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Abstract

:

Envenomations induced by animal bites and stings constitute a significant public health burden. Even though a standardized protocol does not exist, parenterally administered polyclonal antivenoms remain the mainstay in snakebite therapy. There is a prevailing opinion that their application by the i.m. route has poor efficacy and that i.v. administration should preferentially be chosen in order to achieve better accomplishment of the antivenom therapeutic activity. Recently, it has been demonstrated that neutralization not only in the systemic circulation but also in the lymphatic system might be of great importance for the clinical outcome since it represents another relevant body compartment through which the absorption of the venom components occurs. In this review, the present-day and summarized knowledge of the laboratory and clinical findings on the i.v. and i.m. routes of antivenom administration is provided, with a special emphasis on the contribution of the lymphatic system to the process of venom elimination. Until now, antivenom-mediated neutralization has not yet been discussed in the context of the synergistic action of both blood and lymph. A current viewpoint might help to improve the comprehension of the venom/antivenom pharmacokinetics and the optimal approach for drug application. There is a great need for additional dependable, practical, well-designed studies, as well as more practice-related experience reports. As a result, opportunities for resolving long-standing disputes over choosing one therapeutic principle over another might be created, improving the safety and effectiveness of snakebite management.
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Key Contribution: The administration route of snake antivenoms has never been systematically investigated, and there is no unique practice in human therapy. The laboratory and clinical findings on the i.v. and i.m. approaches in light of new cognitions from the field were summarized.










1. Overview


Venoms evolved as a valuable adaptive trait that played a vital role in the easier survival and reproductive success of various venomous species [1]. Venomous animals possess specialized exocrine glands and apparatuses for the production of venom and its active delivery into the victim’s body with the aim of predation, self-defense or intraspecific competition [2,3,4]. Among more than 100,000 venomous species in the world, in most parts, snakes have been considered the most important medically on account of the frequency of their bites as the main cause of human envenoming [5]. Their venoms comprise a variety of more than a hundred different pharmacologically active compounds capable of triggering a wide range of serious and often life-threatening pathophysiological manifestations [6,7,8]. It has been estimated that over 2.7 million people suffer from the consequences of envenomation annually, with fatalities ranging from 81,000 to 138,000, while in the case of survival, more than 400,000 remain maimed for life [8,9,10]. As such, snakebite envenoming constitutes a significant public health burden particularly affecting poor and densely populated rural tropical regions [7,11,12]. In 2017, after decades of inattention, the WHO developed a comprehensive strategy with the goal to reduce its devastating impact through the assurance of the global availability of safe and effective antivenoms [10], specific and validated life-saving therapeutics capable of neutralizing and reversing the lethal and tissue-damaging toxic effects of venom components [5]. Nowadays, the whole world faces a critical and longstanding shortage of antivenoms, affecting, in the first place, developing countries [13,14,15,16] but high-income countries as well [17,18,19], whose alleviation aims for the development of feasible and profitable production strategies, rational use of medications and implementation of well-designed treatment protocols [10,13,20].



The active compounds of antivenoms are either whole or enzyme-digested equine, sometimes ovine immunoglobulins of the G class (IgGs) raised against venom from a single or several medically relevant snake species [21]. Their production began more than a century ago when the way for passive serotherapy was paved [22], and since then, it has been modified in line with technological innovations and Good Manufacturing Practice requests [23,24], although advances toward more effective and safe products are still needed [25]. Alternative approaches to conventional antivenoms include monoclonal antibodies, aimed at targeting the most relevant toxins [26], oligonucleotide aptamers [27], nanoparticles [28,29], peptides [30] and small molecule inhibitors [31]. Although next-generation therapeutics also have the proven preclinical ability of neutralizing the venom components of interest [32], none have reached the clinical trial level yet [24]. Therefore, traditional antivenoms for now remain the mainstay in snakebite envenoming treatment. In general, they are well suited for their purpose as long as they comply with the conditions of safety for human use and efficacy in abolishing the venom’s action [33]. Safety is guided by the manufacturing procedure’s conditions, affecting the purity, physicochemical characteristics and stability of the preparation [34]. Efficacy, a measure of neutralizing potency [33], principally relies on specificity [35] and the concentration of the antibodies [13]. Moreover, it depends on the well-timed availability of a sufficient amount of antivenom within tissue compartment(s) in which target molecules are present, preferentially bypassing activation of the patient’s immunological response. All current antivenoms are based either on whole IgG molecules or their antigen-binding domains in the form of F(ab’)2 and Fab fragments [36]. Accordingly, due to the variable molecular mass of the active compound, they exhibit distinct pharmacokinetic profiles [35]. Consequently, the competencies of IgGs or their fragments to achieve successful detoxification outcomes for the most part depend on their ability to find themselves fast enough and at a high concentration in a common distribution space together with venom toxins. Namely, the common distribution space is a site where the capture, extraction or redistribution and, finally, elimination should occur, ideally before the manifestation of deleterious effects takes place [37,38]. In other words, venom–antivenom binding should be facilitated during or even prior to the delivery of venom components from the bite site to the place of action [36], as once envenomation symptoms are established, diminished efficacy could be observed [39,40,41]. Furthermore, the pharmacokinetic properties of IgG-, F(ab’)2- and Fab-based antivenoms are not always compatible with those of the venom of interest, and sometimes an extensive mismatch in their pharmacokinetic behavior occurs. Therefore, the selection of the optimal antivenom therapy requires an accurate evaluation of both venom toxicokinetics and antivenom pharmacokinetics in order to establish an adequate therapeutic dose and injection route [42].



Preclinical [43] and clinical studies [44,45] showed that Fab antivenoms have a much larger volume of distribution, compared to those composed of F(ab’)2 fragments or IgGs, due to their low molecular mass which enables them to readily reach the extravascular compartment [46] and redistribute venom antigens to the vascular space [47]. For the same reason, the decline in their concentration occurs more rapidly, mostly via renal filtration, with the elimination half-life between only 4 and 24 h [46,48]. F(ab’)2 fragments and IgGs, due to their higher molecular weight, persist in the circulation for a longer period of time before being removed, showing a prolonged elimination half-life that spans between 2 and 4 days [45]. In addition, they possess two antigen-binding sites compared to monovalent Fab fragments, enabling them to form large, stable multivalent immuno-complexes with toxins that are eliminated dominantly by phagocytic cells in the reticuloendothelial system [35]. Based on different pharmacokinetic features, the optimal treatment of venom-induced pathophysiological effects requires the most appropriate antivenom format. Fab antivenoms are considered more suitable for elapid venoms, abundant with low-molecular mass toxins, while F(ab’)2 and IgG formulations exhibit properties more effective in counteracting larger molecules characteristic of viperids [33]. However, even if the antivenom and venom remain in the central compartment equally long, discrepancies from the ideal scenario could possibly occur, as demonstrated in studies reporting that after transient improvement, the signs of recurrence appeared [36,46]. Such a phenomenon is associated with the redistribution of the venom into the circulation by slow continuous absorption from a depot site following the elimination of the circulating antivenom or by reversible venom–antivenom binding [49]. Consequently, repeated administration of antivenom is needed to maintain the therapeutic level of its active compound. This is primarily characteristic of Fab preparations, due to their high clearance rate from the vascular space and their absence during the late phase of envenomation when the reappearance of non-neutralized toxins occurs [50]. IgG or F(ab’)2 antivenoms persist in the circulation for a longer period of time, therefore ensuring the presence of neutralizing antibodies in sufficiently high concentrations for the complete abolishment of the circulating venom’s activity [33].



