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Abstract: Cardiotoxins (CaTxs) are a group of snake toxins that affect the cardiovascular system
(CVS). Two types (S and P) of CaTxs are known, but the exact differences in the effects of these types
on CVS have not been thoroughly studied. We investigated cellular mechanisms of action on CVS
for Naja oxiana cobra CaTxs CTX-1 (S-type) and CTX-2 (P-type) focusing on the papillary muscle
(PM) contractility and contraction of aortic rings (AR) supplemented by pharmacological analysis.
It was found that CTX-1 and CTX-2 exerted dose-dependent effects manifested in PM contracture
and AR contraction. CTX-2 impaired functions of PM and AR more strongly than CTX-1. Effects
of CaTxs on PM were significantly reduced by nifedipine, an L-type Ca2+ channel blocker, and by
KB-R7943, an inhibitor of reverse-mode Na+/Ca2+ exchange. Furthermore, 2-aminoethoxydiphenyl
borate, an inhibitor of store-operated calcium entry, partially restored PM contractility damaged by
CaTxs. The CaTx influence on AR contracture was significantly reduced by nifedipine and KB-R7943.
The involvement of reverse-mode Na+/Ca2+ exchange in the effect of CaTxs on the rat aorta was
shown for the first time. The results obtained indicate that CaTx effects on CVS are mainly associated
with disturbance of transporting systems responsible for the Ca2+ influx.

Keywords: cardiotoxin; heart; papillary muscle; aorta; contraction; contracture

Key Contribution: The study of the effects of cytotoxins CTX-1 and CTX-2, belonging to the S- and P-
types, respectively, from the venom of the cobra Naja oxiana on the contractility of rat myocardial and
thoracic aorta preparations showed that CTX-2 produced stronger effects than CTX-1. The involve-
ment of reverse-mode Na+/Ca2+ exchange in the effect of CaTx on the rat aorta was demonstrated
for the first time.

1. Introduction

The cardiovascular system (CVS) is one of the main targets of snake venom toxins.
Although a significant number of venoms affect the activity of the CVS, not all of them act
directly on the heart. For example, the venom of the Papuan taipan (Oxyuranus scutellatus),
which causes cardiovascular collapse in anaesthetized rats, does not affect the function of
an isolated heart [1]. In general, the number of snake toxins that have a direct effect on the
heart and blood vessels is relatively small. Thus, recently, it was shown that phospholipases
A2 from venoms of Pseudonaja genus snakes are involved in vasorelaxation [2]. Further,
cobra venom cytotoxins, also called cardiotoxins [3,4] are well known for their direct
cardiovascular effects.
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Cardiotoxins (CaTx) from cobra venoms are β-structured proteins consisting of 59–61 amino
acid residues with four disulfide bonds [5]. Upon entering the organism, CaTxs primarily
have a damaging effect on the CVS, causing systolic cardiac arrest [6]. On preparation of the
heart muscle, it was shown that CaTxs produced a decrease in contractility, depolarization,
and contracture [7]. Most CaTxs act directly on cardiac tissue in both the ventricles and
the atria without showing any selectivity. However, there are tissue-specific features in
the development of effects—some CaTxs cause more pronounced action on the ventricular
tissue than others [7]. Previous studies on the mechanism of CaTx action showed that,
in cardiomyocytes, these toxins induce an increase in the concentration of calcium ions
inside the cell, a change in the cell shape, hypercontracture, and death [8]. Recently, it
was shown that CaTxs are able to penetrate not only through the cell plasma membrane,
but also through the outer mitochondrial membrane of the cell [9]. They then target
anionic cardiolipin and disrupt the structure of the inner mitochondrial membrane and
bioenergetics, which can lead to the death of cardiomyocytes [9,10]. This may represent the
complementary pathway for CaTx toxicity.

CaTxs are classified into S- and P-types. The S-type includes toxins with a serine
residue at position 28 of the amino acid sequence, while the P-type comprises those with
a proline residue at position 30 [5]. The mechanism of interaction of CaTxs with lipid
membranes depends on the type of toxin [11]. The data available to date indicate that toxins
of both types destabilize the lipid bilayer of anionic phospholipid-containing membranes,
but with different efficacy [11]. However, we were unable to find data on the effect of
different types of toxins on the heart muscle and blood vessels. It should be noted that
researchers did not provide exact data on the amino acid sequence of the CaTx used in all
cases. However, in those studies that provided precise indications of the structure of the
CaTx, the toxin CTX A3 of the P-type from the venom of the cobra Naja atra was typically
used (e.g., [12]).

