a ubiquitous intracellular messenger, regulates many
different cellular functions, including contraction, secretion, metabolism, gene
expression, cell survival and cell death (Berridge et al., 2000). Likewise, ROS such as
superoxide anion (O2·–) and hydrogen peroxide (H2O2) are widely involved in
physiological and pathophysiological processes through oxidizing proteins, lipids and
polynucleotides (Morad, Suzuki, 2000; Ermak, Davies, 2002). Recent studies have
underscored the notion that the Ca2+ and ROS signalling systems are intimately
integrated such that Ca2+-dependent regulation of components of ROS homeostasis
might influence intracellular redox balance, and vice versa. On one hand, a number
of ROS-generating and antioxidant systems of living cells have been shown to be
Ca2+-dependent (Gordeeva et al., 2003; Brookes et al., 2004). Conversely, regulation
of Ca2+ signals can be redox-dependent (Fig. 12).
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Fig. 12. Cross-talk between Ca2+ and redox signalling
Ca2+ modulates ROS (Reactive Oxygen Species) generation and annihilation systems in the
mitochondria and the cytosol. Meanwhile, components of Ca2+ signalling toolkit are regulated by
ROS, so as to alter local and global Ca2+ signals in physiological and pathological processes. SOC store-operated Ca2+ channel; PLC - phospholipase C; PIP2 - phosphatidylinositol-4,5-bisphosphate;
TCA - tricarboxylic acid; ETC - electron transport chain; U - uniporter.
Systems of Ca2+ extrusion from the cytosol: NCX - Na+/Ca2+-exchanger; PMCA - plasma
membrane Ca2+-ATPase; SERCA - Ca2+-ATPase in the membrane of endoplasmic reticulum (ER)
or sarcoplasmic reticulum (SR); U - Ca2+-uniporter in mitochondrial membrane.
Systems of Ca2+ entry to the cytosol: VDCC - voltage-dependent Ca2+ channels and SOC store-dependent Ca2+-channels in plasmalemma; Ca2+ release channels (RYR, ryanodine receptors
and IP3R, IP3-receptors) in the membrane of Ca2+-store; Na+/Ca2+-exchanger in mitochondrial
membrane (from Yan et al., 2006).

Ca2+ signalling effects on redox signalling. One of the actions of Ca2+ is to
enhance redox signalling by interfering with the recovery of the oxidation-sensitive
processes. Ca2+ acts by turning down the thioredoxin system by inhibiting the
thioredoxin reductase that normally switches off redox signalling. Ca2+modulates
ROS homeostasis by regulating ROS generation and annihilation mechanisms in both
the mitochondria and the cytosol (Yan et al., 2006).
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Redox signalling effects on Ca2+ signalling. The Ca2+ signalling system
comprises hundreds and up to thousands of protein players that are involved in
virtually every aspect of cell biology and physiology. Any influence on the Ca2+
signalling toolkit might change the spatiotemporal profile of local and global Ca 2+
signals, contributing to the efficiency, specificity and complexity of Ca 2+ signal
transduction (Yan et al., 2006).
There are numerous examples of redox signalling acting to enhance Ca2+
signalling (Berridge, 2012). The interrelationship between ROS production and Ca2+
homeostasis was first reported in the 70s. It is known that the involvement of the
redox state in Ca2+ homeostasis is mediated by the modification of disulfide bonds
between cysteine residues of some Ca2+ “off”-handling proteins, including PMCA,
NCX and SERCA. Most studies reveal that ROS inactivates these transporters,
leading to a rise in [Ca2+]i and subsequent cell dysfunction (Galan et al., 2010) (Fig.
12, 13).

Fig. 13. Oxidative stress and Ca2+ transport
Oxidants cause Ca2+ influx into the cytoplasm from the extracellular environment and from
the ER/SR stores through IP3-gated channels. At the same time they inhibit Ca2+ transport out of the
cytoplasm through ATPase pumps. Na+/Ca2+ exchangers can also be inhibited or even reversed,
causing additional Ca2+ accumulation in the cytoplasm. Rising Ca2+ concentration in the cytoplasm
leads to Ca2+ transport into the mitochondria through uniporters and into the nucleus through pores.
The immediate effect of oxidative stress on nuclear Ca2+ channels and pumps has not been studied
(from Ermak, Davies, 2002).
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Ca2+ “on” mechanisms are also susceptible to be altered by oxidative stress.
Intracellular Ca2+ channels responsible for Ca2+ release from the intracellular stores
are sensitive to ROS. For instance, IP3R function has been reported to be affected by
ROS through the modification of cysteine residues. ROS increase the sensitivity of
IP3R to cytosolic IP3 levels, thus IP3R might be sensitive to resting IP3 levels. Finally,
oxidants can also modulate the function of a number of Ca2+ permeable plasma
membrane channels. ROS alter the activity of voltage-gated Ca2+ channels, specially
the activity of L-type Ca2+channels, and SOCE-channels (Galan et al., 2010) (Fig. 12,
13).
Interactions between Ca2+and ROS signalling systems can be both stimulatory
and inhibitory, depending on the type of target proteins, the ROS species, the dose,
duration of exposure, and the cell contexts. Such extensive and complex cross-talk
might enhance signalling coordination and integration, whereas abnormalities in
either system might propagate into the other system and undermine the stability of
both systems (Yan et al., 2006).
Cross-talk between Ca2+ and ROS signalling systems occurs at multiple levels
in different subcellular compartments (e.g., the plasma membrane, the cytosol and
mitochondria), and involves a constellation of molecular players (Fig. 12) (Yan et al.,
2006).
Both ROS generation and clearance as well as Ca2+ signalling are subject to
tight local regulation, therefore future study should unravel endogenous high local or
compartmentalized ROS (eg, inside the mitochondrial matrix, ER/SR lumen or
nucleoplasm) interacting with Ca2+ signalling molecules, and vice versa. Such crosstalk provides not only a fine-tuning mechanism for homeostatic regulation of either
system, but also a coupling mechanism for signalling integration in the regulation of
physiological functions. Under pathophysiological conditions, however,
abnormalities in either signalling system could propagate into the other system, and
feedback reinforcement could cause instabilities in both systems (Yan et al., 2006;
Galan et al., 2010).
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3.3. Methods
Cells. Experiments have been performed on cultivated resident peritoneal
macrophages (Fig. 14) from Wistar rats. These cells were isolated from peritoneal
cavity of 180–250 g rats as described earlier (Conrad, 1981; Randriamampita,
Trautmann, 1987). Freshly isolated cells have spherical shape and diameter of 10–20
µm. Cell suspension was placed in culture dishes with 10x10 mm quartz glasses and
cultivated for 1–3 days in 199 medium (pH 7.2) with 20% bovine serum, 3%
glutamine, penicillin (100 units/ml), streptomycin (100 µg/ml) at 37°C. Testing αnaphthyl esterase activity (Monahan et al., 1981) revealed that, at least, 96% cells in
monolayer were macrophages. Experiments were performed at 22–24°C 1–2 days
after cell plating. Quartz glasses with cells were placed in experimental chamber
filled with the physiological solution: 140 mM NaCl, 5 mM KCl, 1 mM CaCl 2, 1 mM
MgCl2, 5 mM HEPES-NaOH, pH 7.3–7.4. Calcium-free medium differed in that it
contained 1 mM EGTA and 0 mM CaCl2.

Fig. 14. Rat peritoneal macrophages
Images of rat peritoneal macrophages loaded with Fura-2AM imaged by Leica DM 4000B
fluorescent microscopy using videocamera Leica DFC340FX
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Reagents. Glutoxim and molixan were provided by PHARMA-VAM
Company (St. Petersburg). Glutoxim (50 mg/ml), GSSG (50 mg/ml), molixan (50
mg/ml), cystine (1 mg/ml), cystamine (10 mg/ml and 100 mg/ml), ATP (100 mM),
dithiothreitol (DTT) (100 mM), sodium orthovanadate (10 mM), verapamil (20 mM),
chlorides of Ni2+ (1 M), La3+ (1 M), Gd3+ (50 mM), neomycin (25 mM) and
compound H-7 (50 mM) stock solutions were prepared in water. Cytochalasin D (2
mg/ml), latrunculin B (5 mM), calyculin A (50 µM), genistein (100 mM),
wortmannin (1 mM), LY294002 (50 mM), calphostin C (0.5 mM), colcemid (25
mM), nocodazole (5 mM), taxol (10 mM), indomethacin (10 mM), thapsigargin (500
µM), nifedipine (20 mM), methyl-2,5-dihydroxycinnamate (MDC) (25 mM), suramin
(50 mM), compound CK-094666 (100 mM), wiskostatin (10 mM), jasplakinolide (2
mM), nordihydroguaiaretic acid (NDGA) (10 mM), proadifen (100 mM), econazole
(5 mM) and N-acetyl-S-farnesyl-L-cysteine (50 mM) stock solutions were prepared
in dimethyl sulfoxide (DMSO). Brefeldin A (50 mM), acetylsalicylic acid (aspirin)
(10 mM), caffeic acid (10 mM) and baicalein (10 mM) stock solutions were prepared
in alcohol. All reagents were purchased from Sigma-Aldrich Company (United
States).
[Ca2+]i was measured with Fura-2AM fluorescent probe (Sigma-Aldrich,
United States). Macrophages were incubated for 45 min in saline containing 2 µM
Fura-2AM at the room temperature. Glasses with stained cells were washed with
physiological solution and transferred to the experimental chamber fixed on the table
of Lumam-KF luminescent microscope (LOMO, Russia). Fura-2AM fluorescence
was excited at 337 nm with LGI-503 nitrogen laser. The laser was located one side of
the microscope at an angle of 30° to the experimental chamber, that allowed to
concentrate the laser beam directly to the object. The fluorescence intensity was
registered with SFN-10 spectrophotometer at 510 nm. The signal from
photomultiplier (PMT-79) was enhanced with the specially constructed amplifier and
recorded with the IBM PC digital computer using the original software. Cells were
visualized with objective 10x and aperture 0.4. At this magnification the registered
area has 40–50 cells. To avoid photobleaching, the measurements were performed
every 20 s, irradiating the object for 2.5 s. [Ca2+]i values were calculated according to
the Grynkiewicz’s equation (Grynkiewicz et al., 1985). Figs. present the results of
typical experiments. Each recording is obnained for 40-50 cells and is typical of three
to seven independent experiments
Fura2-AM ratiometry. Part of the experiments was performed on Leica DM
4000B (Leica Microsystems, Germany) microscope using Fura-2AM ratiometry.
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When fluorescent probe concentration is small ratiometry allows to perform precise
measurements of [Ca2+]i in the cells. Ratiometry significantly decreases the influence
of uneven cell staining and photobleaching, and eliminates problems of
measurements in cells of different thickness. Cells were visualized with objective 10x
and aperture 8 mm. For the excitation of Fura-2AM fluorescence Leica DM 4000B
illuminator (with xenon lamp with 75 Wt wattage as the issue of light) was used. For
the [Ca2+]i evaluation we performed ratiometry investigation with alternating
exposure of macrophages to the ultraviolet light with wavelengths of 340 and 380 nm
via microscope objective. For the selection of corresponding spectal areas the
narrowband optical filtre was used. For both wavalengths we performed the
registration of the emission value, induced by Fura-2AM fluorescence. Emission was
registered at the wavelength of 510 nm with the use of specialized videocamera Leica
DFC340FX. For the selection of 510 nm light the optical filtre was used. For the
experiment management and image treatment we used ImageJ software (plugin
Micro-Manager 1.4). The result of the experiment was the ratio of Fura-2AM
fluorescence with excitation alternatively at 340 nm and 380 nm (Ratio(F340/F380);
F340 – the fluorescence intensity of Са2+-Fura-2AM complex, F380 – fluorescence
intensity of free Fura-2AM). To avoid photobleaching, the measurements were
performed every 20 s, irradiating the object for 2 s.
After the experiments the most results were calibrated according to the method
of Grynkiewicz (Grynkiewicz et al., 1985). Some figures represent the direct results
of ratiometry, where ordinate is the Ratio(F340/F380) in arbitrary units (a.u.).
Visualization of actin cytoskeleton in macrophages. On the second day of
macrophage cultivation the cells were exposed to 100 µg/ml glutoxim or molixan for
20 min. Control cells were incubated in the medium without drugs. To visualize actin
cytoskeleton, the cells were washed with phosphate saline buffer (PBS), fixed with
3.7% formalin for 15 min, washed three times with PBS, treated with 0.1% Triton X100 for 10 min and then stained with rhodamine-phalloidin (Sigma-Aldrich, United
States) for 10 min at 37°C. The preparations obtained were examined using
AxioObserver.Z1 inverted microscope (Carl Ziess, Germany) under objective 100x,
exciting and registering fluorescence at 550 and 605 nm, respectively. Images were
obtained with ApoTome device. Images were analyzed and fluorescence intensity
along the specified line was plotted using ImageJ software (http://rsb.info.nih.gov/ij).
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3.4. The effect of disulfide-containing agents – cystine and cystamine – on [Ca2+]i
in rat peritoneal macrophages
Cystine (dicystein, cysteine disulfide, 3,3’-dithiobis 2-aminopropionic acid)
(Fig. 15a)– the dimer of sulfur-containing amino acid cysteine with disulfide bond.
Forming in proteins during their folding and functioning, cystine is important for
stabilization of the three dimensional protein structure. Both sulfur-containing cystine
and cysteine occur in blood with cystine consisting 40 – 100 %.
Cystine (Fig. 15a), a disulfide formed between two cysteine molecules, is the
predominant form in the extracellular space, whereas cysteine is the prevailing form
in cells due to highly reducing conditions. These amino acids are important not only
as precursors for protein and antioxidant glutathione (GSH) biosynthesis, bit also for
the maintenance of physiological redox conditions inside/outside of the cells (Conrad,
Sato, 2012).
a

b

Fig. 15. The structures of cystine (a) and cystamine (b)

Cystine is abundant in immune cells, connective tissues (especially in bones
and skin). Cystine is known to be one of the key antioxidants. Combination of cystine
and vitamin E enhances the antioxidant effect of both compounds, so combined
application of cystine and vitamin E can promote break-up of nephroliths. Moreover,
cystine plays an important role in hair and nail growth; cystine consumption
stimulates regeneration of connective tissues after surgical operations and burn
damages. At the same time the pathological increase of cystine concentration is
observed during hereditary disorder cystineosis connected with kidney disorder and
accumulation of cystine crystals in cornea (Coor et al., 1991).
Essential metabolic function of cystine is connected with the main cellular
antioxidant glutathione (Fig. 16). Inside the cell there is a lot of glutamate and
glycine, but not cysteine, so glutathione synthesis depends on cysteine availability.
Extracellular concentration of cysteine itself is rather low because it is normally
included in disulfide – cystine. The main system of cystine uptake in mammalian
cells is heteromeric transporter Xc‾ that provides cystine exchange to glutamate
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independently of Na+ ions (Chillaron et al., 2001: Wagner et al., 2001; Palacin et al.,
2005) (Fig. 17). Both cystine and glutamate are transported in anionic form so this
antiporter is electroneutral. Supplied cystine is immediately reduced inside the cell to
cysteine that, in turn, participates in protein and glutathione synthesis (Fig. 16).

Fig. 16. The cystine/cysteine redox cycle driven by system XcSystem Xc- sustains a redox cycle at the membrane, consisting of cystine (Cys-S–S-Cys)
uptake, intracellular reduction of cystine most likely by forming mixed disulfides with glutathione
(GSH) and secretion of cysteine into the extracellular space where, eventually, cysteine is oxidized
to cystine. Cysteine is also used etracellularly for both protein and GSH synthesis. GSH is
synthesized in two steps by the rate-limiting enzyme c-glutamylcysteine synthetase (c-GCS) and
glutathione synthetase (GS). GSH itself is used as a cofactor for glutathione peroxidases (GPx),
glutaredoxins (Grx) and glutathione-S-transferases (GST) and other GSH dependent functions such
as Fe–S cluster biogenesis. Oxidized glutathione (G-S–S-G) is recycled back to GSH by glutathione
reductase at the expense of NADPH/H+ (from Conrad, Sato, 2012).

Cystine/glutamate antiporter is identified in different mammalian cells
including fibroblasts, mice peritoneal macrophages (Watanabe, Bannai, 1987; Sato et
al., 1995, 2001), human macrophages (Rimaniol et al., 2001), epithelial cells of
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kidney and retina (Wagner et al., 2001; Bridges et al., 2001, 2004). Molecular cloning
methods allowed to establish that Xc‾-antiporter consists of two – light and heavy –
subunits, connected with disulfide bond (Fig. 17) (Sato et al., 1995, 2001; Gasol et
al., 2004). The light subunit xCT (501 aminoacid residues, 55 kDa) includes 12
transmembrane segments and participates in transport and selectivity. The
extracellular heavy subunit 4F2hc is involved in heterodimer translocation to
plasmalemma.

Fig. 17. Membrane topology of human aminoacid transporter Xc‾
The heavy subunit (pink) and the light subunit (blue) are linked by a disulfide bridge
(yellow) with conserved cysteine residues (cysteine 158 for the human xCT and cysteine 109 for
human 4F2hc). The heavy subunits (4F2hc) are type II membrane glycoproteins with an
intracellular NH2 terminus, a single transmembrane domain, and a bulky COOH terminal. This part
of the protein shows homology with bacterial glycosidases. The membrane topology of the light
subunit xCT, as model of the other light subunit, shows 12 transmembrane domains, with the NH2
and COOH terminals located intracellularly and with a reentrant loop-like structure in the
intracellular loop IL2-3 (His110 corresponds to the apex of the loop). Residues with external
(black) or internal (red) accessibility are shown (from Palacin et al., 2005).

Xc‾-antiporter is inhibited by quisqualate, L-homocysteine and 4carboxyphenylglycine (Gasol et al., 2004). Activity of Xc‾-antiporter is stimulated by
electrophilic
agents
(diethylmaleate),
hydrogen
peroxide,
bacterial
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lipopolysaccharide. Thus, lipopolysaccharide effectively activates Xc‾-antiporter in
macrophages and promotes the increase of intracellular GSH (Sato et al., 1995).
Cystamine (cysteamine; 2,2’-dithiobisethylamine; 2,2’-diaminodiethyl
disulfide) (Fig.15b) is radioprotective drug that improves resistance of biological
objects to ionizing radiation. It was shown that cystamine can regulate enzyme
activity by oxidation of protein SH-groups and production of mixed disulfides with
proteins (Thor et al., 1985). Thus, cystamine was reported to inhibit thiol-containing
enzymes such as transglutaminase and caspases producing mixed disulfide in their
active center (Lesort et al., 2003). At the same time cystamine functions as
antioxidant increasing intracellular glutathione concentration (Jokay et al., 1998).
Due to these effects, cystamine can be used in therapy of neurodegenerative
disorders, for instance, Huntington’s disease (Lesort et al., 2003).
The effect of cystine and cystamine on [Ca2+]i in rat peritoneal macrophages
was investigated.
At first we investigated cystine and cystamine effect on Ca2+ signals induced
by ATP and thapsigargin. The addition of 200 µM ATP to peritoneal macrophages
induces a biphasic Ca2+ signal: a transient peak caused by Ca2+ mobilization from the
stores and a long-lasting plateau reflecting the Ca2+ entry from the external medium
(Alonso-Torre, Trautmann, 1993; Krutetskaya et al., 2000) (Fig. 18a, 18c).
Thapsigargin (0,5 µM), a specific inhibitor of endoplasmic Ca2+-ATPase (Thastrup et
al., 1989), also induces a biphasic Ca2+ signal: a less pronounced peak caused by Ca2+
mobilization form the stores and a long-lasting phase reflecting the store-dependent
Ca2+ entry from the external medium (Fig. 18b, 18d).
Macrophages were stimulated by 200 µM ATP in Ca2+-free medium and
subsequently store-operated Ca2+ entry was activated by 2 mM Ca2+. We have
established that the addition of 10 µg/ml cystine or 400 µg/ml cystamine upon ATPinduced Ca2+ entry suppressed Ca2+ influx rapidly and almost completely and
decreased [Ca2+]i to the basal level (Fig. 19a, 20a). The inhibitory effect of cystine
and cystamine is suggested to be caused by modification of functionally essential SHgroups in the outer mouth or the pore region of store-operated Ca2+-channel.
The treatment of cells with cystine (Fig. 21a) or cystamine (Fig. 22a) in Ca2+free medium induced gradual increase of [Ca2+]i that can be connected with Ca2+
release from intracellular stores. It should be noted that cystamine-induced
mobilization was significant and reached a plateau after 20 – 25 min. Subsequent
addition of 2 mM Ca2+ to the extracellular medium stimulated Ca2+ entry into
macrophages associated probably with store depletion (Fig. 21a; 22a).
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Fig. 18. Ca2+ signals induced by ATP (a, c) and thapsigargin (TG; b, d), in peritoneal
macrophages
Here and in other recordings 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 normal saline; c, d сells 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.

Preliminary incubation of macrophages with disulfide-reducing drug
dithiotreitol (DTT, 0,5 mM) for 15 min before cystine (Fig. 21b) or cystamine (Fig.
22c) application prevented the [Ca2+]i increase in response to cystine or cystamine
(Fig. 21b, 22c). The addition of 1 mM DTT during the phase of already developed
Ca2+ entry induced by cystamine completely reversed [Ca2+]i increase and returned
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[Ca2+]i to the basal level (Fig. 22d). These results suggest that [Ca2+]i increase induced
by cystine or cystamine is mediated by their interaction with the functionally
important SH-groups of proteins involved in Ca2+ signalling.
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Fig. 19. The effect of cystine on [Ca2+]i in resting state and on Ca2+ signals induced by
ATP in rat peritoneal macrophages
a – after addition of 200 µM ATP in nominally Ca2+-free medium Ca2+ entry was activated
by application of 2 mM Ca2+. ATP-induced Ca2+ entry was completely inhibited by 10 µg/ml
cystine; b – macrophages were incubated with 10 µg/ml cystine for 30 min in nominally Ca2+-free
medium. After that 200 µM ATP was added; Ca2+ entry was induced by 2 mM Ca2+ and was
inhibited significantly by 40 µМ nifedipine.

It was also shown that macrophage incubation with cystine (Fig. 19b) or
cystamine (Fig. 20b) during 30 min before the addition of 200 µM ATP caused
partial decrease of ATP-induced Ca2+ mobilization from intracellular stores. This
indicates that the [Ca2+]i increase caused by cystine or cystamint is determined by
Ca2+ mobilization from the intracellular Ca2+ stores. Ca2+ entry after incubation with
cystine and application of ATP was completely inhibited by 40 µM nifedipine (Fig.
19b). However nifedipine had no effect on ATP-induced Ca2+ entry after cell
incubation with cystamine (Fig. 20b).
After IP3-sensitive Ca2+-store depletion induced by thapsigargin, cystine
activated modest increase of [Ca2+]i that could be connected with Ca2+ mobilization
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from other intracellular stores (for instance, mitochondria) or with the cystineinduced enhancement of IP3-receptor sensitivity to IP3 (Fig. 21c). At the same time
cystamine was unable to release Ca2+ after thapsigargin-induced Ca2+-store depletion
(Fig. 22b). It suggests that cystamine induces Ca2+ mobilization from the
thapsigargin-sensitive Ca2+-stores.
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Fig. 20. The effect of cystamine on [Ca2+]i in resting state and on Ca2+ signals induced
by ATP in rat peritoneal macrophages
a – after 200 µМ ATP application 2 mM Ca2+ was added. ATP-induced store-operated Ca2+
entry was completely inhibited by 400 µg/ml cystamine; b – after incubation of cells for 30 min
with 10 µg/ml cystamine, 200 µМ ATP was applied. Then Ca2+ entry was activated by 2 mM Ca2+,
after that 40 µМ nifedipine was added.

In literature revisied we didn’t find any data about cystine effect on [Ca2+]i in
native cells. Our results are in agreement with experimental data of Renard et al.
(Renard et al., 1992) who showed that 2 mM GSSG and 2 mM cystine increase IP 3receptor sensivity to IP3 without influence on IP3 metabolism in permeabilized rat
hepatocytes. Also it was established that 2 mM cystine partly inhibited SERCA, but
cystine influence on IP3-receptor sensivity was more pronounced (Renard et al.,
1992). Futhermore, after SERCA inhibition by thapsigargin, the effect of GSSG and
cystine on IP3-receptors was still observed. Similar to our data GSSG and cystine
effects were prevented by DTT treatment (Renard et al., 1992).
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Fig. 21. Cystine effect on [Ca2+]i in rat peritoneal macrophages (Са2+-free/Ca2+reintroduction protocol)
a – after 30 min incubation of cells with 10 µg/ml cystine Ca2+ influx was activated by
application of 2 mM Ca2+; b – macrophages were incubated for 15 min with 0,5 mM DTT, then 10
µg/ml cystine was added; 17 min later addition of 2 mM Ca2+ activated Ca2+ entry; c – after
macrophage stimulation with 0,5 µМ thapsigargin cells were incubated with 10 µg/ml cystine. In 20
min 2 mM Ca2+ was applied to activate Ca2+ entry.

