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Abstract: Using thrombelastography to gain mechanistic insights, recent investigations have identified
enzymes and compounds in Naja and Crotalus species’ neurotoxic venoms that are anticoagulant in
nature. The neurotoxic venoms of the four extant species of Dendroaspis (the Black and green mambas)
were noted to be anticoagulant in nature in human blood, but the mechanisms underlying these
observations have never been explored. The venom proteomes of these venoms are unique, primarily
composed of three finger toxins (3-FTx), Kunitz-type serine protease inhibitors (Kunitz-type SPI)
and <7% metalloproteinases. The anticoagulant potency of the four mamba venoms available were
determined in human plasma via thrombelastography; vulnerability to inhibition of anticoagulant
activity to ethylenediaminetetraacetic acid (EDTA) was assessed, and inhibition of anticoagulant
activity after exposure to a ruthenium (Ru)-based carbon monoxide releasing molecule (CORM-2)
was quantified. Black mamba venom was the least potent by more than two orders of magnitude
compared to the green mamba venoms tested; further, Black Mamba venom anticoagulant activity was
not inhibited by either EDTA or CORM-2. In contrast, the anticoagulant activities of the green mamba
venoms were all inhibited by EDTA to a greater or lesser extent, and all had anticoagulation inhibited
with CORM-2. Critically, CORM-2-mediated inhibition was independent of carbon monoxide release,
but was dependent on a putative Ru-based species formed from CORM-2. In conclusion, there
was great species-specific variation in potency and mechanism(s) responsible for the anticoagulant
activity of Dendroaspis venom, with perhaps all three protein classes—3-FTx, Kunitz-type SPI and
metalloproteinases—playing a role in the venoms characterized.

Keywords: anticoagulant activity; metalloproteinase; Kunitz-type inhibitor; three-finger toxin;
thrombelastography; carbon-monoxide-releasing molecule

1. Introduction

While the coagulopathic effects of hemotoxic venoms derived from venomous snakes have been
of great scientific interest for several decades [1], it is only recently that investigation has intensified on
the effects of neurotoxic venoms on coagulation [2–7]. Specifically, utilizing the thrombelastograph,
the effects of neurotoxic venoms containing proteolytic and lipolytic enzymes on human plasma-based
coagulation or isolated human thrombin–fibrinogen systems have been defined in venoms obtained
from snakes within the Elapidae and Viperidae families [2–7]. Of interest, the venoms containing
neurotoxic phospholipase A2 (PLA2) that were investigated were found to have their anticoagulant
effects inhibited by either specific phospholipase A2 inhibitors or tricarbonyldichlororuthenium (II)
dimer (CORM-2) [3–7]. Critically, these preliminary investigations exploited the ability to assess
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changes in the hemostatic effects of enzyme-based neurotoxins in response to inhibitor exposure. Thus,
the use of thrombelastography to detect neurotoxin activity via biochemical substrate nexuses of
plasmatic coagulation with neurochemistry was conceived.

Although the anticoagulant properties of the neurotoxic venoms of several of Naja [2–6] and one
Crotalus [7] species have been studied, another genus, Dendroaspis (the mambas), that kill their prey
and humans with neurotoxic venom [8–10], were found to possess venom that was anticoagulant
in vitro over 50 years ago [11,12]. Using the clotting-based, antiquated technology that was available
in the 1960s, these investigators proposed that thrombin generation was impaired, fibrinogen was
digested, fibrinolysis was impaired, and platelet aggregation decreased in blood exposed to Black
Mamba (Dendroaspis polylepis), Eastern Green Mamba (Dendroaspis angusticeps) or Jameson’s Green
Mamba (Dendroaspis jamesoni) venom [11,12]. The fourth extant species, Hallowell’s Green Mamba
(Dendroaspis viridis), was not investigated [11,12]. Of interest, the venom of D. polylepis appeared to be
between one and two orders of magnitude less potent as an anticoagulant compared to the other two
species tested [11,12]. Critically, the mechanisms responsible for the observed anticoagulant activity
in terms of venom compound or enzymes were not addressed by these studies or any subsequent
works [11,12]. Recent characterizations of the proteome of venom obtained from the four species
of Dendroaspis [13–15] offered differences that could potentially explain these anticoagulant potency
differences [11,12]. As displayed in Table 1, unlike most venoms derived from Elapidae snakes,
Dendroaspis venoms are predominantly composed of non-enzymatic neurotoxins such as 3-finger
toxins (3-FTx) and Kunitz-type serine protease inhibitors (Kunitz-type SPI), with metalloproteinases
(SVMPs) comprising less than 7% [13–15] and PLA2 comprising from zero to less than 0.15% [13] of the
proteomes. As D. polylepis venom has a greater amount of Kunitz-type SPI than 3-FTx compared to
the other three species, and given that isolated 3-FTx have acted as plasmatic anticoagulants [16,17],
perhaps the predominance of 3-FTx in the other mamba species’ venom that was tested could explain
the differences in anticoagulant potency [11,12]. Nevertheless, given that the vast majority of enzymes
in the coagulation cascade are serine proteases, the possibility that key Kunitz-type SPI may play
a role in venom-mediated anticoagulation should not be discounted. Lastly, given that mamba
venom demonstrated fibrinogenolytic activity in these older investigations [11,12], the role played by
metalloproteinases, even at the small percentages observed (Table 1), in anticoagulant activity must
be considered. Considered in composite, a few key proteins from these two non-enzymatic protein
classes in combination with metalloproteinases could account for the venom anticoagulant activity
and differences in anticoagulant potency observed in Dendroaspis species.