Thus, a comparative analysis of the activity of CaTxs and the mechanisms of the devel-
opment of their effects in time remains an unsolved problem. To make such a comparison,
in this work we study the effects of cytotoxins I and II (CTX-1 and CTX-2), belonging to the
S- and P-types, respectively, from the venom of the Central Asian cobra Naja oxiana [13] on
the contractility of rat myocardial and thoracic aorta preparations, the latter preparation
being used as a sample of smooth muscle tissue. In addition, the question of the effects
of sub-threshold, non-contracture CaTx concentrations over several hours of application
remains unclear. On the one hand, significant changes in the level of expression of indi-
vidual genes can already occur over such a time interval [14]; on the other hand, specific
interactions with any of the components of signaling systems may occur [15–17]. Thus, our
goal was to carry out a comparative study of two CaTxs of different types on two different
types of muscle tissue to compare their activity on different types of tissue present in the
CVS. We previously investigated the effect of CaTxs on the rat papillary muscles (PMs) and
found that two cobra Naja oxiana CaTxs changed the force of contraction and the character
of rhythmoinotropic phenomena in the rat myocardium [18]. Here, we carried out a more
detailed study by conducting a comparative analysis of the effects of CaTxs on both the rat
myocardium PM and on the descending segment of the rat aorta. We also carried out an
extensive pharmacological analysis in order to shed light on the possible role of various
Ca2+ transport systems in the effects of CaTxs on the contractile activity of the PM and
aorta ring (AR).

2. Results and Discussion

A schematic illustration explaining the terms used below and some experimental
details is shown in Figures 1 and S1.
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response to CaTx application; KCl, isotonic solution with 80 mM KCl; ACh, 10 µM acetylcholine; 

CaTx, cardiotoxin; blocker, a pharmacological inhibitor of particular Ca2+ transporting system. Ar-

row on the panel (a) indicates CaTx application. T1, tension at 80 mM KCl; T2, tension at 80 mM 

KCl in the presence of blocker; T3, tension in the presence of both blocker and CaTx. 
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pression of PM contraction (by 97 ± 2%, Figure 2a), while in the ARs a concentration of 3 
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while a concentration of 3 µM induced a contraction of AR equal to 51 ± 8% (Figure 2b). 

These experiments showed that in order to achieve the maximal effect on AR, both CTX-

1 of S-type and CTX-2 of P-type need an order of magnitude higher concentration than 

that required for maximal effect on PM. In general, this is in good agreement with the 
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[21,22] and intestinal strips [23], CaTx concentrations of about 10 µM were used. Further, 
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the effects of the two types of CaTxs on myocardial and smooth muscle tissues.  

Figure 1. Schematic illustration of the experiments on contractility of papillary muscles (PMs)
(a) and contraction of aorta rings (ARs) (b). MF, maximal force before application of CaTx; TMF,
transient maximal force after CaTx application; PDT, peak diastolic tension (contracture) developed
in response to CaTx application; KCl, isotonic solution with 80 mM KCl; ACh, 10 µM acetylcholine;
CaTx, cardiotoxin; blocker, a pharmacological inhibitor of particular Ca2+ transporting system. Arrow
on the panel (a) indicates CaTx application. T1, tension at 80 mM KCl; T2, tension at 80 mM KCl in
the presence of blocker; T3, tension in the presence of both blocker and CaTx.

2.1. Comparison of Cardiotoxins Effects on the Rat Papillary Muscle and Aorta

It was previously shown that CaTxs act on cardiac tissue in two ways, causing both
a decrease in contractility and a development of contracture [19,20]. In blood vessels,
CaTxs induce a slowly developing tonic contraction, while in the ARs precontracted by
phenylephrine, a transient relaxation effect caused by the activation of endothelial cells
was observed in the presence of CaTxs [21].

In our experiments, CTX-1 at a concentration of 0.75 µM produced a complete sup-
pression of PM contraction (by 97 ± 2%, Figure 2a), while in the ARs a concentration of
3 µM induced a fairly small contractile response (of 7 ± 4%, Figure 2a). At the same time,
CTX-2 at a concentration of 0.3 µM completely suppressed PM contractility (by 96 ± 5%),
while a concentration of 3 µM induced a contraction of AR equal to 51 ± 8% (Figure 2b).
These experiments showed that in order to achieve the maximal effect on AR, both CTX-1
of S-type and CTX-2 of P-type need an order of magnitude higher concentration than that
required for maximal effect on PM. In general, this is in good agreement with the available
data; for example, in studies on smooth muscle preparations including ARs [21,22] and
intestinal strips [23], CaTx concentrations of about 10 µM were used. Further, in studies
on myocardial preparations, CaTx concentrations of about 1 µM or less were usually em-
ployed [8,24]. However, there are some differences in the description of the CaTx effects on
various types of tissue. There is evidence that on some smooth muscle preparations, a full
contractile response develops at a concentration of slightly more than 1 µM [25], which is
an order of magnitude less than the concentration described in most existing works. CaTxs
can also differ significantly in their effect on the myocardium: on the one hand, there are
CaTxs that can induce contracture at concentrations of less than 1 µM, while others, even
at a concentration of more than 10 µM, do not lead to the development of contracture [24].
Prior to our present work, there were no studies comparing the effects of the two types of
CaTxs on myocardial and smooth muscle tissues.