In general we can suggest the following mechanisms by which GSSG and
cystine may enhance IP3-receptor sensivity to IP3. These agents can either modulate
directly IP3-receptor activity, or inhibit IP3 metabolism, or suppress SERCA. But
taking into account that GSSG and cystine didn’t affect IP3 metabolism and SERCA
inhibition by thapsigargin didn’t interrupt their activity the most probable mechanism
suggested is direct GSSG and cystine modulation of IP3-sensitive Ca2+-channels by
means of mixed disulfide formation (Fig. 23)
The mechanism of cystamine-induced Ca2+ mobilization is still unknown. It
can be suggested that cystamine releases Ca2+ by inhibition of SERCA and, therefore,
store replenishment. But, unlike thapsigargin, Ca2+ release in response to cystamine
has steady-state phase that invite us to suppose cystamine to inhibit also Ca2+transport to extracellular medium by plasma membrane Ca 2+-ATPase or Na+/Ca2+exchanger. IP3-receptors are supposed to be alternative or additional target for
cystamine oxidizing action (Fig. 23).
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Fig. 22. Cystamine effect on [Ca2+]i (Са2+-free/Ca2+-reintroduction protocol) and the
effect of reducing agent DTT on Ca2+ responses induced by cystamine in rat peritoneal
macrophages
a – macrophages were treated by 10 µg/ml cystamine for 30 min, then 2 mM Ca2+ was
added to activate Ca2+entry; b – sequential addition to macrophages of 0,5 µМ thapsigargin, 100
µg/ml cystamine and 2 mM Ca2+; c - cells were incubated for 12 min with 0,5 µМ DTT, then for 11
min – with 300 µg/ml cystamine. After that 2 mM Ca2+ was added; d - cells were treated by 100
µg/ml cystamine for 23 min, then the addition of 2 mM Ca2+ activated Ca2+ entry, subsequently
inhibited by 1 mM DTT.

The results obtained are in agreement with data about cystamine action on
[Ca2+]i in rat hepatocytes (Nicotera et al., 1986; Masaki et al., 1989). The authors
suggested this effect to be caused by inhibition of plasma membrane Ca2+-ATPase
but don’t exclude activation of Ca2+ entry from external medium by cystamine. At the
same time cystine and cystamine were unable to release Ca 2+ from SR vesicles in
rabbit skeletal muscle (Trim et al., 1986).
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Fig. 23. Possible model of cystine and cystamine effect on Ca2+ signalling processes in
macrophages
Cystine and cystamine can penetrate into the macrophages. Cystamine, which doesn’t
include negatively charged amino acid residues, may easily penetrate into the cytosol; cystine can
be transported to the cytosol via XC- transporter, which transports cystine to the cell in the
exchange for glutamate. In the cytosol, cystine and cystamine may interact with the important
conservative cysteine residues of IP3-receptor (IP3R) causing Ca2+ release from the Ca2+-store.
Ca2+-store depletion, in its turn, activates store-dependent Ca2+ entry into the macrophages.
According to the fact that cystamine-induced Ca2+ mobilization has stationary phase, it may be
proposed, that cystamine also inhibits SERCA Ca2+-ATPase in Ca2+-store membrane and Ca2+ATPase in plasmalemma. Being applied during already developed Ca2+ entry induced by ATP,
cystine and cystamine rapidly inhibit Ca2+ entry, therefore they may also modify functionally
important SH-groups of store-dependent Ca2+-channels and inhibit their activity.
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The effect of cystine and cystamine on store-operated Ca2+ entry in rat
peritoneal macrophages. Sulfhydryl (SH-) groups of cysteine residues are the most
reactive in proteins in normal physiological conditions (Kenyon, Bruice, 1977). They
are actively modified by alkylation, acylation, arylation and oxidation. In protein with
three-dimentional structure two neighbouring cysteines can join together with
disulfide (S - S) bridge formation. This reaction is induced in oxidated but not
reduced protein environment (Branden, Tooze, 1991). At the same time disulfide
bonds are often formed in extracellular and transmembrane protein domains. S – S
bridges stabilize steric protein structure decreasing its sensitivity to denaturizing
factors. In some proteins disulfide bridges join different polypeptide chains, for
instance, α2 and δ subunits of voltage-dependent Са2+ channels.
Structure and functions of cysteine-containing proteins including ion channels
are determined by SH-groups redox state. The analysis of voltage-dependent Са2+
channels amino acid sequences revealed 41 cysteine residues with 12 of them being
available to the external medium and 3 residues localizing in the channel pore (Tang
et al., 1993; Tomaselli et al., 1993; Chiamvimonvat et al., 1995). The parallel
analysis of different Са2+ channels showed the highly conservative external cysteines
in dihydropyridine-sensitive Са2+ channels. Modifications of some cysteines
(especially in pore region) were shown to affect the channel permeability.
Thus, there is a special interest to our results about thiol-modifying agents
cystine and cystamine effect on Ca2+ signalling processes. The data obtained invite us
to suppose that both cystine and cystamine inhibit Ca2+ entry by modifying the
functional SH-groups in the outer mouth and/or the pore region of store-operated
Ca2+-channels (Fig. 23).
3.5. The effect of GSSG, glutoxim and molixan on intracellular Ca2+
concentration and Ca2+ signals induced by ATP and thapsigargin in
macrophages
The role of Ca2+ ions, a ubiquitous secondary messenger, 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, glutoxim and molixan on [Ca2+]i and Ca2+
signals induced by the purinergic agonist ATP and the endoplasmic Ca2+-ATPase
inhibitor thapsigargin in rat peritoneal macrophages.
The effect of glutoxim and GSSG at concentrations of 10, 100, 200, 300, 400,
500, and 600 µg/ml was studied. Fig. 24 shows the effect of glutoxim (100 µg/ml) on
[Ca2+]i in resting cells and Ca2+ signals induced by 200 µM ATP (Figs. 24a, 24b) or
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0.5 µM thapsigargin (Fig. 24c) in the macrophages incubated in a normal saline (a) or
nominally calcium-free medium (Figs. 24b, 24c).

Fig. 24. 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 - сells 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.

It can be seen in Fig. 24a that preincubation of cells with glutoxim in the
medium containing Ca2+ for 15 min before ATP addition induces a slight increase in
the basal Ca2+ level and a decrease (by 20–30%) in the phase of Ca2+ mobilization
from the stores induced by ATP. The [Ca2+]i increase after the addition of glutoxim
may be determined by both Ca2+ mobilization from the intracellular stores and Ca2+
entry from the external medium.
To elucidate the mechanism of [Ca2+]i increase induced by glutoxim, the
experiments in the nominally calcium-free medium (Figs. 24b, 24c) were performed.
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It was found that, under such conditions, glutoxim induces a [Ca 2+]i increase and
subsequent decrease (by 20–30%) in the phase of Ca2+ mobilization from the stores
induced by ATP (Fig. 24b) or thapsigargin (Fig. 24c). This indicates that the [Ca2+]i
increase caused by glutoxim is determined by Ca2+ mobilization from the intracellular
Ca2+ stores. A similar pattern was obtained in the presence of GSSG (Fig. 25) or
molixan (Fig. 26a).

Fig. 25. Effect of oxidized glutathione (GSSG) on the intracellular Ca2+ concentration
and ATP- or thapsigargin-induced Ca2+ signals 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.

The data shown in Fig. 27 confirm that the [Ca2+]i increase induced by
glutoxim or GSSG is determined by Ca2+ mobilization from stores. Addition of 2 mM
Ca2+ to the external medium of the cells preincubated for 12 min with glutoxim (Fig.
27a) or for 16 min with GSSG (Fig. 27b) induced Ca2+ entry that was caused
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presumably by the Ca2+ release from the intracellular store. After the emptying of
Ca2+-stores by 0,5 μM thapsigargin, glutoxim induced no [Ca2+]i increase (Fig. 27c).
This suggests that glutoxim or GSSG induce Ca2+ mobilization from the thapsigarginsensitive Ca2+-stores.
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Fig. 26. Effect of molixan on the intracellular Ca2+ concentration and Ca2+ signals
induced by ATP in macrophages
a - macrophages in nominally calcium-free medium were preincubated with 100 μg/ml
molixan for 30 min before 200 μM ATP addition, after which Ca2+ entry was initiated by addition
of 2 mM Ca2+ to the external medium; b - cells were preincubated for 25 min in the presence of 100
μg/ml molixan in nominally calcium-free medium, after which Ca2+ entry was initiated by addition
of 2 mM Ca2+ to the external medium.

Earlier, we described pharmacological properties of the store-dependent Ca2+
entry in rat peritoneal macrophages (Krutetskaya et al., 1997c, 2000). It was shown
that store-dependent Ca2+ entry induced by emptying of Ca2+-stores by 0,5 μM
thapsigargin or 200 μM UTP is blocked by the following pharmaceutical agents: (1)
two structurally different inhibitors of voltage-gated Ca2+-channels, nifedipine (20
μM) or verapamil (40 μM); (2) ions Ni2+ (1 mM), La3+ (1 mM), and Gd3+ (10 μ M);
and (3) niflumic acid (100 μM), 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. 24, 25, 27 suggest that the agents studied change the
pharmacological properties of Ca2+-channels in macrophages. The channels become
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less sensitive to the blocking effect of Ca2+-antagonists, such as nifedipine (Figs. 24b,
25c) and verapamil (Figs. 24c, 25b) as well as the inorganic blockers La3+ (Fig. 25a)
and Gd3+ (Fig. 24a). The only effective blocker was Ni2+ ions (Figs. 24b, 25b).
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.

Fig. 27. 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 nifedipine (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.

The fact that GSSG and glutoxim change the pharmacological properties of
Ca channels, making them less sensitive to the blocking effect of organic and
inorganic Ca2+-channel blockers, suggests that these oxidizing agents modify the
functionally important SH-groups located in the outer mouth and/or in the pore of
store-dependent Ca2+-channels.
2+
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3.6. 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 glutoxim to macrophages in
nominally calcium-free medium induced a significant [Ca2+]i increase determined by
Ca2+ mobilization from the intracellular Ca2+-stores (Figs. 28a, 28c). The addition of
2 mM Ca2+ to the external medium caused a fast [Ca2+]i increase reflecting Ca2+ entry
from the external medium.

Fig. 28. Influence of dithiothreitol (DTT) on the effect of glutoxim on the intracellular
Ca2+ concentration in macrophages
a - macrophages were incubated for 15 min with 100 μg/ml glutoxim in nominally calciumfree medium; Ca2+ entry was initiated by addition 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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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. 28c). Preincubation of macrophages for 10 min with 1 mM DTT in
calcium-free medium almost completely prevented the glutoxim-induced [Ca2+]i
increase (Fig. 28b).
Thus, the reducing agent DTT prevents or completely reverses the [Ca 2+]i
increase induced by glutoxim 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).
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.

3.7. Influence of inhibitors of tyrosine kinases and tyrosine phosphatases on the
effect of GSSG, glutoxim and molixan on [Ca2+]i in macrophages
Earlier, we have shown that phenylarsine oxide (PAO) causes a dosedependent [Ca2+]i increase connected with both Ca2+ mobilization from stores and
Ca2+ entry from the external medium (Krutetskaya et al., 1997a; Krutetskaya,
Lebedev, 1998). As a specific sulfhydryl reagent, PAO covalently binds to SHgroups 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., 1997a; Krutetskaya, Lebedev, 1998).
In addition, it was shown in human epidermoid carcinoma 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 macrophages, including rat peritoneal macrophages, the receptors with
intrinsic tyrosine kinase activity were also identified: receptors for the colonystimulating 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 macrophagestimulating protein (MSP, macrophage-stimulating protein) (Iwama et al., 1995;
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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.
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, Torres, 2002),
which results in an increased phosphorylation of proteins at tyrosine residues.
To determine a possible role of tyrosine phosphorylation 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,
Ogawara, 1991; Hidaka, Kobayashi, 1992) and MDC (Umezava et al., 1990;
Casnellie, 1991) and the inhibitor of tyrosine phosphatases sodium orthovanadate
(Gordon, 1991) on the Ca2+ response induced by GSSG, glutoxim or molixan.
It is shown that the addition of 100 μM genistein (Fig. 29a) 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 addition, 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. 29b).
The same results were obtained using 100 μg/ml molixan (Fig. 30b).
The inhibition of the glutoxim- or molixan-induced Ca2+ entry by genistein or
MDC is in agreement with our previous data that genistein and MDC inhibit the Ca 2+
entry induced by ATP, UTP (uridine triphosphate), thapsigargin, and cyclopiazonic
acid in rat peritoneal macrophages (Krutetskaya et al., 1997b).
The total level of protein phosphorylation on tyrosine residues in cells is
controlled by an opposite action of tyrosine kinases and tyrosine phosphatases (Sun,
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 phosphatases in the [Ca 2+]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.
29c). Addition of genistein during the developed Ca2+ entry returned [Ca2+]i to the
basal level (Fig. 29c). Thus, the pretreatment of cells with sodium orthovanadate
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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 orthovanadate enhanced the ATP-induced Ca2+
entry but did not prevent subsequent inhibition of Ca 2+ entry by genistein
(Krutetskaya et al., 1997b).

Fig. 29. Influence of genistein and sodium orthovanadate (Na3VO4) on glutoxim effect
on intracellular Ca2+ concentration in macrophages
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 preincubated 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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Fig. 30. Influence of genistein on molixan effect on intracellular Ca2+ concentration in
macrophages
a -cells were incubated for 19 min in the presence of 100 μg/ml molixan 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 5 min with
100 μM genistein in calcium-free medium, then 100 μg/ml molixan was added; 25 min later Ca2+
entry was initiated by addition of 2 mM Ca2+ to the external medium.

The enhancement of Ca2+ entry by sodium orthovanadate confirmed the
importance of tyrosine kinase activation for stimulation of Ca 2+ entry. This is in
agreement with the data that the degree and duration of protein phosphorylation on
tyrosine, mediated by tyrosine kinase receptors, could be considerably enhanced by
treatment of cells with sodium orthovanadate or its peroxy derivatives (Gordon,
1991; Posner et al., 1994; Hunter, 1995).
Fig. 29d shows the combined effect of genistein and sodium orthovanadate on
2+
[Ca ]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 suppression 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 activation 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-receptor in ER membrane
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(Jayaraman et al., 1996). This is in agreement with the data that the IP 3-receptor of
type 1, identified in cerebellum cells, smooth muscle cells of the aorta, and Tlymphocytes 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 Ca 2+ release
channel (Harnick et al., 1995; Marks, 1997). It was found that·upon activation of Tlymphocytes, the tyrosine phosphorylation 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, Dixon, 1993), the functionally
important cysteine residue was identified, which exhibits 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 localization of tyrosine phosphatase in the cell. The
tyrosine phosphatase 1B (PTP1B) is also the target for redox regulation in cells
(Denu, Dixon, 1998; Barrett et al., 1999; Filomeni et al., 2002). Therefore, the
cysteine residues in SH2-domains and the conservative cysteine residue in the
catalytic domain of tyrosine phosphatase may be possible targets for covalent
modification by GSSG or glutoxim.
Thus, this was the first study to show that GSSG and its pharmacological
analogues glutoxim and molixan increase [Ca2+]i, causing Ca2+ mobilization from the
thapsigargin-sensitive Ca2+-stores and subsequent Ca2+ entry in rat peritoneal
macrophages. With the use of tyrosine kinase and tyrosine phosphatase inhibitors, the
involvement of tyrosine kinases and tyrosine phosphatases in the [Ca 2+]i increase
induced by these agents 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, GSSG or molixan on [Ca2+]i.
According to the results about DTT and tyrosine kinase and tyrosine
phosphatase inhibitors influence on the effect of glutoxim, GSSG and, probably,
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molixan on [Ca2+]i we can propose a preliminary model of disulfide-containing
agents action on Ca2+-signalling in macrophages (Fig. 31).
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Fig. 31. Possible model of GSSG and glutoxim effect on Ca2+ signalling processes in
macrophages, involving tyrosine kinases and tyrosine phosphatases
GSSG or glutoxim, being membrane impermeable, exert their oxidative effects by oxidizing
specific residues on the external side of transmembrane proteins, initiating thiol-disulfide exchange
along a chain of cysteine residues of membrane proteins. As a result, the intracellular GSSG/GSH
ratio increases, leading to inhibition of cytoplasmic tyrosine phosphatases and the increase of the
overall level of tyrosine phosphorylation. Activation of tyrosine kinases leads to phosphorylation
and activation of IP3-receptors in the membrane of intracellular Ca2+-stores, resulting in Ca2+
mobilization from the store. Moreover, activated tyrosine kinases may phosphorylate the tyrosine
residues of the Ca2+-channel in the plasma membrane and induce Ca2+ entry into the cytosol.

This model involves thiol-disulfide exchange along a chain of cysteine
residues of membrane proteins, induced by cell impermeable GSSG and glutoxim,
and subsequent activation of tyrosine kinases, which leads to phosphorylation and
activation of IP3-receptors in the membrane of intracellular Ca2+-stores, resulting in
Ca2+ mobilization from the store, and also phosphorylation of Ca2+-channels in
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plasmalemma leading to Ca2+ entry to the cytosol. Another interesting model,
according to which GSSG and glutoxim may transactivate receptor tyrosine kinases
in macrophage membrane, causing receptor-dependent endocytosis, is presented in
Fig. 32. It could be a «crafty» way for GSSG and glutoxim to enter the cell in
endosomes.

Glutoxim
or
GSSG
Receptor
tyrosine kinase

Glutoxim
or

Endocytosis

The possible endocytosis of glutoxim and
GSSG molecules after receptor tyrosine
kinase transactivation

Fig. 32. The possible endocytosis of glutoxim and GSSG after receptor tyrosine kinase
transactivation in macrophage
Probably, glutoxim and GSSG can penetrate to the macrophages by receptor-mediated
endocytosis, causing receptor tyrosine kinase transactivation.

3.8. Possible involvement of phosphatidylinositol kinases in the effect of the
GSSG and glutoxim on the intracellular Ca2+ concentration in macrophages
In peritoneal macrophages, receptors possessing intrinsic tyrosine kinase
activity were identified that contained cysteine-rich regions in their extracellular
domains (Correll et al., 2004); these regions could serve as targets for GSSG and
glutoxim. Activation of the receptor tyrosine kinases promoted the effect of SH2-
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domain-containing proteins, such as phospholipase Cγ, cytoplasmic tyrosine kinases
of the src family, and phosphatidylinositol-3-kinase (Lutz, Correll, 2003; Correll et
al., 2004). We showed previously that phosphatidylinositol-3- and
phosphatidylinositol-4-kinases participated in the regulation of Ca2+ signals in
macrophages (Kurilova et al., 2007a). Now, we studied the role of
phosphatidylinositol kinases in the effect of GSSG and glutoxim on [Ca2+]i in
macrophages.
To this end, we studied the effects of two structurally different inhibitors of
phosphatidylinositol-3- and phosphatilylinositol-4-kinases, wortmannin (Vlahos et al.,
1994) and LY294002 (Walker et al., 2000), on the Ca2+ response induced by GSSG or
glutoxim.
Macrophage incubation with glutoxim, 100 μg/ml for 13 min led to a
significant increase of [Ca2+]i because of Ca2+ mobilization from intracellular stores.
Ca2+ (2 mM) added to the medium induced Ca2+ entry (Fig. 33a).

Fig. 33. The influence of wortmannin and LY294002 on the effect of glutoxim on [Ca2+]i
in the peritoneal macrophages
a - cells were incubated for 13 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 μM
wortmannin was added during the developed Ca2+ entry; b, c - cells were preincubated for 10 min
with 1 μM wortmannin (b) or 100 μM LY294002 (c) in calcium-free medium, then 100 μg/ml
glutoxim was added; then Ca2+ entry was initiated by addition of 2 mM Ca2+ to the external
medium.
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After the addition of 1μM wortmannin during the developed Ca2+ entry, the
glutoxim-induced [Ca2+]i increase was completely inhibited, and this parameter
returned to the basal level (Fig. 33a). This was in agreement with previous data
demonstrating that wortmannin inhibited thapsigargin-induced Ca2+ influx into rat
peritoneal macrophages (Kurilova et al., 2007a). Preliminary cell incubation for 10
min with 1 μM wortmannin before glutoxim administration almost completely
inhibited the glutoxim-induced [Ca2+]i increase and Ca2+ influx (Fig. 33b). Similar
results were obtained using LY294002, another inhibitor of phosphatidylinositol-3and phosphatidylinositol-4-kinases. Preliminary incubation of macrophages with 100
μM LY294002 for 10 min before glutoxim administration also almost completely
prevented the glutoxim induced [Ca2+]i increase and Ca2+ influx (Fig. 33c).
Thus, we have demonstrated that phosphatidylinositol-3- and
phosphatidylinositol-4-kinases participate in GSSG and glutoxim regulatory
influence on [Ca2+]i in rat peritoneal macrophages. This is in agreement with our
previous data on an important role of phosphatidylinositol-3- and
phosphatidylinositol-4-kinases in the regulation of Ca2+ signalling in peritoneal
macrophages (Kurilova et al., 2007a). The results obtained suggest that GSSG and
glutoxim are capable of transactivating receptors with intrinsic tyrosine kinase
activity and of triggering a complex signalling cascade, including tyrosine kinases,
tyrosine phosphatases, and phosphatidylinositol kinases; this leads to increase of
[Ca2+]i in macrophages.
3.9. The influence of P2 purinoreceptor inhibitor suramin on glutoxim effect on
[Ca2+]i in peritoneal macrophages
Two types of purinoreceptors - P2U (P2Y), P2Z (P2X) - were identified in plasma
membrane of macrophages. Activation of both receptor types by extracellular ATP is
known to evoke the increase of [Ca2+]i (Alonso-Torre, Trautmann, 1993). We have
previously shown that glutoxim or GSSG decrease ATP-induced Ca2+ mobilization in
rat peritoneal macrophages (Kurilova et al., 2006; Krutetskaya et al., 2007a).
Therefore to realize the possible mechanism of glutoxim action the influence of
suramin, P2X- and P2Y- purinoreceptors and growth factor receptors inhibitor, on
glutoxim-induced Ca2+ responses was investigated (Mateo et al., 1998; Zhao, van
Helden, 2002; Zhang et al., 2005). In experimental practice suramin is usually used as
P2-purinoreceptors inhibitor. So the purpose of our research was to establish whether
the glutoxim effect on [Ca2+]i depends on its influence on purinoreceptors in
macrophages.
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Cell incubation with 200 μM suramin for 11 min partially inhibited Ca2+
mobilization from intracellular Ca2+-stores induced by 100 μg/ml glutoxim and
subsequent Ca2+ entry (Fig. 34b) in comparison with the control (Fig. 34a). At the
same time long-term incubation of macrophages with suramin itself slightly increased
[Ca2+]i (Fig. 34b).

Fig. 34. The effect of suramin on [Ca2+]i in macrophages
a - cells were incubated for 22 min with 100 μg/ml glutoxim in Ca2+-free solution, then Ca2+
entry was initiated by the addition of 2 mM Ca2+ to the external medium; b - macrophages were
preincubated with 200 µM suramin for 11 min, then 100 μg/ml glutoxim was applied, 20 min later
Ca2+ entry was initiated by the addition of 2 mM Ca2+ to the external medium.

Thus, the experimental data about partial inhibition of glutoxim-induced Ca2+
responses by suramin invite us to suppose that glutoxim acts on purinoreceptors in
macrophages. Our results are in agreement with research works of Burova et al.
(Burova et al., 2005) and Vasilenko et al. (Vasilenko et al., 2006) who revealed that
glutathione disulfide (GSSG) and glutoxim transactivate epidermal growth factor
receptors in A431 cell line.
Moreover antiprotozoal agent suramin and its analogues are known to inhibit
specifically heterotrimeric G-proteins (Beindl et al., 1996; Hohenegger et al., 1998;
Chung, Kermode, 2005). In particular, suramin disrupts association between α- and
βγ-subunits of G-proteins and, in hence, interaction between G-proteins and
membrane receptors (Chung, Kermode, 2005). Thus, the suramin effect on Ca2+
signals may be connected with inhibition of heterotrimeric G-proteins involved in
phosphoinositide signalling pathway as well as purinoreceptors. It suggests the
participation of phosphoinositide signalling system in Ca2+ responses induced by
glutoxim and GSSG in rat peritoneal macrophages (Fig. 35).
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Fig. 35. The possible model of glutoxim or GSSG effect on Ca2+ signalling processes in
macrophages involving the transactivation of P2Y receptors and subsequent activation of
phosphoinositide signalling pathway
GSSG and glutoxim may transactivate P2Y-receptor in macrophage plasma membrane. P2Yreceptors transactivation in its turn causes activation of heterotrimeric G-protein consisting of three
subunits (α, β and γ). α-subunit activates the key enzyme of phosphoinositide signalling pathway
phopholipase C, which hydrolyses membrane phospholipid phosphatidylinositol 4,5-bisphosphate
(PIP2), producing 1,2-diacylglycerol (DAG) and inositol 1,4,5-trisphosphate (IP3). IP3 diffuses to
the Ca2+-store membrane and activates IP3-receptor (IP3R), inducing Ca2+ mobilization from the
store. Ca2+-depletion from the store activates store-dependent Ca2+ entry from the external medium
through store-dependent Ca2+-channels in plasma membrane. Suramin, which inhibits P2Y-receptors
and heterotrimeric G-proteins may prevent their transactivation by GSSG or glutoxim.
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According to the results about suramin influence on the effect of glutoxim and
GSSG and our earlier results we can propose a possible model of disulfide-containing
agents action on Ca2+-signalling in macrophages, involving the P2Y-receptors
transactivation, phosphoinositide signalling pathway activation, leading to Ca2+
release from the store via IP3-receptors and subsequent store-dependent Ca2+ entry to
the cytosol (Fig. 35). The fact that suramin causes only partial inhibition of Ca2+
responses induced by glutoxim invites to propose that there are more than one
mechanism of glutoxim action on [Ca2+]i in macrophages.

