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Abstract Envenomation by hemotoxic enzymes

continues to be a major cause of morbidity and

mortality throughout the world. With regard to

treatment, the gold standard to abrogate coagulopathy

caused by these venoms is still the administration of

antivenom; however, despite antivenom therapy,

coagulopathy still occurs and recurs. Of interest, this

laboratory has demonstrated in vitro and in vivo that

coagulopathy inducing venom derived from snakes of

the family Viperidae exposed to carbon monoxide

(CO) is inhibited, potentially by an attached heme. The

present investigation sought to determine if venoms

derived from snakes of the Elapidae family (taipans

and cobras) could also be inhibited with CO or with the

metheme inducing agent, O-phenylhydroxylamine

(PHA). Assessing changes in coagulation kinetics of

human plasma with thrombelastography, venoms

from Elapidae snakes were exposed in isolation to

CO (five species) or PHA (one specie) and placed in

human plasma to assess changes in procoagulant or

anticoagulant activity. The procoagulant activity of

two taipan venoms and anticoagulant activity of three

cobra venoms were significantly inhibited by CO. The

venom of the inland taipan was also inhibited by PHA.

In sum, these data demonstrate indirectly that the

biometal heme is likely bound to these disparate

venoms as an intermediary modulatory molecule. In

conclusion, CO may not just be a potential therapeutic

agent to treat envenomation but also may be a

potential modulator of heme as a protective mecha-

nism for venomous snakes against injury from their

own proteolytic venoms.

Keywords Taipan � Cobra � Prothrombin activator �
Fibrinogenolysis � Carbon monoxide

Introduction

Envenomation by hemotoxic enzymes continues to be

a major cause of morbidity and mortality throughout

the world (Berling and Isbister 2015). With regard to

treatment, the gold standard to abrogate coagulopathy

caused by these venoms is still the administration of

antivenom (Bush et al. 2015); however, despite

antivenom therapy, coagulopathy still occurs and

recurs. With the objective of developing a therapy

complimentary to antivenom administration, our lab-

oratory has been investigating the phenomena of direct

inhibition of hemotoxic enzymes by exposing the

venom to carbon monoxide (CO) with in vitro exper-

iments in human and animal plasmas (Nielsen and
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Bazzell 2016, 2017; Nielsen et al. 2016, 2017; Nielsen

and Losada 2017) and in vivo in a sedated rabbit model

(Nielsen 2017). Specifically, both snake venom met-

alloproteinases (SVMP) and snake venom serine

proteases (SVSP) obtained from venom from snakes

in the family Viperidae exposed to CO in vitro

demonstrated a marked reduction fibrinogenolytic,

thrombin-like, or prothrombin activating activity in

human plasma (Nielsen and Bazzell 2016, 2017;

Nielsen et al. 2016; Nielsen and Losada 2017). Of

interest, only one member of the family Elapidae

(Naja naja) has had its venom assessed in our

laboratory, which was found to be fibrinogenolytic

and susceptible to CO mediated inhibition (Nielsen

et al. 2016). In sum, substantial in vitro and prelim-

inary in vivo investigations had demonstrated the

inhibitory effect of CO on hemotoxic venom activity.

Despite this robust beginning, it is of interest to

continue to determine if CO mediated inhibition has

diverse application; specifically, assessing hemotoxic

venom from snakes in the family Elapidae (e.g.,

taipans, coral snakes and cobras) that are responsible

for considerable human morbidity and mortality.

Elapidae venom tends to include important neurotox-

ins (Clarke et al. 2006; Davidson et al. 1995; Hodgson

et al. 2007; Kularatne et al. 2009; Lalloo et al. 1995) as

well as hemotoxins (Chester and Crawford 1982;

Lalloo et al. 1995; MacKay et al. 1969; Petras et al.

2011; Speijer et al. 1986), with death secondary to

respiratory paralysis an important threat. The rationale

to hypothesize the CO could inhibit hemotoxic venom

from this family of snakes is based on the COmediated

inhibition observed with Naja naja venom (Nielsen

et al. 2016), and the inhibition of taipan venom

prothrombotic activity by sodium cyanide (Speijer

et al. 1986), a molecule that would be expected to bind

to a biometal such as heme bound to venom enzymes

just as CO has been posited to do (Nielsen and Bazzell

2016). In sum, it would be of great interest to

determine if CO could directly inhibit hemotoxic

Elapidae venom activity via intermediary biometal

(heme) interactions.