Other than antibody specificity and concentration, as well as the composition profile, antivenom efficacy might be highly influenced by the route of administration as well. There is no standardized protocol for antivenom administration across Europe, similar to many other regions of the world [51]. It is a WHO recommendation [52] that, whenever possible, snake antivenoms should be given intravenously (i.v.) due to the higher speed of distribution and greater bioavailability of neutralizing antibodies in comparison to other routes. Slow i.v. infusion over 30–45 min allows the cessation of antivenom administration if immediate adverse reactions develop [53]. I.v. administration is logistically more demanding as it must be performed under the close supervision of health care professionals within medical facilities. Their accessibility is often hindered by the remoteness of the snakebite-prone areas leading to the delayed transportation and, consequently, treatment of victims, which ultimately reduces the chances of a successful therapy outcome [8,54,55,56]. Intramuscular (i.m.) administration brings a notably lower risk of antivenom-associated side effects and is easier to give in resource-poor or remote settings in the absence of expert medical aid [52]. However, there is a prevailing opinion that the i.m. route is less effective and leads to lower bioavailability, a longer time to reach the maximum concentration and a delayed and incomplete neutralization of toxins [35]. Blood levels never reach those rapidly achieved by i.v. application. Therefore, the WHO advises the i.m. route as an alternative approach at peripheral first aid stations far from medical care, as well as in the case when i.v. access has proven to be impossible [52]. Local administration of antivenom at the site of the bite should not be performed, as it is extremely painful and may increase intracompartmental pressure [52]. Accordingly, the majority of commercially available antivenoms are intended for i.v. infusion. The exceptions are those aimed for the treatment of other venomous animals’ bites/stings [57,58], which are either consistently given i.m., despite the increasing concerns of their lower effectiveness when applied by this path [59], or by both the i.v. and i.m. routes, since it is still unclear which one is more effective [60]. In the case of snakebites, i.v. administration represents the method of choice whenever professional medical care is available [58,61,62]. However, there is also a significant number of manufacturers whose products are still prescribed for i.m. and/or s.c. application [63,64,65,66,67,68,69,70]. It might represent a not-so-incomprehensible concept if snake venoms are anticipated as complex mixtures of proteins with variable molecular mass that are, in most envenomation cases, injected into the interstitial space either by the s.c. or i.m. route [9] and whose absorption into the bloodstream may occur by the way of blood capillaries or small lymphatic vessels, depending on their size [71]. Consequently, venom components exhibit different toxicokinetic profiles [62]. On the other hand, antivenoms with a uniform composition, which involves only large molecules, if given by the same route, reach the central compartment by slow diffusion into the initial lymphatics [62,72]. In addition, there is proof that the lymphatic system not only plays a role in venom distribution and bioavailability [73] but also serves as a compartment where antivenom, extravasated from the blood after i.v. administration, eliminates a substantial amount of toxins before lymph reaches the systemic circulation [74]. For now, there are no cognitions about i.m. antivenom-mediated neutralization within the lymphatics.



It was our intention to summarize the laboratory and clinical findings on the i.m. and i.v. routes of antivenom administration, as two different therapeutic approaches with distinct pharmacokinetic properties and implications for the pharmacodynamics accordingly, especially in light of new cognitions from the field. The experts should be aware that there is still, even after many decades, the need for additional well-designed, pragmatic and reliable studies but also much more reports on experiences from the practice. So, opportunities for the resolution of the established controversies associated with the preference of one therapeutic principle over the other, contributing to the safety and efficacy of snakebite management, might be created. In addition, since a wider range of innovations to traditional antivenoms is now being developed, the emergence of new-generation therapeutics, which will likely have different characteristics, could be expected [75]. An up-to-date perspective on the knowledge gained so far could possibly contribute to a better understanding of their pharmacokinetics and the optimal administration route as well, ensuring the fulfillment of fit-to-purpose conditions.




2. Preclinical Studies


The intramuscular (i.m.) route is a parental type of drug administration via a syringe or a needle into body tissue whereupon the drug diffuses from the muscle into the surrounding interstitial fluid and finally into the blood. Preparations for i.m. use are commonly injected into gluteal or deltoid muscle of which the second one has been advised as the preferential choice within clinical practice due to higher blood flow [76,77]. As for the other administration principles, the pros and cons associated with the i.m. route have been observed. It allows a rapid absorption of specific medications into the circulation and their well-timed onset of action [78] and is considered highly effective during emergency scenarios [79]. On the other hand, medical incidents such as local area trauma and pain caused by sharp injection needle and tension from the drug volume, aseptic inflammatory reaction down the developed muscle channel, nerve damage and infection might occur [80].



Intravenous (i.v.) administration is the fastest and the most reliable way of releasing a drug into the circulatory system with the immediate delivery of a possible large fluid volume [76,81]. Except for complete drug availability, it enables, by the control of the administration rate, constant plasma concentrations at the required level [82]. An increased risk of adverse reactions and the required technical skills in the insertion of an infusion set are the main disadvantages [76]. Concerning the treatment of venomous animals’ bites/stings, the i.v. principle is the most recommended route for the administration of antivenoms at present and should be engaged whenever possible [83,84]. It can be performed by perfusion or by slow direct injection, with the latter becoming effective more rapidly and being less costly, also enabling urgent cessation upon the onset of immediate adverse reactions [85,86].



Antivenoms are large molecules whose absorption, when given by any route other than i.v., occurs slowly via the lymphatics before their further distribution occurs [84]. Despite the complexity of the antivenoms’ pathway through the organism and the number of the involved body compartments (Figure 1), previous experimental studies (Table 1), performed with the aim of elucidating their pharmacokinetics, either alone or in combination with the respective venom, in the vast majority of cases, were limited to concentration level monitoring in the systemic circulation exclusively [43,87,88,89]. The main reason for the commonly used principle is self-explanatory concerning the sampling feasibility. However, in the frame of the venom/antivenom interplay, pronounced and easily traceable toxin-induced pathophysiological changes affecting the cardiovascular system as a whole, such as coagulation disorders, myoglobinuria and enzyme disturbances [90], also contribute to its widespread and deeply rooted application. In addition to the blood, there is a practice of antivenom quantity tracing over the time course in urine, as well as its detection in various organs, mostly to gain insight into the elimination process [43]. Over the years, not so recently, the need for expanding the research field to other relevant body compartments, primarily the lymphatic system, has been recognized, and it will be discussed later. In experimental investigations, among different available animal models, larger species, such as sheep [73], porcine [91,92], cattle [93] and especially rabbits [94], have been preferably used, enabling the extended sampling and supply of adequate amounts of testing material. Small animals, such as mice [95], rats [96] and guinea pigs [97], have been considered less useful, primarily because of their size, small muscle mass, poor physiological comparison with humans and, consequently, questionable translatability of the obtained cognitions to envenomed and/or treated patients [98]. Interestingly, in the past, dogs [99] and kittens [100] were also employed for antivenom pharmacokinetic studies but nowadays have been abandoned. Furthermore, the immune system of the above-mentioned species is different compared to the animals used for snake antivenom production: mostly horses and exceptionally sheep [101], donkeys and llamas [102]. Their antibodies are foreign to the animal model, which affects the maximum plasma concentration of the active compound and its elimination rate, as demonstrated in rabbits, mice, rats and cows [89,103,104], which should be kept in mind when comparing the results from studies performed on different species in which heterologous IgGs or their fragments exhibit inherent pharmacokinetic properties [105].



2.1. Antivenom’s Pharmacokinetic Profile in Animal Studies


According to the established opinion, i.m. administration results in antivenom’s slow and difficult appearance in the blood with the consequence of a long period required to achieve the maximum concentration (tmax), poor bioavailability and the delayed or incomplete neutralization of the venom components [35]. As shown in rabbits, the absorption of the venom-specific antibodies is prolonged considering that the tmax in the blood varies between 48 and 76 h for IgGs and F(ab’)2 fragments [88]. The appearance of Fab fragments occurs faster with a tmax of around 12 h [43]. The bioavailability is low since only 36–42% of the total administered dose reaches the systemic circulation [87,89]. In the envenomation setup, venom components are usually much smaller and enter the bloodstream faster than antivenom applied by the i.m. route, which is why the general presumption about its inability to provide timely cessation of the toxins’ escape to the place of action was settled [35,87].