It should be noted that the differences in the effects of CaTxs are most pronounced
at sufficiently low concentrations [18,24], while at high toxin concentrations of about
10 µg/mL, the difference may not be observed [26]. Our results, obtained at low concen-
trations of toxins, concluded that CTX-2 possesses higher activity than CTX-1 both on PM
and AR preparations, which significantly supplements the previously obtained data on
a more pronounced effect of CTX-2 on heart preparations [13]. Interestingly, recently the
difference in activity between CaTxs of P- and S-types was observed on cancer cell lines [27].
It was shown that on human lung (A549), prostate (PC-3), and breast (MCF-7) P-type CaTx
NS-CTX was significantly more potent in inhibiting the growth of the cancer cells than
S-type CaTx NK-CTX.
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Figure 2. Dependence of papillary muscle (PM) and aorta ring (AR) contractions on concentration
of CTX-1 (a) and CTX-2 (b). The inhibition of PM contraction by CaTxs as compared to the control
level is shown on the left ordinate (blue circles). The contraction of AR induced by CaTxs compared
to 80 mM KCl is shown on the right ordinate (pink triangles). The effects were registered 1 h after
toxin application.

2.2. Comparison of Cardiotoxins Time-Dependent Effects on Contractility and Diastolic Tension in
Rat Papillary Muscle

Using relatively low concentrations of CaTxs, we investigated the development of their
effects over time (Figure 3). It was found that CTX-1 at a concentration of 0.15 µM produced
a progressive negative inotropic effect, which after 52 min of exposure became significant,
reducing contractility to 45 ± 16% of the control values (Figure 3a), and by 60 min the force
of contraction decreased to 32 ± 19% of control. A similar effect was manifested by CTX-2
at the same concentration; however, a significant decrease in contractility occurred as early
as by 28 min (53 ± 15% of control), which is almost twice as fast as the observed decrease
of CTX-1. By 60 min, contractility in the presence of CTX-2 decreased to 21 ± 7% of control
(Figure 3b). It should be noted that in some experiments, both toxins produced a transient
increase in contractility, which was then followed by suppression.

When studying the effect of CaTXs on diastolic tension, we found that at 0.15 µM,
CTX-1 produced a gradually increasing diastolic tension, reaching 62 ± 19% by 60 min after
toxin application (Figure 3a,e). An increase in diastolic tension in the presence of 0.15 µM
CTX-2 became significant at 42 min (26 ± 7%), reaching 40 ± 17% by 60 min (Figure 3b,f). In
the presence of higher concentrations of toxins (0.75 µM), the effects developed much faster
and were more pronounced. At a CTX-1 concentration of 0.75 µM, a transient increase in
the force of contractions up to 132 ± 21% of the control was observed after 8 min, then
the contractility decreased, and after 32 min it reached 8 ± 5% of the control; it took more
than 50 min to achieve the maximal contracture, which was equal to 369 ± 53% of control
(Figure 3e). Under the action of CTX-2, a transient increase in the force of contractions
reaching 138 ± 41% of the control developed within 20 min, then the contractility decreased,
and after 38 min it was equal to 9 ± 7% of the control; more than 50 min were required to
reach the maximum contracture level of 274 ± 16% (Figure 3f). After the development of
contracture induced by either toxin, the effect could not be reversed by washing off the
toxin (data not shown). It should be noted that the more rapid suppression of contractions
by the CTX-2 at 0.15 µM confirmed the previously obtained data on the higher activity
of this toxin as compared to CTX-1 [18]. At the same time, at a concentration of 0.75 µM,
the difference between toxins was minimal, as CTX-2 induces a slightly more pronounced
transient increase in the contraction force at the onset of the action, which may indicate
that concentration of 0.75 µM was already close to causing saturation. These data suggest
that CTX-2, in comparison to CTX-1, has a more pronounced effect on the contractility and
resting tension of myocardial tissue. Both toxins at concentration of 0.75 µM exert similar
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time-dependent effect on the development of PM contracture and show the similar activity
level (Figure 3e,f).
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Figure 3. Influence of CTX-1 (S-type) and CTX-2 (P-type) on isometric contraction force and diastolic
tension of the right ventricle papillary muscle. (a,c): representative traces showing the effects of
CTX-1 at concentrations of 0.15 (n = 4) and 0.75 (n = 3) µM. (b,d): representative traces showing
the effects of CTX-2 at concentrations of 0.15 and 0.75 µM (n = 4 for both). Arrows indicate an
application of toxins. The stimulation frequency is 0.3 Hz. (e,f): typical examples for the development
of the effect of CTX-1 and CTX-2 over time. The ordinate shows the force of contraction (rings and
squares) or diastolic tension (triangles) normalized to the force of contraction obtained at 0.3 Hz in the
control. Data are presented as mean ± SEM (* p < 0.05). Horizontal solid lines represent significant
difference in papillary muscle contraction force, and dashed lines represent significant difference
in papillary muscle diastolic tension. Black and red lines indicate toxin concentration of 0.15 and
0.75 µM, respectively.