Table 1. Species and venom proteomes of snake venoms investigated.

Species 3-FTx (%) Kunitz-Type SPI (%) Metalloproteinase (%)

Dendroaspis polylepis [13,14] 31.0–45.1 48.9–61.1 1.8–3.2
Dendroaspis angusticeps [13,15] 69.2–71.4 14.5–16.3 3.4–6.7

Dendroaspis jamesoni [13] 80.3 15.1 0.5
Dendroaspis viridis [13] 77.7 15.2 2.7

Considering the above, the present investigation had the following goals. First, the anticoagulant
effects of the venom obtained from these four species was to be characterized in human plasma via
thrombelastography. Second, the contribution of metalloproteinases to the anticoagulant effects of the
venoms was to be discerned by exposing them in isolation to the inhibitor ethylenediaminetetraacetic
acid (EDTA) prior to thrombelastographic analysis. Third, the determination of inhibition of the
anticoagulant activities of these venoms by exposure of venom in isolation to CORM-2 was to be
performed. Fourth, the contribution of a putative ruthenium (Ru) radical formed during the release
of carbon monoxide from CORM-2 towards the inhibition of venom anticoagulant activity was
performed as previously described [18]. Such determinations of the mechanism responsible for the
CORM-2-mediated inhibition of snake venom hemotoxicity is of interest considering its in vitro efficacy
against numerous species’ venoms or isolated venom enzymes, as previously noted [4–7,19].
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2. Results

2.1. Assessment of the Anticoagulant Activity of Dendroaspis Polylepis Venom in Human Plasma and
Determination of the Inhibitory Effects of EDTA and CORM-2 on Venom Anticoagulant Activity Assessed
with Thrombelastography

The effects of D. polylepis venom on human whole-blood and plasmatic coagulation were originally
described with concentrations as great as 2.5 mg/mL [12], but given that the standard venom stock
solution we use has a maximum concentration of 50 mg/mL, the maximum concentration possible would
be 500 µg/mL in our system [4–7,19]. This is the case as the venom solution used is a 1% addition to
the plasma mix used in our thrombelastographic system [4–7,19]. The thrombelastographic paradigm
used was performance-based, with the criteria that qualifies a venom concentration to be used in
experimentation, such that there were no samples with coagulation parameter values within a normal
range, and that the suppression of coagulation be at least 50% of normal parameter values [4–7,19].
The initial concentrations used (n = 2–4 per concentration) were 0, 100, 200 and 500µg/mL. This preliminary
evaluation demonstrated that the concentration of 500 µg/mL of D. polylepis venom increased time to
maximum thrombus generation (TMRTG, minutes—time to commencement of the maximum velocity of
coagulation), decreased maximum rate of thrombus generation (MRTG, dynes/cm2/sec—the maximum
velocity of clot growth) and decreased total thrombus generation (TTG, dynes/cm2—an assessment of
clot strength) without any of the samples having normal coagulation. Thus, the concentration of venom
used for all subsequent experimentation was 500 µg/mL, as displayed in Figure 1.
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Figure 1. Anticoagulant activity of D. polylepis venom in human plasma and effects of EDTA and CORM-2
on venom activity. Data are presented as mean ± SD. TMRTG = minutes; MRTG = dynes/cm2/sec;
TTG = dynes/cm2. Control = no additives; V = 500µg/mL final venom concentration; EDTA = 500µg/mL
venom after being exposed to 5 mM EDTA; C 1 mM = 500 µg/mL venom after being exposed to 1 mM
CORM-2. * p < 0.05 vs. control. † p < 0.05 vs. V.

The venom was subsequently exposed to 5 mM EDTA (1% addition to venom solution) for
30 min at 37 ◦C prior to placement into plasma for thrombelastographic analysis in order to assess
the extent that metalloproteinases contributed to anticoagulant activity. As can be noted in Figure 1,
EDTA exposure had no significant effect on the anticoagulant activity of this venom. Lastly, it was
decided to expose this venom to the maximum concentration of CORM-2 used by us (1 mM) for 5 min
prior to placement in plasma for thrombelastographic analysis. Again, CORM-2 did not significantly
diminish the anticoagulant activity of the venom. Instead, CORM-2 exposure seemed to enhance the
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venom-mediated decrease in MRTG values. These results are depicted in Figure 1. In sum, D. polylepis
venom displayed the weakest anticoagulant activity of any venom assessed by this laboratory to date,
but the concentration used by us was well within the range reported previously [12]. Lastly, a role
for metalloproteinase activity as a component of this venom’s anticoagulant was discounted, leaving
the possibility that either the 3-FTx and/or Kunitz-type SPI were responsible for the anticoagulant
activity observed.