2.1.1. Antivenom’s Impact on Venoms of Elapids and Scorpions


Most often, the pharmacokinetic behavior of the i.m. antivenom does not match that of the target venom. The discrepancy is particularly emphasized if envenomation is caused by venoms whose action is primarily neurotoxic and mediated by toxins of low molecular weight, such as those of scorpions and snakes from the Elapidae family [88,114]. In support of the rapidity of their absorption, there are observations indicating that sometimes they can become detectable in blood almost immediately, even in only a few minutes after envenomation [109,110]. Moreover, it has been proven that about 70% of the administered dose of Leiurus quinquestriatus venom enters the bloodstream within 15 min [115], 90% of Walterinnesia aegyptia venom within 60 min [103] and 96% of Androctonus australis hector venom within 30 min [113], showing almost complete absorption of the whole fraction from the injection site to the systemic circulation in a very short time. Furthermore, a tmax for scorpion venoms appeared to be less than 2 h [110,115], with the most common range between 30 and 60 min [110,111,116]. Walterinnesia aegyptia venom is believed to be among the ones that are characterized by exceptionally fast uptake since it reaches the maximum concentration within 5–20 min following i.m. injection [103]. Monitoring of the Micrurus nigrocinctus venom toxicokinetics also confirmed rapid absorption since detectable concentrations were measured within the first half hour after the inoculation [117]. A progressive increase in the circulating antigens’ level was observed, reaching a peak at approximately 2 h following the injection in rabbits and somewhat earlier in mice. Not only absorption but also distribution to peripheral compartments is considered to be a relatively fast process [118] with a half-life shorter than 30 min [109,116]. On the other hand, elimination from the body is usually measured within a greater time span [112,116].



The pharmacokinetic incompatibility between venoms injected either i.m. or s.c., reflecting typical envenomation, and i.m. applied antivenoms was demonstrated by a number of rescue-type studies. According to Krifi et al. [109], it seems that complete neutralization occurs only after 7 h. The most probable reasons are associated with the limited bioavailability of antivenoms given i.m., not exceeding 50% of the administered dose, but also a significantly longer tmax, measured even two days post-treatment [87,89], indicating a considerable delay in the absorption process. It is a well-known fact that the release of high-molecular weight proteins from the i.m. or s.c. injection site occurs gradually [119], which is applicable to whole IgGs and their fragments as well. Hammoudi-Triki et al. [113] performed a toxicokinetic analysis of Androctonus australis hector venom in envenomed rats after their treatment with antivenom, either in the form of F(ab’)2 or Fab fragments. The F(ab’)2-based antivenom therapy by the i.m. injection neutralized toxins at a slower rate than the one carried out by the i.v. route. Moreover, the total amount of free venom absorbed in blood over a defined time frame was higher, and the extent of toxic fraction complexed with antibodies was lower. Comparable results were obtained when Fab fragments were employed, but the difference in the amount of bound venom between alternative injection routes was less pronounced.



Results obtained by monitoring the venom/antivenom levels in the systemic circulation suggest that i.m. antivenoms are not up to the task when effective neutralization of the lethal toxicity of scorpion and elapid venoms should be achieved [109]. Their pharmacokinetics does not act either temporally or quantitatively adapted to the significantly faster arrival of the respective venoms, whose toxins, due to their smaller size and greater diffusivity, appear in the blood much earlier than neutralizing antibodies. Given how quickly they are absorbed, distributed and eliminated, envenomation induced by venoms enriched with low-molecular weight peptides/proteins represents a life-threatening emergency and requires immediate attention [110]. Accordingly, an early i.v. injection of an appropriate antivenom dose is considered a more prosperous way for the achievement of rapid and permanent neutralization of circulating toxins [88]. Because of the venom’s large volume of distribution and the fact that antibodies are typically administered during its post-distributive phase, the probability of an antigen–antibody interaction is limited, so the antivenom’s efficacy mostly relies on its ability of forming immuno-complexes in the circulation, serving as a direct, immediate entry pathway for that given by the i.v route. Subsequent free venom level reduction promotes the redistribution of tissue-bound antigens from the extravascular space into the central compartment (blood) where their neutralization for the most part occurs [89,106,111,112]. The redistribution capability of F(ab’)2 fragments to alter venom’s pharmacokinetics is considered particularly suitable for use in the immunotherapy of scorpion and elapid bites [89,103,112]. It has been noticed that an elevation of the plasma venom level in the post-infusion period occurred and resulted in a 10- or even 76-fold higher area under the concentration–time curve in the F(ab’)2-treated group in comparison to the control, probably as a consequence of toxins’ redistribution and antibody-mediated sequestration [89,111].



Following i.v. administration, F(ab’)2-based antivenoms are usually fitted to a two- [89] or three-compartment open pharmacokinetic model [88,103], encompassing a central compartment (vascular system), a rapidly equilibrating shallow tissue compartment and a slowly equilibrating deep tissue compartment [35]. In comparison to whole IgGs, F(ab’)2 fragments not only possess a shorter tmax and distribution half-life in the circulation [103] but also, due to the larger volume of distribution, diffuse to the extravascular space to a greater extent, showing affinity to both shallow and deep tissue compartments where the target toxins subside [35]. Therapeutic appropriateness of i.v. administered F(ab’)2 fragments is supported by the finding that they require two- to three-fold less time to reach a tmax in the extravascular space [103]. Moreover, their mean distribution half-lives for the shallow and deep compartments are six and five times shorter, respectively [88]. On the other hand, it seems that i.m. administration diminishes the efficacy of F(ab’)2-based antivenoms, for now, still having little importance in the treatment of envenomation caused by scorpion and elapid bites [89,103], and only an early i.v. injection of an appropriate amount, preferably much higher than the minimum effective dose [103,106], can provide a fast and permanent neutralization of the circulating toxins. The observed difference between alternative routes has been straightforwardly demonstrated in the example of Androctonus australis garzonii venom that has been completely removed from blood in less than 10 min when specific antivenom was given i.v., while it took even 8 h for its clearance when the same was applied i.m. [110].




2.1.2. Antivenom’s Impact on Venoms of Viperids


On the contrary, Viperidae family venoms, in which higher-molecular weight proteins predominate, show different pharmacokinetic profiles [35]. In the beginning, distinctive fast absorption occurs since the venom components can be detected in blood already after 10–15 min [94,99], reaching a maximum concentration after several hours, as demonstrated in Vipera aspis-experimentally induced envenomation [94]. An initial phase of rapid absorption is followed by a prolonged period of gradual release from the subcutaneous tissue around the injection site into the circulation [120], lasting up to 24 h [121] or even 3 days [94], and is especially emphasized following s.c. administration of the venom when the extended elimination half-life lasting for up to 5 days was reported [122]. Not all viperid venoms’ uptake occurs to the same extent, with their bioavailability ranging from 4% [120] to 86% [123]. The fraction of injected components remains retained at the site of application functioning as a depot [124] and probably is responsible for the local tissue damage [125].



A delayed increase in the venom plasma concentrations may be associated with the absorption mediated by the lymph as well [62]. Specifically, following envenomation, venoms are delivered via the s.c or i.m. path into the interstitial space where they enter into the bloodstream either through blood or lymph capillaries [62]. The choice of transport is conditioned by the molecular weight of toxins and varies between small neurotoxins from the venoms of scorpions and snakes from the Elapidae family and larger haemotoxins from the venoms of snakes from the Viperidae family [126]. Direct access to the blood capillaries is possible only for peptides and proteins smaller than 9 kDa, while others (20–100 kDa) are mostly absorbed via the lymphatic system, which serves as a permanent source for their continuous delivery into the systemic circulation [127]. This is in accordance with the study of Porter et al. [128] who investigated s.c. administered therapeutic proteins and noticed that an increase in their size causes a reduction in the blood vascular endothelium’s permeability, redirecting the larger molecules toward the lymphatic system as an entrance for their uptake and further distribution. Nowadays, it is becoming more and more evident that the lymphatic system is also an important body compartment whose role in the neutralization process has been insufficiently investigated so far but could possibly provide new cognitions into a process of absorption and distribution [129]. Because of its low volume and relatively slow flow, the lymph should have an influence not only on the residence time in the body but also the absorption rate from the injection site to the bloodstream. Audebert et al. [94] showed that, although the whole venom fraction disappeared from the application site 7 h after i.m. injection, only 25% of the administered dose reached the vascular space, thus confirming the lymphatic system as the initial body compartment through which the absorption occurs, while release into the blood follows only afterward [43]. Moreover, the study in which the Micrurus fulvius envenomation progress was followed [73] unraveled that around 70% of the initial dose had been cumulatively absorbed by both compartments, of which even 25% via the lymphatic system. The results suggest that, together with the depot at the injection site, the lymph pool also provides a sustained inoculum of venom carried into the bloodstream, whose release can last for several days [73], resulting in the phenomenon of recurrent envenomation [74]. Because antivenom has a significantly higher clearance rate than some medically relevant toxins [124], local and systemic scenarios of worsening after initial improvement might occur. Briefly, Viperidae family toxins act in a more delayed manner, which emphasizes the relevance of the maintenance of high antibody levels in plasma long enough to assure repeated cycling through the interstitial fluid of organs as well as neutralization of venom components that may reach the circulation later on [35].