It should be noted that some studies also report a positive inotropic response to the
application of CaTxs [28]. As a rule, the effect is recorded in a fairly narrow concentration
range, is transient, and is followed by the development of contracture with suppression of
contractile activity. While for most CaTxs the contracture-inducing concentration ranges
from 1 to 10 µg/mL [20,24], there are toxins that produce a positive inotropic response and
do not induce contracture at doses up to 100 µg/mL [24]. The nature of this effect is not
yet completely clear, although it has been suggested that the rate of release of calcium ions
from the sarcoplasmic reticulum may increase [29].

2.3. Effects of Cardiotoxins on Force-Frequency Relationship in Papillary Muscle

Previously, it was shown that cobra venom produces the most pronounced changes in
the expression level of gene encoding signals and ion transporting proteins in the heart [14].
However, there is evidence that long-term exposure to individual components of snake
venom can change the expression level of key proteins essential for electromechanical
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coupling, significantly improving myocardial contractile function [30]. Until now it was not
known what changes in the physiological response might result from prolonged exposure to
low concentrations of CaTxs (not causing contracture), the key proteins of the cobra venom.

Since in the study of the concentration dependence it was found that the minimum
concentration of CTX-1 required to cause contracture within 30–60 min was 0.3 µM for
CTX-1 and 0.15 µM for CTX-2. In further studies of the dependence of the PM contraction
force on stimulation frequency, a two-fold lower concentration of 0.15 µM for CTX-1 and
0.075 µM for CTX-2 was used. At concentrations that did not induce contracture, the
action profiles of the cardiotoxins were similar. In the frequency range of up to 1 Hz, a
mixed picture was observed; the force of the contractions in comparison with the control
decreased at some frequencies and increased at others, but the differences were not signif-
icant (Figure 4a,c). At a stimulation frequency of 3 Hz, both toxins produced significant
reductions in contractile force of 30 ± 4% and 42 ± 5% for CTX-1 and CTX-2, respectively
(Figure 4a,c). It should be noted that during the transition from 1 to 3 Hz, the contraction
force decreased and the positive segment of the force–frequency relationship (FFR) was
blocked.
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Figure 4. Influence of CTX-1 (0.15 µM) and CTX-2 (0.075 µM) on rat papillary muscle contractility.
(a,c) are typical examples of the development of the effect over time for CTX-1 and CTX-2, respectively.
The force–frequency relationship (FFR) data for (b) CTX-1 (n = 4) and (d) CTX-2 (n = 5). The ordinate
shows the force of contraction, normalized to that obtained at a frequency of 0.1 Hz in the control.
The abscissa shows the stimulation frequency in Hz. The data are shown for one hour of incubation
with CaTxs and presented as means ± standard error of the mean (* p < 0.05; ** p < 0.01 compared
to control).

In the range of physiological frequencies, the myocardium of rats and mice is charac-
terized by a positive FFR [31], the formation of which is led by the frequency-dependent
activation of L-type Ca2+ current [32]. This regulation of current is one of the most sensitive
molecular mechanisms of contractility regulation. With prolonged exposure to cardiotoxins,
the FFR remained negative at all studied frequencies and the contraction strength progres-
sively decreased (Figure 4). This may suggest the impairment of frequency-dependent
activation of L-type Ca2+ current by CaTxs.
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2.4. Molecular Mechanisms of the Papillary Muscle Contractile Response Induced by Cardiotoxins