2.2. Assessment of the Anticoagulant Activity of Dendroaspis Angusticeps Venom in Human Plasma and of the
Inhibitory Effects of EDTA and CORM-2 on Venom Anticoagulant Activity Assessed with Thrombelastography

Previous work had demonstrated the anticoagulant effects of D. angusticeps venom at concentrations
as small as 1–4 µg/mL and fibrinogenolytic activity at a concentration of 1 mg/mL [11,12]. In our
plasma-based system, it was found during our concentration-response trials that a concentration of
3 µg/mL was required to compromise coagulation but not abolish it. Specifically, at a concentration of
2 µg/mL, there was no detectable compromise of coagulation; in contrast, at 4 µg/mL, there was no
detectable coagulation. As can be seen in Figure 2, this venom at the indicated concentration did not
significantly affect TMRTG values, but it did significantly decrease MRTG and TTG values compared
to control conditions. After exposure to EDTA in isolation, the anticoagulant effects of the venom were
significantly and completely abrogated, indicating that a metalloproteinase was responsible for the
observed anticoagulant properties. Exposure of this venom to our lowest concentration of CORM-2
(100 µM) in isolation in phosphate-buffered saline (PBS) resulted in a loss of its anticoagulant activity,
with TMRTG, MRTG and TTG values of this condition not significantly different from control conditions.
Lastly, exposure of the venom to CORM-2 suspended in 5% human albumin did not significantly affect
the anticoagulant properties of the presumed metalloproteinase. The quenching of the inhibitory effect
of CORM-2 by albumin indicated that an Ru-based radical formed during carbon monoxide (CO)
release from CORM-2, and not the CO released, was responsible for the CORM-2-mediated inhibition
of venom anticoagulant activity, as has been published elsewhere in our system [18].
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Figure 2. Anticoagulant activity of D. angusticeps venom in human plasma and effects of
EDTA and CORM-2 on venom activity. Data are presented as mean ± SD. TMRTG = minutes;
MRTG = dynes/cm2/sec; TTG = dynes/cm2. Control = No additives; V = 3 µg/mL final venom
concentration; EDTA = 3 µg/mL venom after being exposed to 5 mM EDTA; C = 3 µg/mL venom after
being exposed to 100 µM CORM-2 in PBS; C+A = 3 µg/mL venom after being exposed to 100 µM
CORM-2 in 5% human albumin. * p < 0.05 vs. control; † p < 0.05 vs. V; ‡ p < 0.05 vs. C.
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2.3. Assessment of the Anticoagulant Activity of Dendroaspis Jamesoni Venom in Human Plasma and of the
Inhibitory Effects of EDTA and CORM-2 on Venom Anticoagulant Activity Assessed with Thrombelastography

Similar in the kinetic responsiveness of D. angusticeps, the venom of D. jamesoni was determined
to be best studied via concentration–response trials at a concentration of 1 µg/mL to significantly
compromise coagulation but not abolish it. As can be seen in Figure 3, this venom at the indicated
concentration did not significantly affect TMRTG values, but it did significantly decrease MRTG and
TTG values compared to control conditions. After exposure to EDTA in isolation, the anticoagulant
effects of the venom were significantly and completely abolished, suggesting that a metalloproteinase
was responsible for the observed anticoagulant properties. Exposure of this venom to 100 µM CORM-2
in isolation in PBS resulted in the loss of its anticoagulant activity, with the TMRTG, MRTG and TTG
values of this condition not significantly different from control conditions. Further, the exposure
of D. jamesoni venom to CORM-2 suspended in 5% human albumin did not significantly affect the
anticoagulant properties of the presumed metalloproteinase, with TMRTG values significantly greater
than those of the control condition. Lastly, the eradication of the inhibitory effect of CORM-2 by
albumin indicated that an Ru-based radical formed during CO release from CORM-2, and not the CO
released, was responsible for the CORM-2-mediated inhibition of venom anticoagulant activity.
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Figure 3. Anticoagulant activity of D. jamesoni venom in human plasma and effects of EDTA and CORM-2
on venom activity. Data are presented as mean ± SD. TMRTG = minutes; MRTG = dynes/cm2/sec;
TTG = dynes/cm2. Control = No additives; V = 1 µg/mL final venom concentration; EDTA = 1 µg/mL
venom after being exposed to 5 mM EDTA; C = 1 µg/mL venom after being exposed to 100 µM CORM-2
in PBS; C+A = 1 µg/mL venom after being exposed to 100 µM CORM-2 in 5% human albumin. * p < 0.05
vs. control; † p < 0.05 vs. V; ‡ p < 0.05 vs. C.

2.4. Assessment of the Anticoagulant Activity of Dendroaspis Viridis Venom in Human Plasma and of the
Inhibitory Effects of EDTA and CORM-2 on Venom Anticoagulant Activity Assessed with Thrombelastography

The coagulation kinetic response to D. viridis venom was similar to the other two green
mamba venoms, but with a few key differences. This venom was found to be optimally studied
via concentration–response trials at a concentration of 4 µg/mL to obtain a compromised coagulation
but not eliminate clotting activity. As displayed in Figure 4, this venom at the indicated concentration
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did significantly prolong TMRTG values as well as significantly decrease MRTG and TTG values
compared to control conditions. After exposure to EDTA in isolation, the anticoagulant effects of
the venom were significantly but only partially diminished, suggestive that a metalloproteinase and
another unidentified venom component were responsible for the observed anticoagulant properties.
The exposure of this venom to 100 µM CORM-2 in isolation in PBS resulted in the total loss of its
anticoagulant activity, with the TMRTG, MRTG and TTG values of this condition not significantly
different from control conditions. Subsequently, exposure of the venom to CORM-2 suspended in 5%
human albumin did not significantly affect the anticoagulant properties of the unidentified components
and metalloproteinase, with TMRTG, MRTG and TTG values significantly greater than those of the
control condition or venom exposed to CORM-2 in PBS condition. Last of all, elimination of the
inhibitory effect of CORM-2 by albumin indicated that an Ru-based radical formed during CO release
from CORM-2, and not the CO released, was responsible for the CORM-2-mediated inhibition of
venom anticoagulant activity.
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Figure 4. Anticoagulant activity of D. viridis venom in human plasma and effects of EDTA and CORM-2
on venom activity. Data are presented as mean ± SD. TMRTG = minutes; MRTG = dynes/cm2/sec;
TTG = dynes/cm2. Control = No additives; V = 4 µg/mL final venom concentration; EDTA = 4 µg/mL
venom after being exposed to 5 mM EDTA; C = 4 µg/mL venom after being exposed to 100 µM CORM-2
in PBS; C+A = 4 µg/mL venom after being exposed to 100 µM CORM-2 in 5% human albumin. * p < 0.05
vs. control; † p < 0.05 vs. V; ‡ p < 0.05 vs. C.

Given the complexity of the data, which are presented as thrombelastographic coagulation kinetic
“fingerprints” of the parameters TMRTG, MRTG and TTG, for the convenience of the readership we
include Table 2 with a partial summary of our findings.
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Table 2. Summary of the thrombelastographic profile and mechanism of anticoagulant activity.

Species µg/mL TMRTG MRTG TTG EDTA Inhibition CORM-2 Inhibition

D. polylepis 500 ↑ ↓ ↓ None None
D. angusticeps 3 No Change ↓ ↓ + +

D. jamesoni 1 No Change ↓ ↓ + +
D. viridis 4 ↑ ↓ ↓ Partial +

↑ = venom increased; ↓ = venom decreased; + = inhibition of anticoagulant activity to the point of no significant
difference from samples without venom addition; partial = significant inhibition of anticoagulant activity, but still
with anticoagulant activity that was significantly different from samples without venom addition.

3. Discussion

This investigation achieved its proposed goals. With regard to comparing the general coagulation
effects of the four venoms, the venom of the Black Mamba was the least potent of this group by two
orders of magnitude. Among the three green mamba venoms, the “all-or-none” phenomena of either
not affecting or eliminating coagulation in our system was present, with a very small variation of
venom concentration (1–4 µg/mL) yielding conditions conducive of the further testing of coagulation
under other conditions. As for the detection of a contribution of metalloproteinases to anticoagulant
activity, venom derived from the Black Mamba was not affected by EDTA, suggesting that other venom
constituents beyond SVMPs were responsible. In contrast, the venoms of D. angusticeps and D. jamesoni
had their anticoagulant activity extinguished by EDTA exposure, indicating that their anticoagulant
activities were mediated by metalloproteinases exclusively. Different in response from the other three
venoms, venom obtained from D. viridis had anticoagulant activity that was significantly, but only
partially, inhibited by EDTA, which supports the concept that another venom constituent was present,
that was anticoagulant in nature. Lastly, with regard to the inhibition of anticoagulant activity by
CORM-2, black mamba venom displayed no inhibition, whereas all three green mamba venoms had
anticoagulant activity significantly and completely inhibited in PBS, but not in the presence of 5%
human albumin. As with CORM-2-mediated inhibition of bee venom PLA2 anticoagulant activity [18]
and the modification of K+ channels [20], albumin served as a “histidine sink” that reacts with a
proposed Ru-based radical formed from CORM-2 while CO is being released. Our findings with
CORM-2 are critical, as the mechanism by which the Ru-based radical effects its modification of
proteins is most likely secondary to its binding to histidine residues or thiol groups, as reviewed in our
recent work [18]. In sum, with the exception of the venom of the Black mamba, the impact of EDTA-
and CORM-2-sensitive anticoagulant activities could be identified in the three green mamba venoms.

The pattern of Dendroaspis-venom-mediated anticoagulation is consistent with SVMPs that are
fibrinogenolytic, similar to other venoms containing fibrinogenolytic enzymes, wherein TMRTG values
may not change, increase a small amount, or by a very great deal compared to plasma without venom
addition; MRTG values that always are diminished; and TTG values that are diminished [21–23].
The variability in TMRTG is best explained by likely differences in plasma fibrinogen concentration
following SVMP enzymatic action, as the time to commencement of clot formation is maintained until
fibrinogen concentrations are very small, whereas MRTG and TTG values diminish rapidly with changes
in fibrinogen concentrations, as has been documented in human plasma via thrombelastography [24].
Thus, the previously reported results with Dendroaspis venoms of “destruction of thromboplastin”
and “impaired or delayed thrombin generation” using clotting-based, fibrinogen-dependent methods
nearly sixty years ago [11,12] were, to a great extent, detecting SVMP-dependent fibrinogenolysis in
the case of the green mambas when considering the data of the present study. However, determining
which component of black mamba venom is responsible for the low-potency anticoagulation observed
remains to be determined in future investigation.

Thrombelastography has been used to study the hemotoxic effects of snake venoms for several
decades, with perhaps the earliest report in English appearing in 1977 [25], followed by just a small
number of investigations over the next two decades [26–30] that used whole-blood, platelet-rich
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plasma and platelet-poor plasma as the model for coagulation kinetic analysis. However, since 2016,
there have been numerous reports characterizing/utilizing venoms derived from well over a hundred
species with thrombelastography by a few laboratories, with our laboratory producing several of these
works. The rationale for utilizing thrombelastography rather than other, standard hemostatic analytical
methods is that thrombelastography allows for remarkable plasticity in the amount of thrombin
generation, sample type, and information generated compared to other methods. For example, as
platelets in whole-blood account for up to 10 times the strength of plasma [31,32], if one wants to
determine venom–protein interactions, then platelet poor plasma such as was used in this study is
preferable. Further, the ability to differentiate thrombin-like activity (no engagement of factor XIII)
from prothrombin-activating/thrombin-generating activity (engagement of factor XIII) between various
venoms if facilitated by the known contribution of factor XIII versus fibrinogen alone on clot strength
in the plasma via thrombelastography [24,33]. This comparison of the thrombelastographic profiles
of thrombin-like and thrombin-generating venoms was recently reviewed by this laboratory [23].
There are several other modifications of either plasma (e.g., heparin addition, calcium omission) or
venom in isolation (e.g., EDTA or CORM-2 exposure) that further allow the characterization of whole
venom or purified venom enzyme activity, and the readership is encouraged to further review the
recent literature on these matters. In sum, thrombelastography is advancing the knowledge of the
hemotoxic effects of venoms in a manner that no other modality can.

It is unfortunate that there are no specific inhibitors of Kunitz-type SPI or 3-FTx available
to be used to identify what, if any, role these non-enzymatic proteins may have in inhibiting
coagulation. Two of the venoms tested, derived from D. angusticeps and D. viridis, displayed
evidence of metalloproteinase-independent anticoagulant properties, with only D. viridis demonstrating
CORM-2-mediated inhibition of such metalloproteinase-independent anticoagulation. In the absence
of an “inhibitor of the inhibitor”, the most direct way to determine which non-enzymatic proteins
derived from these are inhibiting coagulation is to separate and purify the proteins—a process beyond
the scope of the present investigation. Nevertheless, it may be worth the time and effort to determine
whether novel coagulation factor inhibitor properties can be assigned to particular Kunitz-type SPI or
3-FTx for therapeutic anticoagulation purposes.

In conclusion, the present work characterized the anticoagulant properties of the four extant
mamba venoms in terms of potency, metalloproteinase activity, and vulnerability to CORM-2 Ru-based
radical inhibition. These data continue to add to our mechanistic understanding of how neurotoxic
venoms can serve as anticoagulants in vitro and provide a direction for both the inhibition and
identification of other non-enzymatic protein anticoagulant agents.

4. Materials and Methods

4.1. Chemicals and Human Plasma

Lyophilized venoms from Dendroaspis species were purchased from Mtoxins, Oshkosh, WI, USA.
Venoms were dissolved into calcium-free phosphate-buffered saline (PBS), (Millipore Sigma, Saint Louis,
MO, USA) to a concentration of 50 mg/mL, aliquoted, and frozen at−80 ◦C. Dimethyl sulfoxide (DMSO),
tricarbonyldichlororuthenium (II) dimer (CORM-2) and ethylenediaminetetraacetic acid (EDTA) were
obtained from Millipore Sigma, Saint Louis, MO, USA. Human albumin solution (5% in 0.9% NaCl)
was obtained from Grisfols Biologicals Inc., Los Angeles, CA, USA. Calcium chloride (200 mM) was
purchased from Haemonetics Inc., Braintree, MA, USA. Pooled normal human plasma that was
sodium citrate anticoagulated and kept frozen at −80 ◦C was purchased from George King Bio-Medical,
Overland Park, KS, USA. This plasma is a commercial product collected from consenting, anonymous
and compensated healthy donors by the vendor.
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4.2. Thrombelastographic Analyses

The volumes of the subsequently described plasma mixtures with various additives all equaled
360 µL. Samples contained 320 µL of plasma; 16.4 µL of PBS, 20 µL of 200 mM CaCl2, and 3.6 µL of
PBS or venom solution mixture, which were pipetted into a disposable cup in a thrombelastograph®

hemostasis system (Model 5000, Haemonetics Inc., Braintree, MA, USA) at 37 ◦C, and then rapidly
mixed by moving the cup up to and then away from the plastic pin five times. The venom was
always the last constituent added prior to mixing and data collection. The following viscoelastic
parameters, described previously [4–7,18,19], were measured: time to maximum rate of thrombus
generation (TMRTG): this is the time interval (minutes) observed prior to maximum velocity of clot
growth; maximum rate of thrombus generation (MRTG): this is the maximum velocity of clot growth
(dynes/cm2/second); and total thrombus generation (TTG, dynes/cm2), the final resistance observed
after clot formation is complete. Data were collected for 30 min.

The thrombelastographic paradigm used was performance based, with the criteria that qualifies a
venom concentration to be used in experimentation, being that, there are no samples with coagulation
parameter values within normal range and that the suppression of coagulation be at least 50% of normal
parameter values [4–7,19]. The initial coagulation concentration-response relationship of each venom
was generated over a 1–500 µg/mL range (n = 1–2 per concentration) based on previously published
concentrations with these venoms [11,12]. After a concentration that satisfied these conditions with
each specific venom was determined, experiments were performed as subsequently described.

4.3. EDTA Addition Experiments

In experiments with EDTA, the venom was exposed to 5 mM EDTA for 30 min at 37 ◦C; thereafter,
a 1% addition of these EDTA-exposed venom solutions was made to a plasma sample mixture, as
outlined in the previous section (Section 4.2) and data were collected until MA was achieved. The final
concentration of EDTA in the plasma solution was 50 µM, which would not be expected to affect
coagulation following the addition of exogenous calcium to the citrated plasma.

4.4. CORM-2 Addition Experiments

In experiments with CORM-2 the conditions utilized were: (1) control condition—no venom,
DMSO 1% addition (v/v) in PBS; (2) Venom condition—venom at the concentration determined in
preliminary studies, DMSO 1% addition (v/v) in PBS; (3) C condition—venom at the concentration
as in condition 2, CORM-2 1% addition in DMSO in PBS (100 µM to 1 mM final concentration);
(4) C+A condition—venom and CORM-2 1% addition in DMSO in 5% human albumin (100 µM final
concentration). Solutions were incubated for 5 min at room temperature, and then 3.6 µL of one of
these solutions was added to the plasma sample in the plastic cup.

4.5. Graphics and Statistical Analyses

Data are presented as mean± SD. Graphics were generated with a commercially available program
(Origen2020, OrigenLab Corporation, Northampton, MA, USA). Experimental conditions had n = six
replicates per condition as this provides a statistical power > 0.8 with p < 0.05 [4–7,18,19]. A statistical
program utilized one-way analyses of variance (ANOVA) comparisons among the conditions, followed
by Holm-Sidak post hoc analysis for between-condition comparisons (SigmaPlot 14, Systat Software,
Inc., San Jose, CA, USA). p < 0.05 was considered significant.
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Abbreviations

3-FTx Three-finger toxin
CO carbon monoxide
CORM Carbon-monoxide-releasing molecule; can have Ru, or other metal centers
CORM-2 tricarbonyldichlororuthenium (II) dimer; Ru-based CORM
DMSO dimethyl sulfoxide
EDTA ethylenediaminetetraacetic acid
Kunitz-type SPI Kunitz-type serine protease inhibitor
MRTG maximum rate of thrombus generation (dynes/cm2/second)
PBS phosphate buffered saline, calcium-free, pH = 7.4
PLA2 phospholipase A2
Ru ruthenium
SVMP snake venom metalloproteinase
SD standard deviation
TMRTG time to maximum rate of thrombus generation (minutes)
TTG total thrombus generation (dynes/cm2)

References

1. Kini, R.M. Toxins in thrombosis and haemostasis: Potential beyond imagination. J. Thromb. Haemost. 2011, 9,
195–208. [CrossRef] [PubMed]

2. Bittenbinder, M.A.; Dobson, J.S.; Zdenek, C.N.; Op den Brouw, B.; Naude, A.; Vonk, F.J.; Fry, B.G. Differential
destructive (non-clotting) fibrinogenolytic activity in Afro-Asian elapid snake venoms and the links to
defensive hooding behavior. Toxicol. Vitr. 2019, 60, 330–335. [CrossRef] [PubMed]

3. Bittenbinder, M.A.; Zdenek, C.N.; Op den Brouw, B.; Youngman, N.J.; Dobson, J.S.; Naude, A.; Vonk, F.J.;
Fry, B.G. Coagulotoxic Cobras: Clinical Implications of Strong Anticoagulant Actions of African Spitting
Naja Venoms That Are Not Neutralised by Antivenom but Are by LY315920 (Varespladib). Toxins 2018, 10,
516. [CrossRef]

4. Nielsen, V.G.; Frank, N.; Turchioe, B.J. Anticoagulant activity of krait, coral snake, and cobra neurotoxic
venoms with diverse proteomes are inhibited by carbon monoxide. Blood Coagul. Fibrinolysis 2019, 30,
379–384. [CrossRef] [PubMed]

5. Nielsen, V.G.; Frank, N.; Matika, R.W. Carbon monoxide inhibits hemotoxic activity of Elapidae venoms:
Potential role of heme. Biometals 2018, 31, 51–59. [CrossRef] [PubMed]

6. Nielsen, V.G.; Cerruti, M.A.; Valencia, O.M.; Amos, Q. Decreased snake venom metalloproteinase effects via
inhibition of enzyme and modification of fibrinogen. Biometals 2016, 29, 913–919. [CrossRef] [PubMed]

7. Nielsen, V.G. Carbon monoxide inhibits the anticoagulant activity of Mojave rattlesnake venoms type A and
B. J. Thromb. Thrombolysis 2019, 48, 256–262. [CrossRef] [PubMed]

8. Gray, H.H. Green mamba envenomation: Case report. Trans. R. Soc. Trop. Med. Hyg. 1962, 56, 390–391.
[CrossRef]

9. Leclerc, T.; Debien, B.; Perez, J.P.; Petit, M.P.; Lenoir, B. Mamba envenomation in mainland France:
Management of exotic envenomations needs rethinking. Ann. Fr. Anesth. Reanim. 2008, 27, 323–325.
[CrossRef]

10. Fuchs, J.; Weiler, S.; Meier, J. Envenomation by a western green mamba (Dendroaspis viridis)—A report of
three episodes in Switzerland. Toxicon 2019, 168, 76–82. [CrossRef]

11. Mackay, N.; Ferguson, J.C.; McNicol, G.P. The effects of the venom of the East African green mamba
(Dendroaspis angusticeps) on blood coagulation and platelet aggregation. East Afr. Med. J. 1966, 43, 454–463.
[PubMed]

http://dx.doi.org/10.1111/j.1538-7836.2011.04279.x
http://www.ncbi.nlm.nih.gov/pubmed/21781256
http://dx.doi.org/10.1016/j.tiv.2019.05.026
http://www.ncbi.nlm.nih.gov/pubmed/31170449
http://dx.doi.org/10.3390/toxins10120516
http://dx.doi.org/10.1097/MBC.0000000000000842
http://www.ncbi.nlm.nih.gov/pubmed/31415248
http://dx.doi.org/10.1007/s10534-017-0066-2
http://www.ncbi.nlm.nih.gov/pubmed/29170850
http://dx.doi.org/10.1007/s10534-016-9963-z
http://www.ncbi.nlm.nih.gov/pubmed/27492573
http://dx.doi.org/10.1007/s11239-019-01887-w
http://www.ncbi.nlm.nih.gov/pubmed/31124031
http://dx.doi.org/10.1016/0035-9203(62)90011-1
http://dx.doi.org/10.1016/j.annfar.2007.10.040
http://dx.doi.org/10.1016/j.toxicon.2019.06.223
http://www.ncbi.nlm.nih.gov/pubmed/5956643


Int. J. Mol. Sci. 2020, 21, 2082 11 of 12

12. MacKay, N.; Ferguson, J.C.; McNicol, G.P. Effects of three mamba venoms on the haemostatic mechanism.
Br. J. Haematol. 1968, 15, 549–559. [CrossRef] [PubMed]

13. Ainsworth, S.; Petras, D.; Engmark, M.; Süssmuth, R.D.; Whiteley, G.; Albulescu, L.O.; Kazandjian, T.D.;
Wagstaff, S.C.; Rowley, P.; Wüster, W.; et al. The medical threat of mamba envenoming in sub-Saharan Africa
revealed by genus-wide analysis of venom composition, toxicity and antivenomics profiling of available
antivenoms. J. Proteom. 2018, 172, 173–189. [CrossRef] [PubMed]

14. Laustsen, A.H.; Lomonte, B.; Lohse, B.; Fernández, J.; Gutiérrez, J.M. Unveiling the nature of black mamba
(Dendroaspis polylepis) venom through venomics and antivenom immunoprofiling: Identification of key toxin
targets for antivenom development. J. Proteom. 2015, 119, 126–142. [CrossRef] [PubMed]

15. Petras, D.; Heiss, P.; Harrison, R.A.; Süssmuth, R.D.; Calvete, J.J. Top-down venomics of the East African
green mamba, Dendroaspis angusticeps, and the black mamba, Dendroaspis polylepis, highlight the complexity
of their toxin arsenals. J. Proteom. 2016, 146, 148–164. [CrossRef]

16. Girish, V.M.; Kini, R.M. Exactin: A specific inhibitor of Factor X activation by extrinsic tenase complex from
the venom of Hemachatus haemachatus. Sci. Rep. 2016, 6, 32036. [CrossRef]

17. Barnwal, B.; Jobichen, C.; Girish, V.M.; Foo, C.S.; Kini, R.M. Ringhalexin from Hemachatus haemachatus:
A novel inhibitor of extrinsic tenase complex. Sci. Rep. 2016, 6, 25935. [CrossRef]

18. Nielsen, V.G. The anticoagulant effect of Apis mellifera phospholipase A2 is inhibited by CORM-2 via a carbon
monoxide-independent mechanism. J. Thromb. Thrombolysis 2020, 49, 100–107. [CrossRef]

19. Nielsen, V.G. Carbon monoxide inhibits the anticoagulant activity of phospholipase A2 purified from Crotalus
adamanteus venom. J. Thromb. Thrombolysis 2019, 47, 73–79. [CrossRef]

20. Gessner, G.; Sahoo, N.; Swain, S.M.; Hirth, G.; Schönherr, R.; Mede, R.; Westerhausen, M.; Brewitz, H.H.;
Heimer, P.; Imhof, D.; et al. CO-independent modification of K+ channels by tricarbonyldichlororuthenium(II)
dimer (CORM-2). Eur. J. Pharmacol. 2017, 815, 33–41. [CrossRef]

21. Nielsen, V.G.; Losada, P.A. Direct Inhibitory Effects of Carbon Monoxide on Six Venoms Containing
Fibrinogenolytic Metalloproteinases. Basic Clin. Pharmacol. Toxicol. 2017, 120, 207–212. [CrossRef] [PubMed]

22. Nielsen, V.G.; Frank, N.; Matika, R.W. Effects of Heme Modulation on Ovophis and Trimeresurus Venom
Activity in Human Plasma. Toxins 2018, 10, 322. [CrossRef] [PubMed]

23. Nielsen, V.G.; Frank, N.; Afshar, S. De Novo Assessment and Review of Pan-American Pit Viper Anticoagulant
and Procoagulant Venom Activities via Kinetomic Analyses. Toxins 2019, 11, 94. [CrossRef] [PubMed]

24. Nielsen, V.G.; Cohen, B.M.; Cohen, E. Effects of coagulation factor deficiency on plasma coagulation
kinetics determined via thrombelastography: Critical roles of fibrinogen and factors II, VII, X and XII.
Acta Anaesthesiol. Scand. 2005, 49, 222–231. [CrossRef]

25. Talalak, P. Action of Trimeresurus erythrusus and Trimeresurus popeorum venom on blood coagulation. J. Med.
Assoc. Thail. 1977, 60, 9–18.

26. Teng, C.M.; Chen, Y.H.; Ouyang, C. Purification and properties of the main coagulant and anticoagulant
principles of Vipera russellii snake venom. Biochim. Biophys. Acta 1984, 786, 204–212. [CrossRef]

27. Huang, T.F.; Wu, Y.J.; Ouyang, C. Characterization of a potent platelet aggregation inhibitor from Agkistrodon
rhodostoma snake venom. Biochim. Biophys. Acta 1987, 925, 248–257. [CrossRef]

28. Dambisya, Y.M.; Lee, T.L.; Gopalakrishnakone, P. Action of Calloselasma rhodostoma (Malayan pit viper)
venom on human blood coagulation and fibrinolysis using computerized thromboelastography (CTEG).
Toxicon 1994, 32, 1619–1626. [CrossRef]

29. Dambisya, Y.M.; Lee, T.L.; Gopalakrishnakone, P. Anticoagulant effects of Pseudechis australis (Australian
king brown snake) venom on human blood: A computerized thromboelastography study. Toxicon 1995, 33,
1378–1382. [CrossRef]

30. Jennings, B.R.; Spearman, C.W.; Kirsch, R.E.; Shephard, E.G. A novel high molecular weight fibrinogenase
from the venom of Bitis arietans. Biochim. Biophys. Acta 1999, 1427, 82–91. [CrossRef]

31. Mousa, S.A.; Khurana, S.; Forsythe, M.S. Comparative in vitro efficacy of different platelet glycoprotein IIb/IIIa
antagonists on platelet-mediated clot strength induced by tissue factor with use of thromboelastography:
Differentiation among glycoprotein IIb/IIIa antagonists. Arterioscler. Thromb. Vasc. Biol. 2000, 20, 1162–1167.
[CrossRef] [PubMed]

http://dx.doi.org/10.1111/j.1365-2141.1968.tb01577.x
http://www.ncbi.nlm.nih.gov/pubmed/4237091
http://dx.doi.org/10.1016/j.jprot.2017.08.016
http://www.ncbi.nlm.nih.gov/pubmed/28843532
http://dx.doi.org/10.1016/j.jprot.2015.02.002
http://www.ncbi.nlm.nih.gov/pubmed/25688917
http://dx.doi.org/10.1016/j.jprot.2016.06.018
http://dx.doi.org/10.1038/srep32036
http://dx.doi.org/10.1038/srep25935
http://dx.doi.org/10.1007/s11239-019-01980-0
http://dx.doi.org/10.1007/s11239-018-1763-6
http://dx.doi.org/10.1016/j.ejphar.2017.10.006
http://dx.doi.org/10.1111/bcpt.12654
http://www.ncbi.nlm.nih.gov/pubmed/27546530
http://dx.doi.org/10.3390/toxins10080322
http://www.ncbi.nlm.nih.gov/pubmed/30096756
http://dx.doi.org/10.3390/toxins11020094
http://www.ncbi.nlm.nih.gov/pubmed/30736322
http://dx.doi.org/10.1111/j.1399-6576.2005.00602.x
http://dx.doi.org/10.1016/0167-4838(84)90090-6
http://dx.doi.org/10.1016/0304-4165(87)90189-9
http://dx.doi.org/10.1016/0041-0101(94)90320-4
http://dx.doi.org/10.1016/0041-0101(95)00067-V
http://dx.doi.org/10.1016/S0304-4165(99)00010-0
http://dx.doi.org/10.1161/01.ATV.20.4.1162
http://www.ncbi.nlm.nih.gov/pubmed/10764688


Int. J. Mol. Sci. 2020, 21, 2082 12 of 12

32. Nielsen, V.G.; Geary, B.T.; Baird, M.S. Evaluation of the contribution of platelets to clot strength by
thromboelastography in rabbits: The role of tissue factor and cytochalasin D. Anesth. Analg. 2000, 91, 35–39.
[PubMed]

33. Nielsen, V.G.; Gurley, W.Q., Jr.; Burch, T.M. The impact of factor XIII on coagulation kinetics and clot strength
determined by thrombelastography. Anesth. Analg. 2004, 99, 120–123. [CrossRef] [PubMed]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://www.ncbi.nlm.nih.gov/pubmed/10866883
http://dx.doi.org/10.1213/01.ANE.0000123012.24871.62
http://www.ncbi.nlm.nih.gov/pubmed/15281516
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	Assessment of the Anticoagulant Activity of Dendroaspis Polylepis Venom in Human Plasma and Determination of the Inhibitory Effects of EDTA and CORM-2 on Venom Anticoagulant Activity Assessed with Thrombelastography 
	Assessment of the Anticoagulant Activity of Dendroaspis Angusticeps Venom in Human Plasma and of the Inhibitory Effects of EDTA and CORM-2 on Venom Anticoagulant Activity Assessed with Thrombelastography 
	Assessment of the Anticoagulant Activity of Dendroaspis Jamesoni Venom in Human Plasma and of the Inhibitory Effects of EDTA and CORM-2 on Venom Anticoagulant Activity Assessed with Thrombelastography 
	Assessment of the Anticoagulant Activity of Dendroaspis Viridis Venom in Human Plasma and of the Inhibitory Effects of EDTA and CORM-2 on Venom Anticoagulant Activity Assessed with Thrombelastography 

	Discussion 
	Materials and Methods 
	Chemicals and Human Plasma 
	Thrombelastographic Analyses 
	EDTA Addition Experiments 
	CORM-2 Addition Experiments 
	Graphics and Statistical Analyses 

	References