3.10. The role of the key enzymes of the phosphoinositide signalling pathway in
the effect of GSSG and glutoxim on intracellular Ca2+ concentration in
macrophages
In peritoneal macrophages, receptors possessing intrinsic tyrosine kinase
activity were identified that contained cysteine-rich regions in their extracellular
domains (Correll et al., 2004), which could serve as targets for GSSG and glutoxim.
Activation of these receptor tyrosine kinases could promote the effect of SH2domain-containing proteins, such as phospholipase Cγ, cytoplasmic tyrosine kinases
of src family and phosphatidylinositol-3-kinase, and trigger the signalling cascade,
for example the phosphoinositide signalling pathway (Lutz, Correll, 2003; Correll et
al., 2004). It is known, that the key components of phosphoinositide system
phospholipase C and protein kinase C have a high redox sensitivity and their
activities are modulated by oxidizing and reducing agents (Gopalakrishna et al.,
2000; Mangat et al., 2006). Therefore, the purpose of the present research was to
study the possible role of the key enzymes of the phosphoinositide signalling
pathway, phospholipase C, and protein kinase C, in the regulatory effect of GSSG
and glutoxim on [Ca2+]i in macrophages.
To determine the possible involvement of phospholipase C in the effect of
GSSG and glutoxim on [Ca2+]i in rat peritoneal macrophages, we studied the
influence of phospholipase C inhibitor neomycin (Lipsky et al., 1982) on Ca 2+
response induced by GSSG and glutoxim. To investigate the role of protein kinase C
in the effect of GSSG and glutoxim we used the specific protein kinase C inhibitors
the compound H-7 (Kawamoto et al., 1984) and calphostin C (Kobayashi et al., 1989).
Fig. 36 shows the results obtained with the use of glutoxim (100 μg/ml). Similar data
were obtained in experiments with GSSG (100 μg/ml).
Macrophage incubation with 100 μg/ml glutoxim for 15 min led to a significant
increase of [Ca2+]i due to Ca2+ mobilization from intracellular stores. The addition of
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2 mM Ca2+ to the external medium induced Ca2+ influx caused, apparently, by Ca2+
store depletion (Fig. 36a). Preliminary incubation of the cells for 10 min with 50 μM
neomycin completely prevents glutoxim-induced [Ca2+]i increase and Ca2+ influx (Fig.
36b).

Fig. 36. The influence of neomycin, compound H-7 and calphostin C on the effect of
glutoxim on [Ca2+]i in the peritoneal macrophages
a - cells were incubated for 15 min with 100 μg/ml glutoxim in Ca2+-free solution, then Ca2+
entry was initiated by the addition of 2 mM Ca2+ to the external medium; b, c, d - macrophages
were preincubated with 50 μM neomycin (b), 100 μM H-7 (c) or 1 µM calphostin C for 10 min,
then 100 μg/ml glutoxim was applied, 20 min (a), 18 min (b) or 15 min (c) later Ca2+ entry was
initiated by the addition of 2 mM Ca2+ to the external medium.

Preincubation of the macrophages for 10 min with 100 μM H-7 for 10 min
before 100 μg/ml glutoxim addition also leads to the almost complete inhibition of

58

glutoxim-induced [Ca2+]i increase and prevents Ca2+ influx from the external medium
(Fig. 36c). Similar results were obtained with the use of another protein kinase C
inhibitor calphostin C in the concentration of 1 μM (Fig. 36d).
Thus, we showed for the first time the involvement of key enzymes of
phosphoinositide signalling pathway phospholipase C and protein kinase C in the
regulatory effect of GSSG and glutoxim on [Ca2+]i in rat peritoneal macrophages (Fig.
37).
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Fig. 37. The possible model of glutoxim or GSSG effect on Ca2+ signalling processes in
macrophages involving the activation of phosphoinositide signalling cascade
Glutoxim or GSSG may induce transactivation of receptor tyrosine kinases in macrophage
membrane which leads to activation of phospholipase C – a key enzyme of the phosphoinositide
signalling pathway. Phospholipase C catalyses the hydrolysis of membrane phospholipid
phosphatidylinositol 4,5-bisphosphate (PIP2) and produces two second messengers – IP3 and DAG.
IP3 diffuses to the Ca2+-store and activates IP3-sensitive Ca2+ release channel (IP3-receptor) and
induces Ca2+ mobilization from the store. The depletion of the intracellular Ca2+ stores activates
store-dependent Ca2+-channels in plasma membrane.
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The results obtained in this study, as well as our earlier data suggest that GSSG
and glutoxim transactivate receptors with intrinsic tyrosine kinase activity and trigger
a complex signalling cascade, including tyrosine kinases, tyrosine phosphatases,
phosphatidylinositol kinases, and key enzymes of phosphoinositide system
phospholipase C and protein kinase C; this leads to increase of [Ca2+]i in
macrophages (Fig. 37).

3.11. The involvement of actin cytoskeleton in glutoxim and molixan effect on
intracellular Ca2+ concentration in macrophages
It is known that phosphatidylinositol kinases which play an important role in
phosphoinositide metabolism induce the reorganization of actin filaments (Foster et
al., 2003). Actin filaments are highly redox-sensitive and easily glutathionylated
(Dalle-Donne et al., 2003). NOV-002, another GSSG analogue (GSSG in
combination with cisplatin), induces S-glutathionylation of cell proteins, mostly actin.
NOV-002 effect on actin filaments is time- and dose-dependent. Actin Sglutathionylation that alters the F- and G-actin ratio induces drastic changes in the
total cytoskeleton architecture and intracellular transport (Townsend, 2007;
Townsend et al., 2008). It can be supposed that actin cytoskeleton components are
also targets for glutoxim and molixan.
The purpose of the present study was to elucidate the possible involvement of
actin filaments in glutoxim and molixan regulation of [Ca2+]i in rat peritoneal
macrophages. Actin cytoskeleton involvement in the signalling cascade triggered by
glutoxim or molixan in macrophages supposes its reorganization and redistribution.
Therefore, the other purpose of this study was to examine actin cytoskeleton
reorganization in macrophages exposed to glutoxim or molixan.

3.11.1.Effect of actin filament depolymerizing agents cytochalasin D and
latrunculin B
Actin filament involvement in glutoxim and molixan action on [Ca2+]i in rat
peritoneal macrophages was examined using cytochalasin D and latrunculin B, two
structurally different agents inducing microfilament depolymerization (Spector et al.,
1983). In control experiments it was shown that macrophage incubation with 100
µg/ml glutoxim for 20 min in calcium-free medium resulted in progressive [Ca2+]i
increase due to Ca2+ mobilization from intracellular Ca2+-stores. Addition of 2 mM
Ca2+ to the external medium induced Ca2+ entry into cytosol, mediated by Ca2+-store
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depletion (Fig. 38a; Fig. 39a; Fig. 40a). Cell incubation with 10 µg/ml cytochalasin D
for 5 min before 100 µg/ml glutoxim addition enhanced glutoxim induced [Ca2+]i
increase due to Ca2+ mobilization from the store and subsequent Ca2+ entry (Fig. 38b).
Longer (20 min) preincubation of macrophages with cytochalasin D almost
completely inhibited [Ca2+]i increase and Ca2+ entry induced by glutoxim (Fig. 38c).
Similar results were obtained with 5 µM latrunculin B, another agent inducing actin
filament depolymerization (Fig. 39).

Fig. 38. The influence of cytochalasin D on [Ca2+]i increase induced by glutoxim in
macrophages
a -cells were incubated for 20 min with 100 µg/ml glutoxim in Ca2+-free solution, then Ca2+
entry was initiated by the addition of 2 mM Ca2+ to the external medium; b - cells were
preincubated for 5 min with 10 μg/ml cytochalasin D in Ca2+-free solution, then 100 μg/ml
glutoxim was applied, 20 min later Ca2+ entry was initiated by the addition of 2 mM Ca2+ to the
external medium; c - cells were incubated for 20 min with 10 μg/ml cytochalasin D in Ca2+-free
solution, then 100 μg/ml glutoxim was applicated, 20 min later 2 mM Ca2+ was added to the
external medium.

The enhancement of glutoxim induced [Ca2+]i increase by short-term
incubation with cytochalasin D or latrunculin B is in agreement with the data we
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reported previously on the effect of phenylarsine oxide (PAO), a SH-oxidizing
reagent, on [Ca2+]i in macrophages (Krutetskaya et al., 1997a). It was found that
short-term (6 min) incubation of peritoneal macrophages with agents disrupting actin
filament structure (20 µg/ml cytochalasin B or 40 µM phalloidin) induced
progressing increase of [Ca2+]i in cells treated with PAO. The addition of
cytochalasin B or phalloidin during already developed PAO-induced Ca2+ response
leads (with 1–2 min delay) to further essential increase in [Ca2+]i. The data suggested
that reorganization in actin filament structure stimulated PAO-induced Ca2+ response
(Krutetskaya et al., 1997a).

Fig. 39. The influence of latrunculin B on [Ca2+]i increase induced by glutoxim in
macrophages
a - cells were incubated for 20 min with 100 μg/ml glutoxim in Ca2+-free solution, then Ca2+
entry was initiated by the addition of 2 mM Ca2+ to the external medium; b - cells were
preincubated for 5 min with 5 μM latrunculin B in Ca2+-free solution, then 100 μg/ml glutoxim was
applied, 15 min later Ca2+ entry was initiated by the addition of 2 mM Ca2+ to the external medium;
c - cells were incubated for 20 min with 5 μM latrunculin B in Ca2+-free solution, then 100 μg/ml
glutoxim was applied, 17 min later 2 mM Ca2+ was added to the external medium.
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Thus, we have shown that the short-term preincubation of macrophages with
actin depolymerizers leads to the enhancement of [Ca2+]i increase induced by
glutoxim. It can be suggested that short-term incubation of cells with microfilament
depolymerizing agents causes disassembly of only cortical actin. It facilitates
glutoxim-induced signal transduction from plasmalemma to Ca2+-store and thereby
enhances Ca2+ mobilization. Long-term cell exposure to latrunculin B or cytochalasin
D leads to the complete disassembly of both submembrane and cytoplasmic actin
filaments and results in inhibition of Ca2+ release from the store.
Glutoxim- or molixan-induced Ca2+ entry in the cells occurs, presumably, by
store-dependent mechanism (Krutetskaya et al., 2007a, 2008a). Earlier, using
purinergic agonists ATP and UTP and endoplasmic Ca2+-ATPase inhibitors
(thapsigargin and cyclopiazonic acid) we demonstrated that store-dependent Ca2+
entry in rat peritoneal macrophages occurred according to the “secretion-like
coupling model” of store-dependent Ca2+ entry (Patterson et al., 1999; Rosado,Sage,
2000) which supposed the reversible translocation of Ca2+-store to plasmalemma
provided by the actin filaments (Fig. 44). Short-term cell exposure to latrunculin B or
cytochalasin D induces partial depolymerization of submembrane actin filaments
facilitating Ca2+-store binding with plasmalemma. Conversely, prolonged cell
treatment with latrunculin B or cytochlasin D produces complete actin filament
disassembly that abolishes actin cytoskeleton assistance in Ca2+-store interaction with
store-dependent Ca2+ channels in the plasmalemma. Thus, our results on latrunculin
B and cytochalasin D effect on Ca2+ entry induced by glutoxim support the
“secretion-like coupling model” for rat peritoneal macrophages. These data are in
agreement with latrunculin A and cytochalasin D influence on store-mediated Ca2+
entry in platelets (Rosado, Sage, 2000) and our results on lantrunculin B effect on
Ca2+ signals in rat peritoneal macrophages (Kurilova et al., 2006).

3.11.2. Effect of calyculin A and jasplakinolide, inducing microfilament
condensation under plasmalemma
To verify further the microfilament involvement in glutoxim and molixan
action on [Ca2+]i in macrophages we examined whether the dense actin cortical layer
formation affected glutoxim or molixan induced [Ca2+]i increase. For this purpose, we
used calyculin A. Calyculin A isolated from sea sponge Discodermia calyx is a
highly effective and specific inhibitor of serine/threonine phosphatases PP1and PP2A.
In many cells, including platelets, calyculin A (up to 100 nM) induces actin filaments
reorganization facilitating phosphorylation of actin-binding ERM proteins (ezrin,
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radixin, moesin) (Patterson et al., 1999). Phosphorylation of ERM proteins promotes
the interaction of actin filaments with plasmalemma (Kreienbuhl et al., 1992; Matsui
et al., 1998). In cells treated with calyculin A actin filaments condense near the
plasmalemma (Patterson et al., 1999) but actin polymerization does not increase
(Rosado et al., 2000).
It was shown that macrophage incubation with 100 nM calyculin A for 10 min
before 100 µg/ml glutoxim addition almost completely inhibited glutoxim-induced
increase in [Ca2+]i and subsequent Ca2+ entry (Fig. 40b). Similar results were obtained
with 100 µg/ml molixan (Fig. 41b).

Fig. 40. The influence of calyculin A on [Ca2+]i increase induced by glutoxim in
macrophages
a - cells were incubated for 20 min with 100 μg/ml glutoxim in Ca2+- free solution, then
2+
Ca - entry was initiated by the addition of 2 mM Ca2+ to the external medium; b - cells were
preincubated for 10 min with 100 nM calyculin A in Ca2+-free solution, then 100 μg/ml glutoxim
was applied, 15 min later Ca2+ entry was initiated by the addition of 2 mM Ca2+ to the external
medium.

These results suggest actin filament involvement in the signalling cascade
induced by glutoxim and leading to [Ca2+]i increase in macrophages. Thus, calyculin
A-induced dense cortical actin layer formation under plasmalemma prevents [Ca2+]i
increase caused by glutoxim or molixan.
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To further investigation of actin filaments involvement in glutoxim- or
molixan-induced Ca2+ responses we examined the influence of actin stabilizer
jasplakinolide on glutoxim or molixan effect on [Ca2+]i in rat peritoneal macrophages.
Jasplakinolide isolated from sea sponge Jaspis johnstonii is membrane-permeable
peptide that evokes polymerization and stabilization of cortical actin filaments
(Holzinger, 2009).

Fig. 41. The influence of calyculin A on [Ca2+]i increase induced by molixan in
macrophages
a - cells were incubated for 19 min with 100 μg/ml molixan in Ca2+-free solution, then Ca2+
entry was initiated by the addition of 2 mM Ca2+ to the external medium; b - cells were
preincubated for 2 min with 100 nM calyculin A in Ca2+- free solution, then 100 μg/ml molixan was
applied, 22 min later Ca2+ entry was initiated by the addition of 2 mM Ca2+to the external medium.

It was demonstrated for the first time that 10 min cell preincubation with 10
μM jasplakinolide before 100 μg/ml glutoxim addition significantly (by 50 – 60%)
decreased both phases of Ca2+ response induced by glutoxim in macrophages (Fig.
42). The same results were obtained using 100 μg/ml molixan (Fig. 43). These results
confirm the important role of actin cytoskeleton in glutoxim- or molixan-activated
signalling cascade that increases [Ca2+]i in rat peritoneal macrophages.
The results on calyculin A and jasplakinolide inhibition of store-dependent
2+
Ca entry induced by glutoxim or molixan are in agreement with the data on storeoperated Ca2+ entry in human platelets (Rosado et al., 2000; Rosado, Sage, 2000) and
our data on calyculin A influence on Ca2+ signals induced by thapsigargin
(endoplasmic Ca2+-ATPase inhibitor) or purinergic agonist ATP in rat macrophages
(Kurilova et al., 2009a). According to the “secretion-like coupling model” of Ca2+
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entry cortical F-actin prevents the activation of store-mediated Ca2+ entry like
submembrane actin averts translocation of secretory granules to the membrane
(Muallem et al., 1995) (Fig. 44). Therefore, calyculin A or jasplakinolide inhibits
store-mediated Ca2+ entry producing the dense layer of submembrane actin which
forces out organelles from this area and prevents interaction between plasmalemma
and intracellular organelles. Thus, our experiments on calyculin A or jasplakinolide
effect on store-operated Ca2+ entry induced by glutoxim or molixan in rat peritoneal
macrophages support the “secretion-like coupling model” of Ca2+ entry in these cells.
Inhibition of glutoxim- or molixan-induced Ca2+ mobilization from the store may be
explained by the prevention of signal transduction induced by glutoxim or molixan
from plasmalemma to Ca2+-store due to formed dense layer of cortical actin.
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Fig. 42. The influence of jasplakinolide on [Ca2+]i increase induced by glutoxim in
macrophages
Here and in Fig. 43 ordinate - the ratio of Fura-2AM fluorescence with excitation
alternatively at 340 nm and 380 nm (Ratio(F340/F380)), abscissa – time, min.
a - cells were incubated for 20 min with 100 μg/ml glutoxim in Ca2+- free solution, then
2+
Ca - entry was initiated by the addition of 2 mM Ca2+ to the external medium; b - cells were
preincubated for 10 min with 10 μM jasplakinolide in Ca2+-free solution, then 100 μg/ml glutoxim
was applied, 20 min later Ca2+ entry was initiated by the addition of 2 mM Ca2+ to the external
medium.
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Fig. 43. The influence of jasplakinolide on [Ca2+]i increase induced by molixan in
macrophages
a - cells were incubated for 20 min with 100 μg/ml molixan in Ca2+-free solution, then Ca2+
entry was initiated by the addition of 2 mM Ca2+ to the external medium; b - cells were
preincubated for 10 min with 10 µM jasplakinolide in Ca2+- free solution, then 100 μg/ml molixan
was applied, 20 min later Ca2+ entry was initiated by the addition of 2 mM Ca2+ to the external
medium.

Actin cytoskeleton involvement in glutoxim or molixan effect on [Ca2+]i in
macrophages was supported by morphological observations on its reorganization in
cells treated with the drugs.
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Fig. 44. Secretion-like coupling model for store-dependent Ca2+ entry in peritoneal
macrophages
IP3 activates IP3-receptors (IP3R) in the membrane of intracellular Ca2+ store and induces
Ca2+ mobilization into the cytosol. Depletion of the intracellular Ca2+ stores induces translocation
and association of the small G-proteins of the Ras superfamily with the plasma membrane.
Association of Ras proteins with plasmalemma facilitates their activation. Ras proteins activate
phosphatidylinositol-3-(PI3-kinase) and phosphatidylinositol-4-kinases (PI4-kinase). Activation of
Arf proteins (members of Ras superfamily) and phosphatidylinositol kinases induces (promotes)
reorganization of actin filaments leading to trafficking of the Ca2+-store towards the plasma
membrane. On the other hand, reorganization of the membrane-associated cytoskeleton can
facilitate and support the coupling between elements in the Ca2+-store (IP3-receptors) and storedependent Ca2+-channels in the plasma membrane through a direct protein-protein interaction. It’s
likely that all these components are closely related and involved in a complex signalling cascade
that leads to store-dependent Ca2+ entry after intracellular Ca2+-stores depletion in macrophages.
SERCA – Ca2+-ATPase in the membrane of the intracellular Ca2+-store (Kurilova et al., 2006,
2007a with modifications).
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3.11.3. Actin cytoskeleton reorganization in cells exposed to glutoxim or molixan
It was shown that microfilament network is drastically changed in
macrophages treated with glutoxim or molixan. Fig. 5 shows actin stained with
rhodamine-phalloidin in intact cells (Fig. 45a) and cells treated with glutoxim (Fig.
45b) or molixan (Fig. 45c). It is seen that in intact cells actin cytoskeleton is localized
under the plasma membrane and forms well-defined cortical layer (Fig. 45a). In
macrophages treated with glutoxim actin cytoskeleton is reorganized: actin clusters
appeared in cytosol, cortical layer is wider and loose (Fig. 45b). Molixan exerts
similar effect on the actin distribution in macrophages (Fig. 45c). Fluorescence
intensity measured in control cells (Fig. 5d) and cells treated with glutoxim (Fig. 45e)
or molixan (Fig. 45f) also indicates the reorganization of actin cytoskeleton induced
by these disulfide-containing drugs.
Thus, we demonstrated that glutoxim and molixan induce reorganization of
actin cytoskeleton in rat peritoneal macrophages. These results are consistent with
those on actin cytoskeleton rearrangements produced by NOV-002 drug, another
synthetic GSSG analogue (Townsend, 2007; Townsend et al., 2008). Actin
cytoskeleton reorganization was also observed in mouse embryonic fibroblasts and
mouse hepatoma 22-a cells exposed to N-acetylcysteine, a mucolytic and antioxidant
SH-compound (Gamaley et al., 2010).
Wide and loose actin cortical layer formation and the appearance of actin
clusters in cytosol in cells exposed to glutoxim or molixan may facilitate the signal
transduction from the plasmalemma to intracellular Ca2+-stores triggered by these
drugs. Latrunculin B and cytochalasin D, inducing actin filament disassembly,
presumably, prevent glutoxim-induced actin cytoskeleton rearrangements and inhibit
the signalling cascade, initiated by glutoxim in macrophages. Calyculin A and
jasplakinolide, inducing formation of dense microfilament layer under plasmalemma,
may attenuate glutoxim or molixan effect, inhibiting the signal transduction. Probably,
the intact actin cytoskeleton structure is required for the signal transduction because
both actin depolymerization and dense microfilament layer formation under the cell
membrane abolished glutoxim- or molixan-induced [Ca2+]i increase.
In conclusion, we found that any modification in the actin cytoskeleton
structure in macrophages modulates glutoxim or molixan effect on [Ca 2+]i. The drugs
also induce actin cytoskeleton reorganization in these cells. It may be concluded that
actin cytoskeleton is an important player in the glutoxim- or molixan-triggered
signalling cascade, which leads to increase of [Ca2+]i in rat peritoneal macrophages.
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Fig. 45. Actin cytoskeleton organization in native macrophages (a, d) and
macrophages, treated with glutoxim (b, e) or molixan (c, f)
a–c: fluorescent microphotographs of actin, stained by rhodamine–phalloidin in control cells
(a) and in cells, treated for 20 min with glutoxim (100 μg/ml) (b) or molixan (100 μg/ml) (c). Obj.:
100×. d–f: fluorescence intensity distribution (rel. units) along the specified line in the control cells
(d) and in cells, treated with glutoxim (e) or molixan (f).
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3.11.4. The involvement of Аrp2/3 complex in glutoxim and molixan effect on
intracellular Сa2+ concentration in macrophages
Arp2/3 (Actin-Related Proteins) complex, consisting of 7 conservative
proteins, is one of the key participants in the procesess of actin filament formation
from the G-actin monomers (Fig. 46a-c). It stabilizes intermediates, consisting of two
actin monomers, stimulating F-actin filament branching (Duleh, Welch, 2010).
Therefore, Arp2/3 complex is the factor enhancing actin filament nucleation. Arp2/3
complex consists of two subunits Arp2 and Arp3, which are stucturally similar to the
actin monomers, and five additional subunits (Duleh, Welch, 2010). Assembled
Arp2/3 complex interacts with existing actin filament and aligns in the same way as
actin is located in dimer. Thus Arp2/3 complex is the key player in the formation of
new filaments, which line up at 700 angle to the already existing filaments and form a
dense F-actin network (Duleh, Welch, 2010) (Fig. 46d, e).
Arp2/3 complex is involved in different cellular processes, which require actin
filament reorganization, such as cortical layer reorganization, fillopodia formation,
endosome transport regulation, endo- and exocytosis processes (Rouiller et al., 2008).
Arp2/3 complex is activated upon activation of tyrosine kinase receptors, G-proteincoupled receptors and integrin receptors.
Therefore, for further investigation of the role of actin filaments, actin-binding
proteins, vesicular transport processes and exocytosis in signalling cascade, induced
by glutoxim and molixan, the possible involvement of Arp2/3 complex in glutoxim
and molixan effect on [Ca2+]i in rat peritoneal macrophages was studied.
In order to elucidate Arp2/3 complex involvement in molixan or glutoxim
effect on [Ca2+]i we used a new effective Arp2/3 complex inhibitor compound CK0944666 (Nolen et al., 2009).
It has been demonstrated in control experiments that incubation of
macrophages in the presence of 100 μg/ml molixan (Fig. 47a) or 100 μg/ml glutoxim
(data not shown) for 20 min in a medium without calcium causes a slowly growing
increase in [Ca2+]i, which reflects mobilization of Са2+ from intracellular Са2+ stores.
Addition of 2 mM Са2+ to the external medium induces entry of Са2+ into the cytosol,
which is mediated by depletion of the Са2+ store (Fig. 47a).
It has been found for the first time that the preincubation of the macrophages
with 100 µM CK-0944666 for 1 hour induces significant (about 80-100 %) inhibition
of Ca2+ mobilization and Ca2+ entry, evoked by molixan (Fig. 47b) and glutoxim
(data not shown). The results suggest the involvement of Arp2/3 complex in the
effect of molixan or glutoxim on [Ca2+]i in macrophages.
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Fig. 46. Structure and function of the ARP2/3 complex
a - cartoon representation of the subunit organization in the inactive actin-related protein-2/3
(ARP2/3) complex. ARP2, ARP3 and ARP complex-1 (ARPC1) through ARPC5 are shown
(labelled as 1–5). b - ribbon diagram of the crystal structure of the bovine ARP2/3 complex with
subunits labelled and displayed in different colours. Subdomain-1and -2 of ARP2 were modelled on
the corresponding subdomains of actin. c - ribbon diagram of the predicted active conformation of
the ARP2/3 complex. Subunits are coloured as in part b. d - cartoon diagram of ARP2/3 complex
binding to the side of the mother filament and the pointed end of the daughter filament in the ybranch. The two filaments are oriented at a 70° angle. e - two models for the orientation of the
ARP2/3 complex at a y-branch junction. Subunits are coloured as in part b. Both models propose
that ARP2 (light blue) and ARP3 (yellow) associate with the pointed end of the daughter filament,
and ARPC2 (grey), ARPC4 (pink) and other subunits mediate contacts with the mother filament
(from Goley,Welch, 2006).
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Fig. 47. The effect of CK-0944666 on Ca2+ responses induced by molixan in
macrophages
a - macrophages were treated with 100 µg/ml molixan, 21 min later Ca2+ entry was induced
by addition of 2 mM Ca2+ to the external medium; b - cells were preincubated with 100 µM CK0944666 for 1 hour, after that 100 µg/ml molixan was added, 19 min later Ca2+ entry was induced
by addition of 2 mM Ca2+ to the external medium

These data of this work along with our earlier findings (Krutetskaya et al.,
2008a, 2009a, 2013a; Kurilova et al., 2008, 2012, 2013) suggest that in the action of
glutoxim or molixan on [Ca2+]i in macrophages the same signal proteins and their
complexes as in the process of exocytosis are involved: tyrosine kinases,
phosphatidylinositol kinases, actin cytoskeleton, and also Arp2/3 complex mediating
rearrangements of the actin cytoskeleton. Reorganization of the actin cytoskeleton
induced in macrophages upon action of glutoxim or molixan (Kurilova et al., 2012)
may also mediate activation of macrophages and alleviate processes of endo- and
exocytosis.