To study the role of various Ca2+ transport mechanisms in the development of the
CaTx effects, we used concentrations of toxins, which within 30 min produced pronounced
characteristic effects. Since the activity of each CaTx differs significantly, we employed
concentration of 0.75 µM for CTX-1 and 0.3 µM for CTX-2. As seen in Figures 5a and 6a,
at the chosen concentrations CaTxs acted in a characteristic manner; a transient increase
in contractility (TMF) 200 ± 16% and 150 ± 9% for CTX-1 and CTX-2, respectively, was
followed by its inhibition, with a simultaneous increase in the maximum diastolic tension
followed by the development of peak diastolic tension (PDT) of 225 ± 36% for CTX-1 and
148 ± 12% for CTX-2.
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Figure 5. Influence of inhibitors of Ca2+ transport mechanisms on the CTX-1 effects in papillary
muscle. Typical recordings of the development of the CTX-1 effect over time in control (a) (n = 5) and
in the presence of inhibitors (b–f). CTX-1 effects on transient maximal force (TMF) (g) and diastolic
tension (h) in the absence and in the presence of inhibitors. Data are presented as means ± standard
error of the mean (* p < 0.05; ** p < 0.01 compared to the CTX-1 level). PDT, peak diastolic tension
(contracture); Ca, 10 mM Ca2+ (n = 3); Ry, ryanodine (1 µM, n = 4); nif, nifedipine (2 µM, n = 4); KB +
nif, KB-R7943 (10 µM) + nifedipine (2 µM) (n = 3); APB, 2-aminoethoxydiphenyl borate (10 µM, n = 4).
The contraction force registered before application of inhibitor and CaTx was taken as a control.
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Figure 6. Influence of inhibitors of Ca2+ transport mechanisms on the CTX-2 effects in papillary
muscle. Typical recordings of the development of the CTX-2 effect over time in control (a) (n = 5) and
in the presence of inhibitors (b–f). CTX-2 effects on transient maximal force (TMF) (g) and diastolic
tension (h) in the absence and in the presence of inhibitors. Data are presented as means ± standard
error of the mean (* p < 0.05; ** p < 0.01; *** p < 0.005 compared to the CTX-2 level). PDT, peak diastolic
tension (contracture); Ca, 10 mM Ca2+ (n = 3); Ry, ryanodine (1 µM, n = 4); nif, nifedipine (2 µM,
n = 6); KB + nif, KB-R7943 (10 µM) + nifedipine (2 µM) (n = 4); APB, 2-aminoethoxydiphenyl borate
(10 µM, n = 5). The contraction force registered before application of inhibitor and CaTx was taken as
a control.

One of the key factors in the pathological effects of CaTxs is the overload of cells
with Ca2+ ions. However, there is some controversy about the source of the increased
intracellular concentration of Ca2+ ions. To clarify the source, we used different blockers of
calcium channels and transporters. The release of Ca2+ ions from the sarcoplasmic reticulum
(SR) is known to play a key role in the development of contractions [33]. To assess the
role of the release of Ca2+ ions from the SR in the development of CaTx effects, we used
ryanodine, a blocker of ryanodine-sensitive calcium channels. As seen in Figures 5e and 6e,
at the suppression of Ca2+ release from SR with ryanodine (1 µM), the rapid growth
phase of contractility (TMF) in response to the administration of both CaTxs was almost
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completely blocked, being only 18 ± 9% and 15 ± 3% for CTX-1 and CTX-2, respectively
(Figures 5g and 6g). At the same time, the magnitude of contracture (increase in diastolic
tension, PDT) did not differ from that observed in the absence of ryanodine and was equal
to 188 ± 60% and 146 ± 2% for CTX-1 and CTX-2, respectively (Figures 5h and 6h). The
relationship between the transient increase in contractility in response to CaTxs, which
we observed, can be a consequence of both an increase in Ca2+ release from the SR due to
the accumulation of Ca2+ in the cytosol and an increase in the sensitivity of the ryanodine
receptor (RyR) to Ca2+ under the influence of CaTx [34].

In our experiments, similarly to the literature data [8,24,26], a high calcium con-
centration (10 mM) prevented the development of contracture caused by CaTxs in PM
preparations. As seen in Figure 5c,h as well as Figure 6c,h the contraction force and diastolic
tension in the presence of 10 mM Ca2+ remained unchanged after CaTx application.

One of the main paths of extracellular Ca2+ entry into the cell are L-type Ca2+ channels.
In our experiments, PM pretreatment with L-type Ca2+ channel blocker nifedipine (2 µM)
did not prevent the development of the effects of CTX-1 and CTX-2 (Figures 5b and 6b). The
transient growth, while remaining quite pronounced, decreased to 95 ± 29% and 80 ± 12%
for CTX-1 and CTX-2, respectively (Figures 5g and 6g). The magnitude of contracture did
not change and was equal to 218 ± 74% and 133 ± 43% (Figures 5h and 6h). Our data are
consistent with most of the studies performed on myocardial preparations from various
animal species, including the atria of the guinea pig [24] and the cardiomyocytes of adult
rats [8]. However, it was also shown that the L-type Ca2+ channel blockers can prevent the
development of contracture on neonatal rat cardiomyocytes [35] or reduce the magnitude of
contracture on guinea pig PM [26]. In our experiments, both cardiotoxins retained the ability
to induce contracture of rat PM preparations after pretreatment with nifedipine (2 µM).
These differences can be explained by the fact that in the rat myocardium, the reverse-mode
of Na+/Ca2+ exchange (NCX), as well as other types of channels, e.g., transient receptor
potential channels, can provide an influx of Ca2+ ions sufficient to initiate the release of
Ca2+ from the SR and develop contracture. To test this hypothesis, we studied the influence
of simultaneous pretreatment of PM with nifedipine and a reverse-mode NCX blocker
KB-R7943 (10 µM) on the CaTx effects. As seen in Figures 5d and 6d, the TMF decreased
slightly to 95 ± 29% for CTX-1 and 79 ± 13% for CTX-2 (Figures 5g and 6g), while the
magnitude of contracture decreased significantly to 50 ± 11% and 70 ± 3%, respectively
(Figures 5h and 6h). Thus, it can be concluded that both the L-type Ca2+ current and the
reverse-mode NCX are involved in the development of CaTx-induced Ca2+ overload in the
rat PM.

Store-operated calcium entry (SOCE) is another possible mechanism of entry for extra-
cellular Ca2+ ions. To determine the role of this mechanism, we used 2-aminoethoxydiphenyl
borate (2-APB, 10 µM), a non-selective SOCE blocker. As seen in Figure 5f,g as well as
Figure 6f,g, after 2-APB pretreatment, the TMF significantly decreased to 12 ± 7% for CTX-1
and 37 ± 11% for CTX-2. Moreover, in a significant number of experiments, TMF did not
occur at all. However, the fairly high level of TMF seen in Figures 5g and 6g, especially for
CTX-2, indicates incomplete inhibition of contraction in the presence of 2-APB. The magni-
tude of contracture was also reduced significantly to 48 ± 17% for CTX-1 and 10 ± 4% for
CTX-2 (Figures 5h and 6h).

Previously, in our study and the studies of others, it has been shown that the con-
tracture produced by CaTxs was not reversed after washing out the toxin [18,24,36]. To
determine whether 2-APB can reverse the effect of CaTxs, we carried out experiments that
involved washing out the CaTx after exposure of the PM to 2-APB. As seen in Figure 7,
in the presence of 2-APB, under the influence of CTX-1 (0.3 µM) and CTX-2 (0.15 µM),
the contraction force decreased to 6 ± 3% and 36 ± 12%, respectively, of the control level
(Figure 7c,e), and diastolic tension increased to 50 ± 23% for CTX-1 and 35 ± 17% for CTX-2
(Figure 7d,f; these figures are similar to Figures 5 and 6 and are shown again here for clarity).
After washing, the contraction force was restored to 67 ± 25% for CTX-1 and 66 ± 24% for
CTX-2 of the control level and the diastolic tension decreased to 30 ± 18% and 15 ± 3%,
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respectively. Thus, the PM pretreatment with 2-APB prevented the development of irre-
versible contracture in the presence of CTX-1 and CTX-2. Our results showed for the first
time that SOCE may contribute to the development of CaTx effects in myocardial tissue.
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Figure 7. Preliminary blockade of SOCE with 2-APB allows the restoration of the contractile activity
of papillary muscle after exposure to cardiotoxins. Typical recordings of the effect development
over time after preincubation with 2-APB, washing out, and another application of CTX-1 (a) and
CTX-2 (b). The effects on contraction force (c,e) for CTX-1 and CTX-2, respectively, as well as on
diastolic tension (d,f) for CTX-1 and CTX-2, respectively (n = 3 for both toxins). Data are presented
as means ± standard error of the mean.

Taken together, our results indicate that influx of extracellular Ca2+ plays signifi-
cant role in the CaTx-mediated pathological effects on PM. Moreover, to the best of our
knowledge, it is the first report on the importance of store-operated calcium entry in CaTx-
mediated effects. Blocking intracellular Ca2+ release from SR by ryanodine had a moderate
influence on CaTx effects, preventing transient increase in PM contraction force but had no
effect on the development of PM contracture induced either by CTX-1 or CTX-2.

2.5. Molecular Mechanisms of the Aorta Rings Contractile Response Induced by Cardiotoxins

Ca2+ influx plays an important role in the function of vascular smooth muscle, and
intracellular Ca2+ concentration determines their contractile state [37]. CaTxs increase
intracellular Ca2+ concentration, producing a contractile response. Here, we studied the
contribution of several Ca2+ transport systems to the contraction induced by CaTxs. As
shown above (Figure 2), CTX-1 is weaker than CTX-2 when acting on the aorta; therefore,
to investigate the effects of the inhibitors, we chose concentrations of 7.5 and 3 µM for
CTX-1 and CTX-2, respectively.

As shown in Figures 8a and 9a, application of CTX-1 and CTX-2 at 7.5 and 3 µM,
respectively, resulted in a contractile response corresponding to 12 ± 2 and 50 ± 7%,
respectively, of the contraction produced by 80 mM KCl (Figures 8g and 9g). A high
concentration of Ca2+ ions completely blocked the effect of both toxins (Figures 8c and 9c).
The L-type Ca2+ channel blocker nifedipine (2 µM) reduced the developed contraction
to 3 ± 2 and 3 ± 0% for CTX-1 and CTX-2, respectively, which is in good agreement
with earlier data [21,22] (Figures 8e,g and 9e,g). KB-R7943 (10 µM), a reverse-mode NCX
inhibitor, significantly reduced the contractility induced by cardiotoxins to 1.4 ± 1.1% and
0.9 ± 2% for CTX-1 and CTX-2, respectively (Figures 8f,g and 9f,g).
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Figure 8. Influence of inhibitors of Ca2+ transport mechanisms on the CTX-1 effects in aorta rings
(ARs). Typical recordings of the CTX-1 effects on the contractility of the ARs in the absence ((a), n = 6)
and in the presence of inhibitors (b–f) are shown. (g) The force of contraction normalized to that
obtained in response to 80 mM KCl. Data are presented as means ± standard error of the mean.
* p < 0.05 compared to 80 mM KCl. Ry, ryanodine (10 µM, n = 3); nif, nifedipine (2 µM, n = 3); KB,
KB-R7943 (10 µM, n = 3); APB, 2-aminoethoxydiphenyl borate (40 µM, n = 5); Ca, 10 mM Ca2+ (n = 3).

Unexpectedly, 2-APB, an inhibitor of SOCE that plays a significant role in the contrac-
tion of smooth muscle cells [38], did not have a significant effect on the contraction produce
by toxins, which in the presence of 2-APB (40 µM) were equal to 7.8 ± 4.1% and 32 ± 8.8 for
CTX-1 and CTX-2, respectively (Figures 8d,g and 9d,g). It has been shown previously that
SK&F 96365, another SOCE blocker, prevents contractions caused by cobra cardiotoxin [21].
The difference between the results of this study and ours may be explained by both the
different specificity of the inhibitors [39] and the different cardiotoxin concentrations used.
Further, we showed that ryanodine, the blocker of Ca2 + release from SR, did not affect
the magnitude of the cytotoxin effects at 10 µM; the contractions were equal 15 ± 6.4
and 30.4 ± 8.4% for CTX-1 and CTX-2, respectively (Figures 8b,g and 9b,g). Our data
confirm the conclusion [22] about the predominant role of the extracellular Ca2+ influx
in the development of CaTx-induced contraction. This conclusion is in agreement with
earlier work on neonatal rat cardiomyocytes which showed that the use of L-type Ca2+

channel blockers prevented contracture development [35]. It seems that, in smooth muscle
cells, upon inhibition of Ca2+ current, there is no large-scale release of Ca2+ from the SR in
response to depolarization.
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Figure 9. Influence of inhibitors of Ca2+ transport mechanisms on the CTX-2 effects in aorta rings
(ARs). Typical recordings of the CTX-2 effects on the contractility of the ARs in the absence ((a), n = 7)
and in the presence of inhibitors (b–f) are shown. (g) The force of contraction normalized to that
obtained in response to 80 mM KCl. Data are presented as means ± standard error of the mean.
** p < 0.01 and *** p < 0.005 compared to 80 mM KCl. Ry, ryanodine (10 µM, n = 4); nif, nifedipine
(2 µM, n = 3); KB, KB-R7943 (10 µM, n = 3); APB, 2-aminoethoxydiphenyl borate (40 µM, n = 4); Ca,
10 mM Ca2+ (n = 3).

3. Conclusions

A comparison of the effects of two types of CaTxs on the rat heart muscle and aorta
showed that the P-type toxin (CTX-2) produced stronger effects than the S-type toxin
(CTX-1). Both toxins exerted resembling impacts on the contractile properties of the my-
ocardium and tonic contractions of the aortic rings, as well as on the development of effects
at the inhibition of calcium current or at the increase of the extracellular calcium concen-
tration. It was demonstrated that the positive segment of the force–frequency relationship
in the range of physiological frequencies is the most toxin-sensitive component in the
regulation of calcium homeostasis in the rat myocardium.

Although we found a difference in the effects of S- and P-type toxins, only one toxin of
each type was used in this work. To find out whether the differences we observed extend
to other toxins, we plan to perform a study on a larger number of CaTxs of different types.
Another extension of this work will be comparative study of the effects of S- and P-type
CaTxs on endothelium-dependent transient AR relaxation.

By applying various inhibitors of Ca2+ channels and exchangers, it was found that
several molecular mechanisms leading to increase of intracellular Ca2+ concentration may
be involved in the effects produced by CaTxs in PM and AR. The most pronounced effect
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was found at the inhibition of SOCE by 2-APB which strongly attenuated CaTx effects in
PM. This is the first indication of SOCE participation in the adverse effects of CaTxs on
myocardial contractility. We also found that nifedipine, the L-type Ca2+ channel blocker,
and KB-R7943, a reverse-mode NCX inhibitor, significantly reduced the AR contraction
induced by CaTxs. While the effect of nifedipine has been observed in several works,
the effect of the reverse-mode NCX inhibitor on CaTx-induced AR contraction had not
previously been demonstrated. Therefore, we showed for the first time the involvement of
reverse-mode NCX in the effect of CaTx on the rat aorta.

4. Materials and Methods
4.1. Materials

Cardiotoxins were isolated from Naja oxiana cobra venom as described earlier [40,41].
Ryanodine and KB-R7943 were from Tocris Bioscience (Bristol, UK). Nifedipine, 2-aminoetho
xydiphenyl borate, inorganic salts, and glucose were obtained from Merck KGaA (Darm-
stadt, Germany). All other reagents obtained from local suppliers were of analytical grade
or higher purity.

4.2. Animal Handling

Adult male Wistar rats (200–220 g body weight) were used for the experiments. This
study did not involve endangered or protected species and was performed in accordance
with Directive 2010/63/EU of the European Parliament. All experimental procedures were
approved by the Biological Safety and Ethics Committee of the Institute of Cell Biophysics
(instruction for the use of laboratory animals in the Institute of Cell Biophysics NO. 57 of
30 December 2011).

4.3. Contractility of Papillary Muscles

Isolation of right ventricle papillary muscles (PMs, Figure S1a) was performed from
the hearts of anesthetized rats. Measurements of the isometric force of PM contraction were
performed in oxygenated (95% O2/5% CO2) Tyrode solution containing (in mM): NaCl,
135; KCl, 4; MgCl2, 1; CaCl2, 1.8; NaHCO3, 13.2; NaH2PO4, 1.8; glucose, 11; (pH 7.4) as pre-
viously described [42]. In brief, isolated PMs were mounted horizontally in a temperature-
controlled chamber (30 ± 0.1 ◦C), and stretched to a length at which tension of contraction
was maximal (Figure S1c). Stimuli were applied using bipolar Ag–AgCl electrodes by
square-wave pulses of 5 ms duration and amplitude set at 25% above the excitation thresh-
old. Prior to each experiment, muscle preparations were stimulated at 0.3 Hz for 1 h until
complete mechanical stabilization. The following parameters were recorded: the force of
contraction, the maximum transient increase in the force of contraction in response to the
action of CaTx, and the level of peak diastolic tension (contracture caused by CaTx). The
course of the experiment is schematically illustrated in Figure 1a.

4.4. Contractility of Aortic Rings

Aortas were isolated from anesthetized rats, placed in Tyrode solution (similar to
that used for PM but with 2.5 mM CaCl2) and cleaned of fat and loose connective tissues.
Rings (2–3 mm) were cut (Figure S1b). The aortic rings (ARs) were mounted on to two
tungsten wires. One wire was fixed to the organ bath wall and the other was connected
to a force transducer to record isometric tension (Figure S1d). The temperature of Tyrode
solution circulating in the tissue bath was maintained at 30 ◦C. After establishing the initial
load of 2 g, the ARs were adapted for 60 min. At the end of this period the tension on
the rings was taken as resting tension. To induce contraction, all rings were exposed to
isotonic depolarizing solution (with equimolar replacement of NaCl to obtain 80 mM KCl
in solution), and then after 20 min, 10 µM acetylcholine was added to check endothelium
integrity. After that, acetylcholine was washed out until the initial tension level was reached
(usually 40–60 min) and the pharmacological inhibitor of Ca2+ transporting system under
study was introduced into the system. After 20 min, isotonic depolarizing solution was
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given again. After another round of washing from KCl, CaTx was added to solution alone
or in the presence of the studied inhibitor. The course of experiment is schematically
illustrated on Figure 1b.

4.5. Data Analysis and Statistics

Student’s t-test was used to compare continuous variables. One-way ANOVA with
Dunnett’s post hoc test was used for multiple groups comparison. p-value < 0.05 was prede-
termined as a statistically significant difference. All data are presented as mean ± standard
error (S.E.).

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/toxins14020088/s1, Figure S1: Illustration of papillary muscle
and aorta ring preparations and schemes of experimental set-ups. (a) Papillary muscle preparation
with a fragment of heart septum; (b) aorta ring preparation; (c) scheme of experimental chamber with
papillary muscle; (d) scheme of experimental chamber with aorta ring.
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