The efficacy of anti-viperid antivenoms given i.m., just like that of antivenoms against scorpion and elapid bites, appears questionable on several grounds [107]. For instance, as clearly demonstrated in rabbits, their use is connected to a relatively poor bioavailability of 42% and slow absorption with a tmax of 48 h [87]. Additionally, i.m. injection may result in a large hematoma at the site of application, whose formation is associated with uncoagulable blood caused by viper envenomation [130]. Even though Fab fragments reach the bloodstream faster than whole IgGs and F(ab’)2 fragments, with a tmax of 12 h in rabbits [43], no improvement in the neutralization of Bothrops asper venom-induced lethality was noticed when neither of the three antivenom types was used [108]. Moreover, as observed by Riviere et al. [107], a delayed and only partial neutralization of Vipera aspis venom was achieved. A widely held belief that the i.m. route represents a poor method of antivenom administration was established decades ago and persisted ever since. Although resulting in incomplete uptake, a prolonged time to reach maximum concentration and a quite low cmax, it may provide persistent plasma levels of antivenom that could be sufficient to prevent recurrent envenomation symptoms, especially coagulopathy, by maintaining a steady-state blood antibody concentration [131], probably on account of the extension of the apparent elimination half-life [87].




2.1.3. Role of Lymphatic System in Venom Neutralization


Paniagua et al. [74] pointed out the importance of venom neutralization not only in the blood but also in the lymphatic system. In light of new cognitions, matching the venom/antivenom pharmacokinetics in the systemic circulation probably is not the only indicator of therapeutic effectiveness [125] since a critical part of the envenomation process and its containment must be played by lymph physiology as well [132], the impact of which has been largely neglected, as evident from the paucity of past research. S.c. venom absorption into the bloodstream, via the lymphatic system, was suggested as early as 1938 by Fidler et al. [132]. Three years later, Barnes and Trueta [100] demonstrated that snake venoms containing components of high molecular weight are not absorbed when lymphatic vessels are obstructed, contrary to those possessing smaller toxic molecules. By employing combined blood and lymphatic sampling in a central lymph cannulated sheep model, Paniagua et al. [73] made significant progress toward understanding how the venom passes from the site of injection into the systemic circulation. Their study proved that lymphatic absorption from subcutaneous tissue as the missing parameter plays a major role in its distribution and bioavailability. Namely, 25% of the absorbed dose was recovered via the lymphatic system. The highest concentration of venom found in lymph was more than 25-fold higher than that reaching the blood. In the following, most recent work, Paniagua et al. [74] enriched the study of antivenom pharmacokinetics in the systemic circulation by its simultaneous evaluation in the lymphatic system. From their work, which aimed at defining the role of lymphatic absorption in the neutralization of s.c. injected venom by the antivenom i.v. administered 2 h after envenomation, a few important discoveries emerged. First, antivenom can extravasate from the bloodstream into the lymphatic system, eliminating a substantial amount of venom (around 70%) before lymph reaches the systemic circulation. Second, in contrast with findings in the blood, where free venom dropped rapidly to undetectable levels following antivenom administration, an unbound fraction remained detectable in lymph until the end of the experiment. I.v. antivenom’s action in the lymphatic system, where it arrived by extravasation from the blood, seems to be slow and incomplete, probably because of its lower concentration than in serum. An alternative explanation might be that venom concentration exceeded that in serum due to absorption from the subcutaneous tissue at the injection site that acts as a persistent depot. Irrespectively, the rate of demonstrated lymph-phase neutralization is probably highly relevant for antivenom effectiveness, at least in the case of i.v. antivenoms, while the role and the impact factor of those given i.m. are yet to be investigated.






3. Clinical Studies


Clinical studies of antivenoms are generally performed with the objective of efficacy and safety assessment [133]. Despite the high importance of the latter, only summarized knowledge of the laboratory and clinical findings concerning their efficacy with a reference to the influence of the i.v. and i.m. routes on the treatment outcome was within this review’s scope. It is a well-known fact that the successful performance of antivenoms depends on their time and dose adjustment to the kinetics of the respective venom. Delivery mode represents one of the ways by which the harmonization of the venom/antivenom interplay leading to the neutralization and elimination of the pathophysiologically relevant toxins could be accomplished [35,37]. Namely, the optimal treatment protocol for snakebite management still remains controversial, mainly due to insufficient knowledge of the pharmacokinetics of venom and antivenom, as well as their interaction, limiting the evidence to support currently practiced administration principles [125]. Although the i.m. route is still sometimes practiced in the field [35,47], i.v. administration is the cornerstone principle for the antivenom application, probably because of strong recommendations from the authorities [52], grounded for the most part on conclusions from the numerous animal studies performed in an ideal experimental setup [134], on the basis of which insight into events in the systemic circulation was gained, as already discussed. However, antivenom pharmacokinetics appears to be species-dependent as a phenomenon that could possibly result in distorted predictions when translating the cognitions from animal models to humans [104,135].



Although highly needed, studies on healthy volunteers and envenomed patients (Table 2) are scarce and often flawed [47], providing insufficient data for unambiguous conclusions about the most efficient application strategy against snakebite envenoming [134]. In the vast majority of cases, they are performed in uncontrolled setting frequently including only individual cases [17,136,137,138] or groups small in the number of participants [45,46,124,139,140]. Often, there are situations where the species responsible for the envenomation could not have been reliably identified and the treatment could be suspected only from the patient’s description or the clinical signs, mostly coagulopathy as the most common one [2,45,46,134], which calls into question the appropriateness of the applied antivenom’s specificity and, consequently, the degree of its efficacy. Time elapsed between the snakebite incident and the therapy application usually varies between the individual cases, aggravating the comparison and interpretation of obtained results [45,94,138,140]. Finally, infrequent sampling during the first few hours after antivenom administration, with the majority of victims providing an inadequate number of time concentration samples [45], and an unsatisfactory long follow-up period, interrupted by the patient’s discharge from the hospital [140], represent the most common restricting factors for a proper pharmacokinetic analysis. Therefore, the accomplishment of the complete picture of administration route appropriateness aims at looking at the data from animal studies in a consolidated manner with those measured in treated patients, all in view of the course of the clinical progress.



3.1. Antivenom’s Pharmacokinetic Profile in Human Studies


3.1.1. Pharmacokinetic Properties of i.v. Antivenoms


Various studies in humans have been performed with the aim to evaluate the pharmacokinetic properties of antivenoms in relation to the type of active compound they contain (IgGs, F(ab’)2 or Fab fragments) and the route of application [17,45,48,124,134,138,139,140]. The kinetics of i.v. administered antivenoms has been well described, revealing that in envenomed and treated patients, they follow a biphasic concentration decay pattern [35,45,134,136]. The initial rapid decline observed during the distribution phase is attributed to the formation of immuno-complexes with the venom components whose clearance from the circulation causes a concomitant and rapid decrease in toxins to undetectable levels within 5 min [45] to 60 min [46] upon the start of therapy. Due to its rapidity, the first phase could be easily missed and the distribution half-life miscalculated. A more prolonged decline that is characteristic of the terminal elimination phase reflects the clearance of the heterologous antivenom’s proteins from the central compartment by the reticuloendothelial system [35,45]. The elimination half-life of IgGs and F(ab’)2 fragments is relatively long so its accurate determination requires an extended, hardly achievable follow-up period. Thus, in comparison to many other drugs, the estimation of the pharmacokinetic parameters of antivenoms following i.v. administration might be inherently less reliable [45] which could be the reason for the observed quantitative variations between different studies in humans, although involving the same type of active compound regarding its molecular weight.