3.11.5. The role of WASPs in regulation of Ca2+ responses induced by glutoxim
in macrophages
The Wiskott–Aldrich Syndrome proteins (WASP) are key regulators of the
actin cytoskeleton, transmitting and integrating actin-regulating signals that are
essential for multiple cell functions, including cell motility and induction of cell
shape change (Bouma et al., 2009).
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The founding member of WASP family – WASP itself – is expressed
exclusively in hematopoietic cells (Bouma et al., 2009). It was identified as the
product of a gene dysfunction of which causes the human hereditary disease WiskottAldrich syndrome - an X chromosome-linked immunodeficiency, characterized by
severe bleeding, eczema, recurrent infections, autoimmune diseases, and an increased
risk of lymphoreticular malignancy (Miki, Takenawa, 2003; Bouma et al., 2009).
Other WASP family members include ubiquitously expressed neural WASP (NWASP) and three WAVE/SCAR proteins (WAVE - WASP family Verprolinhomologous protein; SCAR - suppressor of G-protein coupled cyclic-AMP receptor)
(Pollitt, Insall, 2009).
All WASP family proteins share similar multidomain structure (Miki,
Takenawa, 2003) (Fig. 48).

Fig. 48. WASP family proteins and their binding partners
Structures of WASP/N-WASP and WAVE1/WAVE2/WAVE3: the blocks indicate functional
domains or motifs, which include the EVH1 domain, SHD, a highly basic region (basic), the
GBD/CRIB-domain, a proline-rich region (Pro-rich), and the VCA region. Binding partner proteins
are also indicated. Details are described in the main text.
CRIB - Cdc42-Rac interactive binding; IRSp53 – p53 subunit of insulin receptor substrate
(from Miki, Takenawa, 2003).

The C-terminal VCA domain (verprolin homology (V), cofilin homology (C)
and acidic (A) motifs) is responsible for binding to the Arp2/3 complex and
monomeric actin. Polyproline repeats within the proline-rich region provide possible
sites for the binding of numerous Src-homology 3 (SH3)-domain-containing proteins
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such as the adaptor proteins WISH (WASP interacting SH3 protein), WRP (WAVE
associated RacGAP protein), Nck and Grb2/Ash and small tyrosine kinases of the cSrc family (Miki, Takenawa, 2003; Pollitt, Insall, 2009). The organization of the Nterminal region, which contains domains that are thought to provide a connection
with regulatory proteins, differs among WASP-family members. WASP and NWASP contain the Ena/VASP homology 1 (EVH1) domain, and the domain
GBD/CRIB (GTPase binding domain/Cdc42-Rac interactive binding), which binds to
the small GTPase Cdc42 (Pollitt, Insall, 2009). The EVH1 domain interacts with the
WIPs (WASP-interacting proteins), which are thought to suppress the activity of
WASP or N-WASP. By contrast, the SCAR/WAVE proteins contain the N-terminal
SCAR homology domain (SHD), and do not possess any type of GTPase binding
domain (Pollitt, Insall, 2009). Both WASPs and SCARs/WAVEs contain a basic
region, which can bind to phosphatidylinositol (4,5)-bisphosphate (PIP2) and other
anionic phospholipids and provide localization of these proteins near the plasma
membrane (Pollitt, Insall, 2009).
WASP and N-WASP have the same mechanism of activation (Fig. 49). Thus,
cytosolic WASP adopts an autoinhibited conformation in which the VCA domain is
associated with the proximal domain GBD/CRIB by intramolecular bonds (Bouma et
al., 2009). Binding of the GTPase Cdc42 disrupts the autoinhibited conformation and
releases the VCA domain and allows Arp2/3 and actin monomer binding. WASPbound Arp2/3 complex is then able to mediate new actin polymerization, driving the
assembly of a branched network of actin filaments and providing the mechanical
propulsion for membrane protrusion, cell motility and cell shape changes (Bouma et
al., 2009).
Another mechanism for WASP activation is provided by phosphorylation, and
has been described to occur in a variety of stimuli, including T cell receptor (TCR)
stimulation, IgE receptor stimulation on mast cells and collagen receptor stimulation
on platelets (Bouma et al., 2009). An important residue for phosphorylation is
tyrosine 291, described as a target for Btk and Src family kinases (Miki, Takenawa,
2003; Torres, Rosen, 2005; Bouma et al., 2009) (Fig. 49). It is suggested that
phosphorylation of tyrosine 291 lowers the threshold for Cdc42 activation and
stabilizes the «open» molecular conformation of WASP (Torres, Rosen, 2005).
WASP (especially N-WASP) was shown to be specifically inhibited by the
synthetic drug wiskostatin. It was reported that this small molecule interacts with
WASP GTPase-binding domain suggesting the stabilization of WASP in its
autoinhibited state (Peterson et al., 2004).
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Fig. 49. Mechanisms of N-WASP activation
During the resting state, N-WASP is kept inactive by autoinhibition. Various stimuli act on
plasma membrane receptors and induce activation of N-WASP, resulting in actin polymerization
through the Arp2/3 complex. Cdc42 binds directly to the GBD/CRIB motif and disrupts the
autoinhibited structure. Various SH3-proteins, such as Grb2/Ash, Nck, and WISH bind to the
proline-rich region and also induce a structural change in N-WASP releasing the folded
conformation of inactive N-WASP. Various Src-family tyrosine kinases activate N-WASP through
phosphorylation (from Miki, Takenawa, 2003)

We have used wiskostatin as a pharmacological tool for further investigation of
the involvement of actin cytoskeleton and actin-regulating proteins - WASPs - in the
effect of glutoxim on [Ca2+]i in rat peritoneal macrophages. Firstly, it was shown for
the first time that addition of 40 µM wiskostatin during the developed Ca2+ entry
activated by 200 µg/ml glutoxim induced fast but partial (about 50%) inhibition of
Ca2+ influx and decrease of [Ca2+]i in macrophages (Fig. 50a).
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Secondly, we revealed that preincubation of macrophages with 30 µM
wiskostatin for 15 min before application of 200 µg/ml glutoxim significantly
inhibited both mobilization of Ca2+ from intracellular stores and subsequent Ca2+
entry induced by glutoxim in comparison with the control (Fig. 50a, b).
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Fig. 50. The effect of WASP inhibitor wiskostatin on glutoxim-induced Ca2+ responses
in rat peritoneal macrophages
Ordinate - the ratio of Fura-2AM fluorescence with excitation alternatively at 340 nm and
380 nm (Ratio(F340/F380)), abscissa – time, min.
a - in control experiments cells were incubated with 200 µg/ml glutoxim during 20 min in
2+
Ca -free solution, then Ca2+ influx was activated by addition of 2 mM Ca2+; 40 µM wiskostatin
was added during the developed Ca2+ entry; b - macrophages were preincubated with 30 µM
wiskostatin for 15 min before addition of 200 µg/ml glutoxim. 20 min after glutoxim application 2
mM Ca2+ was added in external medium to initiate Ca2+ entry.

Thus, our results suggest that WASPs may be involved in generation and
maintenance of both phases of the glutoxim-induced [Ca2+]i increase in macrophages.
These new data present the additional evidence that intact actin cytoskeleton capable
of dynamic reorganization is necsessary to initiate the complex signalling cascade in
response to oxidizing drug glutoxim leading to biphasic increase of [Ca2+]i in rat
peritoneal macrophages.
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Our results are in accordance with experimental data obtained in other
laboratories about inhibiting effect of wiskostatin on ion transport and ion channels.
Thus, preincubation of mammalian colon epithelial and kidney cells with wiskostatin
was shown to strongly decrease Cl¯currents mediated by CFTR (Cystic fibrosis
transmembrane conductance regulator) (Ganeshan et al., 2007). The authors supposed
that CFTR inhibition is mediated by actin-disrupting effect of wiskostatin and, in
hence, by interference with vesicular transport and channel recycling to the plasma
membrane (Ganeshan et al., 2007). So, we are invited to suggest the same mechanism
of wiskostatin effect on store-operated Ca2+ entry induced by glutoxim. However, the
possibility of the direct action of low-molecular weight wiskostatin on store-operated
Ca2+-channels cannot be ruled out.
3.12. Involvement of microtubules in the effects of glutoxim and molixan on the
intracellular Ca2+ concentration in macrophages
It is known that the microtubule protein tubulin has a high redox sensitivity and
can be easily S-glutathionylated (Wang et al., 2001). Correspondingly, it was
reasonable to study the possible role of microtubules in the regulatory effect of
glutoxim or molixan on [Ca2+]i in the rat peritoneal macrophages.
The involvement of microtubules in the effects of glutoxim and molixan on
2+
[Ca ]i of the rat peritoneal macrophages was studied using two structurally different
agents capable of inducing depolymerization of microtubules, colcemid and
nocodazole, as well as the microtubule stabilizer taxol (Fulton, 1984).
It has been demonstrated that incubation of macrophages in the presence of 100
μg/ml molixan (Fig. 51a) or 100 μg/ml glutoxim (Fig. 52a) for 20 min in a medium
without calcium causes a significant increase in [Ca2+]i, which reflects mobilization
of Са2+ from intracellular Са2+ stores. Addition of 2 mM Са2+ to the external medium
induces entry of Са2+ into the cytosol, which is apparently mediated by depletion of
the Са2+ store (Figs. 51a, 52a). It has been found that nocodazole, colcemid, or taxol
almost completely prevent the increase in [Ca2+]i when glutoxim or molixan are
applied (Figs. 51, 52). For example, preincubation of macrophages with 10 μM
nocodazole (Fig. 51b) for 25 min before application of 100 μg/ml molixan causes an
almost complete suppression of both phases of the Са2+ response excited by molixan.
Preincubation of cells in the presence of 50 μM colcemid (Fig. 51c) for 20 min prior
to introduction of 100 μg/ml molixan also leads to a full inhibition of the [Ca2+]i
increase induced by molixan. Similar results have been obtained with 100 μg/ml
glutoxim.
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Fig. 51. The influences of nocodazole and colcemid on the effect of molixan on [Ca2+]i
in peritoneal macrophages
a - macrophages were treated with 100 µg/ml molixan, 24 min later Ca2+ entry was induced
by addition of 2 mM Ca2+ to the external medium; b - cells were preincubated with 10 μM
nocodazole for 25 min, after that 100 µg/ml molixan was added, 20 min later Ca2+ entry was
induced by addition of 2 mM Ca2+ to the external medium; c – cells were preincubated with 50 μM
colcemid for 20 min before 100 µg/ml molixan addition, 25 min later Ca2+ -entry was induced by
addition of 2 mM Ca2+ to external medium.

The results suggest that depolymerization of the tubulin cytoskeleton prevents
the regulatory effects of glutoxim and molixan on the processes of Са2+ signalling in
macrophages. Moreover, it has been shown that preincubation of macrophages with
40 μM taxol for 30 min before application of 100 μg/ml glutoxim also leads to an
almost complete suppression of the Са2+ responses excited by glutoxim (Fig. 52b).
Similar results have been obtained using 100 μg/ml molixan. This suggests that
stabilization of microtubules, as well as their disassembling, can prevent the effects
of glutoxim and molixan on [Ca2+]i in macrophages.
It has been found that application of 100 μM taxol during the store-operated
2+
Са entry excited by molixan causes a complete inhibition of Са2+ entry and return
of [Ca2+]i to the basal level (data not shown). This proves our earlier data about
inhibition by taxol of store-operated Са2+ entry, induced by the purinergic agonist
ATP or the inhibitor of endoplasmic Са2+ ATPases thapsigargin (Kurilova et al.,
2005) and suggests the involvement of microtubules not only in the generation, but
also in the maintenance of store-operated Са2+ entry in macrophages. The possible
model of microtubule involvement in the regulation of store-dependent Ca2+ entry
induced by glutoxim or molixan is presented in Fig. 53.

79

Fig. 52. The influence of taxol on the effect of glutoxim on [Ca2+]i in peritoneal
macrophages
a – macrophages were treated with 100 µg/ml glutoxim, 24 min later Ca2+ entry was induced
by the addition of 2 mM Ca2+ to the external medium; b – cells were preincubated with 40 μM taxol
for 30 min, then 100 µg/ml glutoxim was added, 20 min later Ca2+ entry was induced by the
addition of 2 mM Ca2+ to the external medium.

Thus, we have demonstrated that any changes in the tubulin cytoskeleton
structure (depolymeriztion or stabilization) mediate the effects of glutoxim and
molixan on [Ca2+]i in macrophages. Moreover, these data suggest that application of
glutoxim or molixan together with nocodazole, colcemid, or taxol, which are used in
the therapy of cancer as cytostatic drugs, is undesirable.
It is also known that microtubules are involved in the regulation of the
intracellular transport of secretory vesicles regulating the efficacy of the transport and,
like “roads” or “highways,” determine the direction of the vesicle traffic. Agents
causing microtubule depolymerization inhibit secretion in cells of different types
(Klann et al., 2012). Hence, the nocodazole or colcemid suppression of Са2+
responses to glutoxim or molixan suggests that the regulation of [Ca 2+]i by these
drugs is mediated by a mechanism similar to the process of secretion. Thus, we have
demonstrated the involvement of microtubules in the regulatory effects of glutoxim
and molixan on [Ca2+]i in the rat peritoneal macrophages. We can conclude that the
tubulin cytoskeleton is a direct participant in the signalling cascade triggered by
glutoxim or molixan and leading to an increase in [Ca2+]i in rat peritoneal
macrophages.

80

Fig. 53. The possible model of microtubule involvement in the regulation of storedependent Ca2+ entry induced by glutoxim or molixan
Glutoxim and molixan may transactivate receptor tyrosine kinases such as PDGF (plateletderived growth factor) receptor leading to phosphoinositide signalling pathway activation and Ca2+
release from the Ca2+-store (ER – endoplasmic reticulum) via IP3 receptors (IP3R). Ca2+
mobilization induces microtubule reorganization causing the formation of store-dependent Ca2+
entry complex: store-dependent Ca2+-channel (TRP/Orai complex) in plasmalemma, Ca2+-sensor
STIM1 and SERCA Ca2+-ATPase in ER membrane. PLCγ – phospholipase Cγ; PIP2 –
phosphatidylinositol-4,5-bisphosphate; DAG-1,2-diacylglycerol; PKC- protein kinase C; Eb –
microtubule end binding protein.

3.13. The interplay between Ca2+ signalling, redox regulation and cytoskeleton in
macrophages
The results obtained suggest that there is a kind of dynamic interplay between
Ca signalling, redox regulation and cytoskeleton (Fig. 54). So, we can propose, that
glutoxim and molixan trigger a very interesting and complicated signalling cascade,
mediated by many signalling molecules activation and cytoskeleton reorganization,
and leading to the resulting Ca2+ response. Also, one can say that glutoxim and
molixan, being applied from the outside of plasmalemma, may trigger intracellular
events not only by one concrete mechanism, but by at least four possible ways.
2+
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Fig. 54. The interplay between Ca2+ signalling, redox regulation and cytoskeleton in
macrophages
Glutoxim or molixan, being membrane impermeable, may alter intracellular redox balance
inducing thiol-disulfide exchange along a chain of cysteine residues of membrane proteins. As a
result, the intracellular GSSG/GSH ratio increases and intracellular GSSG may modulate IP 3receptors (IP3R) (activation), STIM1 (glutathionylation) and SERCA Ca2+-ATPases (inhibition) in
Ca2+-store membrane causing Ca2+-store depletion and subsequent Ca2+ entry. Also, GSSG may
induce S-glutathionylation of actin filaments and microtubules, which in their turn may participate
in the regulation of Ca2+ responses. Glutoxim and molixan may also trigger Ca2+ signalling
cascades via transactivation of receptor tyrosine kinases (RTK) or P2Y2 purinoreceptors in plasma
membrane with subsequent activation of phosphoinositide signalling pathway leading to the
generation of Ca2+ responses. Transactivation of RTK leads to the activation of PI3K and small Gproteins (Ras/Arf), which along with PKC may induce cytoskeleton reorganization. Cytoskeleton in
its turn may be involved in the regulation of Ca2+ release from the Ca2+-store and in the modulation
of store-dependent Ca2+ entry induced by glutoxim or molixan. Moreover, glutoxim or molixan may
inhibit plasma membrane Ca2+-ATPase which extrudes Ca2+ from the cytosol.
PLC – phospholipase C; PI3K – phosphatidylinositol-3-kinase; PKC – protein kinase C;
STIM1 – Ca2+-sensor in Ca2+-store; αβγ – subunits of heterotrimeric G-protein.

The possible model of glutoxim and molixan action on Ca2+ signalling and
cytoskeleton, shown in Fig. 54, represents four mechanisms by which glutoxim and
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molixan may increase [Ca2+]i. The most simple possible mechanism is that the drugs
may inhibit Ca2+-ATPase in plasmalemma and, thus, increase [Ca2+]i. But this
mechanism doesn’t assume Ca2+ entry generation and the involvement of many
signalling molecules and cytoskeleton structures in the effect of glutoxim and
molixan. Therefore, this mechanism can be regarded as additional way of [Ca2+]i
increase induced by glutoxim or molixan.
The second mechanism is based on the principles of redox regulation and
supposes that glutoxim and molixan may initiate thiol-disulfide exchange along a
chain of cysteine residues of membrane proteins. As a result, the intracellular
GSSG/GSH ratio increases and intracellular GSSG may modulate IP3-receptors and
SERCA Ca2+-ATPases in endoplasmic reticulum membrane causing Ca2+-store
depletion and subsequent Ca2+ entry. GSSG may also induce S-glutathionylation of
actin filaments and microtubules. Cytoskeleton structures in their turn may regulate
the processes of Ca2+ mobilization and Ca2+ entry. Another two mechanisms are
receptor-dependent and suppose glutoxim- or molixan-induced transactivation of
receptor tyrosine kinases (RTK) or P2Y- purinoreceptors in plasma membrane with
subsequent activation of phosphoinositide signalling pathway leading to the
generation of Ca2+ responses. Some players in this game, for instance the key enzyme
of phosphoinositide pathway protein kinase C as well as Ca2+ itself, may cause
cytoskeleton reorganization, which in its turn, modulates Ca2+ responses.
We suggest that all these possible mechanisms are not mutually exclusive and
glutoxim and molixan may generate all these events concomitantly.
3.14. The involvement of arachidonic acid cascade in the effect of glutoxim and
molixan on intracellular Ca2+ concentration in macrophages
Polyunsaturated arachidonic acid (AA) and its oxidation products constitute
one of the major signalling systems in cells (Krutetskaya, Lebedev, 1993;
Krutetskaya et al., 2003a) (Fig. 55). Enzymes of AA metabolism have a high redox
sensitivity and are targets for oxidizing and reducing agents. One of the key events in
macrophage activation is the production of a large number of eicosanoids, products of
AA metabolism (Scott et al., 1982). In peritoneal macrophages, AA is released from
membrane phospholipids by phospholipase A2 and is easily oxidized in the
cyclooxygenase, lipoxygenase and epoxygenase pathways (Scott et al., 1982;
Krutetskaya, Lebedev, 1993; Krutetskaya et al., 2003a). Due to this fact, it was
interesting to investigate the possible involvement of AA metabolism in the action of
glutoxim and molixan on [Ca2+]i, in rat peritoneal macrophages.
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Fig. 55. Arachidonic acid cascade
Bioactive eicosanoids derived from the arachidonic acid. Free arachidonic acid is released
from membrane phospholipids by phospholipases A2 (PLA2, light blue oval) and metabolized by
three main enzymatic pathways with participation of cyclooxygenases (green boxes), 5-, 12- and
15-lipoxygenases (yellow boxes) and cytochromes P450/epoxygenases (orange boxes). Specific
inhibitors of arachidonic metabolism pathways are given in grey boxes.
EETE – epoxyeicosatrienoic acid; HETE – hydroxyeicosatetraenoic acid; HPETE –
hydroperoxyeicosatetraenoic acid; LT – leukotriene; NDGA – nordihydroguaiaretic acid; NSAIDs –
non-steroidal anti-inflammatory drugs; PG – prostaglandin; TX – thromboxane.

3.14.1. The involvement of cyclooxygenase pathway in the effect of glutoxim and
molixan on intracellular Ca2+ concentration in macrophages
In order to identify the possible role of the cyclooxygenase pathway of AA
oxidation in the action of glutoxim and molixan on [Ca2+]i, two structurally different
inhibitors of cyclooxygenases, nonsteroid anti-inflammatory agents, indomethacin
and acetylsalicylic acid (aspirin) (Krutetskaya et al., 2003a) were used.
In control experiments, it was shown that the addition of 100 μg/ml molixan
(Fig. 56a) or 100 μg/ml glutoxim (Fig. 57a) to the macrophages in the medium
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without calcium caused a significant increase in [Ca2+]i, reflecting the
Ca2+mobilization from the intracellular Ca2+ store. The subsequent introduction of 2
mM Ca2+ into the external medium induced store-dependent Ca2+ entry (Fig. 56a,
57a).
We demonstrated that preincubation of macrophages for 5 min with 40 µM
indomethacin (Fig. 56b) or 100 μM aspirin (Fig. 56c) caused a practically complete
inhibition of both phases of Ca2+ response induced by 100 μg/ml molixan. Similar
results were obtained using 100 μg/ml glutoxim (Fig. 57b, c).

Fig. 56. Influence of indomethacin and aspirin on molixan effect on [Ca2+]i in
peritoneal macrophages
a - cells were incubated with 100 μg/ml molixan in Ca2+-free solution, then Ca2+ entry was
initiated by the addition of 2 mM Ca2+ to the external medium; b, c - cells were preincubated for 5
min with 40 μM indomethacin (b) or 100 μM aspirin (c) in Ca2+-free solution, then 100 μg/ml
molixan was applied, 20 min later Ca2+ entry was initiated by the addition of 2 mM Ca2+ to the
external medium.

These data suggest that cyclooxygenases and/or cyclooxygenase metabolites of
arachidonic acid do participate in the regulation of glutoxim- or molixan-induced
Ca2+ responses.
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Fig. 57. Influence of indomethacin and aspirin on glutoxim effect on [Ca2+]i in
peritoneal macrophages
a - cells were incubated with 100 μg/ml glutoxim in Ca2+-free solution, then Ca2+ entry was
initiated by the addition of 2 mM Ca2+ to the external medium; b, c - cells were preincubated for 5
min with 40 μM indomethacin (b) or 100 μM aspirin (c) in Ca2+-free solution, then 100 μg/ml
glutoxim was applied, 20 min later Ca2+ entry was initiated by the addition of 2 mM Ca2+ to the
external medium.

The results obtained are in agreement with investigation of Ca2+ signalization
in tumour cells. Thus, it was shown that cyclooxygenase inhibitors indomethacin,
aspirin and ibuprofen can have anti-tumoral effect by inducing apoptosis and
suppressing proliferation and migration of tumour cells (Kokoska et al., 2000; Guo et
al., 2013). It can be mediated by these drugs influence on cyclooxygenases or
intracellular Ca2+ signalization. Particularly cyclooxygenase inhibitors were shown to
decrease epidermal growth factor-induced Ca2+ influx (Kokoska et al., 2000; Guo et
al., 2013). Also it was revealed that indomethacin, aspirin and ibuprofen suppress
thapsigargin-activated store-operated Ca2+ entry in human gaster cells (Kokoska et al.,
1998). Thus, cyclooxygenase pathway of AA oxidation is supposed to participate in
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regulation of Ca2+ entry in physiological and pathophysiological conditions (Kokoska
et al., 1998, 2000; Guo et al., 2013).
Cyclooxygenase-inhibiting drugs indomethacin, aspirin are non-steroidal antiinflammatory agents having anti-inflammatory, analgesic and antipyretic effects (Rao,
Knaus, 2008). According to our results on indomethacin and aspirin inhibition of
glutoxim- and molixan-induced Ca2+ responses , the combined clinical application of
glutoxim or molixan with drugs based on arachidonic acid metabolism inhibitors is
not recommended.
3.14.2. The involvement of lipoxygenase pathway in the effect of glutoxim and
molixan on intracellular Ca2+ concentration in macrophages
Classical lipoxygenase inhibitor nordihydroguaiaretic acid (NDGA) and
selective 5- lipoxygenase inhibitor caffeic acid and 12-lipoxygenase inhibitor
baicalein were used (Needleman et al., 1986; Chung et al., 2004; van Leyen et al.,
2006).
In control experiments it was shown that macrophage incubation with 200
μg/ml glutoxim (Fig. 58а) or molixan (Fig. 59а, 60a) for 20 - 25 min in calcium-free
medium resulted in progressive [Ca2+]i increase due to Ca2+ mobilization from
intracellular Ca2+-stores. Addition of 2 mM Ca2+ to the external medium induced Ca2+
entry into cytosol, mediated by Ca2+-store depletion (Fig. 58а, 59a, 60a).
Macrophage incubation with 10 μM NDGA for 5 min before addition of 200
μg/ml glutoxim (Fig. 58b) or 200 μg/ml molixan (data are not shown) resulted in
almost complete inhibition of [Ca2+]i increase in response to glutoxim or molixan.
Incubation of the cells with 5 μM caffeic acid for 5 min before addition of 200 μg/ml
glutoxim (Fig. 58c) or 200 μg/ml molixan (Fig. 59b) also strongly inhibited Ca2+
responses induced by glutoxim or molixan in macrophages. Baicalein was shown to
produce the same effect on Ca2+ mobilization and Ca2+ entry induced by glutoxim
(Fig. 58d) and molixan (Fig. 60b) in rat peritoneal macrophages.
These data indicate the involvement of products and/or enzymes of the
lipoxygenase pathways of AA oxidation in the effect of glutoxim and molixan on
[Ca2+]i, in macrophages. It supports the idea that both 5- and 12-lipoxygenases and/
or lipoxygenase metabolism products play an important role in regulation of Ca2+
responses induced by glutoxim or molixan. These data are in agreement with our
previous results that lipoxygenase inhibitors prevents [Ca2+]i increase induced by
another oxidizing agent phenylarsine oxide in peritoneal macrophages (Krutetskaya
et al., 1997a).
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Fig. 58. The effect of lipoxygenase inhibitors on [Ca2+]i increase induced by glutoxim
(200 μg/ml) in macrophages
a - cells were incubated with 200 μg/ml glutoxim in Ca2+-free solution, then Ca2+ entry was
initiated by the addition of 2 mM Ca2+ to the external medium; b – d – 5 min incubation with 10
μM NDGA (b), 5 μM caffeic acid (c) or 5 μM baicalein (d) in Ca2+-free solution, introduction of
200 μg/ml glutoxim, 20 min later Ca2+ entry was initiated by the addition of 2 mM Ca2+ to the
external medium.

Also we have shown that after the addition of 10 μM caffeic acid (Fig. 59а) or
10 μM baicalein (Fig. 60а) during the developed Ca2+ entry, the molixan-induced
[Ca2+]i increase was completely inhibited, and [Ca2+]i returned to the basal level. So,
we can consider that enzymes and/or products of 5- and 12-lipoxygenase pathways
take part not only in generation but also in maintenance of store-operated Ca2+ entry
induced by molixan. This is in agreement with our previous data demonstrating that
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lipoxygenase inhibitors (NDGA, caffeic acid and baicalein) inhibit store-operated
Ca2+ entry, activated by sulfhydryl agent phenylarsine oxide (Krutetskaya et al.,
1997a), purinergic agonists ATP and UTP or endoplasmic Ca2+-ATPases inhibitors
thapsigargin and cyclopiazonic acid in macrophages (Krutetskaya et al., 2003a).

Fig. 59. Caffeic acid effect on [Ca2+]i increase induced by molixan in macrophages
a – cells were incubated with 200 μg/ml molixan in Ca2+-free solution, then Ca2+ entry was
initiated by the addition of 2 mM Ca2+ to the external medium, after that 10 μM caffeic acid was
added during the developed Ca2+ entry; b – macrophages were incubated with 5 μM caffeic acid,
then 200 μg/ml molixan was applied, 20 min later Ca2+ entry was initiated by the addition of 2 mM
Ca2+ to the external medium.

It is well established that lipoxygenase inhibitors suppress store-operated Ca2+
entry in different cell types. Thus, caffeic acid was shown to inhibit Ca 2+ influx,
induced by thapsigargin and anti-CD3 antibodies in Jurkat cells (Nam et al., 2009).
Furthermore, new antimycotic agents posaconazole and itraconazole were found to
inhibit Ca2+ uptake by chemoattractant-activated human neutrophils due to
interference with lipoxygenase metabolism of AA (Steel et al., 2007, 2009).
Lipoxygenase inhibitors are supposed to be perspective for clinical use. Their
anti-inflammatory, tumour-suppressing and antioxidant effects are actively
investigated (Anjaneyulu, Chopra, 2004; Сhung et al., 2004; van Leyen et al., 2006;
Hsieh et al., 2007). Thus, our data demonstrating the inhibitory effect of these agents
on glutoxim- and molixan-induced Ca2+ responses suggest that combined application
of NDGA, caffeic acid and baicalein with disulfide-containing immunomodulators is
undesirable in clinical practice.
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Fig. 60. The influence of baicalein on [Ca2+]i increase induced by molixan
a - cells were incubated with 200 μg/ml molixan in Ca2+-free solution, then Ca2+ entry was
initiated by the addition of 2 mM Ca2+ to the external medium, after that 10 μM baicalein was added
during the developed Ca2+ entry; b – cells were incubated with 10 μM baicalein before 200 μg/ml
molixan addition, 23 min later Ca2+ entry was initiated by the addition of 2 mM Ca2+ to the external
medium.

3.14.3. The involvement of epoxygenase pathway in the effect of glutoxim and
molixan on intracellular Ca2+ concentration in macrophages
Polyunsaturated arachidonic acid (AA) and its metabolites are known to be one
of the key signalling systems in living cells. It’s well established that AA metabolism
cascade enzymes have high redox sensitivity being targets for different oxidizing and
reducing agents. By means of cyclooxygenase and lipoxygenase inhibitors we have
shown for the first time that cyclooxygenase and lipoxygenase pathways of AA
oxidation are involved in glutoxim action on [Ca2+]i in rat peritoneal macrophages.
Therefore it seemed reasonable to investigate also possible involvement of
epoxygenase pathway of AA metabolism in glutoxim and molixan regulation of
[Ca2+]i in macrophages. For this aim epoxygenase-inhibiting antimycotic agents
proadifen (SKF-525A) and econazole (Krutetskaya et al., 2003a) were used.
In control experiments glutoxim (Fig. 61a) and molixan (Fig. 62a) caused
biphasic Ca2+ response. It was shown for the first time that preincubation of
macrophages with 100 μM proadifen (Fig. 61b) or 5 μM econazole (Fig. 61c) for 5
min before 200 μg/ml glutoxim application suppressed significantly both phases of
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Ca2+ responses induced by glutoxim. Also, it was shown that econazole attenuates
Ca2+ response induced by 200 μg/ml molixan (Fig. 62b).
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Fig. 61. The influence of proadifen and econazole on [Ca2+]i increase induced by
glutoxim
Here and in Fig. 62: ordinate - the ratio of Fura-2AM fluorescence with excitation
alternatively at 340 nm and 380 nm (Ratio(F340/F380)), abscissa – time, min.
a - cells were incubated with 200 μg/ml glutoxim in Ca2+-free solution, then Ca2+ entry was
initiated by the addition of 2 mM Ca2+ to the external medium, then 100 μM proadifen was added; b,
c - cells were preincubated for 5 min with 100 μM proadifen (b) or 5 μM econazole (c) in Ca2+-free
solution, then 200 μg/ml glutoxim was applied, 21 min later Ca2+ entry was initiated by the addition
of 2 mM Ca2+ to the external medium.
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Fig. 62. The influence of econazole on [Ca2+]i increase induced by molixan
a - cells were incubated with 200 μg/ml molixan in Ca2+-free solution, then Ca2+ entry was
initiated by the addition of 2 mM Ca2+ to the external medium, then 5 μM econazole was added; b cells were preincubated for 5 min with 5 μM econazole in Ca2+-free solution, then 200 μg/ml
molixan was applied, 21 min later Ca2+ entry was initiated by the addition of 2 mM Ca2+ to the
external medium.

It was also shown that being applied during already-developed Ca2+ entry
induced by glutoxim proadifen causes partial inhibition of Ca2+ entry into the
macrophages (Fig. 61a). The same result was obtained using 5 μM econazole applied
upon molixan-induced Ca2+ entry (Fig. 62a). Thus our results suggest the
involvement of epoxygenases and/or epoxygenase products in glutoxim and molixan
action on [Ca2+]i in rat peritoneal macrophages.

3.14.4. The possible model of glutoxim and molixan effect on [Ca2+]i involving
arachidonic acid metabolism
On the basis of these new results along with our data obtained earlier we
conclude that both glutoxim and molixan activate the complex signalling cascade that
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results in [Ca2+]i increase and, probably, in AA metabolism activation. AA
metabolites, in turn, may regulate glutoxim- and molixan-induced Ca2+ responses.
The following mechanisms mediating the AA metabolism participation in the effect
of glutoxim and molixan on [Ca2+]i can be suggested.
Firstly it’s known that a number of AA metabolism products are secondary
messengers modulating different types of ion channels including Ca 2+-channels
(Krutetskaya, Lebedev, 1995; Meves, 2006, 2008). Glutoxim or molixan action on
macrophages may activate the key enzymes of AA metabolism – phospholipases A2,
lipoxygenases and cyclooxygenases – and, as a result, production of free AA and its
metabolites. So it can be considered that AA metabolites activate directly IP 3sensitive Ca2+-channels of intracellular Ca2+-stores inducing Ca2+ mobilization. Store
depletion induces Ca2+ entry in macrophages, that can be enhanced additionally by
other AA metabolites action on store-operated Ca2+-channels. This hypothesis is in
agreement with results of Itagaki and co-workers who have shown that products of 5lipoxygenases leukotrienes B4 and D4 induce Ca2+ mobilization from intracellular
stores and subsequent Ca2+ entry from extracellular medium in murine dendritic cells
(Itagaki et al., 2011).
Secondly AA metabolism products are known to modulate actin cytoskeleton
reorganization. Thus, it was found that activation of receptor tyrosine kinase by
epidermal growth factor induced cortical actin polymerization and stress fiber
formation in human epidermoid carcinoma cells A431, HeLa cells and rat fibroblasts
(Peppelenbosch et al., 1993). At the same time this resulted in activation of
phospholipase A2, AA cascade metabolism and production of lipoxygenase and
cyclooxygenase metabolites. Lipoxygenase products – leukotrienes – were found to
activate actin polymerization while cyclooxygenase products – prostaglandins –
conversely induced disintegration of actin filaments (Peppelenbosch et al., 1993,
1995). Additionally, the role of 12/15- lipoxygenases in actin polymerization was
shown in murine macrophages (Miller et al., 2001).
Thus, on the basis of literature data (Peppelenbosch et al., 1993, 1995) and our
results about actin (Krutetskaya et al., 2011; Кurilova et al., 2012) and tyrosine kinase
participation (Krutetskaya et al., 2007b; Кurilova et al., 2008) in glutoxim and
molixan action on [Ca2+]i in macrophages it can be suggested that AA metabolism
involvement in glutoxim- and molixan-induced Ca2+ responses is mediated by actin
reorganization (Fig. 63). Particularly glutoxim and molixan may transactivate
receptor tyrosine kinase in macrophage membrane activating AA metabolism cascade
enzymes: phospholipases A2, lipoxygenases and cyclooxygenases (Fig. 63, 64).
Probably the balance between cyclooxygenase and lipoxygenase products provides
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dynamic actin reorganization which may be necessary for normal generation of Ca2+
responses upon the action of glutoxim and molixan (Fig. 63, 64). Cyclooxygenase
inhibition may induce anomalous stabilization of F-actin while 5- or 12-lipoxygenase
inhibition conversely may be the reason of actin destabilization (Fig. 63). As a result,
each of AA metabolism inhibitors significantly suppresses both Ca2+ mobilization
and store-operated Ca2+ entry, induced by glutoxim or molixan in macrophages.
However further study with visualization of actin filaments should be done to
confirm the role of actin cytoskeleton in modulating action of AA metabolites on
glutoxim- or molixan-induced Ca2+ responses.

Fig. 63. Possible mechanism of glutoxim and molixan effect on actin cytoskeleton and
[Ca ]i involving arachidonic acid metabolism
Glutoxim or molixan may transactivate receptor tyrosine kinase in macrophage
plasmalemma stimulating arachidonic acid cascade with involvement of phospholipases A2,
cyclooxygenases, 5- and 12-lipoxygenases. Normally cyclooxygenase and lipoxygenase products
provide dynamic actin reorganization necessary for generation and maintenance of both phases of
glutoxim- or molixan-induced Ca2+ responses. Cyclooxygenase inhibition by non-steroidal antiinflammatory drugs (for example, indomethacin or aspirin) disturbs actin depolymerization and
reproduces the effect of actin stabilizer calyculin A, while lipoxygenase inhibition (for instance, by
nordihydroguaiaretic acid, NDGA, caffeic acid or baicalein) destabilize actin like depolymerizators
cytochalasin D and latrunculin B. Thus, the effect of each arachidonic acid cascade inhibitor results
in considerable decrease of both Ca2+ mobilization and store-operated Ca2+ entry induced by
glutoxim or molixan.
2+
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Fig. 64. The possible mechanism of glutoxim and molixan effect on [Ca 2+]i in
macrophages including arachidonic acid metabolism
Glutoxim and molixan transactivate receptor tyrosine kinase or G-protein-coupled P2Y2purinoreceptor resulting in activation of phosphoinositide signalling pathway with phospholipases
Cγ or Cβ (PLCγ/PLCβ). PLCs hydrolise phosphatidylinositol 4,5-bisphosphate (PIP2) into two
secondary messengers: inositol-1,4,5 trisphosphate (IP3) and diacylglycerol (DAG). IP3 binds to
IP3-receptors releasing Ca2+ from intracellular Ca2+- stores. Store depletion signal is transferred to
store-operated Ca2+-channels in plasmalemma and induces store-operated Ca2+ entry. DAG activates
protein kinase C (PKC) which, in turn, is able to stimulate phospholipases A2 (PLA2) and
cyclooxygenases (COX). Moreover, glutoxim or molixan-induced oxidative stress activates
lipoxygenases (LOX).
PLA2s release arachidonic acid (AA) from membrane phospholipids. COXs and LOXs
metabolize AA to eicosanoids which can regulate the reorganization of actin filaments – the key
players of Ca2+ responses induced by glutoxim and molixan.
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3.15. Involvement of small G proteins and vesicle traffic in the glutoxim and
molixan effects on the intracellular Ca2+ concentration in macrophages
The involvement of microtubules and the actin cytoskeleton in the glutoxim
and molixan action on [Ca2+]i in macrophages invites the assumption that
macrophage activation induced by these agents is mediated by vesicle traffic. It is
known that intracellular trafficking of secretory vesicles depends on microtubules,
which regulate the transport efficiency and organize the vesicle traffic by acting like
cellular highways. Agents causing microtubule disintegration have been shown to
inhibit secretion in different types of cells (Klann et al., 2012). In addition, it was
reported that glutoxim could induce vesicle exocytosis in macrophages containing M.
tuberculosis (Antushevich et al., 2005). Based on these data, we considered it
worthwhile to investigate the possible involvement of vesicle transport and small G
proteins, important components of the exocytosis signalling pathway, in mediating
the glutoxim and molixan effects on the [Ca2+]i level in macrophages.
The involvement of small G proteins of the Ras superfamily in the effects of
glutoxim and molixan on [Ca2+]i was analyzed using a farnesylcysteine analogue, Nacetyl-S-farnesyl-L-cysteine (AFC). AFC inhibits farnesylmethyl transferases and
prevents methylation, membrane binding, and activation of Ras proteins (Xu et al.,
1996). The role of vesicle transport in the glutoxim or molixan effects on [Ca 2+]i was
studied using brefeldin A, an inhibitor of vesicle transport. Brefeldin A inactivates
small G proteins of the Arf subfamily that are central to the regulation of vesicle
transport (Shin et al., 2004). GDP complexes of Аrf proteins are located in the
cytosol, while their GTP-associated forms are strongly bound to the cellular
membrane via their N-terminal domains. Activated Arf proteins capture vesicle coat
proteins and induce vesicle formation. Thus, activation of Arf proteins is an
important mechanism of activating vesicle transport (Shin et al., 2004).
Control experiments showed that the [Ca2+]i levels in macrophages incubated
for 20 min with 100 μg/ml glutoxim (Fig. 65a) or 100 μg/ml molixan (Fig. 66a) in
nominally calcium-free medium were slowly increasing due to Ca2+ mobilization
from intracellular Ca2+ stores. Based on six experiments for either agent, it was found
that a 20 min incubation with either drug resulted in a [Ca2+]i increase from the basal
level of 85 ± 18 nM to 219 ± 20 nM for glutoxim and to 217 ± 19 nM for molixan. In
the medium supplemented with 2 mM Ca2+, the levels of [Ca2+]i were observed to
increase further, reflecting the Ca2+ uptake in the cytosol (Figs. 65a, 66a). During the
Ca2+ uptake phase, the [Ca2+]i levels increased to 327 ± 19 nM and to 325 ± 17 nM
for glutoxim and molixan, respectively (data from six experiments for either agent).
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This study was the first to demonstrate that a preliminary 1 h incubation of
macrophages with 100 μM brefeldin A before adding 100 μg/ml glutoxim (Fig. 65b)
or 100 μg/ml molixan (Fig. 66b) resulted in an efficient suppression of both phases of
the drug-induced Ca2+ response. Based on the data from seven experiments for either
agent, mobilization of deposited Ca2+ was reduced by 87.1 ± 7.0% and 91.0 ± 6.5%,
and Ca2+ uptake, by 69.1 ± 6.2% and 65.3 ± 5.2% for glutoxim and molixan,
respectively.

Fig. 65. Influence of brefeldin A and a farnesylcysteine analogue, N-acetyl-S-farnesyl-Lcysteine (AFC), on the glutoxim effect on [Ca2+]i level in macrophages
a - cells were incubated for 20 min in a nominally calcium-free medium in the presence of
100 μg/ml glutoxim; next, Ca2+ uptake was activated by supplementing the culture medium with 2
mM Ca2+; b, c - cells were preincubated (b) with 100 μM brefeldin A for 1 h or (c) with 50 μM
AFC for 15 min in a calcium-free medium; then, 100 μg/ml glutoxim was added and, within 20
min, Ca2+ uptake was activated by adding 2 mM Ca2+ to the medium.

Similarly, it was found that a 15 min preincubation with 50 μM AFC prior to
adding 100 μg/ml glutoxim or 100 μg/ml molixan suppressed considerably the Ca2+
mobilization from cell stores, as well as Ca2+ uptake induced by glutoxim (Fig. 62c)
or molixan (data not shown). According to the data from eight experiments for either
drug, Ca2+ mobilization from cell stores was reduced by 71.0 ± 5.1% and 76.2 ±
6.3%, and Ca2+ uptake, by 65.0 ± 3.0% and 62.1 ± 4.0%, for glutoxim and molixan,
respectively.
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Fig. 66. Influence of brefeldin A on the molixan effect on the [Ca 2+]i level in
macrophages
a - cells were incubated for 20 min in a calcium-free medium in the presence of 100 μg/ml
molixan; then, Ca2+ uptake was activated by supplementing the culture medium with 2 mM Ca2+; b
- cells were preincubated with 100 μM brefeldin A for 1 h in a calcium_free medium; then, 100
μg/ml molixan were added and, within 25 min, Ca2+ uptake was activated by adding 2 mM Ca2+ to
the medium.

These results suggest that the Ca2+ responses induced by glutoxim and molixan
in macrophages depend critically on small G proteins of the Ras superfamily, as well
as on vesicle traffic.
The above results, along with our previous findings also indicate that the action
of glutoxim and molixan on [Ca2+]i levels in macrophages involves the same signal
proteins and complexes that participate in exocytosis: tyrosine kinases and tyrosine
phosphatases, phosphatidylinositol-3- and -4 kinases, protein kinase C, small G
proteins of the Ras superfamily, vesicle trafficking, and actin and tubulin
cytoskeleton (Krutetskaya et al., 2012a). In addition, we have shown that glutoxim
and molixan themselves induce reorganization of the actin cytoskeleton (Kurilova et
al., 2012), which mediates macrophage activation and facilitates endo- and
exocytosis.
Presumably, glutoxim and molixan not only cause an increase in [Ca2+]i levels,
but can also stimulate Ca2+-dependent exocytosis in macrophages. The signal
cascades triggered by glutoxim and molixan and inducing [Ca 2+]i increase and
exocytosis are apparently in a close interaction and cross-talk with each other.
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3.16. Concluding remarks to chapter 3
In summary, we have discovered for the first time that disulfide-containing
compounds (cystine, cystamine, GSSG) and disulfide-containing drugs glutoxim and
molixan increase intracellular Ca2+ concentration in macrophages by inducing Ca2+
mobilization from thapsigargin-sensitive Ca2+-stores and subsequent store-dependent
Ca2+ entry form external medium (Krutetskaya et al., 2006a; Krutetskaya et al.,
2007a; Kurilova et al., 2007b; Kurilova et al., 2008; Krutetskaya et al., 2010;
Kurilova et al., 2011)
Moreover, using fluorescent microscopy and wide range of pharmacological
agents, affecting the components of signalling systems in cells, we showed that
sulfhydryl drugs trigger a complicated signalling cascade and, thus, modulate Ca2+
signalling processes in macrophages. The components of almost all the major
universal signalling systems are involved in the effect of these drugs on [Ca2+]i:
tyrosine kinases and tyrosine phosphatases (Krutetskaya et al., 2007b;
Kurilova et al., 2008);
phosphatidylinositol-3- and phosphatidylinositol-4-kinases (Krutetskaya
et al., 2008a);
the key enzymes of phosphoinositide signalling pathway phospholipase
C and protein kinase C (Krutetskaya et al., 2009a; Kurilova et al., 2009b);
small G-proteins of Ras superfamily (Krutetskaya et al., 2014);
actin cytoskeleton (Krutetskaya et al., 2011; Kurilova et al., 2012) and
microtubules (Krutetskaya et al., 2013a);
actin-modulating proteins: Arp2/3 complex (Milenina et al., 2014) and
WASPs;
purinoreceptors and geterotrimeric G-proteins (Kurilova et al., 2013).
Also three dynamic regulating processes are involved in the effect of disulfidecontaining drugs: the redox-dependent glutathionylation, the AA methabolism
cascade (Krutetskaya et al., 2013b; Kurilova et al., 2014) and the mechanism of
vesicular transport (Krutetskaya et al., 2014).
There are some interesting intriguing results about the components of
signalling cascade induced by glutoxim and molixan. The first is that these agents
themselves cause actin cytoskeleton reorganization (Krutetskaya et al., 2011;
Kurilova et al., 2012), which in its turn, participates in the generation of Ca 2+
response induced by glutoxim and molixan. It suggests that glutoxim and molixan
themselves induce microfilament reorganization which is necessary for the further
signal transduction and that the mechanism of [Ca2+]i increase caused by these agents
is really rather complex, involving the reorganization in different cell structures.

99

The second intriguing fact is that the signalling cascade induced by glutoxim
and molixan involves a number of regulating proteins and their complexes which are
also involved in the processes of exocytosis (small G-proteins, microtubules,
vesicular transport mechanism, Arp2/3 complex, WASP, etc.) (Krutetskaya et al.,
2012a). It suggests that glutoxim and molixan not only cause [Ca 2+]i increase but may
also stimulate Ca2+-dependent exocytosis in macrophages, and that the regulation
effect of these agents on Ca2+ signalling has a cross-talk with their effect on
exocytosis.
The most important and probable models of glutoxim and molixan effect on
[Ca2+]i are presented in Fig. 54, which includes cytoskeleton participation in
signalling cascade induced by these agents, and Fig. 64, which includes also the
involvement of AA methabolism.
In summarizing, we would like to conclude with our working model of
glutoxim and molixan effect on intracellular Ca2+ concentration, according to which
cell impermeable glutoxim and molixan may transactivate receptors possessing
tyrosine kinase activity or P2Y purinoreceptors and trigger a complex signalling
cascade that involves tyrosine kinases, tyrosine phosphatases, phospholipase C,
protein kinase C, small G-proteins of Ras superfamily, actin cytoskeleton elements,
Arp2/3 complex and WASPs, microtubules, arachidonic acid metabolism cascade and
vesicular transport mechanism. This leads to an increase in intracellular Ca 2+
concentration in macrophages. Also, these agents may change cellular redox status
and influence intracellular processes initiating thiol-disulfide exchange along a chain
of cysteine residues of membrane proteins. Glutoxim and molixan may additionally
increase intracellular Ca2+ concentration by inhibition of Ca2+-ATPase in
plasmalemma. These mechanisms are not mutually exclusive and glutoxim and
molixan may generate all these events concomitantly (Fig. 54, 64).
In general the results obtained using disulfide-containing drugs suggest that
there is interplay not only between redox signalling and Ca2+ signalling but also
between many regulatory processes in cells.
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4. Redox modulation of sodium transport in frog skin epithelium
The field of epithelial transport has come a long way since
1958. Much of this progress has been guided by the basic
principles enunciated in Koefoed-Johnsen and Ussing model. The
solutions of the three-dimensional structures of both the Na+/K+
pump and the Na+ channel… constitute a fitting golden anniversary
present for the two-membrane model. They also remind those of us
in the field, as well as the interested onlookers, that for much of the
past 50 years we have largely been filling in the details of the
Koefoed-Johnsen and Ussing model.
Lawrence Palmer, Olaf Andersen, 2008

It is well established that the activity of various ion transporting proteins can be
modulated by redox-dependent mechanisms. Dependent on the type of the channel,
pump or other transporters, the redox modification has a variety of different
functional consequences. The influence of oxidizing and reducing agents has been
demonstrated for a number of epithelial tissues. It is known that the key Na +
transporting proteins are targets of oxidizing and reducing agents. However, the
molecular mechanisms of oxidizers and reducers effect on various components of
transepithelial Na+ transport are poorly studied.
The present chapter focuses on the elucidation of the possible mechanisms of
GSSG and glutoxim effects on the Na+ transport in frog skin epithelium.
4.1. General aspects of sodium transport in epithelial cells
All vertebrates maintain a nearly constant electrolyte composition and osmotic
pressure in their extracellular fluids. This homeostasis is achieved by well-regulated
vectorial salt and water transport processes across the epithelial cell layers in the
kidney and gut. One fundamental mechanism is the electrogenic translocation of Na +
ions illustrated in Fig. 67. As recognized by Koefoed-Johnsen and Ussing more than
55 years ago, transepithelial Na+ gradients can be generated and maintained by an
asymmetric distribution of Na+ channels and Na+-K+ pumps in the plasma membrane
that faces the apical (luminal) and basolateral membranes of polarized epithelia
(Koefoed-Johnsen, Ussing, 1958). The vectorial Na+ transport provides an electrical
driving force for an accompanying anion (usually C1-), and the net salt movement
drives water flow.
A key element in the above scheme are the apical channels that mediate
luminal Na+ entry. The highly selective and amiloride-sensitive epithelial sodium
channel (ENaC) is located in the apical membrane of polarized epithelial cells where
it mediates Na+ transport across tight epithelia. ENaCs play a crucial role in Na+
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transport within the reabsorbing epithelia. Sodium transport across apical membranes
via ENaCs is the rate-limiting step in Na+ reabsorption in the distal nephron, lung,
and other Na+-transporting epithelia. ENaC activity is dynamically regulated to
maintain extracellular fluid volume homeostasis.
The basic function of ENaC in polarized epithelial cells is to allow vectorial
transcellular transport of Na+. This transepithelial Na+ transport through a cell
basically involves two steps as illustrated in Fig. 67. The large electrochemical
gradient for Na+ existing across the apical membrane provides the driving force for
the entry of Na+ into the cell. Active Na+ transport across the basolateral membrane is
accomplished by the Na+-K+-ATPase (Kellenberger, Schild, 2002).

Fig. 67. Transepithelial ion transport in a principal cell of the cortical collecting duct
(CCD)

ENaCs mediates Na+ entry from the tubule lumen at the apical membrane, and the Na+-K+ATPase extrudes Na+ at the basolateral side. K+ channels are present on the basolateral and apical
membranes. K+ channels at the apical membrane mediate K+ secretion into the tubular lumen. The
diagram also illustrates the action of aldosterone (Aldo) which binds to intracellular receptors that
are translocated to the nucleus and affect the expression and subcellular localization of ENaC and
the Na+-K+-ATPase as well as other target proteins via aldosterone-induced transcripts (AITs) and
aldosterone-repressed transcripts (ARTs) (from Kellenberger, Schild, 2002).

ENaCs are different from channels in excitable cells, and are recognized
primarily by their high affinity to the diuretic blocker amiloride. The ENaCs
expressed at the apical membrane of tight epithelia are physiologically important in
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the kidney for the regulation of the extracellular fluid volume, and in the lungs for the
maintenance of the appropriate airway surface liquid volume that lines the pulmonary
epithelium. Amiloride-blockable channels were identified in renal cortical collecting
tubules (CCT), urinary bladder, descending colon, salivary and sweat ducts,
respiratory tract, and taste buds (Lindeman, 1984; Garty, Benos, 1988; Palmer, 1992).
The ENaCs are widely expressed, not only in epithelial cells but also in neurons and
other excitable cells, where their function is largely unknown.
ENaCs are a major target for hormones that regulate salt and water homeostasis
such as mineralocorticoids (Palmer, 1992; Bastl, Hayslet, 1992), antidiuretic hormone
(Ausiello et al., 1987), and atrial natriuretic peptides (ANP) (Kneper et al., 1991).
Mediators of the hormonal actions are aldosterone-induced proteins (AlP), cyclic
AMP, cyclic GMP, and GTP (Fig. 67). Basic properties and regulatory mechanisms
of amiloride-sensitive channels were extensively investigated in amphibian and
mammalian epithelia using patch clamp, noise analysis, short-circuit current
recordings, and tracer fluxes in vesicles.
General aspects of sodium transport in amphibian skin. The barrier
epithelia of amphibians such as frog skin and toad urinary bladder play an essential
role in electrolyte, acid/base and water balance of the whole animal. These epithelia
have tight junctions of high electrical ressitance between the outermost living cells
which render the epithelium "tight" to paracellular flow of Na+ or K+, thus allowing
vectorial transepithelial transport of these ions. The Na+ absorption function is carried
out by granular or "principal" cells via Na+ channels in the apical membranes and an
Na+-K+-ATPase pump in the basolateral membranes; K+ is recycled across this
barrier via K+-selective channels. The multilayered epithelium of frog skin functions
as asyncytial Na+ transport compartment (Farquhar, Palade, 1965).
The granular cells, along with the deeper spinosum and germinativum cells,
form the syncytium. The cells in deeper layers are coupled to the first reactive cell
layer by gap junctions and although the cells in the different layers share the Na+
transport load, only the granular cell layer has a polarized apical membrane
containing amiloride-sensitive Na+ channels.
The amphibian skin and urinary bladder actively secrete hydrogen ions under
appropriate electrochemical gradient. Active H+ secretion is restricted to the
mitochondria-rich cells as illustrated in Fig. 68.
The amphibian skin and urinary bladder share common Na+ and H+ transport
properties with distal renal tubule, and have been used as highly successful models in
studies of the mechanisms and regulation of ion transport across tight-junction
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epithelium (Koefoed-Johnsen, Ussing, 1958). A vast amount of information is
available on the mechanisms and regulation of Na+, K+, C1-, H+ and water transport
systems in amphibian skin and urinary bladder. Indeed, many of the first descriptions
of epithelial transport mechanisms and the cellular action of natriferic and antidiuretic
hormones and diuretic drugs were first described in these epithelia.

Fig 68. Schematic representation of ion transport through alpha-type mitochondriarich (MR) cells and principal cells of isolated frog skin
Under in vivo or in vitro conditions of low luminal salinity, net Na+ uptake in principal cells
is indirectly electrically coupled to proton secretion in MR cells with 1:1 stoichiometry under opencircuit conditions in the absence of transepithelial anion fluxes. Proton secretion is driven by
avacuolar-type proton-ATPase pump in the apical membranes of MR cells and the bulk of Na+
absorption occurs through amiloride-sensitive channels in principal cells. The MR cell and the
principal cell generate equal and opposite H+ and Na+ currents, respectively. Aldosterone (ALDO)
and CO2 triger the exocytotic insertion into the MR cell apical membrane of cytosolic vesicles
containing preformed functional proton pumps. This results in rapid stimulation of both carbonic
anhydrase-dependent H+ secretion and amiloride-sensitive Na+ absorption (from Harvey, 1995).

Hans Ussing and colleagues elegantly developed methods for measuring the
short-circuit current (ISC) to assess epithelial ion transport. When the epithelium is
mounted in Ussing chamber, it is possible to simultaneously record transepithelial
Na+ absorption rate from the ISC, and apical and basolateral membrane conductances
with electrodes. Ussing’s experiments were carried out on the amphibian skin and
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examined Na+ absorption which was stable for prolonged periods mainly owing to the
stability of this epithelium allowing continuous short circuiting for periods spanning
many hours.

4.2. Redox modulation of sodium transport in epithelial cells
Nowadays the functioning of cellular oxidation–reduction (redox) systems and
the influence of oxidizing and reducing agents on different cellular processes in
normal and pathological conditions are of particular interest. Changes in the
reduction/oxidation (redox) state of proteins play an important role in many cellular
functions including immunological host defense, gene transcription, cellular
metabolism, ionic homeostasis and signal transduction. The current data suggest that
modulation of the redox state may prove to be an important strategy for the treatment
of immunodeficient diseases and some forms of cancer (Sen, 1998). It was
demonstrated that oxidizing and reducing agents modulated Na+ transport in
epithelial cells. In epithelial cells of frog kidneys (cell line A6), hydrogen peroxide
stimulated Na+ transport (Markadieu et al., 2005), whereas the active oxygen species
decreased Na+ transport in epithelial human carcinoma cells (Wang et al., 2000).
Typically, sulfhydryl (SH) groups of cysteine residues are potential targets for
redox modification of proteins. Alteration in the redox state of SH groups of two
neighboring cysteine residues can lead to formation or braking of disulfide bonds.
This redox modification of disulfide bonds affects the structure and function of ion
regulatory proteins including ion channels, pumps and transporters. It is well
established that the activity of various ion regulatory proteins can be modulated by
redox-dependent mechanisms. Dependent on the type of channel, pump and other
transporters, the redox modification has a variety of different functional
consequences.
It is known that various major Na+ transporting proteins, such as ENaCs, Na+K+-ATPases and Na+/H+ exchangers, contain numerous cysteine residues that are
targets for intra- and extracellular oxidizing and reducing agents (Boldyrev,
Bulygina, 1997; Firsov et al., 1999).
In the reabsorbing epithelia the ENaCs play a crucial role in Na + transport.
ENaC is a member of the DEG/ENaC family of ion channels. ENaC is a heterotrimer
of homologous subunits α-, β-, and γENaC. Each subunit contains two
transmembrane domains, relatively short cytoplasmic amino (~8-13% of primary
structure) and carboxy (~15-24% of primary structure) termini, and a large
extracellular loop (ECL) (~61-68% of primary structure) (Fig. 69).
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Fig. 69. A model of membrane topological organization of ENaC subunit and location
of the cysteine residues that are potentially accessible from the cytosolic and extracellular side
The trans-membrane domains (M1 and M2) are shown as cylinders, whereas the cytoplasmic amino terminus, carboxyl terminus, and extracellular loop (ECL) are displayed as curved
lines. The conserved 16 Cys residues within the ECL are indicated by circles with serial numbering.
Small loops were introduced where two nearby Cys residues are separated by more than three
residues. The distances between the circles approximate the number of residues that separate the
two neighboring Cys residues. The scissor identifies two furin cleavage sites. Furin-dependent
proteolysis increases ENaC activity by suppressing Na+ self-inhibition. The pentagon between Cys3 and Cys-4 illustrates αHis282, a residue homologous to γHis239 whose mutation leads to loss of
Na+ self- inhibition. The gray circles identify Cys residues whose mutations significantly reduced
the Na+ self-inhibition response, and the circle with a thick circumference identifies αCys-11,
whose substitution enhanced Na+ self-inhibition. Proposed disulfide bonds based on this study are
shown as gray lines. The dashed line identifies a potential disulfide bond between αCys-8 and
αCys-15 that was not demonstrated in this study. The dashed oval circle shows that the area around
αCys-1/αCys-6 may be inaccessible to solvent. HG –conserved His-Gly motif within a conserved
NH2-terminal domain.
- represents cysteine residues conserved among the αβγ ENaC subunits;
- cysteine
residues in the α; Δ - cysteine residues in β, and
- cysteine residues in γ ENaC subunits
(modified from Kellenberger et al., 2005; Sheng et al., 2007).
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ENaC is a constitutively active ion channel. ENaC is not ligand gated or
voltage sensitive and does not exhibit inward or outward rectification. However,
channel activity can be modulated by a variety of extracellular stimuli. Some stimuli,
such as Na+, exert reversible inhibitory effects, while others, such as proteolysis of
the extracellular domain of α- and γENaC, irreversibly increase ENaC activity
(Garty, Palmer, 1997).
A distinguishing feature of ENaC subunits among these two-transmembrane
domain channels is a large extracellular loop (ECL) consisting of about 450 residues
of the total 600–700 amino acids. Recent studies have suggested a number of
functional roles for the ECL, including channel trafficking, amiloride binding,
regulation of gating, binding to transition metals, protease cleavage, and Na-selfinhibition (Benos, Stanton, 1999; Firsov et al., 1999). Each ECL contains 16
conserved Cys residues that can be grouped into two cysteine-rich domains (CRD):
CRD-I, including cysteines 1–6, and CRD-II, including cysteines 7–16 (Fig. 69).
These Cys residues could form intrasubunit or intersubunit disulfide bonds that
normally facilitate proper folding in the endoplasmic reticulum and maintain
structural integrity (Sheng et al., 2007).
The transmembrane, as well as N- and C-terminal domains of ENaC subunits,
have cysteine residues available for intracellular SH-reactive compounds
(Kellenberger et al., 2005) (Fig. 69). The N-termini of α β γENaC subunit sequences
contain together 8 cysteine residues and 5 of them are conserved among species
(from amphibian to human). They flank a highly conserved HG- motif which plays
an important role in ENaC gating (Grunder et al., 1997). It was demonstrated that
ENaC is highly sensitive to intracellular thiol reagents and thiol oxidation, suggesting
a possible adaptation of ENaC activity to changes in the intracellular redox potential
(Kellenberger et al., 2005). Because of numerous cysteine residues in various
segments of ENaC, the channel is redox sensitive and, therefore, serves as a target for
both intra- and extracellular oxidizing and reducing agents.
Furthermore, redox-dependent and oxygen-sensitive modulation of activity of
+
Na –K+-ATPase (Petrushanko et al., 2012; Juel, 2014) and Na+–H+-exchanger (Sabri
et al., 1998; Taher et al., 1998) has been reported in a number of cell types.
Na+–K+-ATPase can be regulated by glutathionylation, a reversible oxidative
modification in which the cytosolic tripeptide glutathione (GSH) forms a disulfide
bond with a protein (Figtree et al., 2009). Mutational studies identified cysteine 46
(Cys46) of the pump’s β1 subunit as the susceptible residue and indicated a causal
relationship between its glutathionylation and Na+–K+-ATPase inhibition (Figtree et
al., 2009). Subsequently it was found that a specific cysteine residue in FXYD1
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protein (phospholemman) (regulator of Na+–K+-ATPase) is also susceptible to
glutathionylation and that this susceptibility is important for reversal of
glutathionylation of Cys46 of the β1 subunit (Bibert et al., 2011).
4.3. Methods
Experiments were performed on frog Rana temporaria (Fig. 70) males during
the period from November to March. The skin from frog abdomen was cut and placed
in the Ussing chamber (World Precision Instruments, Inc., Germany) (Fig. 71) with a
12 mm inner orifice. The chamber was filled with Ringer’s solution for cold-blooded
animals: 110 mM NaCl, 2.5 mM KCl, 3.0 mM CaCl2, 5 mM Tris-HCl, pH 7.4.
Experiments were carried out at room temperature (22–23°C).

Fig 70. Frog Rana temporaria

Frog skin electrical parameters
were measured with automatic device
for voltage-clamp and registration of
current-voltage
relations
(I–V
relations) (Krutetskaya et al., 2003b).
To measure current-voltage relations,
the ramp 20 mV/s voltage was applied
Fig 71. The Ussing chamber
to the skin. In the intervals between
the measurements of current-voltage relations, the skin transepithelial potential (VT)
was sustained at 0 mV (short-circuit regime) or at open-circuit potential VOC (VOC =
VT at transepithelial current IT = 0). Short-circuit current ISC (ISC = IT at VT = 0), VOC,
and transepithelial conductance gT were determined from current-voltage relations.
The reagents were purchased from Sigma Co. (United States). Genistein (100
mM), wortmannin (1 mM), LY294002 (50 mM), calphostin C (0.5 mM),
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cytochalasin D (2 mg/ml), calyculin A (50 μM), colcemid (25 mM), nocodazole (5
mM), taxol (10 mM), meloxicam (5 mM), indomethacin (10 mM), 4-Bromophenacyl
bromide (10 mM) stock solutions were prepared in dimethyl sulfoxide (DMSO).
Amiloride (10 mM), GSSG (50 mg/ml) and glutoxim (50 mg/ml) stock solutions
were prepared in water. Brefeldin A (50 mM) stock solution was prepared in alcohol.
The agents were applied to the apical or basolateral skin surfaces. Tyrosine kinase
(genistein, 100 μM), phosphatidylinositol kinase (wortmannin, 500 nM or 1 μM and
LY294002, 100 or 200 nM), protein kinase C (calphostin C, 20 μM) inhibitors,
protein phosphatases PP1- and PP2A-type inhibitor (calyculin A, 25 nM),
phospholipase A2 (PLA2) inhibitor 4-bromophenacyl bromide (20 μM), two
structurally different inhibitors of cyclooxygenases, indomethacin (40 μM) and
meloxicam (40 μM), agents producing microfilament (cytochalasin D, 5 or 20 µg/ml)
or microtubule (colcemid, 25 or 50 μM; nocodazole, 10 or 50 μM; taxol 20 or 50 μM)
reorganization, or a specific inhibitor of vesicular transport brefeldin A (50 μM),
were applied to the apical or basolateral skin surfaces 30–40 min before glutoxim or
GSSG were added to the basolateral skin surfaces solution.
Na+ transport was measured as amiloride-sensitive ISC. To ensure that Na+
transport was the source of ISC, the ENaC blocker, amiloride (20 μM) was added to
the apical bath at the end of all experiments. It is known that 20–100 μM amiloride
selectively blocks ENaC (Bentley, 1968). Information was computerized and treated
with proper software.
Results were statistically treated with Student’s t-test. The data are presented as
x ± sx. The figures illustrate the results of typical experiments.
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4.4. Effect of disulfide-containing compounds on the Na+ transport in the frog
skin
The amphibian skin and other isolated epithelial systems serve as classic
models for studying the mechanisms of ion transport through biological membranes.
Both amphibian skin and urinary bladder resemble distal segments of tubules of the
kidney in their ability to transport electrolytes and to respond to some hormones
(Natochin, 1982); this enables researchers to use data on skin epithelium for
determining the mechanism of water and ion transport in cells of the kidney.
Amiloride-sensitive epithelial Na+ channels (ENaC) play a crucial role in Na+
transport within the reabsorbing epithelia. The extracellular domains of ENaC
channels include α, β, and γ subunits enriched with highly conserved cysteine
residues, which are important for maintaining the tertiary structure of the channel and
for ENaC transfer to the plasmalemma (Benos, Stanton, 1999; Firsov et al., 1999).
The transmembrane and both N- and C-terminal domains of ENaC subunits also
contain cysteine residues available for modulation by thiol compounds from the
cytosol (Kellenberger et al., 2005). Because of numerous cysteine residues in various
segments of ENaC, the channel is redox sensitive and, therefore, serves as a target for
both intra- and extracellular oxidizing and reducing agents (Fig. 69).
Glutathione (γ-glutamyl cysteinyl glycine) is presented in reduced (GSH) and
oxidized (GSSG) forms (Sies, 1999); it is a universal tripeptide found in the majority
of plants, microorganisms, and all mammalian tissues. A number of cellular proteins
(receptors, channels, enzymes, transcription factors, oncogenes) are subjected to Sglutathionylation (Ghezzi, 2005; Biswas et al., 2006). Glutathionylation regulates the
activity of key signalling proteins, including protein kinase C (Ward et al., 2002),
protein kinase A (Brennan et al., 2006), receptor and cytoplasmic tyrosine kinases
and tyrosine phosphatases (Staal et al., 1994; Rao et al., 2000), Ras-proteins (Mallis
et al., 2001) and actin cytoskeleton elements (Wang et al., 2001). GSH functions in
cells as a reducing agent and antioxidant (Hayes, McLellan, 1999), whereas GSSG
could have a receptor-mediated effect on cellular processes (Burova et al., 2005;
Vasilenko et al., 2006).
Pharmaceutical agent glutoxim, which is a GSSG disodium salt with the
nanoaddition of d-metal, has found clinical application as an immunomodulator and a
hemostimulator in complex therapy in cases of bacterial and viral diseases (Zhukov et
al., 2004), psoriasis (Korsunskaya et al., 2003), and the radio- and chemotherapy of
oncological diseases (Filatova et al., 2004). Another GSSG analogue, NOV-002
(GSSG in combination with cysplatin in 1000: 1 ratio), has receptor-modulated action
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on cells and induces the activation of proteins involved in hematopoiesis (Townsend
et al., 2008).
At the same time, almost nothing is known about the effects of these agents on
Na+ transport in native epithelial systems, such as the epithelium of the frog skin. We
studied the effects of disulfide-containing oxidizing agents (cystamine, cystine,
oxidized glutathione (GSSG), and the synthetic analog of glutathione glutoxim ®
(PHARMA-VAM, St. Petersburg) on Na+ transport in the skin of the frog Rana
temporaria.
Application of cystamine and cystine (each one at concentrations of 10 and 100
μg/ml), as well as GSSG and glutoxim (each one at concentrations 12 and 100 μg/ml)
to the apical skin surface inhibited Na+ transport. Both ISC and VOC values were 20 to
50% lower than in the control; the gT remained almost unchanged (Table 1). The
inhibiting effects of cystamine and cystine on the ISC and VOC were the highest (Table
1; Fig. 72).
Table 1.
Electrical parameters of the frog skin in the control and after addition of disulfide-containing
compounds on the side of the apical skin surface (N = 10).

gT
gT

gT

gT

gT

gT
,
gT
,
gT
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Fig. 72. Kinetics of changes in ISC after addition on the side of the apical skin surface of
cystamine (C) (100 μg/ml) and the ENaC-blocking agent amiloride (A) (20 μM)
(1) after addition to the intact skin; (2) after addition to the skin pretreated with dithiothreitol
(DTT) (1 mM for 20 min).

These substances produced a significantly lower effect when the skin was
pretreated for 20 min with dithiothreitol, which reduced S–S bonds in proteins. This
indicates that, in the frog skin, the effect of disulfide-containing agents on ISC was
mediated by interaction of these substances with functionally important cysteine
residues in Na+-transporting proteins. At the same time, when the oxidizing agents
were added from the basolateral side of the frog skin, only cystine and cystamine still
inhibited the ISC and VOC, whereas GSSG and glutoxim increased the Na+ transport
(Table 2, Fig. 73).
When applied to the apical skin surface, all disulfide-containing substances
apparently interacted with highly conserved cysteine-enriched extracellular ENaC
domains; as a result, the ENaC activity and Na+ transport were inhibited in the frog
skin. In addition, cystine and cystamine were capable of penetrating into epithelial
cells. The uncharged cystamine readily penetrated the membrane. Cystine transport
into a cell was mediated either by heterodimeric amino acid transporters (the b O, +
transporter was identified in the apical membrane of epithelial cells) or due to
reversed operation of the LAT2/4F2hc transporter located in the basolateral
membrane of the epithelial cells (Fig. 74) (Wagner et al., 2001; Bröer, 2008 ).
The more pronounced inhibiting effect of cystine and cystamine on Na+
transport (as compared to other agents studied) seems to be accounted for by
combined action of cystine and cystamine on both extracellular cysteine residues and
those of ENaC and/or other Na+ transporters that act on the side of the cytosol. These
data are in agreement with the results obtained on Xenopus oocytes: ENaCs were
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readily and reversely inhibited (20–50%) by various intra- and extracellular oxidizing
agents (Snyder et al., 1998; Sheng et al., 2001; Kellenberger et al., 2005).
Table 2. Electrical parameters of the frog skin in the control and after addition of disulfidecontaining compounds on the side of the basolateral skin surface (N = 10).

gT

gT

gT

gT

gT

gT
,
gT
,
gT

Fig. 73. Kinetics of changes in ISC after addition on the side of the basolateral skin
surface of either (1) cystamine (C) (100 μg/ml) or (2) oxidized glutathione (GSSG) (100 μg/ml)
and the ENaC-blocking agent amiloride (A), 20 μM
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a

b

Fig. 74. Transporters involved in absorption of cationic amino acids and cystine in
epithelial cells
a - Proposed hypothetical model for the interaction of rbAT heavy chain with its light chain
b0,+AT of the b0,+ transporter in apical membrane. The light chain b0,+AT spans the membrane 12
times, whereas the heavy chain rbAT only once. Both subunits are covalently linked by a disulfide
bridge. Additional interactions between the 2 subunits occur between the COOH terminus of rbAT
and yet unidentified sites in the b0,+AT subunit. These interactions contribute to the functional
characteristics of transport system b0,+.
b – Cystine (CSSC) enters the cell via b0,+ amino acid transporter located in the apical
membrane, or due to reversed operation of the LAT2/4F2hc transporter located in the basolateral
membrane of the epithelial cells. Transporter acronyms in brackets indicate low expression. Letters
inside spheres refer to amino acid transport systems.
AA+ - cationic amino acids, AA0- neutral amino acids; CSSC- cystine; GSH and GSSGreduced and oxidized glutathione, respectively; PCT - proximal convoluted tubule; PST – proximal
straight tubule (modified from Wagner et al., 2001; Bröer, 2008).

At the same time, GSSG and glutoxim interact with cysteine-enriched domains
of the insulin receptors located in the basolateral membranes of the epithelial cells.
This is confirmed by previous data on the receptors of epidermal growth factor
(EGF). Like insulin receptor, the EGF receptor contains cysteine-enriched
extracellular domains. In experiments on the cells of the epidermoid human
carcinoma line A431, GSSG and glutoxim proved to induce EGF receptor
transactivation and to trigger its own tyrosine kinase activity (Burova et al., 2005;
Vasilenko et al., 2006). In our experiments, an increase in the ISC, which was
observed after application of GSSG or glutoxim on the side of the basolateral skin
surface, seems to be caused precisely by transactivation of the insulin receptor and,
hence, by ENaC activation and stimulation of Na+ transport.
Na+ transport in epithelial cells is known to be a complex multicomponent
system containing various Na+ transporters, which are targets of oxidative and
reducing stresses (Melnitskaya et al., 2006b). However, when, at the end of each
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experiment, the ENaC-blocking agent amiloride (20 μM) was applied to the apical
skin surface (it was added to solution washing the surface), the I SC was almost
completely inhibited, suggesting that the effect of oxidizing agents on Na + transport
is mostly caused by modulation of the ENaC activity.
Thus, we have demonstrated that Na+ transport in the frog skin is sensitive to
oxidative stress and can be modulated by oxidizing agents applied to either apical or
basolateral skin surface.

4.5. Involvement of tyrosine and phosphatidylinositol kinases in the effect of
oxidized glutathione and drug glutoxim on Na+ transport in frog skin
Previously, we showed that the Na+ transport in frog skin is regulated by
various oxidants, such as cystamine, cystine, GSSG, and its synthetic analogue
glutoxim (Krutetskaya et al., 2008b). It was demonstrated for the first time that
GSSG and glutoxim applied to the basolateral surface of frog skin imitated the insulin
action and stimulated transepithelial Na+ transport. However, the mechanisms of
GSSG and glutoxim regulation of Na+ transport remain obscure.
It is known that the effect of insulin on Na + transport is initiated by hormone
binding with the receptor with intrinsic tyrosine kinase activity localized in the
basolateral membrane of epithelial cells (Cox, Singer, 1977). Extracellular and
cytoplasmic domains of insulin receptor α and β subunits in basolateral membrane of
epithelial cells also have numerous cysteine residues which redox modification
modulates receptor autophosphorylation followed by tyrosine phosphorylation of
protein substrates (Wilden, Pessin, 1987; Ullrich, Schlessinger, 1990; Garant et al.,
1999). Moreover, it was reported that GSSG and glutoxim induced transactivation of
the epidermal growth factor receptor and activation of its intrinsic tyrosine kinase
activity in epidermoid carcinoma cells A431 (Burova et al., 2005; Vasilenko et al.,
2006).
We found that the effect of insulin on Na+ transport in frog Rana temporaria
skin depended on tyrosine kinase and tyrosine phosphatase activities and involved
phosphatidylinositol kinases (PI-kinases) and protein kinase C (Melnitskaya et al.,
2006a,b). The purpose of the present study was to determine the role of tyrosine
kinases and PI-kinases in GSSG and glutoxim regulation of Na+ transport in frog
Rana temporaria skin. Genistein, an inhibitor of protein tyrosine kinases (Akiyama,
Ogawara, 1991), and two structurally distinct phosphatidylinositol-3 kinase (PI-3
kinases) and phosphatidylinositol-4 kinase (PI-4 kinases) inhibitors, wortmannin and
LY294002 (Vlahos et al., 1994; Pacold et al., 2000), were used in the study.
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4.5.1. GSSG and glutoxim effect in the presence of tyrosine kinase inhibitor
genistein
Insulin regulated transepithelial Na+ transport is mediated by the activation of
the receptor with intrinsic tyrosine kinase activity in the basolateral membrane of
epithelial cells (Rodriguez-Commes et al., 1994). Specific tyrosine kinase inhibitors
(geninstein, tyrphostin-23, lavendustin A) significantly reduce the insulin stimulation
of Na+ transport in various epithelial cells (Hagiwara et al., 1992; Matsumoto et al.,
1993; Rodriguez-Commes et al., 1994; Krutetskaya, Lebedev, 1998).
To elucidate the possible role of tyrosine kinases in the effect of GSSG or
glutoxim on Na+ transport in frog skin a specific tyrosine kinase inhibitor,
isoflavonoid genistein, was used (Akiyama, Ogawara, 1991). It is known that
genistein competes with ATP for tyrosine kinase binding. Genistein inhibits a wide
range of receptor and cytoplasmic tyrosine kinases, probably due to their highly
conservative ATP-binding domain (Akiyama et al., 1987).
In a series of ten experiments, the control values of electrical characteristics of
frog skin were as follows: ISC = 14.58 ± 0.91 μA; VOC = –38.01 ± 2.74 mV; gT = 0.36
± 0.01 mS. It was shown that the basolateral application of GSSG or glutoxim (100
μg/ml) to intact frog skin stimulated Na+ transport similar to insulin. On average (the
results of ten experiments), ISC increased by 40.37 ± 11.24% and 30.31 ± 1.04% and
VOC by 48.05 ± 10.34% and 29.64 ± 1.13% for GSSG and glutoxim, respectively
(Fig. 75a); gT did not change.
It was demonstrated that genistein significantly reduced Na + transport
stimulated by GSSG or glutoxim (Fig. 75b). Thus, after the preincubation of frog
apical skin surface with 100 μM genistein for 30 min before oxidants application ISC
increased by 10.05 ± 2.11% and 16.81 ± 3.48%, and VOC by 11.05 ± 1.25% and 18.25
± 4.32% for GSSG and glutoxim (100 μg/ml), respectively. g T did not change. These
data show that GSSG and glutoxim effect on Na+ transport in frog skin is presumably
mediated by tyrosine kinase activation.
Two types of tyrosine kinases are distinguished, i.e., receptor and cytoplasmic
(Hunter, 1996). Activated receptor tyrosine kinases transduce the information by
protein phosphorylation and protein–protein interactions with molecules having SH2and SH3-domains (Schlessinger, Ullrich, 1992). Cytoplasmic kinases are found in
both the cytoplasm and cell nucleus; they are engaged in intracellular signalling.
Thus, tyrosine kinases of Src, Jak, and Fak families are directly involved in the
process of transmembrane signal transduction and serve as catalytic subunits of
membrane receptors without intrinsic tyrosine kinase activity (Hunter, 1996).
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Fig. 75. Kinetics of changes in the short circuit current ISC after treatment of the frog
skin basolateral surface with 100 μg/ml glutoxim or 100 μg/ml GSSG following by application
to skin apical surface 20 μM amiloride, a ENaC blocker
(a) ISC after glutoxim or GSSG addition to intact frog skin; (b) ISC after preincubation of
apical skin surface with 100 μM genistein, an inhibitor of tyrosine kinases, for 30 min.

Receptor and cytoplasmic tyrosine kinases and tyrosine phosphatases are
engaged in the regulation of transepithelial Na+ transport and ENaC activity (Tilly et
al., 1993; Davis et al., 2001). In various reabsorbing epithelia tyrosine kinases
mediate the regulation of ENaC activity by insulin (Hagiwara et al., 1992;
Matsumoto et al., 1993; Rodriguez-Commes et al., 1994) and growth factors (insulinlike and epidermal) (Davis et al., 2001; Tong, Stockand, 2005). In amphibian kidney
cells (A6 cells), tyrosine kinases are also involved in the increase of Na + transport
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stimulated by the decrease in osmotic pressure in the solution surrounding the cellular
apical surface (Niisato et al., 2000). The results of many experiments demonstrated
that, in A6 cells, tyrosine kinases are involved mostly in the regulation of ENaC
insertion in membranes (Matsumoto et al., 1993; Niisato et al., 2000).
However, in cell cultures of distal segments of mammalian nephrons receptor
tyrosine kinase activation by epidermal growth factor decreases Na + transport due to
the reduction of ENaC open probability (Tong, Stockand, 2005). Taking into account
that genistein inhibits a broad spectrum of tyrosine kinases, it is possible to suggest
that both the receptor and cytoplasmic tyrosine kinases may be involved in Na +
transport regulated by GSSG and glutoxim.
Studies on the GSSG effect on cells at concentration close to or higher than the
concentration determined outside the cells showed that GSSG could have a receptormediated effect on cellular processes (Filomeni et al., 2002, 2005; Burova et al.,
2005). Thus, it was shown that, in human epidermoid carcinoma A431 cells, GSSG
and glutoxim caused the transactivation of epidermal growth factor receptor and the
activation of its intrinsic tyrosine kinase activity (Burova et al., 2005; Vasilenko et
al., 2006). It can be supposed that, in frog skin, GSSG and glutoxim could also
induce the transactivation of receptor tyrosine kinases, e.g. insulin receptor localized
in basolatheral membranes of epithelial cells. Extracellular domains of insulin
receptor enriched in cysteine are the possible targets for GSSG and glutoxim applied
from the basolateral surface.
Tyrosine kinases and tyrosine phosphatases are the most redox-sensitive
enzymes. Oxidative stress and decrease in GSH/GSSG ratio change tyrosine kinase
and tyrosine phosphatase activity (Rao et al., 2000; Forman, Torres, 2002), which
results in an increase in phosphorylation of proteins at tyrosine residues. Moreover,
tyrosine phosphatases themselves can be targets for covalent modifications with
GSSG and glutoxim. The oxidation of conservative cysteine residues in the catalytic
domain and cysteine residues in functionally important SH2-domains of tyrosine
phosphatases leads to inhibition of tyrosine phosphatases (Fischer et al., 1991;
Walton, Dixon, 1993; Barford et al., 1994; Filomeni et al., 2002). The inhibition of
tyrosine phosphatases may activate tyrosine kinases and enhance the protein tyrosine
phosphorylation.
On the other hand, it was reported that the activation of receptor tyrosine
kinases in various cells activated phagocytosis (Wang et al., 2000). Therefore, it can
be supposed that the transactivation of receptor tyrosine kinases by GSSG and
glutoxim can stimulate phagocytosis and the penetration of GSSG and glutoxim
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molecules in epithelial cells, which, in turn, can modify activity of various redoxsensitive molecules.
4.5.2. Effects of GSSG and glutoxim in presence of phosphatidylinositol kinase
inhibitors
It is known that the autophosphorylation of the insulin receptor releases the
binding sites for proteins with SH2- and SH3-domains and facilitates the
phosphorylation of tyrosine residues of various endogenous substrates (Cadena, Gill,
1992; Saltiel, 1996). A key endogenous substrate for the insulin receptor tyrosine
kinase is the insulin receptor substrate (IRS). Phosphorylated IRS binds to proteins
with SH2-domains, such as PI-kinases, tyrosine phosphatases, and phospholipase Cγ
(Cadena, Gill, 1992). Its known that PI-kinases play an important role in the insulin
regulation of Na+ transport in various epithelial systems (Markadieu et al., 2004),
particularly in frog skin (Melnitskaya et al., 2006a,b).
Previously, we showed that the effect of PI-kinases inhibitors on Na+ transport
in frog skin depended on the concentration of the agent and the application site
(apical or basolateral skin surface) (Krutetskaya et al., 2006b). To elucidate the
possible involvement of PI-kinases in GSSG and glutoxim regulation of Na+ transport
in frog skin, we performed series of experiments for each oxidant in which
wortmannin (500 nM and 1 μM) or LY294002 (100 and 200 nM) were preliminary
added to the solution surrounding apical or basolateral surface of the frog skin;
afterwards, GSSG or glutoxim (100 μg/ml) were applied from the basolateral surface
of the frog skin.
It was found that the preliminary incubation of frog skin with wortmannin or
LY294002 for 30–40 min significantly reduced the GSSG- or glutoxim-mediated
stimulation of Na+ transport. Fig. 76 demonstrates the effect of preincubation with
200 nM LY294002 applied to apical skin surface and 1 μM wortmannin applied to
the basolateral skin surface on ISC in frog skin exposed to glutoxim. It can be seen
that both agents considerably reduce glutoxim-mediated stimulation of Na+ transport.
The mean values (10 experiments) of electrical characteristics of frog skin
exposed to wortmannin (in various concentrations) applied to apical surface were as
follows: ISC increased by 8.45 ± 1.29% and 3.36 ± 0.24% and VOC increased by 9.34
± 2.08% and 4.01 ± 1.23% for 500 nM and 1 μM wortmannin, respectively.
Preincubation of apical surface of frog skin with LY294002 before glutoxim
application increased ISC by 13.84 ± 3.48% and 11.42 ± 4.04%; VOC was augmented
by 15.01 ± 3.43% and 12.34 ± 4.32% for 100 and 200 nM LY294002, respectively.
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In all experiments gT value was unaltered. Similar results were obtained when
100 μg/ml GSSG was applied to the frog skin pretreated with the PI-kinase inhibitors.

Fig. 76. Kinetics of changes in short-circuit current ISC in frog skin after application of
100 μg/ml glutoxim to basolateral skin surface preliminary treated with phosphatidylinositol
kinase inhibitors followed by addition to apical skin surface of 20 μM amiloride, a blocker of
epithelial Na+-channels
(1) ISC after preincubation of apical skin surface with LY294002 (200 nM, 30 min); (2) ISC
after preliminary incubation of basolateral skin surface with wortmannin (1 μM, 30 min).

Our results indicate that, in all experimental variants, PI-kinase inhibitors
concentration-dependently modulated the effect of GSSG and glutoxim on Na+
transport in frog skin. For example, low concentrations of PI-kinase inhibitors were
less efficient (as compared to higher concentrations) in attenuation of the stimulatory
effect of glutoxim or GSSG on Na+ transport. It is known that wortmannin and
LY294002 are highly efficient PI-kinase inhibitors. Low concentrations of these
agents irreversibly inhibit all known types of PI-kinases, whereas at higher
(submicromolar) concentrations wortmannin and LY294002 also inhibit PI-kinases
(Vlahos et al., 1994).
Thus the results of our experiments indicate that PI-kinases are involved in the
regulation of Na+ transport in frog skin by GSSG and glutoxim. However, the fact
that both inhibitors are less efficient at low concentrations that specifically inhibit PI3-kinases suggests that either PI-4-kinases are involved more actively in this process
than PI-3-kinases or that the activation of PI-4-kinase is an earlier stage in the
realization of the stimulatory effect of GSSG and glutoxim on Na+ transport in Rana
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temporaria frog skin. It is possible that PI-4-kinases can attenuate the inhibition of
PI-3-kinase by phosphorylating phosphatidylinositol-3-phosphate remaining in cells.
It is known that various major Na+-transporting proteins contain numerous
cysteine residues that are targets for intra- and extracellular oxidizing and reducing
agents (Boldyrev, Bulygina, 1997; Benos, Stanton, 1999; Firsov et al., 1999;
Kellenberger et al., 2005). However, after the addition of ENaC blocker amiloride
(20 μM) to the solution surrounding the apical surface of frog skin at the end of each
experiment, ISC was completely blocked (Figs. 75, 76). This indicates that the effect
of GSSG and glutoxim on Na+ transport is associated primarily with the modulation
of ENaC activity.
Thus, we showed for the first time that tyrosine kinases and PI-kinases are
involved in the effects of GSSG and glutoxim on Na+ transport in the skin of the
Rana temporaria frog.

4.6. The role of cytoskeleton in the effect of glutoxim on Na+ transport in frog
skin
Cytoskeleton plays an important role in insulin signalling. Actin cytoskeleton
mediates morphological, metabolic, and nuclear manifestations of insulin action
(Tsakiridis et al., 1994). It is known that cytoskeleton proteins, such as actin (DalleDonne et al., 2003) or tubulin (Burchill et al., 1978; Wang et al., 2001), are highly
redox sensitive and are easily glutathionylated. Thereby, it seems reasonable to
examine whether microfilaments and microtubules are implicated in glutoxim
regulation of Na+ transport in frog Rana temporaria skin.
Nocodazole and colcemid (microtubule depolymerizers), taxol (microtubulestabilizing agent), cytochalasin D (microfilament depolymerizer), and calyculin A, a
protein phosphatase PP1/PP2A inhibitor, were used in the experiments. It is known
that calyculin A induces rearrangements of actin (Yano et al., 1995; Rosado, Sage,
2000) and microtubule (Yano et al., 1995) cytoskeleton in various cells.

4.6.1. The effect of microtubule disrupters
It is known that microtubules, similar to actin microfilaments, have a high
redox sensitivity and are easily glutathionylated (Wang et al., 2001). In addition,
destruction of microtubules inhibits a stimulatory effect of several hormones on the
Na+ transport and prevents development of adaptive responses in osmoregulatory
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epithelial cells (Verrey et al., 1995). Correspondingly, it was reasonable to study the
possible role of microtubules in the glutoxim regulation of Na+ transport in the frog
skin. Two structurally different microtubule depolymerizing agents, nocodazole and
colcemid, were used in the experiments, as well as taxol, a microtubule-stabilizing
agent.
The average values of electrical characteristics of the frog skin in the control
(according to the data of 10 experiments) were as follows: ISC = 14.58 ± 0.91 μA, VOC
= –38.01 ± 2.74 mV, and gT = 0.38 ± 0.01 mS. It has been shown that glutoxim (100
μg/ml) applied to the basolateral surface of intact frog skin stimulates the Na+
transport. On average (according to the data of 10 experiments), the I SC value after
glutoxim application increased by 31.24 ± 8.32%; VOC, by 38.04 ± 5.15%; and gT did
not change.
Nocodazole, colcemid, or taxol significantly decreased the glutoxim
stimulatory effect on Na+ transport (Fig. 77).

Fig. 77. Dependence of the changes in short-circuit current, ISC, through the frog skin
in response to glutoxim on integrity of the tubulin cytoskeleton
(1) ISC after applying 100 μg/ml glutoxim onto the basolateral surface of intact frog skin; (2–
4) ISC after applying glutoxim onto the frog skin pretreated (for 30 min) from the apical side with
(2) 25 μM nocodazole, (3) 25 μM colcemid, or (4) 50 μM taxol; at the end of each experiment, the
solution bathing the apical skin surface was supplemented with 20 μM amiloride, an ENaC blocker.

On average (according to the data of 10 experiments), the electrical
characteristics of frog skin after applying glutoxim when the apical skin surface was
pretreated with nocodazole at various concentrations for 30 min changed in the
following manner: ISC increased by 12.85 ± 3.13 and 8.75 ± 1.10% and VOC, by 11.31
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± 2.04 and 9.45 ± 1.08% for nocodazole at concentrations of 10 and 25 μM,
respectively. The pretreatment of the apical skin surface with colcemid at various
concentrations not only completely inhibited the stimulatory effect of glutoxim on
Na+ transport, but also considerably decreased the skin electrical characteristics. In
particular, ISC decreased by 20.12 ± 3.18 and 29.12 ± 5.03% and VOC, by 23.14 ± 4.05
and 31.34 ± 6.12% at colcemid concentrations of 25and 50 μM, respectively. If the
apical surface of frog skin was preincubated with taxol, ISC increased after glutoxim
application by 9.13 ± 2.08 and 5.06 ± 1.32% and VOC, by 10.14 ± 3.12 and 8.41 ±
2.81% for taxol concentrations of 20 and 50 μM, respectively. Any changes in the gT
value were not observed in any experiment.
We have earlier shown that the Na+ transport in frog skin depends on the
structural and functional organization of actin and tubulin cytoskeleton (Melnitskaya
et al., 2006b; Krutetskaya et al., 2006b). It has been also demonstrated that
antimitotic agents (colchicine, colcemid, and vinblastine) inhibit I SC in the Rana
temporaria skin. According to the literature data, disturbance of the microtubule
structure by antimitotic agents decreases a stimulatory effect of various hormones
(aldosterone and vasopressin) on the Na+ transepithelial transport (Verrey et al.,
1995). In addition, destruction of microtubules completely prevents many effects of
insulin on cells (Eyster et al., 2006). Presumably, microtubules play an important role
in exocytosis and endocytosis, being involved in the regulation of the ENaC density
in the apical membrane. On the other hand, some data suggest that the sulfhydryl
residues of tubulin are targets for oxidants. It has been shown that GSSG at
concentrations exceeding physiological ones inhibits in vitro assembly of
microtubules (Luduena, Roach, 1991).
It has been also found that nocodazole, colcemid, and taxol modulate the effect
of glutoxim on Na+ transport. We have earlier demonstrated that GSSG or glutoxim
applied to the basolateral frog skin surface imitated the effect of insulin and stimulate
Na+ transepithelial transport, inducing a two-phase increase in ISC (Krutetskaya et al.,
2008b). Fig. 77 shows the changes in the ISC through the frog skin after applying 100
μg/ml glutoxim onto the basolateral surface of intact skin (Fig. 77, curve 1), as well
as the skin pretreated (for 30 min) from the apical side with 25 μM nocodazole (Fig.
77, curve 2), 25 μM colcemid (Fig. 77, curve 3), or 50 μM taxol (Fig. 77, curve 4). It
is evident that nocodazole and colcemid completely inhibit both phases in the
glutoxim stimulatory effect, characteristic of this oxidant, on the Na + transport in frog
skin. The skin pretreatment with taxol also completely inhibits the second phase in
glutoxim action but almost does not change the initial phase in the glutoxim-induced
stimulation of Na+ transport in frog skin (Fig. 77, curve 4). Our results support the
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idea that there is implication of the tubulin cytoskeleton in glutoxim regulation of Na+
transport in frog skin.

4.6.2. The effect of microfilament disrupter cytochalasin D
It is known that actin cytoskeleton is involved in the regulation of Na +
transepithelial transport and the activity of various Na+ transport proteins. ENaC
plays a key role in Na+ transport across epithelial systems. There is increasing
information suggesting that cytoskeleton plays an important role in the regulation of
this type of channel activity. It was shown that ENaC is colocalized with actin
filaments and actin-binding proteins (ankyrin and spectrin) (Cantiello et al., 1991;
Smith et al., 1991). Furthermore, it was revealed that ENaC directly interacted with
SH3-domain of α-spectrin due to the proline-rich region in the C-terminal of the
ENaC α-subunit (Rotin et al., 1994). According to the literature data, ENaC activity
is regulated rather by short actin filaments than by monomer G- or fiblillar F-actin.
The influence of microfilaments on ENaC activity may be also mediated by the
channel lipid microenvironments (Cantiello et al., 1991; Prat et al., 1992) or
associated with actin’s function as an important component of signal cascades
(Cantiello et al., 1993; Janmey, 1998). Moreover, the impact of actin cytoskeleton
architecture on ENaC activity significantly depends on the experimental object. Thus,
in A6 cells, pharmacological agents able to disrupt F-actin, e.g., cytochalasins,
stimulate Na+ transport (Cantiello et al., 1991; Prat et al., 1992; Rehn et al., 1998). On
the other hand, in amphibian skin and bladder, microfilament disruption with
cytochalasins inhibits Na+ transport and reduces the transepithelial potential (Els,
Chou, 1993; Chou, Els, 1995). Correspondingly, it was reasonable to study the
possible role of microfilaments in the glutoxim regulation of Na+ transport in the frog
skin.
Preliminary treatment with 5 or 20 μg/ml cytochalasin D dramatically reduced
glutoxim stimulation of Na+ transport in frog skin (Fig. 78a). The mean values of
electrical characteristics of frog skin exposed to glutoxim on the skin basolateral
surface pretreated with cytochalasin D for 30 min on the apical surface were the
following (from ten experiments): ISC was increased by 25.25 ± 2.12 and 12.12 ±
1.14%; VOC increased by 28.31 ± 3.31 and 16.14 ± 4.08%, respectively, for 5 or 20
μg/ml cytochalasin D. The gT value was not altered. These results show that the
cytochalasin D effect is dose-dependent. Thus, inhibition of glutoxim-stimulated Na+
transport is higher with 20 μg/ml than with a dose of 5 μg/ml of cytochalasin D.
Moreover, cytochalasin D in low concentrations modifies the kinetics of glutoxim-
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affected Na+ transport: a slight increase in the initial phase and dramatic inhibition of
the second phase of glutoxim stimulation effect is observed (Fig. 78a, curve 2).
Preliminary treatment of frog skin with a higher dose (20 μg/ml) of cytochalasin D
inhibited both phases of the glutoxim stimulation effect on the Na + transport in frog
skin (Fig. 78a, curve 3).

Fig 78. Dependence of glutoxim-induced changes in the short-circuit current ISC on the
actin cytoskeleton integrity and PP1and PP2A serine/threonine protein phosphatase activity
Curve 1 (a–b) ISC after intact skin basolateral surface exposure to 100 μg/ml glutoxim; curve
2 — ISC after preliminary treatment of the skin apical surface with 5 μg/ml cytochalasin D (a) or 25
nM calyculin A (b); curve 3—20 μg/ml cytochalasin D. At the end of each experiment, 20 μM
amiloride, a ENaC blocker, were added to the solution washing out the skin apical surface.
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Earlier, we reported that cytochalasin D, cytochalasin B and
dihydrocytochalasin B produced dose-dependent inhibition of Na+ transport in Rana
temporaria skin (Krutetskaya et al., 2006b; Melnitskaya et al., 2006b). Here, we have
shown that structural rearrangements of the actin cytoskeleton modulated glutoxim
effect on Na+ transport in frog skin.

4.6.3. The effect of calyculin A, a protein phosphatase inhibitor
The Fig. 78b illustrates the kinetics of ISC modification with consecutive
addition to frog skin calyculin A, glutoxim and amiloride, a ENaC blocker. It is seen
that treatment of the skin apical surface with 25 nM calyculin A for 30 min before
addition of 100 μg/ml glutoxim to the solution washing out the skin basolateral
surface almost totally eliminates the drug’s stimulating effect on ISC via frog skin.
The average ISC and VOC increase after the calyculin A and glutoxim combined
exposure was (from ten experiments) 10.14 ± 2.08 and 14.44 ± 3.67%, respectively.
The gT value was not altered. It follows from these results that calyculin A, an
inhibitor of PP1- and PP2A-type protein phosphatases, modulates the glutoxim effect
on Na+ transport in frog skin.
It is known that protein phosphatases regulate the activity of a large number of
structural and regulatory proteins modifying the level of their
phosphorylation/dephosphorylation. Our previous results and literature data show that
the ENaC activity and Na+ transport in epithelial cells are regulated by various
serine/threonine and tyrosine kinases, as well as phosphatidylinositol kinases (Garty,
Palmer, 1997; Becchetti et al., 2002; Krutetskaya et al., 2003b; Melnitskaya et al.,
2006a,b). The results of this paper agree with the literature data. Thus, it was reported
that okadaic acid and calyculin A, two structurally different inhibitors of PP1- and
PP2A-type protein phosphatases modulated Na+ transport in cultured A6 cells derived
from distal segments of frog Xenopus laevis kidney. It was found that okadaic acid
and calyculin A changed the kinetic characteristics and density of expressed ENaC
but almost did not alter the phosphorylation level of the channel subunit (Benos,
Stanton, 1999). These results, as well as some other reports, show that PP1- and
PP2A-type protein phosphatase inhibitors influence the membrane Na+ permeability
of epithelial cells not by direct modulation of ENaC activity, but via a number of
other proteins. Literature data show that cytoskeleton proteins are possible
messengers in this process. It is known that various inhibitors of PP1/PP2A-type
protein phosphatases, such as okadaic acid, calyculin A and microcistine, induce
dynamic structural rearrangements of actin and tubulin cytoskeleton. Thus, in
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platelets, neutrophils, and other cells, these agents induce reorganization of
microtubules into short microtubule bundles (Yano et al., 1995). Calyculin A and
okadaic acid affect the actin cytoskeleton architecture. They facilitate
phosphorylation of actin-binding ERM proteins, such as ezrin, radixin, or moezin,
regulating the association of these proteins with actin filament proteins and plasma
membrane (Rosado, Sage, 2000). We demonstrated that calyculin A, like
cytoskeleton disruptors, almost totally attenuated gluoxim stimulation of Na +
transport in frog skin. Hence, it is possible to suggest that calyculin A action’s on the
glutoxim effect is realized through cytoskeleton elements.
Thus, our results suggest that microfilaments and microtubules are involved in
the action of glutoxim on the Na+ transport in frog skin and that any changes in the
structure of actin or tubulin cytoskeleton, be it stabilization or depolymerization, lead
to a considerable decrease in the stimulatory effect of glutoxim on the Na+ transport.

4.7. The involvement of protein kinase C in the effect of GSSG and glutoxim on
Na+ transport in frog skin
It is known that insulin interacts with the receptor with intrinsic tyrosine kinase
activity located in the basolateral membrane of epithelial cells. Previously, we have
demonstrated the involvement of tyrosine kinases, tyrosine phosphatases,
phosphatidylinositol kinases and protein kinase C in the effect of insulin on Na +
transport in frog skin (Melnitskaya et al., 2006b). Therefore, it was interesting to
study the possible role of protein kinase C in the regulatory effect of GSSG and
glutoxim on Na+ transport in the frog Rana temporaria skin.
With the use of the voltage – clamp technique we studied the influence of the
specific protein kinase C inhibitor calphostin C on the effect of GSSG and glutoxim
on Na+ transport in frog skin. It was shown that 100 μg/ml GSSG or glutoxim,
applied from the basolateral side of the skin, caused a significant increase of Na +
transport. In a series of ten experiments ISC increased by 40,37 ± 11,24 % and 20,31 ±
1,04 %, and VOC increased by 48,05 ± 10,34 % and 19,64 ± 1,13 % for GSSG and
glutoxim, respectively; gT did not change. It appeared that the inhibitor of protein
kinase C calphostin C (1 μM or 500 nM) significantly reduced the stimulatory effect
of GSSG and glutoxim on Na+ transport in frog skin. Thus, addition of 100 μg/ml
glutoxim to the basal side of the skin preincubated with calphostin C produced
significantly lower changes of electrical characteristics values: ISC increased by 12,22
± 1,09 % and 17,12 ± 1,21 %, and VOC increased by 13,08 ± 2,22 % and 16,01 ± 1,23
% for 1 μM and 500 nM calphostin C, respectively (Fig. 79a, b). Similar results were
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obtained when 100 μg/ml GSSG was added to the basal side of the skin preincubated
with calphostin C.

Fig 79. Dependence of glutoxim-induced changes in the short-circuit current ISC on the
protein kinase C activity
Curve 1 (a–b) ISC after intact skin basolateral surface exposure to 100 μg/ml glutoxim; curve
2 — ISC after preliminary treatment of the skin apical surface with 500 nM (a) or 1 μM calphostin C
(b). At the end of each experiment, 20 μM amiloride, a ENaC blocker, were added to the solution
washing out the skin apical surface.
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The specific inhibitor of ENaC amiloride (20 μM), applied to the apical
solution at the end of each experiment, inhibited ISC, suggesting that the effect of
GSSG and glutoxim on Na+ transport is mostly caused by modulation of the ENaC
activity.
Thus, we demonstrated for the first time the involvement of protein kinase C in
the stimulatory effect of GSSG and glutoxim on Na+ transport in the frog Rana
temporaria skin.

4.8. Vesicular transport inhibitor brefeldin A modulates the effect of glutoxim
on Na+ transport in frog skin
It is also known that processes of exo- and endocytosis play an important role
in modulation of the activity of ENaC and other Na+-transporting proteins. Moreover,
in the processes of removal/insertion and delivery of ENaC subunits to the membrane
various structural and signalling elements, such as microtubules and microfilaments
(Verrey et al, 1995), protein synthesis regulators (Brown, Stow, 1996) and
components of vesicular transport (Fisher et al., 1996) are involved. Therefore, it was
interesting to investigate the possible involvement of vesicular transport in the
modulation of glutoxim effect on Na+ transport in frog skin. Brefeldin A, a specific
inhibitor of vesicular transport, was used in the experiments.
The mean values of frog skin electrical characteristics in control (from 10
experiments) are: ISC = 39.16 ± 3.45 μA, VOC = –110.65 ± 12.41 mV, and gT = 0.35 ±
0.02 mS. Glutoxim, applied to the basolateral surface of the intact frog skin,
stimulated Na+ transport. After glutoxim application ISC increased in average by
31.24 ± 8.32%; VOC – by 38.04 ± 5.15%; and gT did not change (the data from 10
experiments).
It has been found that brefeldin A modulates the effect of glutoxim on Na+
transport (Fig. 80). On average (the results of 10 experiments), after the preincubation
of skin apical surface with 50 μM brefeldin A for 60 min before application of 100
μg/ml glutoxim to the frog skin basolateral surface, ISC decreased by 41.62 ± 9.35 %,
VOC – by 35.45 ± 8.34 %, аnd gT – by 20.81 ± 6.34 %.
We have earlier demonstrated that glutoxim applied to the basolateral frog skin
surface imitated the effect of insulin and stimulated Na+ transport, inducing a
biphasic increase in ISC (Krutetskaya et al., 2008b). Fig. 80 shows the changes in the
ISC through the frog skin after applying 100 μg/ml glutoxim to the basolateral surface
of intact skin (Fig. 80, curve 1), as well as the skin pretreated (for 60 min) from the
apical side with 50 μM brefeldin A (Fig. 80, curve 2). It is evident that brefeldin A
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completely inhibits both phases of the glutoxim stimulatory effect on the Na +
transport and also considerably decreases the skin electrical characteristics.
It is known that various Na+- transporting proteins contain numerous cysteine
residues which are the targets for intra- and extracellular oxidizing and reducing
agents. In reabsorbing epithelia ENaC play a critical role in the Na+ transport.
Addition of 20 μM amiloride, a ENaC blocker, into the solution washing the apical
surface of the frog skin at the end of each experiment almost completely inhibited I SC
(Fig. 80). It implies that glutoxim affects Na+ transport primarily by modulation of
ENaC activity.

1

2

Fig. 80. Dependence of the changes in short-circuit current, ISC, through the frog skin
in response to glutoxim
Curve 1 - ISC after applying 100 μg/ml glutoxim to the basolateral surface of intact frog skin;
Curve 2– ISC after applying glutoxim to the frog skin pretreated (for 60 min) from the apical side
with 50 μM brefeldin A; at the end of each experiment, the solution bathing the apical skin surface
was supplemented with 20 μM amiloride, an ENaC blocker.

Our results suggest that the vesicular transport is involved in the glutoxim
effect on the Na+ transport in frog skin.
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4.9. The involvement of arachidonic acid metabolism in glutoxim regulation of
Na+ transport in frog skin
4.9.1. The phospholipase A2 inhibitor 4-bromophenacyl bromide modulates the
drug glutoxim effect on Na+ transport in frog skin
Arachidonic acid (AA) and products of AA metabolism cascade are messenger
molecules that are involved in intracellular and extracellular signalling processes and
have a number of physiological and pathophysiological effects. Among special
targets of AA and its metabolites there are ion channels of different types including
ENaCs.
The key enzyme of AA metabolism cascade that releases AA from membrane
phospholipids is phospholipase A2 (PLA2). Thereby, it seemed reasonable to examine
whether PLA2 is implicated in glutoxim regulation of Na+ transport in frog Rana
temporaria skin. For this purpose covalent PLA2 inhibitor 4-bromophenacyl bromide
was used.
4-Bromophenacyl bromide was found to inhibit Na+ transport in frog skin.
Thus, according with the results of 10 experiments, treatment of apical and
basolateral skin surface by 20 μM 4-bromophenacyl bromide decreases ISC by 39.43
± 5.18 % and 30.49 ± 3.34 %, VOC – by 6.88 ± 1.32 % and 28.94 ± 5.13 %, gT – by
35.16 ± 8.23 % and 10.14 ± 2.08 % respectively (Fig. 81).

Fig. 81. Dependence of the change in short-circuit current ISC through the frog skin on
the phospholipase A2 activities
Curve 1- ISC after treatment of apical skin surface by 20 μM 4-bromophenacyl bromide.
Curve 2- ISC after the application of 20 μM 4-bromophenacyl bromide to basolateral skin surface.
At the end of each experiment, 20 μM amiloride, a ENaC blocker, were added to the solution
washing out the skin apical surface.
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The data obtained suggest the involvement of PLA2 and AA metabolism
cascade in Na+ transport regulation in frog skin.
It was also demonstrated that skin treatment by 4-bromophenacyl bromide
suppressed significantly stimulating effect of glutoxim on Na + transport. Preliminary
treatment of apical frog skin surface by 20 μM 4-bromophenacyl bromide for 30 min
before 100 μg/ml glutoxim addition induced the increase of I SC by 13.18 ± 4.08 %,
VOC – by 5.93 ± 2.50 %, gT – by 15.85 ± 4.13 % (Fig. 82).

Fig. 82. Dependence of glutoxim-induced changes in the short-circuit current ISC on the
phospholipase A2 activities
Curve 1 - ISC after application of 100 μg/ml glutoxim to intact skin basolateral surface.
Curve 2- ISC after preliminary treatment of the skin apical surface with 20 μM 4-bromophenacyl
bromide for 30 min before 100 μg/ml glutoxim addition. At the end of each experiment, 20 μM
amiloride, a ENaC blocker, were added to the solution washing out the skin apical surface.

Thus, our data allow to conclude that PLA2 and, in hence, AA metabolism
cascade does take part in glutoxim action on Na + transport in frog Rana temporaria
skin.

4.9.2. Inhibitors of the сyclooxygenase oxidation pathway of arachidonic acid
suppress the stimulating effect of glutoxim on Na+ transport in frog skin
It is known that AA and its derivatives are important signalling molecules
acting as local hormones and transmitters, playing a key role in the regulation of
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various physiological and pathophysiological processes (Krutetskaya et al., 2003a).
At the same time, AA is one of the major intracellular messengers, mediating various
effects of insulin (Saltiel, 1996). AA and its derivatives (mainly the products of
cyclooxygenase oxidation pathway of AA, prostaglandins) are involved in the
regulation of the ion and water transport in kidneys and other reabsorbing epithelia,
particularly, the frog skin epithelium (Els, Helman, 1997). Prostaglandins stimulate
the transepithelial Na+ transport, enhance the secretion of К+ ions, and increase the
water permeability of the apical membrane in the frog skin (Els, Helman, 1997).
Moreover, it has been found that the cyclooxygenase inhibitors diclofenac and
ibuprofen suppress the Na+ transport in the culture of mouse renal collecting tubules
(Pavlov et al., 2011).
Therefore, there appeared to be sufficient reasons to study the possible role of
the cyclooxygenase oxidation pathway of AA in the regulation of the Na + transport
by glutoxim in the skin of the frog Rana temporaria. In the experiments, we used two
structurally different inhibitors of cyclooxygenases, indomethacin and meloxicam,
used in clinical practice as nonsteroidal anti-inflammatory drugs. It is known that
indomethacin suppresses the activity of both forms of cyclooxygenases,
cyclooxygenase 1 and cyclooxygenase 2. Meloxicam is a nonsteroidal antiinflammatory drug of a new generation, significantly more selective to
cyclooxygenase 2 than to cyclooxygenase 1. Hence, it has weaker side effects on the
kidneys and gastrointestinal tract (Engelhardt et al., 1996).
The average values of electrical characteristics of the frog skin in the control
samples (according to the data of 10 experiments) were as follows: I SC = 13.95 ± 0.72
μA, VOC = –36.17 ± 2.08 mV, and gT = 0.38 ± 0.01 mS. It has been shown that
glutoxim (100 μg/ml) applied to the basolateral surface of intact frog skin stimulates
the Na+ transport. On average (according to the data of 10 experiments), the I SC value
after glutoxim application increased by 34.12 ± 7.46%; VOC, by 36.14 ± 3.28%; and
gт value did not change. It has been demonstrated that preincubation of basolateral
surface of skin with indomethacin (40 μM) or meloxicam (40 μM) for 30 min before
the application of 100 μg/ml glutoxim to the same skin surface significantly
decreased the stimulating effect of glutoxim on the Na+ transport (Fig. 83). On
average (according to the data of 10 experiments), the changes in the electrical
characteristics of the frog skin after application of glutoxim onto the skin pretreated
with cyclooxygenase inhibitors were as follows: ISC increased by 11.73 ± 2.25% or
16.35 ± 3.05%, and VOC – by 12.04 ± 3.05% or 18.17 ± 4.12%, in experiments with
indomethacin and meloxicam, respectively. No changes in the gт value were observed
in any experiment.
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Introduction of an ENaC blocker, amiloride (20 μM), to the solution bathing
the apical surface of the frog skin at the end of each experiment caused a complete
inhibition of ISC (Fig. 83), suggesting that the glutoxim effect on the Na+ transport is
mainly related to modulation of ENaC activity.

Fig. 83. Dependence of the change in short-circuit current ISC through the frog skin in
response to the effect of glutoxim on the cyclooxygenase activities
(1) ISC after application of 100 μg/ml glutoxim onto the basolateral surface of intact frog
skin; (2, 3) ISC after application of glutoxim onto the frog skin pretreated (for 30 min) from the
basolateral surface with a cyclooxygenase inhibitor; (2) 40 μM indomethacin or (3) 40 μM
meloxicam; at the end of each experiment, the solution bathing the apical skin surface was
supplemented with 20 μM amiloride, an ENaC blocker.

Thus, the results suggest that the cyclooxygenase oxidation pathway of
arachidonic acid is involved in the regulatory effect of glutoxim on the Na+ transport
in the frog skin. It is known that some clinical cases need combined treatment with
glutoxim and nonsteroidal anti-inflammatory drugs. Our results suggest that
simultaneous use of these drugs is undesirable, because it may reduce the therapeutic
effect of glutoxim.
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4.10. Concluding remarks to chapter 4
Frog skin is a classical model object to study the ion transport mechanisms
across biomembranes. Transepithelial Na+ transport is a complex system that creates
and maintains electrolytic and water homeostasis. Earlier, using pharmacological
agents as tools to study mechanisms of intracellular signalling we have discovered
that transepithelial Na+ transport in frog skin is modulated by a variety of signalling
proteins: tyrosine kinases, tyrosine phosphatases, phosphatidylinositol kinases,
protein kinase C, microtubules and microfilaments (Melnitskaya et al., 2006b) (Fig.
84). Various protein components of sodium transport system may be the targets for
oxidative stress.
Using voltage-clamp technique we have shown for the first time that the Na +
transport in the frog skin is sensitive to oxidative stress and can be modulated by
oxidizing agents (cystamine, cystine, GSSG and glutoxim) applied to either apical or
basolateral skin surface. Application of all oxidizing agents to the skin apical surface
inhibited Na+ transport. Probably, disulfide-containing agents may interact with
highly conserved cysteine-enriched extracellular ENaC domains which leads to
inhibition of ENaC activity and transepithelial Na+ transport attenuation (Fig. 85). At
the same time, when the agents were added from the basolateral side of the skin, only
cystine and cystamine still inhibited the ISC and VOC, whereas GSSG and glutoxim
mimicked the effect of insulin and stimulated transepithelial Na+ transport (Fig. 86).
It is known that key Na+ transporting proteins (amiloride-sensitive epithelial
Na+ channels (ENaCs), Na+-K+-ATPases and Na+/H+-exchangers) contain numerous
cysteine residues that are targets for intra- and extracellular oxidizing and reducing
agents. However, after the addition of ENaC blocker amiloride (20 μM) to the
medium bathing the skin apical surface, Na+ transport was completely inhibited. This
indicates that the effect of glutoxim on Na+ transport is associated primarily with the
modulation of ENaC activity (Fig. 72, 73, 75-83).
Using a wide range of pharmacological agents affecting cellular signalling
components we also found that in GSSG and glutoxim regulation of Na+ transport in
frog skin the tyrosine kinases (Melnitskaya et al., 2008; Melnitskaya et al., 2010),
phosphatidylinositol kinases (Krutetskaya et al., 2009b), protein kinase C
(Melnitskaya et al., 2009), microtubules (Krutetskaya et al., 2012b) and
microfilaments (Melnitskaya et al., 2012a), arachidonic acid metabolism
(Melnitskaya et al., 2012b) and vesicular transport (Melnitskaya et al., 2014) were
involved.
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In summary we would like to conclude with our working hypothesis that GSSG
and glutoxim may interact with the cysteine-rich domains of the insulin receptor in
basolateral membrane of epithelial cells, induce its transactivation and trigger the
signalling cascade, resulting in increased Na+ transport in frog skin (Fig. 86).

Fig. 85. Signalling cascade, involved in Na+ transport modulation by GSSG and
glutoxim applied from apical side of frog skin
Disulfide-containing agents (cystine, cystamine, GSSG or glutoxim), applied to the apical
skin surface, decrease Na+ transport. Probably, oxidizing agents may interact with highly conserved
cysteine-enriched extracellular ENaC domains which leads to inhibition of ENaC activity and
transepithelial Na+ transport attenuation. Cystine enters the cell via b0,+ amino acid transporter
located in the apical membrane or due to reversed operation of the LAT2/4F2hc transporter located
in the basolateral membrane of the epithelial cells.
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Fig. 86. The key players of the Na+ transport game induced by basolaterally applied
GSSG and glutoxim
GSSG and glutoxim, applied to the basolateral surface of frog skin, mimicked the effect of
insulin and stimulated Na+ transport. It can be assumed that in this case GSSG and glutoxim may
interact with cysteine-rich domains of the insulin receptor in the basolateral membrane of epithelial
cells, induce its transactivation, and trigger the signalling cascade including tyrosine kinases,
phosphatidylinositol kinases, protein kinase C, protein phosphatase PP1/PP2A and cytoskeleton
elements that results in stimulation of Na+ transport in frog skin. GPCR - G - protein-coupled
receptor, PLC - phospholipase C , Gq - heterotrimeric Gq protein, DAG - diacylglycerol, PKC protein kinase C, PI(4,5)P2 - phosphatidylinositol 4,5-bisphosphate, IP3 - inositol 1,4,5trisphosphate, Src – non-receptor tyrosine kinase, P- phosphate, PI(3,4,5)P3 - phosphatidylinositol
3,4,5-trisphosphate, IRS- Insulin receptor substrate 1 or 2, PI3-kinase- phosphatidylinositol (PI) 3kinase.
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5. Overall conclusions
Redox regulation of signal transduction and ion transport plays a fundamental
role in various cellular functions. It follows that unexpected perturbations in this
process will have the potential for pathological outcomes, while planned
pharmacological manipulations may find clinical utility in certain disease states.
In summary, our application of a wide variety of pharmacological agents acting
on the components of cellular signalling systems provides strong support for a
mechanism whereby glutoxim and molixan modulate Ca 2+ and Na+ handling in two
types of nonexcitable cells and enables elucidation of the key players in Ca2+ and Na+
transport game induced by these disulfide-containing drugs.
Almost all important signalling molecules in cells are highly redox-sensitive
and may be the targets for glutoxim, molixan and other disulfide-containing drugs. So,
it is not surprising that the key players in signalling cascades triggered by glutoxim
and molixan revealed in our work are almost the same in both types of nonexcitable
cells investigated. Thus, in rat peritoneal macrophages and in frog skin epithelium the
cascade probably begins with the transactivation of receptor tyrosine kinases in
plasmalemma and involves phosphoinositide signalling pathway activation and
cytoskeleton reorganization. Moreover, the results invite us to suggest that signalling
cascades triggered by disulfide-containing drugs in both cell types are rather
complicated and all the systems and pathways involved are in intricate interplay.
Among the thiol agents tested for their efficacy to modulate cellular redox
status, disulfide-containing drugs glutoxim and molixan hold promise for clinical use.
Our current knowledge of redox regulated signal transduction has led to the unfolding
of the remarkable therapeutic potential of cellular thiol modulating agents.
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7. Pharmacological probes used in the experiments
In order to elucidate the signalling cascades, triggered by glutoxim and
molixan in cells, we used a wide variety of pharmacological probes acting on the
components of signalling pathways in cells.
The structures of these agents are presented below.
1. Inhibitors of tyrosine kinases.

Methyl-2,5-dihydroxy
cinnamate (MDC)

Genistein

2. Inhibitors of phosphatidylinositol-3- and phosphatidylinositol-4-kinases

Wortmannin
(from Penicillum funiculosum)

LY 294002
(2-(4-morpholinyl)-8-phenyl-1(4H)benzopyran-4-one)

3. Inhibitor of phospholipase C

Neomycin (from Actinomyces fradidae)
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4. Inhibitors of protein kinase C

Calphostin А
(from Cladosporium cladosporioides)

Н-7
(1-(5-isoquinolinesulphonyl)-2methylpiperazine)

5. Actin filament depolymerizing agents

Cytochalasin D
(toxin from Zygosporium mansonii)

Latrunculin B
(toxin from marine sponge
Latruncula magnifica)

6. Actin filament stabilizing agents

Calyculin А
(from marine sponge Discodermia calyx)
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Jasplakinolide
(from marine sponge Jaspis johnstonii)

7. Microtubule depolymerazers

Colcemid
(synthetic analogue of colchicine –
alkaloid of Colchicum sp.)

8. Microtubule stabilizer

Taxol
(paclitaxel ; from Taxus brevifolia)

Nocodazole
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9. Inhibitor of small G-proteins of Ras superfamily

N-Acetyl-S-farnesyl-L-cysteine (AFC)

10. Vesicular transport inhibitor

Brefeldin А
(from Penicillum brefeldianum)

11.Arp2/3 complex inhibitor

CK-0944666
(CK-666, 2-Fluoro-N-[2-(2-methyl-1H-indol-3-yl)ethyl]-benzamide)

12. WASP inhibitor

Wiskostatin

167

13. Cyclooxygenase inhibitors

Aspirin
(Acidum acetylsalicylicum)

Indomethacin

Meloxicam

14.Lypoxygenase inhibitors

Caffeic acid
(3,4-dihydroxycinnamic acid)

Baicalein

Nordihydroguaiaretic acid
(NDGA)

15. Epoxygenase inhibitors

Proadifen hydrochloride

Econazole
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16.Phospholipase A2 inhibitor
4′-Bromophenacyl bromidee
(2,4′-Dibromoacetophenon)e)

17. Ca2+ channel blockers

Verapamil
Nifedipine

18.Epithelial sodium channel (ENaC) blocker

Amiloride hydrochloride hydrate

19.Sulfhydryl reagent

Dithiothreitol (DTT)
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