Considering the aforementioned, the purposes of

the present investigation were to: (1) thrombelasto-

graphically define in human plasma the effects on

coagulation kinetics of both procoagulant (taipan) and

anticoagulant (cobra) hemotoxic venom activity; (2)

determine if CO directly inhibits these hemotoxic

venom effects; and, (3) determine if placing a

hemotoxic venom into an environment favoring

metheme formation would affect venom activity to

further indirectly support the concept that SVMP/

SVSP may be heme modulated proteins.

Materials and methods

Venoms, chemicals, and human plasma

Lyophilized venoms depicted in Table 1 were

obtained from Mtoxins (Oshkosh, WI, USA) or the

National Natural Toxins Research Center at Texas

A&M University (Kingsville, TX, USA). The venom

was reconstituted in calcium-free phosphate buffered

saline (PBS, Sigma-Aldrich, Saint Louis, MO, USA)

at a concentration of 50 mg/ml, aliquoted, and stored

at - 80 �C until experimentation. CORM-2 (tricar-

bonyldichlororuthenium (II) dimer, a CO releasing

molecule), dimethyl sulfoxide (DMSO) andO-phenyl-

hydroxylamine were also obtained from Sigma-

Aldrich. Lastly, pooled normal human plasma (George

King Bio-Medical, Overland Park, KS, USA) antico-

agulated with sodium citrate (nine parts blood to one

part 0.105 M sodium citrate) stored at - 80 �C was

utilized in all subsequently described experiments.

Thrombelastographic analyses

Specific volumes of subsequently described whole

blood and chemical additives varied by condition but

summated to 360 ll. Sample composition consisted of

320 ll of plasma; 16.4 ll of PBS, 20 ll of 200 mM

CaCl2, and 3.6 ll of PBS or venom (final concentra-

tion dependent on species of snake), which were

placed into a disposable cup in a computer-controlled

thrombelastograph� hemostasis system (Model 5000,

Haemonetics Inc., Braintree, MA, USA) at 37 �C, and
then rapidly mixed by moving the cup up against and

then away from the plastic pin five times before

leaving the mixture between the cup and pin. The

following elastic modulus-based parameters previ-

ously described (Nielsen 2017; Nielsen and Bazzell

2016, 2017; Nielsen et al. 2016, 2017; Nielsen and

Losada 2017) were determined: time to maximum rate

of thrombus generation (TMRTG): this is the time

interval (minutes) observed prior to maximum speed

of clot growth; maximum rate of thrombus generation

(MRTG): this is the maximum velocity of clot growth
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observed (dynes/cm2/sec); and total thrombus gener-

ation (TTG, dynes/cm2), the final viscoelastic resis-

tance observed after clot formation. Data were

collected for 15 min with venoms that were procoag-

ulant, whereas venoms with anticoagulant properties

had data collection for 30 min.

Determination of concentration of venom

for experimentation and effects of isolated venom

exposures to CORM-2 or PHA

This in vitro, plasma based model allows differenti-

ation between procoagulant and anticoagulant venom

effects on coagulation assessed by thrombelastogra-

phy. The initial concentration assessed for all venoms

was 1 lg/ml; if the onset and velocity of coagulation

was procoagulant with commencement of coagulation

beginning in half the time or less and/or the velocity of

clot formation proceeded at twice or greater than

plasma without venom addition, this concentration of

venomwas used in subsequent experimentation. If this

was not the case, then the concentration of procoag-

ulant venom was progressively increased until these

conditions were met. With regard to anticoagulant

venom, the onset of coagulation had to be double and/

or the velocity of clot formation half of plasma without

venom addition to be acceptable for further investigate

with that concentration of venom. However, as was the

case here, if coagulation was not detectable, then the

concentration of anticoagulant venom was progres-

sively decreased until at least detectable coagulation

occurred; then this concentration was subsequently

used in experimentation. In sum, this approach

allowed comparison of relative potencies of the

venoms in addition to determination of the overall

effect of each venom on plasmatic coagulation.

With regard to exposure to CORM-2 to assess the

effects of CO on venom activity, the following four

experimental conditions were created: (1) control

condition—no venom, DMSO 1% addition (v/v) in

PBS; (2) venom condition—venom, DMSO 1%

addition (v/v) in PBS; (3) CO condition—venom,

CORM-2 1% addition in DMSO (100 lM final

concentration; (4) inactive releasing molecule (iRM)

condition—venom, inactivated CORM-2 1% addition

in DMSO (100 lMfinal concentration). CORM-2 was

inactivated as previously described (Nielsen and

Garza 2014). Venom was placed in PBS with the

aforementioned additions, and after 5 min of incuba-

tion at room temperature, 3.6 ll of one these four

solutions were added to the aforementioned plasma

mixture in a thrombelastographic cup.

As for experiments conducted to expose venom to

PHA, this was done to determine if activity would

change when the conditions would favor the formation

of metheme (Fe?3). This approach altered the heme

state during investigation of fibrinogen in vitro

(Nielsen et al. 2011) and ex vivo in human plasma

(Nielsen et al. 2013), decreasing the function of

fibrinogen as a substrate for thrombin. Venom was

placed in PBS with addition of PHA 1% addition (v/v,

30 mM final concentration) for 5 min prior to addition

to the aforementioned plasma mixture in a thrombe-

lastographic cup. Results obtained from this condition

were compared to the results obtained from condi-

tion 2 in the immediately preceding series of

experiments.

Table 1 Species of snake venoms investigated

Species Common name Location Type of hemotoxic venom

Oxyuranus microlepidotusa Inland taipan Central east Australia Prothrombin activatorsc

Oxyuranus scutellatus cannia Papua New Guinea taipan Island of New Guinea Prothrombin activatorsc,d

Naja melanoleucab Forest cobra Central and western Africa Fibrinogenolytice

Naja nigricollisa Black-necked spitting cobra Sub-Saharan Africa Fibrinogenolytice

Naja nubiaea Nubian spitting cobra North-eastern Africa SVMP (2.6% of protein)f

aObtained from Mtoxins; bobtained from NNTRC; cChester and Crawford (1982); dSpeijer et al. (1986); eMacKay et al. (1969); f

Petras et al. (2011). The Nubian spitting cobra has SVMP that could be fibrinogenolytic based on the cited reference, but no reference

could be found with direct evidence of fibrinogenolytic activity
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Statistical analyses

Data are presented as mean ± SD. Experimental

conditions were represented by n = 6 replicates per

condition as this provides a statistical power[ 0.8

with P\ 0.05 using this thrombelastographic method-

ology (Nielsen and Bazzell 2016, 2017; Nielsen et al.

2016, 2017; Nielsen and Losada 2017). A commer-

cially available statistical program was used for one

way analyses of variance (ANOVA) comparisons

between conditions, followed by Holm-Sidak post hoc

analysis or unpaired, two-tailed Student’s t-tests as

appropriate (SigmaStat 3.1, Systat Software, Inc., San

Jose, CA, USA). Graphics depicting coagulation

kinetic data were generated with commercially avail-

able programs (OrigenPro 2017, OrigenLab Corpora-

tion, Northampton, MA, USA; CorelDRAW X8,

Corel Corporation, Mountain View, CA, USA).

P\ 0.05 was considered significant.

Results

Effects of CO exposure on venom mediated

changes in human plasmatic coagulation

The data generated by these experiments are depicted

in Figs. 1, 2, 3, 4 and 5. The results concerning plasma

coagulation kinetics are presented in Figs. 3, 4 and 5.

The procoagulant kinetics of taipan venoms were so

remarkably accelerated compared to control plasma

that there was no need for statistical comparison. For

clarity, each individual venom data set will subse-

quently be presented.

Oxyuranus microlepidotus data (Fig. 1)

The concentration used for experimentation was 1 lg/
ml. The venom caused the onset of coagulation more

than tenfold sooner and at three times the velocity of

growth of control plasma values. Exposure of the

venom to CO resulted in a significant increase in

TMRTG, decrease in MRTG, and decrease in TTG

values compared to venom without CO addition.

Lastly, exposure of the venom to the iRM resulted in

TMRTG, MRTG and TTG values not different from

venom without CO addition condition values but

significantly different from venom samples exposed to

CO.

Oxyuranus scutellatus canni data (Fig. 2)

The concentration used for experimentation was 1 lg/
ml. The venom caused the onset of coagulation about

Fig. 1 Effects ofOxyuranus microlepidotus venom exposure to

CO on coagulation kinetics in human plasma. Data are presented

as mean ± SD. TMRTG time to maximum rate of thrombus

generation (min),MRTGmaximum rate of thrombus generation

(dynes/cm2/sec), TTG total thrombus generation (dynes/cm2).

Venom/CO venom exposed to CO, Venom/iRM venom exposed

to iRM. *P\ 0.05 versus Venom; �P\ 0.05 versus Venom/CO
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eightfold sooner and at twice the velocity of growth of

control plasma values. Exposure of the venom to CO

resulted in a significant increase in TMRTG, decrease

in MRTG, and decrease in TTG values compared to

venom without CO addition. Lastly, exposure of the

venom to the iRM resulted in TMRTG, MRTG and

TTG values not different from venom without CO

Fig. 2 Effects of Oxyuranus scutellatus canni venom exposure

to CO on coagulation kinetics in human plasma. Data are

presented as mean ± SD. TMRTG time to maximum rate of

thrombus generation (min), MRTG maximum rate of thrombus

generation (dynes/cm2/sec), TTG total thrombus generation

(dynes/cm2). Venom/CO venom exposed to CO, Venom/iRM

venom exposed to iRM. *P\ 0.05 versus Venom; �P\ 0.05

versus Venom/CO

Fig. 3 Effects of Naja melanoleuca venom exposure to CO on

coagulation kinetics in human plasma. Data are presented as

mean ± SD. TMRTG time to maximum rate of thrombus

generation (min),MRTGmaximum rate of thrombus generation

(dynes/cm2/sec), TTG total thrombus generation (dynes/cm2).

V/CO venom exposed to CO, V/iRM venom exposed to iRM.

*P\ 0.05 versus Control; �P\ 0.05 versus Venom, �P\ 0.05

versus V/CO

Biometals (2018) 31:51–59 55
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Fig. 4 Effects of Naja nigricollis venom exposure to CO on

coagulation kinetics in human plasma. Data are presented as

mean ± SD. TMRTG time to maximum rate of thrombus

generation (min),MRTGmaximum rate of thrombus generation

(dynes/cm2/sec), TTG total thrombus generation (dynes/cm2).

V/CO venom exposed to CO, V/iRM venom exposed to iRM.

*P\ 0.05 versus Control; �P\ 0.05 versus Venom, �P\ 0.05

vs. V/CO

Fig. 5 Effects of Naja nubiae venom exposure to CO on

coagulation kinetics in human plasma. Data are presented as

mean ± SD. TMRTG time to maximum rate of thrombus

generation (min),MRTG maximum rate of thrombus generation

(dynes/cm2/sec), TTG total thrombus generation (dynes/cm2).

V/CO venom exposed to CO, V/iRM venom exposed to iRM.

*P\ 0.05 versus Control; �P\ 0.05 versus Venom, �P\ 0.05

versus V/CO
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addition condition values but significantly different

from venom samples exposed to CO.

Naja melanoleuca data (Fig. 3)

The concentration used for experimentation was

2.5 lg/ml. Compared to control sample conditions,

venom addition to plasma resulted in significantly

greater TMRTG values, smaller MRTG values, but not

significantly different TTG values. Venom exposed to

CO caused plasma coagulation kinetics to have

TMRTG values significantly smaller, MRTG values

significantly greater, and TTG values significantly

greater than in plasma exposed to CO naı̈ve venom. Of

interest, venom exposed to CO did not have coagu-

lation kinetic values significantly different from

control conditions. Lastly, exposure of venom to

iRM placed into plasma resulted in TMRTG and

MRTG values significantly different from control

condition and venom exposed to CO condition values

but not significantly different from CO naı̈ve venom

conditions; however, TTG values of plasma with iRM

exposed venom added were only different from

plasma with addition of CO exposed venom.

Naja nigricollis data (Fig. 4)

The concentration used for experimentation was

50 ng/ml. Compared to control sample conditions,

venom addition to plasma resulted in significantly

greater TMRTG values, smaller MRTG values, and

smaller TTG values. Venom exposed to CO caused

plasma coagulation kinetics to have TMRTG values

significantly smaller, MRTG values significantly

greater, and TTG values significantly greater than in

plasma exposed to CO naı̈ve venom. Venom exposed

to CO did not have TMRTG or TTG values signifi-

cantly different from control conditions but did have

MRTG values significantly less than control condition

values. Exposure of venom to iRM placed into plasma

resulted in TMRTG, MRTG and TTG values signif-

icantly different from control condition and venom

exposed to CO condition values but not significantly

different from CO naı̈ve venom conditions.

Naja nubiae data (Fig. 5)

The concentration used for experimentation was

0.5 lg/ml. Compared to control sample conditions,

venom addition to plasma resulted in significantly

greater TMRTG values, smaller MRTG values, and

smaller TTG values. Venom exposed to CO caused

plasma coagulation kinetics to have TMRTG values

significantly smaller, MRTG values significantly

greater, and TTG values significantly greater than in

plasma exposed to CO naı̈ve venom. However, venom

exposed to CO placed in plasma resulted in TMRTG

values significantly greater, MRTG values signifi-

cantly smaller, and TTG values significantly smaller

than that observed under control conditions. In the

condition with exposure of venom to iRM placed into

plasma, TMRTG, MRTG and TTG values were

significantly different from control condition and

venom exposed to CO condition values but not

significantly different from CO naı̈ve venom

conditions.

Effects of PHA exposure on Oxyuranus

microlepidotus venommediated changes in human

plasmatic coagulation

The data obtained during these experiments are

displayed in Fig. 6. Exposure of the venom to PHA

resulted in significantly greater TMRTG values,

smaller MRTG values and smaller TTG values when

compared to kinetic values obtained with PHA naı̈ve

venom.

Discussion

The primary findings of the present study include that

both procoagulant and anticoagulant venoms obtained

from five different species from the Elapidae family

were inhibited by CO, with the one species tested with

the metheme forming compound PHA also demon-

strating inhibition of procoagulant activity. These

findings are of importance to us for two reasons. First,

CO inhibition all but abrogated the fibrinogenolytic

effects of Crotalus atrox venom in an in vivo rabbit

model (Nielsen 2017) and also inhibits the remarkably

deadly venoms tested in this investigation, offering the

possibility that CO inhibition may be a therapy to

complement antivenom therapy worldwide. Second,

when the data of the present investigation is coupled

with the works documenting numerous venoms being

inhibited by CO derived from species of the family

Viperidae (Nielsen and Bazzell 2016, 2017; Nielsen
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et al. 2016; Nielsen and Losada 2017), the notion that

an intermediate and modulating molecule, heme, may

be at the center of this CO dependent mechanism of

inhibition becomes more plausible. In sum, the

aggregate of the data of the present investigation and

our previous works supports the concept that the

biometal, heme, may be key to understanding how

some venom enzymes may be inhibited therapeuti-

cally and modulated in the snake venom gland.

This investigation does have some important lim-

itations. First, we tested unfractionated venom, so

individual identification of specific SVMP or SVSP

was not performed. Instead, we identified for the first

time the thrombelastographic signatures of the coag-

ulopathic effect of each venom in human plasma,

demonstrating the nature (procoagulant vs. anticoag-

ulant) and vulnerability to CO of the specific snake

venom. This hopefully will be a roadmap for future

investigation of fractionated venom of such species to

further define which enzymes are potentially heme

modulated. Further investigation of such proteins with

modalities such as mass spectroscopy are also needed

to determine definitively if SVMP and SVSP are heme

bound. While beyond the scope of the present

investigation, such studies will be needed to directly

implicate heme as a central mechanism of enzymatic

inhibition by CO to complement our indirect findings

of inhibition of these enzymes with CO and now PHA.

With regard to known mechanisms of endogenous

venom gland inhibitors of SVMP and SVSP to prevent

damage to the snake, there has been identification of

low molecular weight peptide compounds in a variety

of species (Storz et al. 2015). Of interest, as previously

noted in this discussion, the sum of our data lays the

ground work to consider the potential use of endoge-

nous CO production in the snake venom gland as an

endogenous inhibitor of SVMP and SVSP activity.

Such CO production would be the result of venom

gland tissue heme oxygenase activity; however, this

investigative line has not been pursued. Indeed, aside

from knowing that snake blood contains heme

(Wagstaff et al. 2008), there has been no determination

of heme oxygenase activity of any snake tissue. In

sum, our data serve as a rationale to pursue future

study to determine if endogenous CO production in

venom glands may be a mechanism to inhibit SVMP

and SVSP activity to protect snakes from venom

mediated injury.

In conclusion, this investigation successfully

demonstrated CO mediated inhibition of procoagulant

and anticoagulant activity derived from five different

species of snake from the family Elapidae, similar to

that demonstrated with various venoms obtained from

Fig. 6 Effects ofOxyuranus microlepidotus venom exposure to

PHA on coagulation kinetics in human plasma. Data are

presented as mean ± SD. TMRTG time to maximum rate of

thrombus generation (min), MRTG maximum rate of thrombus

generation (dynes/cm2/sec); TTG total thrombus generation

(dynes/cm2). *P\ 0.05 versus Venom
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the family Viperidae. Further, inducing conditions

favorable for metheme formation with inland taipan

venom also resulted in inhibition of its procoagulant

activity. When metheme mediated inhibition of such a

venom is coupled with the knowledge that the heme

binding molecules cyanide (Speijer et al. 1986) and

CO also inhibit taipan venom activity, the hypothesis

that SVMP and SVSP may be heme modulated

proteins is strongly, albeit indirectly, supported. In

sum, this investigation serves as a rationale for

ongoing in vitro and in vivo investigation to determine

the role played by CO as not just a potential

therapeutic approach to treating envenomation but

also as a potential modulator of the biometal heme as a

protective mechanism for venomous snakes.
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