Most of the investigations were related to the antivenoms containing F(ab’)2 fragments. In one of the pioneering clinical studies, where antivenom for Calloselasma rhodostoma bite treatment was administered, the distribution half-life, determined on five patients, was only 0.3 h [45]. It appeared significantly shorter in comparison to the 4.6 or even 7 h determined for antivenoms against envenomation caused by Daboia russelii [134] or European vipers [17], respectively. Variations were observed between the elimination half-life values as well. The results of a clinical trial including 22 patients given equine F(ab’)2 antivenom (Ipser Africa) after Echis ocellatus envenomation demonstrated the elimination half-life of 18 h [48]. On the other hand, in another study on six participants treated with anti-Vipera russelli antivenom, it was twice as long [139]. Occasionally, even a more extended time needed for the removal of F(ab’)2 fragments was reported, ranging from 4 to almost 6 days [45,134]. The evaluation of systemic clearance in a single case report [17] and another study with five participants [45] revealed only slightly different values fluctuating between 1.6 and 1.7 mL/h/kg. The results regarding the volume of distribution were equally comparable, with values of 214 mL/kg [17] and 233 mL/kg [45].



In a comparative study that included antivenoms consisting of whole IgG molecules against Calloselasma rhodostoma bite, the differences between their pharmacokinetic parameters, calculated from 13 subjects, were also evident [45]. The distribution half-life of the preparation produced in goat was four times larger compared to that of the equine origin with median values of 2 h and 0.5 h, respectively. Almost twice as much time was needed for the elimination of equine (82 h) than goat IgGs (46 h), which expectedly influenced their clearance values (0.6 mL/h/kg vs. 1.3 mL/h/kg). The volume of distribution of around 90 mL/kg was the only parameter that proved consistent for both therapeutics. One case report of a patient given equine IgG antivenom provided an elimination half-life that appeared as long as almost 7 days following i.v. administration [137].



Concerning the antivenoms’ pharmacokinetic variability among independently performed studies, the parameters determined for those composed of Fab fragments were not an exception. Fab antivenom (EchiTab), used in a clinical trial on 17 victims envenomed by Echis ocellatus, had a mean elimination half-life of around 4.3 h [48]. A significantly higher value was reported for antivenom against Vipera berus envenomation (ViperaTAb) whose Fab level decreased with an elimination half-life of 24 h on average (nine patients, range 9–50 h) [140], and which was in line with the values from three consecutive case series reports, spanning from 14 to 56 h [138]. Plasma concentration of Fab antivenom in four victims of crotaline envenomation needed 18 h to be reduced by half [124], similar to that of Sri Lankan Russell’s viper venom-specific antivenom (PolongaTAb), which was administered to 33 patients [46]. Its elimination half-life varied between 16 and 28 h. Regarding the volume of distribution, Seifert et al. [124] demonstrated that antivenom used against crotaline bite had a value of 110 mL/kg. According to two case series reports [138,140] that were related to the treatment of European vipers with ViperaTAb, the volume of distribution could be as large as 182–415 mL/kg and 118–524 mL/kg, respectively. The obtained results for the distribution half-life and systemic clearance appeared to be more uniform with the values in the range from 1.2 to 3.2 h [124,138] for the former and 4.3 to 13.4 mL/h/kg for the latter [124,138,140].




3.1.2. Pharmacokinetic Properties of i.m. Antivenoms


Research providing a detailed pharmacokinetic profile of i.m. antivenoms is poor. Vázquez et al. evaluated the kinetics of scorpion antivenom on healthy volunteers. In one study, it was given by the i.m. (six subjects) [154] and in another by the i.v. route (eight subjects) [153]. When administered i.m., there was no more than 17% of the antivenom content detectable in plasma at any time. The period needed for reaching its maximum concentration was 45 h, while after an i.v. bolus, the peak occurred in less than 5 min. The mean residence time was three-fold longer for i.m. than for i.v. antivenom. Equally so, the two routes differed in other pharmacokinetic parameters which additionally reinforced the opinion about i.m. administration as inferior, leading to the recommendation that it should not be practiced. In a prospective study comprising snake victims envenomed by Vipera ammodytes, a comparison of the pharmacokinetic profile of i.v. Vipera berus venom-specific Fab fragments (ViperaTAb) and i.m. Vipera ammodytes venom-specific F(ab’)2 fragments (European viper venom antiserum) was performed (nine subjects) [140]. Fab antivenom, due to the smaller size of its active compound, had a 2.5 larger volume of distribution and, since being given i.v., reached maximum concentration in blood within 2 h. F(ab’)2 antivenom was gradually released from the muscle tissue into the systemic circulation. Its level peak occurred after only 70 h on average. On the other hand, F(ab’)2 antivenom had 25-fold longer total body clearance and a 14-fold longer elimination half-life compared to that administered i.v. (2 weeks vs. 24 h, respectively). The kinetics of Fab fragments after one or more i.v. applications matched better with the venom concentration in the early phase of envenomation compared to F(ab’)2 fragments that were given i.m. only on admission. I.m. use of F(ab’)2 fragments resulted in a slow rise of antivenom serum concentration that demanded their early administration but without the need for additional doses for the complete resolution of all clinical signs. I.v. use of Fab fragments resulted in an immediate rise in antivenom serum concentration that enabled their use according to the clinical progress, but it required multiple doses for an efficient therapy outcome.





3.2. Clinical Outcome


Venomous snakes belonging to either the Elapidae or Viperidae family are known to bring about a wide range of physiological disturbances [61,157]. The elapid venoms comprise toxins affecting the nervous system. They are also associated with numerous other serious systemic effects, while local tissue damage is minimal, with the exception of some Micrurus species [158]. The viperid venoms, besides the venom of Crotalus durissus terrificus, only occasionally cause neurotoxic signs. They act mainly on blood coagulation and induce strong necrosis at the bite site. Although it is obvious that many measurable diseases can be considered as relevant markers of antivenom’s efficiency depending on the route of application, in this review, a decision was made to put an emphasis only on venom-induced consumptive coagulopathy as the most common medical condition which is mutual to both elapids and viperids [2,7,159], primarily for the purpose of easier follow-up. The majority of clinical studies and individual case reports are related to i.v. administration and its successfulness in the antivenom-mediated reversal of the envenomation signs and symptoms. Those involving the i.m. route are much less represented, emphasizing a need for filling the gap. Moreover, there are no studies comparing i.v. and i.m. administration principles.



3.2.1. Clinical Outcome after i.v. Antivenom Administration


As shown by a randomized, double-blind comparative trial of three IgG- or F(ab’)2-based antivenoms performed with the aim of assessing their efficacy and safety in the treatment of crotaline snakebite, all were capable of permanently restoring blood coagulability at 6 h and 24 h after the initial dose application in the great majority of investigated cases [146]. Specific antibodies persisted in the serum for at least a 48 h-long period, following which venom antigens became undetectable. Similarly, another trial demonstrated comparable effectiveness of two IgG antivenoms which permanently restored blood coagulopathy indicative of systemic envenomation by Echis ocellatus also at 6 h after the treatment but in a slightly smaller percentage of the participants [14]. The time span from antivenom i.v. administration to the normalization of hemostatic disturbances varied between different examinations, but generally, it can be noted that resolution within 24 h occurred. Equine F(ab’)2 antivenom against envenomation caused by European vipers (Viperfav) reversed the recurrence of coagulopathy symptoms immediately after the repeated application [17]. Timewise, Viperfav was equally successful in normalizing blood coagulation disorders associated with Vipera berus and Vipera aspis snakebites following the use of only one dose, with no recurrence of clinical or laboratory abnormalities [18]. FAV-Africa antivenom, also containing F(ab’)2 fragments, resolved hemorrhage in a day [147]. With Viperfav and African Antivipmyn antivenoms, improvement took place after just 6–12 h [148] or even 2–4 h [133], respectively.



Ovine Fab-based antivenoms have been used to treat systemic envenoming caused by European adders [51,160,161], North American crotalids [49,141] and carpet vipers [48,162]. They have the largest distribution volume of all due to small-sized active compounds that penetrate rapidly into the extravascular space where they enable prompt neutralization. However, Fab fragments are short-lived, and due to their premature elimination and insufficient plasma concentration, by the time late venom absorption from the depot at the site of inoculation occurs [37,124], the reappearance of envenomation follows frequently, as reported in many clinical studies [46,48,49,163], and much more often than for the other two types of antivenoms [14,45,133,143,164]. The pharmacokinetic analysis of ViperaTAb, an antivenom employed in a prospective case study of patients bitten by Vipera ammodytes, revealed that Fab fragments induced immediate venom level decrement, although lasting only temporarily [138]. A few hours later, patients again developed profound thrombocytopenia that was in correlation with the venom reappearance in the circulation. A similar observation resulted from a preliminary dose-finding study of patients treated with Daboia russelli-specific antivenom [46]. If an initial dose was too low to produce circulating levels of antivenom that can persist for long enough to cover continuing absorption of venom, durably abolishing its antigenemia, in the majority of participants, permanent restoration of blood coagulability and cessation of systemic bleeding could not be achieved. Equally, CroTAb antivenom initially improved the local manifestations of pit viper envenomation, but more than half of the patients enrolled in the clinical trial developed late, persistent or recurrent coagulation abnormalities that lasted for up to 2 weeks [49]. Ruha et al. [141] also reported only a transient advance of clinical signs in patients receiving CroFab antivenom which effectively controlled the consequences of rattlesnake envenomation at initial check points, but on follow-up, the subsequent appearance of delayed-onset coagulopathy and severe thrombocytopenia emerged. It has been concluded that the kinetics of i.v. administered Fab antivenoms probably matches better with the venom concentration in the early phase of envenomation, but for a complete improvement, multiple-dose administration might be needed [46,138].



Clinical implications of an inadequately long plasma persistence of Fab fragments appeared especially prominent in trials performed with the aim of their comparison with F(ab’)2 antivenoms. Ariaratnam et al. [142] suggested that a single dose of PolongaTAb, which was supposed to replace ineffective and unsafe F(ab’)2 antivenom against Russell’s viper bite, permanently restored blood coagulability in less than half of the patients, while maintenance dosing was required for the rest. On the other hand, in the F(ab’)2 group, the majority of enrolled subjects had restored coagulability after just one i.v. antivenom application, also showing a tendency toward a more rapid resolution of other systemic manifestations. Their results are consistent with other clinical trials. Boels et al. [143] reported a greater requirement for maintenance dosing and a higher incidence of symptom worsening in the Fab group over the F(ab’)2 group. Moreover, when comparing late coagulopathy in snakebite patients treated either with F(ab’)2 or Fab antivenom, Bush et al. [144] concluded that the former one significantly reduced late subacute coagulopathy without the need for additional doses, while the Fab-treated group was at an increased risk of the delayed onset of serious bleeding complications associated with recurring venom antigenemia and an accompanying drop in platelet count and fibrinogen levels. With regards to the efficacy of F(ab’)2 and Fab antivenoms, results from the study of Boyer et al. [145] clearly indicated that, regardless of which IgG derivative is used, a swift response to i.v. treatment evidenced by the normalization of the coagulation parameters can be expected but only during the acute phase of envenomation. When Fab antivenom is cleared, the ongoing presence of venom may result in delayed or recurrent coagulopathy.




3.2.2. Clinical Outcome after i.m. Antivenom Administration


For now, there is not enough research being conducted that deals with the question of i.m. antivenom administration, especially when it comes to the straightforward comparison of its efficacy with the i.v. principle. One of the earliest studies reported that the correction of the Ancistrodon rhodostoma venom-induced coagulation defect occurred on average in 18 h (range 12–36 h) following the i.m. injection of the specific antivenom, which might be rather slow since the improvement was observed twice as fast (range 2–18 h) when i.v. application was employed [149]. However, it is important to emphasize that, when considering the antivenom efficacy in light of the administration route, the time elapsed from the incident to the treatment onset should be considered as well since it represents another factor with an important implication on the therapy outcome [153]. Late arrival to the hospital leading to a delay in antivenom application is the main determinant of poor prognosis as it bears the risk of severe envenoming symptom development with potentially fatal consequences [39,42,55,137,165,166]. Keeping in mind that snakebite incidents mostly happen in distant rural areas, far from medical health centers, i.m. administration still represents well-justified pre-hospital first aid, despite its proven unfavorable pharmacokinetics during the early phase of envenomation. As shown by Win-Aung [165], patients bitten by Russell’s viper who received i.m. antivenom in the field, within 2 h after the incident and prior to standard i.v. therapy, had their blood venom level reduced by more than half at the time of admission to the hospital when compared to the victims that were not treated until hospitalization, indicating its contribution to the neutralization of circulating toxins. As a consequence, the number of patients who developed systemic clinical and biochemical disorders was reduced and so was the fatality rate. One of the antivenoms whose i.m. administration has been implemented into practice in accordance with the national guidelines is Vipera ammodytes ammodytes venom-specific antivenom (European viper venom antiserum, in the literature also known as Zagreb antivenom, Institute of Immunology Inc., Zagreb, Croatia). It is clinically successful against homologous venom, as well as against the venoms of several other medically important European snakes, as demonstrated by its continuous, over-30-year-long use for the treatment of envenomings induced by Vipera aspis (Italy), Vipera berus (UK, Sweden), Macrovipera lebetina and Montivipera xanthina (Greece, Turkey) [167], interrupted in 2015 due to manufacturing discontinuation. In retrospective studies, more than 500 adults [19] and 160 children [150], presenting for the most part a mild to severe clinical picture, were analyzed. Almost all subjects received immunotherapy (99.7%). Their complete recovery was reported, since the withdrawal of all symptoms and signs of envenomation, which were mainly a result of the venom’s hematotoxic effects, occurred during the hospital stay. Only one case of a child bitten directly on the neck was fatal. Lukšić et al. [90] presented two clinical cases of moderate or severe impairment due to envenomation by Vipera a. ammodytes venom. I.m. administration of antivenom resulted in rapid improvement. Severe coagulopathy with the occurrence of profound thrombocytopenia resolved in less than 3 h, even when the therapy was applied with a significant delay of 16 h post-bite. Recently, a prospective study of Vipera a. ammodytes-envenomed patients that were treated i.v. with paraspecific ViperaTAb or i.m. with Zagreb antivenom with the aim of a comparison of their clinical efficacy was described [140]. It was the first one to examine the consequences of two different practices used in the treatment of victims who, by chance, had similar venom concentrations, as well as symptoms and signs of envenomation on admission before the antivenom was given. It was demonstrated that both therapies were statistically equally effective, since the outcomes, including the survival and length of the hospital stay, did not differ between the groups. Irrespective of the employed administration principle, the development of all medically significant complications was prevented, including further progress of thrombocytopenia that was effectively reversed. The only exception was neurotoxicity for which ViperaTAb proved to be ineffective due to the lack of specific antibodies. Apart from Zagreb antivenom, there is clinical evidence, although very limited, for some other European antivenoms which demonstrate effectiveness after i.m. administration [151,152]. The duration of the hospital stay, as another reasonable marker of antivenom effectiveness, was shorter for patients pre-treated with i.m. antivenom compared to those receiving only i.v. therapy (6 vs. 8 days) [165]. Two large retrospective clinical studies employing only the i.m. route for the application of antivenom against Vipera ammodytes venom showed that the average time of hospitalization was 3–13 days depending on the severity of the envenomation [19,150]. There are few clinical studies describing a similar span of hospital stay when antivenom was given i.v. [48,134,141], although some exceptions can be found. Chippaux et al. [147] reported that the mean time of hospitalization was 6.6 days, but it seems that its duration can be even shorter, ranging between 1 and 5 days [141,142,143,148,168].



Snakebites are rarely treated by i.m. antivenoms. So, most of the knowledge gained so far comes from research on antivenoms against venomous spiders [169,170] and scorpions [39] that are commonly administered by the i.m. route as it is considered safer, with a lower probability of inducing immediate-type hypersensitivity reactions [60]. However, the results regarding their effectiveness depending on the administration principle are still quite contradictory. According to the report on four cases of severe red-back spider envenomation, there was none or minimal response to treatment with i.m. applied antivenom, while the subsequent i.v. injection of an additional dose proved to be highly effective resulting in an almost complete resolution of all symptoms within 4–8 h [59]. Similarly, in a clinical trial of the efficacy and safety of new equine F(ab’)2 antivenom in the treatment of latrodectism, the achievement and maintenance of a clinically significant reduction in pain for 48 h post-treatment in the i.v.-treated group compared to placebo was recorded [155]. On the contrary, Isbister et al. [60] found the differences between the i.m. and i.v. routes insufficient to justify choosing one over the other after a clinical trial was performed on more than a hundred patients with moderate to severe latrodectism. Both principles were similarly efficient in reducing pain 2 h after the treatment. The i.m. group was more likely to benefit from improved systemic effects, while i.v. antivenom-treated participants were less likely to need additional doses and more likely to have improved pain 24 h post-therapy. The results related to the primary outcome of another comparative trial were in favor of i.m. antivenom as its application significantly reduced pain in red-back spider victims already at 1 h after the treatment, which could not be accomplished when the i.v. route was employed [156]. At 24 h, as a secondary outcome, the clinical picture of the i.m. group showed no improvement which was interpreted by antivenom’s delayed absorption and partial bioavailability. The i.v. group was significantly better. Ghalim et al. [39] also demonstrated the prompt efficiency of i.m. antivenom in counteracting scorpion envenoming signs, which was accompanied by a drop in venom blood concentration in comparison to the untreated group. In addition, a significant alleviation of local symptoms was observed 3 h following the therapy. However, a pharmacokinetic analysis of antivenom against widow spider bite revealed that, when the i.m. route was employed, it remained undetectable in the blood for at least 5 h post-therapy, while measurable concentrations in the systemic circulation were achieved already 30 min after completing the i.v. infusion [38]. The results agree with those of Krifi et al. [42] who reported successful and rapid clearance of scorpion venom from the blood following i.v. administration of antivenom, while that given i.m. failed to produce a significant effect on the toxicokinetic curve since the venom plasma concentration decreased over the next 6 h at a rate almost identical to the one observed among untreated victims. Complete elimination of toxins from the blood was achieved only when an additional i.v. dose was given.






4. Conclusions


With regards to the administration route of antivenoms against envenoming caused by snakes, but also spiders and scorpions, there is no unique practice in human therapy. Although clinical data are insufficient, a recommendation that antivenoms should preferentially be administered i.v., as a principle of harmonizing their pharmacokinetics to that of the target venom, was introduced since it should eliminate the restraint associated with the i.m. route. Eventually, it got primacy among authorities. In spite of that, antivenoms given i.m. are also used in the field. The scientific explanation for the discrepancy between the proposed inferiority of i.m. administration in comparison to that performed i.v. and their comparable effectiveness is yet to be found. It seems that the venom neutralization in the lymphatics may be of importance for the clinical outcome, at least when the i.v. route is applied. The role of i.m. administered antivenom in the elimination of lymph-absorbed venom might be even greater, but it has not been studied yet. In other words, the matching of antivenom and venom appearance in blood might not be the only indicator of treatment success. Lower bioavailability associated with i.m. administration might be of lesser importance as well, considering that antivenom could provide substantial neutralization activity in the lymphatic system, eliminating venom before it reaches the bloodstream. For now, an unambiguous conclusion about the more effective route of antivenom administration still cannot be drawn. In an ideal scenario, both therapeutic principles should be compared in a comprehensive preclinical study involving IgG, F(ab’)2 and Fab antivenoms of identical specificity and potency, using the same model, and evaluating their pharmacokinetics on experimentally envenomed as well as on healthy animals, preferably in all relevant body compartments in which antivenom-mediated neutralization occurs.







Author Contributions


Conceptualization, T.K.; writing—original draft preparation, E.G. and S.M.L.; writing—review and editing, T.K. and B.H.; funding acquisition, T.K. All authors have read and agreed to the published version of the manuscript.




Funding


This work was supported by the Croatian Science Foundation, grant number UIP-2020-02-1317 to T.K.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Harris, R.J.; Jenner, R.A. Evolutionary Ecology of Fish Venom: Adaptations and Consequences of Evolving a Venom System. Toxins 2019, 11, 60. [Google Scholar] [CrossRef]

	



Isbister, G.K. Snakebite Doesn’t Cause Disseminated Intravascular Coagulation: Coagulopathy and Thrombotic Microangiopathy in Snake Envenoming. Semin. Thromb. Hemost. 2010, 36, 444–451. [Google Scholar] [CrossRef]

	



Isbister, G.K.; Kiernan, M.C. Neurotoxic Marine Poisoning. Lancet Neurol. 2005, 4, 219–228. [Google Scholar] [CrossRef]

	



Nekaris, K.A.I.; Campera, M.; Nijman, V.; Birot, H.; Rode-Margono, E.J.; Fry, B.G.; Weldon, A.; Wirdateti, W.; Imron, M.A. Slow Lorises Use Venom as a Weapon in Intraspecific Competition. Curr. Biol. 2020, 30, R1252–R1253. [Google Scholar] [CrossRef]

	



Espino-Solis, G.P.; Riaño-Umbarila, L.; Becerril, B.; Possani, L.D. Antidotes against Venomous Animals: State of the Art and Prospectives. J. Proteom. 2009, 72, 183–199. [Google Scholar] [CrossRef]

	



El-Aziz, T.M.A.; Soares, A.G.; Stockand, J.D. Snake Venoms in Drug Discovery: Valuable Therapeutic Tools for Life Saving. Toxins 2019, 11, 564. [Google Scholar] [CrossRef]

	



Warrell, D.A. Snake Bite. Lancet 2010, 375, 77–88. [Google Scholar] [CrossRef] [PubMed]

	



Warrell, D.A. Venomous Bites, Stings, and Poisoning: An Update. Infect. Dis. Clin. N. Am. 2019, 33, 17–38. [Google Scholar] [CrossRef]

	



Gutiérrez, J.M.; Calvete, J.J.; Habib, A.G.; Harrison, R.A.; Williams, D.J.; Warrell, D.A. Snakebite Envenoming. Nat. Rev. Dis. Prim. 2017, 3, 17063. [Google Scholar] [CrossRef] [PubMed]

	



World Health Organization Snakebite Envenoming—A Strategy for Prevention and Control. Available online: https://www.who.int/publications/i/item/9789241515641 (accessed on 12 May 2023).

	



Durban, J.; Juárez, P.; Angulo, Y.; Lomonte, B.; Flores-Diaz, M.; Alape-Girón, A.; Sasa, M.; Sanz, L.; Gutiérrez, J.M.; Dopazo, J.; et al. Profiling the Venom Gland Transcriptomes of Costa Rican Snakes by 454 Pyrosequencing. BMC Genom. 2011, 12, 259. [Google Scholar] [CrossRef] [PubMed]

	



Zanetti, G.; Duregotti, E.; Locatelli, C.A.; Giampreti, A.; Lonati, D.; Rossetto, O.; Pirazzini, M. Variability in Venom Composition of European Viper Subspecies Limits the Cross-Effectiveness of Antivenoms. Sci. Rep. 2018, 8, 9818. [Google Scholar] [CrossRef]

	



Habib, A.G.; Brown, N.I. The Snakebite Problem and Antivenom Crisis from a Health-Economic Perspective. Toxicon 2018, 150, 115–123. [Google Scholar] [CrossRef] [PubMed]

	



Abubakar, I.S.; Abubakar, S.B.; Habib, A.G.; Nasidi, A.; Durfa, N.; Yusuf, P.O.; Larnyang, S.; Garnvwa, J.; Sokomba, E.; Salako, L.; et al. Randomised Controlled Double-Blind Non-Inferiority Trial of Two Antivenoms for Saw-Scaled or Carpet Viper (Echis Ocellatus) Envenoming in Nigeria. PLoS Negl. Trop. Dis. 2010, 4, e767. [Google Scholar] [CrossRef] [PubMed]

	



Theakston, R.D.G.; Warrell, D.A. Crisis in Snake Antivenom Supply for Africa. Lancet 2000, 356, 2104. [Google Scholar] [CrossRef]

	



Williams, D.J.; Gutiérrez, J.M.; Calvete, J.J.; Wüster, W.; Ratanabanangkoon, K.; Paiva, O.; Brown, N.I.; Casewell, N.R.; Harrison, R.A.; Rowley, P.D.; et al. Ending the Drought: New Strategies for Improving the Flow of Affordable, Effective Antivenoms in Asia and Africa. J. Proteom. 2011, 74, 1735–1767. [Google Scholar] [CrossRef]

	



Kurtović, T.; Brvar, M.; Grenc, D.; Balija, M.L.; Križaj, I.; Halassy, B. A Single Dose of ViperfavTM May Be Inadequate for Vipera Ammodytes Snake Bite: A Case Report and Pharmacokinetic Evaluation. Toxins 2016, 8, 244. [Google Scholar] [CrossRef]

	



Jollivet, V.; Hamel, J.F.; De Haro, L.; Labadie, M.; Sapori, J.M.; Cordier, L.; Villa, A.; Nisse, P.; Puskarczyk, E.; Berthelon, L.; et al. European Viper Envenomation Recorded by French Poison Control Centers: A Clinical Assessment and Management Study. Toxicon 2015, 108, 97–103. [Google Scholar] [CrossRef] [PubMed]

	



Lukšić, B.; Bradarić, N.; Prgomet, S. Venomous Snakebites in Southern Croatia. Coll. Antropol. 2006, 30, 191–197. [Google Scholar] [PubMed]

	



Williams, D.; Gutiérrez, J.M.; Harrison, R.; Warrell, D.A.; White, J.; Winkel, K.D.; Gopalakrishnakone, P. The Global Snake Bite Initiative: An Antidote for Snake Bite. Lancet 2010, 375, 89–91. [Google Scholar] [CrossRef]

	



Gutiérrez, J.M.; León, G.; Lomonte, B.; Angulo, Y. Antivenoms for Snakebite Envenomings. Inflamm. Allergy-Drug Targets 2011, 10, 369–380. [Google Scholar] [CrossRef]

	



Calmette, A. The Treatment of Animals Poisoned with Snake Venom by the Injection of Antivenomous Serum. Br. Med. J. 1896, 2, 399–400. [Google Scholar] [CrossRef] [PubMed]

	



León, G.; Vargas, M.; Segura, Á.; Herrera, M.; Villalta, M.; Sánchez, A.; Solano, G.; Gómez, A.; Sánchez, M.; Estrada, R.; et al. Current Technology for the Industrial Manufacture of Snake Antivenoms. Toxicon 2018, 151, 63–73. [Google Scholar] [CrossRef] [PubMed]

	



Pucca, M.B.; Cerni, F.A.; Janke, R.; Bermúdez-Méndez, E.; Ledsgaard, L.; Barbosa, J.E.; Laustsen, A.H. History of Envenoming Therapy and Current Perspectives. Front. Immunol. 2019, 10, 1598. [Google Scholar] [CrossRef] [PubMed]

	



Gutiérrez, J.M.; Burnouf, T.; Harrison, R.A.; Calvete, J.J.; Kuch, U.; Warrell, D.A.; Williams, D.J. A Multicomponent Strategy to Improve the Availability of Antivenom for Treating Snakebite Envenoming. Bull. World Health Organ. 2014, 92, 526–532. [Google Scholar] [CrossRef]

	



Laustsen, A.H.; Karatt-Vellatt, A.; Masters, E.W.; Arias, A.S.; Pus, U.; Knudsen, C.; Oscoz, S.; Slavny, P.; Griffiths, D.T.; Luther, A.M.; et al. In Vivo Neutralization of Dendrotoxin-Mediated Neurotoxicity of Black Mamba Venom by Oligoclonal Human IgG Antibodies. Nat. Commun. 2018, 9, 3928. [Google Scholar] [CrossRef]

	



Chen, Y.-J.; Tsai, C.-Y.; Hu, W.-P.; Chang, L.-S. DNA Aptamers against Taiwan Banded Krait α-Bungarotoxin Recognize Taiwan Cobra Cardiotoxins. Toxins 2016, 8, 66. [Google Scholar] [CrossRef]

	



Karain, B.D.; Lee, M.K.H.; Hayes, W.K. C60 Fullerenes as a Novel Treatment for Poisoning and Envenomation: A Proof-of-Concept Study for Snakebite. J. Nanosci. Nanotechnol. 2016, 16, 7764–7771. [Google Scholar] [CrossRef]

	



Baudou, F.G.; Fusco, L.; Giorgi, E.; Diaz, E.; Municoy, S.; Desimone, M.F.; Leiva, L.; De Marzi, M.C. Physicochemical and Biological Characterization of Nanovenoms, a New Tool Formed by Silica Nanoparticles and Crotalus Durissus Terrificus Venom. Colloids Surf. B Biointerfaces 2020, 193, 111128. [Google Scholar] [CrossRef] [PubMed]

	



Laustsen, A.H. Recombinant Antivenoms. Ph.D. Thesis, Faculty of Health and Medical Sciences, University of Copenhagen, København, Denmark, 2016. ISBN 9788793086616. [Google Scholar]

	



Lewin, M.; Samuel, S.; Merkel, J.; Bickler, P. Varespladib (LY315920) Appears to Be a Potent, Broad-Spectrum, Inhibitor of Snake Venom Phospholipase A2 and a Possible Pre-Referral Treatment for Envenomation. Toxins 2016, 8, 248. [Google Scholar] [CrossRef]

	



Knudsen, C.; Laustsen, A.H. Recent Advances in Next Generation Snakebite Antivenoms. Trop. Med. Infect. Dis. 2018, 3, 42. [Google Scholar] [CrossRef] [PubMed]

	



World Health Organization. Guidelines for the Production, Control and Regulation of Snake Antivenom Immunoglobulins. In WHO Expert Committee on Biological Standardization: Sixty-Seventh Report; World Health Organization: Geneva, Switzerland, 2017; pp. 197–388. ISBN 978-92-4-121013-3. [Google Scholar]

	



Mateljak Lukačević, S.; Kurtović, T.; Borić, J.; Halassy, B. Roughness of Production Conditions: Does It Really Affect Stability of IgG-Based Antivenoms? Toxins 2022, 14, 483. [Google Scholar] [CrossRef] [PubMed]

	



Gutiérrez, J.M.; León, G.; Lomonte, B. Pharmacokinetic-Pharmacodynamic Relationships of Immunoglobulin Therapy for Envenomation. Clin. Pharmacokinet. 2003, 42, 721–741. [Google Scholar] [CrossRef] [PubMed]

	



Nikapitiya, B.; Maduwage, K. Pharmacodynamics and Pharmacokinetics of Snake Antivenom. Sri. Lanka J. Med. 2017, 26, 54–65. [Google Scholar] [CrossRef]

	



Scherrmann, J.M. Antibody Treatment of Toxin Poisoning Recent Advances. Clin. Toxicol. 1994, 32, 363–375. [Google Scholar] [CrossRef] [PubMed]

	



Isbister, G.K.; O’Leary, M.; Miller, M.; Brown, S.G.A.; Ramasamy, S.; James, R.; Schneider, J.S. A Comparison of Serum Antivenom Concentrations after Intravenous and Intramuscular Administration of Redback (Widow) Spider Antivenom. Br. J. Clin. Pharmacol. 2007, 65, 139–143. [Google Scholar] [CrossRef]

	



Ghalim, N.; El-Hafny, B.; Sebti, F.; Heikel, J.; Lazar, N.; Moustanir, R.; Benslimane, A. Scorpion Envenomation and Serotherapy in Morocco. Am. J. Trop. Med. Hyg. 2000, 62, 277–283. [Google Scholar] [CrossRef]

	



Isbister, G.K.; Brown, S.G.A.; Page, C.B.; McCoubrie, D.L.; Greene, S.L.; Buckley, N.A. Snakebite in Australia: A Practical Approach to Diagnosis and Treatment. Med. J. Aust. 2013, 199, 763–768. [Google Scholar] [CrossRef]

	



Churchman, A.; O’Leary, M.A.; Buckley, N.A.; Page, C.B.; Tankel, A.; Gavaghan, C.; Holdgate, A.; Brown, S.G.A.; Isbister, G.K. Clinical Effects of Red-Bellied Black Snake (Pseudechis porphyriacus) Envenoming and Correlation with Venom Concentrations: Australian Snakebite Project (ASP-11). Med. J. