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Snake bites are an endemic public health problem in Iran, both in rural and urban area. Viper venom as a hemolytic
biochemical “cocktail” of toxins, primarily cause to the systemic alteration of blood cells. In the sixties and seventies,
human erythrocytes were extensively studied, but the mechanical and chemical stresses commonly exerted on red
blood cells continue to attract interest of scientists for the study of membrane structure and function. Here, we
monitor the effect of Vipera latifi venom on human erythrocytes ghost membranes using phase contrast and fluo-
rescent microscopy and changes in ATPase activity under snake venom influence in vitro. The ion pumps [Na*,K*]-
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Vipera latifi ATPase and (Ca** + Mg?*)-ATPase plays a pivotal role in the active transport of certain cations and maintenance
Erythrocyte ghosts of intracellular electrolyte homeostasis. We also describe the interaction of Vipera latifi (VL) venom with giant

GUVs unilamellar vesicles (GUVs) composed of the native phospholipid mixtures visualized by the membrane fluores-

[Na* K*]-ATPase and (Ca®* + Mg?*)-ATPases

cence probe, ANS, used to assess the state of membrane and specifically mark the phospholipid domains.
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1. Introduction

Iranian herpetofauna is very rich by venomous snakes, including the
representatives of the all three most important groups causing enven-
omation: Elapidae, Crotalidae and Viperidae. There are 83 snake species
in [ran and about 25 of them are venomous (Latifi, 1991; Kakanj et al.,
2015). Due to medical statistics there were about 53,787 snake
envenomations that caused 67 mortalities in Iran within 2002-2011
(Dehghani et al., 2014). Vipera latifi (also denominated Montivipera latifi
by some authors (Wallach et al., 2014)) belongs to sister clades of the
Middle East complex within the monophyletic Eurasian Vipera genus
(Nilson et al., 1999; Lenk et al.,, 2001). These snakes are important cul-
prits of snake bite in Iran each year, leading to severe local effects,
such as tissue blistering, hemorrhage and necrosis, as well as coagulop-
athy, especially clotting disorders and hypofibrinogenemia (Dehghani
et al., 2014; Latifi, 1984; Kakanj et al., 2015). Venom yield per snake is
around 6 + 2 mg and the LD50 (median lethal dose) values for mouse
are 3.2-7.9 pg/mouse (Latifi, 1984, 1991). Although the venoms of
Vipera latifi haven't been yet thoroughly characterized at proteomic
level (Latifi et al., 1965), their toxinological profile is quite well studied
(Dehghani et al., 2014; Latifi, 1984), but the information about the cor-
relation with the clinical picture of envenoming still lacks.

Studies on hemolytic action of snake venoms on human red blood
cells (RBCs) have been carried out since the 1960s (Ibrahim and
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Thompson, 1965). Recent advances in fluorescent and super-
resolution microscopy cause the new wave of re-investigations of cell-
invasive mechanisms of snake venoms (Flachsenberger et al., 1995).
After extrusion of nuclei and degradation of endoplasmic reticulum, re-
ticulocytes emerge in the circulation; here they rapidly develop into
mature RBCs 8 um biconcave disks and with 120 days life span (Yau
et al.,, 2012). The flexibility of the membrane along with the ability of
RBCs to maintain their morphology without a nucleus makes them an
excellent model to study membrane mechanics. Healthy RBCs have a
characteristic shape and yet they can alter their morphology to become
either spherocytes (spherical shape), various forms of echinocyte (a
spherical shape with rounded spiky protrusions) or stomatocytes
(swollen cup-shaped cells) (Babu, 2009). These shape changes can be
imposed either by outside hydrodynamic forces in the vascular system,
in response to ATP depletion, chemical mediators (amphipathic mole-
cules) or a physical environment like the surface of glass (Elgsaeter
et al., 1986; Elgsaeter and Mikkelsen, 1991).

The human RBC membrane content is similar with most of animal
membranes and it is composed by: 19.5% (w/w) of water, 39.5% of pro-
teins, 35.1% of lipids and 5.8% of carbohydrates (Oliveira and Saldanha,
2010; Pasini et al., 2006).

In present stage of investigations we'd like to try going further in
modeling of viper venom interaction with biological membranes and
its possible traumatic or therapeutic effect (Ghazaryan et al., 2015a;
2015b). We propose to characterize the morphological changes of RBC
membranes opposite to giant unilamellar vesicles, as a so called nega-
tive control, because they have a lipid membrane free of proteins. Also
we propose to assess the alteration of the normal work of main ion
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transporters of RBC membrane in course of treatment with Vipera latifi
venom. Changes both in lipid composition and protein condition modu-
late membrane transport processes. Red blood cells (RBC) from patients
with various types of pathology show significant membrane abnormal-
ities (Klop et al., 2013), and it has been suggested that disorder of some
important cell pumps play a role in producing and further spreading of
these abnormalities. Sodium pump Na™,K"-ATPase plays an essential
role in cellular function and is altered in a variety of pathological condi-
tions (Coka-Guevara et al., 1999; Kassak et al., 2006). Theoretically, the
increasing of intracellular Na™ would lead to decrease the inward Na™
gradient, which may drive Ca?™ efflux through Ca®?"-Na™ counter
transport. The human RBC contains an outwardly directed Ca®™"
pump, the activity of which is coupled to phosphorylation and hydroly-
sis of a 150 kDa membrane-bound, Ca? "-activated, Mg? "-dependent
ATPase (Vincenzi et al., 1986). In the present study erythrocyte ghost
membranes Nat K"-ATPase and Ca®™-activated Mg?"-dependent
ATPase activities have been analyzed in course of envenomation by
the Vipera latifi venom.

2. Materials and methods
2.1. Reagents and venom

VL venom was purchased from Latoxan. ANS (8-anilino-1-
naphthalene sulfonic acid) and ouabain was purchased from Sigma.
Packed red blood cells (PRBCs) were obtained from Haemathology
Center after Prof. R. Yeolyan (Ministry of Health, Republic of Armenia).

2.2. Phospholipid processing

The phospholipid fraction was separated from the bovine brain ac-
cording to the Muller method (Mueller et al., 1962). White matter was
dissected from fresh adult bovine brain and scraped free of gray matter.
The white matter was homogenized with 1:1 chloroform-methanol
mixture (1 g of tissue/20 mL). The suspension was washed with distilled
water to remove non-lipid substances. Then a vacuum pump was used
to remove the chloroform-methanol mixture. The remaining phospho-
lipid composition was dissolved in the chloroform-methanol solution
(1:2), which is stable for months if stored in the dark at O till —15 °C
temperature, preferably, with no air space.

2.3. Giant unilamellar vesicles

GUVs were prepared by the electroformation method, developed by
Angelova et al. (1992). GUVs were formed in a temperature controlled
chamber that allows a working temperature range from 20 °C to
50 °C. GUVs were prepared using the following steps: ~2 L of the phos-
pholipid stock solution was spread on each of the two sample chamber
platinum wires. The chamber was then dried for ~1 h to remove any re-
maining trace of organic solvent (nonane). The chamber and the buffer
(Tris—HCl 0.5 mM, pH 7.4) were separately equilibrated to temperatures
above the lipid mixture phase transition(s) (~10 °C over the
corresponding transition temperature, which is close to 30 °C) and
then 2 mL of buffer was added to cover the wires. Immediately after
buffer addition, the platinum wires were connected to a function gener-
ator and a low-frequency AC (alternating current) field (sinusoidal
wave function with a frequency of 10 Hz and amplitude of 2 V) was ap-
plied for 90 min. The mean diameter of these GUVs should be ~30 pm, as
previously reported (Sanchez et al., 2001; Ayvazyan and Ghazaryan,
2012).

2.4. Erythrocyte ghosts
Erythrocyte membranes were obtained by the method of Dodge et al.

(1956). Protein was measured by the method of Lowry as described
(Lowry etal,, 1951) using bovine serum albumin as a standard. To obtain

erythrocyte ghosts, after the last wash the RBC pellet was mixed with
nine volumes of ice-cold lysis buffer (5 mM sodium phosphate) and
stirred for 15 min at 0 °C. Subsequently, the unsealed erythrocyte ghosts
were pelleted by centrifugation at 37,000 x g for 10 min at 0 °C. After the
centrifugation the ghosts were washed with ice-cold lysis buffer until
residual hemoglobin was not visible. The RBC ghosts were suspended
in about 0.5 volume of PBS and were kept frozen at —30 °C until use.

2.5. Fluorescence labeling and microscopy

The membrane fluorescence probe ANS (8-anilino-1-naphthalene
sulfonicacid) was used for visualization of GUVs and erythrocyte ghosts.
1 uM ANS added to the sample chamber after the vesicle formation and
then incubated for 5 min at 25 °C (Verstraeten et al., 2005). Images were
collected on a fluorescence microscope FM320-5M (AmScope, USA).
The excitation and emission wavelengths for ANS were 360 nm and
490 nm, respectively (Ayvazyan and Ghazaryan, 2012). Phase-contrast
imaging was done on the Nikon microscope with 9MP digital camera
(AmScope, USA).

2.6. Na™/K™ and Ca® */Mg® *-ATPase assay in RBC

The activities of the ion motive ATPases, Na-K-ATPase, Ca>™, Mg? ™ -
ATPase, determined by the method of Hesketh et al. (1978). The reac-
tion mixtures for Nat, K*-ATPase assay contained 2 mM MgCl2,
150 mM Nacl, 17.5 mM KCl, and 10.0 mM Tris-HCl, pH 7.4, the ghost
suspension, in the presence or absence of ouabain (2 mM) (Kassak
et al,, 2006) and three concentrations of snake venom (pharmacologi-
cally relevant to low, sublethal and lethal concentrations according to
the LD50 for mouse). Na™ K -ATPase activity was calculated as the dif-
ference between the presence or absence of ouabain-sensitive Na™,K*-
ATPase activity. The reaction mixtures for Ca®>*, Mg?* ATPase assay
contained 300 pM CaCl,, 2 mM MgCl,, 10.0 mM Tris-HCl, pH 7.4 and
the ghost suspension. The values were expressed as the difference be-
tween ATPase activity in presence of Mg?™*, Ca? ™ and in presence of
Mg? " only. The reaction was initiated by the addition of ATP (7 mM)
and mixture was incubated for 1 h at 37 °C. The reaction was stopped
by the addition of 10% (wt/vol) ice cold trichloroacetic acid (final
conc.). The mixture centrifuged at 4000g for 5 min after standing
20 min at 4 °C. The supernatant used for the estimation of inorganic
phosphate liberated according to standard method of Fiske and
Subbarrow (1925). The activity of each enzyme was expressed as
nmol Pi/mg protein/min.

2.7. Statistical analysis

For quantitative analysis of ATPase activity values, results are report-
ed as means 4 SEM. The significance of differences between the means
was assessed by ANOVA followed by Bonferroni's test when various
experimental groups were compared with the control group. A value
of P < 0.05 indicated significance.

3. Results
3.1. Morphological alterations of ghost membranes

Light microscopy of human erythrocytes revealed a normal ~7.5 pm
biconcave disk structure. The venom addition produced marked
changes in size and shape of RBC (Fig. 1), these changes included a for-
mation of characteristical rounded spiky protrusions (echinocyte)
followed by increasing of RBC size and final lyses (if the concentration
of venom is pharmacologically relevant to the sub-lethal and lethal
doses). The erythrocyte ghosts are spherical and have a bigger size com-
pare to the normal RBC (Fig. 2A). There was a significant decrease of the
ghost diameter after envenoming (Fig. 2B), but interestingly this de-
crease was reversible and the secondary increasing of erythrocyte
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Fig. 1. Vipera latifi venom-dependent changes of the intact erythrocytes size and shape is shown. Dried lyophilized toxin of VL was dissolved in Tris-HCI buffer (pH 7.4) with a final
concentration of 3 « 107> M, and 1.1 piL of this solution were added to the fluorescent microscope sample.

ghosts' size was observed at all times, when the processing with venom
was done with a lower concentration of venom (Fig. 2C). The second ad-
dition of the same amount of venom led to the shrinking of the erythro-
cyte ghosts again, but this time the effect is irreversible (Fig. 2G-I). The
first rapid changes of size usually occurred in 1 min, and diameter de-
creased almost on 50%. The one interesting observation was that eryth-
rocyte ghosts with abnormal primary small size could be shrinking until
the complete lyses even after the first addition of the low concentration
of venom (Fig. 2A-C, right).

The solubilization process of erythrocyte ghosts by the VL venom
was observed also with phase contrast and fluorescence microscopy. A
solution of 1.1 pl of venom was injected with a micropipette placed
close to the selected ghosts. After contact with the venom solution, all
erythrocyte ghosts observed were partially damaged, as detected by a
clear decrease in vesicle size. Fig. 3 shows one such example observed
under phase contrast microscopy. After only 10 s of venom injection,
part of the ghosts is detached and then solubilized in a few seconds
(Fig. 3B-C). In this picture it is clear that erythrocyte membrane has

Fig. 2. Vipera latifi venom-dependent changes of the erythrocyte ghosts' size is shown. Erythrocyte ghosts were prepared as described in Section 2.4. Dried lyophilized toxin of VL was
dissolved in Tris-HCI buffer (pH 7.4) with a final concentration of 3 + 107> M, and 1.1 pL of this solution were added to the microscope sample (A-F), and once again after three

minutes (G-I).

Fig. 3. The phase-contrast image of erythrocyte ghosts, in the course of VL low concentration venom-treatment. Erythrocyte ghosts were prepared as described in Section 2.4. Dried
lyophilized toxin of VL was dissolved in Tris-HCI buffer (pH 7.4) with a final concentration of 3 » 107> M, and 1.1 pL of this solution were added to the microscope sample.
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Fig. 4. Time-dependent decreasing of the ANS-containing erythrocyte ghosts, in the course of VL venom processing (60 s). ANS labeling was done as described in Section 2.5. Dried
lyophilized toxin of VL was dissolved in Tris-HCl buffer (pH 7.4) with a final concentration of 3 + 107> M, and 1.1 pL of this solution were added to the microscope sample.

lost the initial membrane lipid/protein ratio and sugar asymmetry re-
sponsible for the high optical contrast seen in the first snapshot. The
last snapshot (40 s) shows the treated condition of the RBCs, which
are clearly smaller than the original vesicles and shows a re-
thickening of the membrane (Fig. 3D).

For fluorescent microscopy the membrane fluorescence probe ANS
(8-anilino-1-naphthalene sulfonic acid) was used to visualize erythro-
cyte ghosts. ANS integrates into the membrane and emits with sufficient
intensity to follow the changes produced on the RBCs after the addition
of the venom. One selected representative sequence is shown in Fig. 4:
erythrocyte ghost show a homogeneous distribution of the fluorescent

probe used, ANS, attesting that the lipid content of the erythrocyte
membrane did not exhibit detectable phase separation (see snapshots
at 0 and 60 s in Fig. 4). The main effect caused by VL venom was the dra-
matically decrease of erythrocyte size without any detectable changes
of shape and fluorescence intensity.

3.2. Visualization of GUV morphological changes by fluorescence
measurements

The phospholipid extract were used to form GUVs, which retained
the complexity in lipid composition of the original cells adequately

Fig. 5. Rapid changes of the fluorescent intensity of the ANS-containing GUVs in the course of VL venom processing (60 s). ANS labeling was done as described in Section 2.5. GUVs were
prepared according to the electroformation method in a temperature-controlled chamber containing Tris-HCl buffer (pH 7.4). Dried lyophilized toxin of VL was dissolved in the same
buffer (Tris-HCl, pH 7.4) with a final concentration of 3 « 107> M, and 2.2 pL of this solution was added to the fluorescent microscope sample.

Fig. 6. The fluorescent image of GUVs after Vipera latifi low concentration venom-treatment. GUVs were tried to prepare according to the electroformation method in a temperature-
controlled chamber containing Tris-HCl buffer (pH 7.4). Dried lyophilized toxin of VL was dissolved in Tris-HCl buffer (pH 7.4) with a final concentration of 3 « 107> M, and 1.1 pL of

this solution were added to the fluorescent microscope sample.
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Fig. 7.Na™ /K™ and Ca?*/Mg?*-ATPase activity in Vipera latifi venom-treated erythrocyte
ghosts. Enzymatic activity was assayed as described in Section 2.6 for three concentrations
of snake venom and expressed nmol Pi released/mg protein/min. The columns are the
mean + S.D. (n = 6). P < 0.05 vs. the control group (ANOVA followed by the Bonferroni
test).

mimicking the erythrocyte ghost's size and curvature. On the other
hand, we have a quite simple and commonly used biomimetic system
free of its protein components. GUVs also were visualized with the
membrane fluorophore ANS during experiments on VL venom hydroly-
sis. Fig. 5 shows the drastic decreasing of liposomes in course of modifi-
cation with a lethal concentration of venom at 21 °C in the liquid phase.
The insertion of venom leads to the very fast shrinking and corrugation
of GUVs membrane, after which the vesicle shrinks until nothing
(last snapshot). But intriguingly the lower concentrations of venom
(sub-lethal) didn't cause any changes at all (Fig. 6).

3.3. Na™/K™ and Ca® */Mg’ *-ATPase activity in venom-treated
erythrocyte ghosts

The other series of experiments was done with a determination of
RBC membrane's main ion transporters activities in course of treatment
with Vipera latifi venom. The in vitro treatment of erythrocyte ghosts
with VL venom significally inhibit the Na*/K*-ATPase activity (Fig. 7),
which were accompanied by a significant increase in RBC Ca?/Mg?*-
ATPase activity 10 min after addition of the low concentration of
venom, compared to control erythrocyte ghosts (Fig. 7). The treatment
with gradually increasing concentrations of venom revealed the dose
dependent manner of Na®/K*-ATPases activity inhibition for so
called sub-lethal and lethal concentrations (pharmacologically
relevant to the half of LD50 dose and LD50 dose, respectively). For
these concentration of venom the activity of Ca?*/Mg?*-ATPase,
on the contrary, increasing very dramatically compare with the
control data. For higher concentration it was impossible to obtain a
countable data because of the fatal damage of membrane lead to
the complete lysis of erythrocyte ghosts.

4. Conclusions and perspectives

The snakebites with viper venom produced extensive systemic alter-
ations, including tissue blistering, oedema, hemorrhage and necrosis, as
well as hypotension shock and coagulopathy, especially clotting disor-
ders and hypofibrinogenemia (Kakanj et al., 2015; Sanz et al., 2008;
Ayvazyan and Ghazaryan, 2012). The damage concern primarily blood
cells and the resistance of erythrocytes to the envenomation in this re-
spect became quite crucial issue.

Vipera latifi is a very endemic species in Iran and any investigations of
its toxinology and envenomation effects are very scarce, but the distribu-
tion of these snakes in the country is quite wide, so the studying of these
snake venoms either by itself or in comparison with other viper venoms
of the region become more and more important. Our previous research

was devoted to the molecular events associated with Macrovipera
lebetina obtusa and Montivipera raddei snakes' venom intoxication and
condition of biomembranes (Ayvazyan and Ghazaryan, 2012; Ayvazyan
et al,, 2012). These two species of snakes together with Vipera latifi are
the most pharmacologically important Viperidae snakes of Iran and de-
tailed analysis of their membranotropic properties quite vital both for
antivenom production in the country and opening of new perspectives
in drug design and development.

The present study confirmed the direct damage of red blood cell
membranes by VL venom components, and the fast transformation of
erythrocytes in course of envenomation. It also showed that morpholog-
ical changes of red blood cells caused by venom injection could be
reversible depend on the venom concentration in media. The study un-
derlines that drastic changes during venom treatment occur both in the
lipid composition of membranes and the main protein systems within
the membranes, like ATPase complexes. These functional alterations
could be also caused by the changes in lipid bilayer packaging in the
RBCs membrane, its plastic properties, fluidity and microviscosity. The
inhibition of Na®/K™ and Ca®*/Mg?"-ATPase activities in venom-
treated erythrocyte ghosts conclusively shows that viper venom has a
profound restructuring effect on the lateral organization of lipids in
model and complex biological membranes. Moreover, our data for
higher concentration of venom let us suggest, that venom components
mainly blocking the work of Na”/K* pump. Together with the damage
of lipid packaging these changes cause the drastic increasing of Ca®* cat-
ions in the erythrocytes and leading to the activation of Ca®*/Mg?*-
ATPase work. The present observations on the Ca? ~ pump ATPase activ-
ity in RBCs of subjects with intoxication may be taken to suggest that the
activity of this membrane-associated pump is not altered irreversible.
The Ca?* pump ATPase is the only mechanism by which RBCs maintain
low intracellular Ca?* concentration and an important means by which
other cells accomplish this. Maintenance of low intracellular Ca®>* con-
centration is critical for normal cell function and viability. It is known,
that even 20% decrease in activity of the Ca®>* pump ATPase in the
RBCs (for example, of hypertensive subjects) may reflect a deficit in
the ability of certain cells to maintain optimally low intracellular Ca®>*
(Farber, 1981). Current observation of the enhanced activity of
Ca2*/Mg?*-ATPase could be an attempt to indirectly counteract
the Ca?* overload, i.e. Ca®* extrusion through the Na*/Ca?* ex-
changer operating in forward mode. Based on these considerations,
we suggest that the enhanced activity of Ca®* pump ATPase seen
after treatment with VL venom may be a protective mechanism
aimed at preserving erythrocyte ghosts' cytoskeletal function during
membrane damage. This conclusion agrees with our previous obser-
vation, that erythrocyte membrane damage could be reversible for
low concentrations of venom, but irreversible for the increased
dose of toxins. As a conclusion of present experimental observation,
we think that VL venom components damaging the lipid bilayer of
erythrocyte membrane, which cause the multiple defects in the
bilayer packaging and, hence the outwardly directed efflux of K™
ions from erythrocyte and increase inward of Ca®™ ions gradient. It
seems to us logical to suggest that Ca? */Mg? *-ATPase is not signifi-
cantly damaged by the venom components, but because of this
dramatic changes of cation exchange through RBC membrane,
the activity of Ca?* pump ATPase used to increase almost twice com-
pare to the normal conditions. Clearly, as well as its numerous bene-
fits, there are limitations to studying mechanisms of action of
molecules on erythrocyte ghosts and GUVs, as there are with any
model systems. But such a complex experiments of erythrocyte
ghosts in comparison with lipid vesicles as a negative control with-
out protein components, seems to us very perspective for future
investigations.
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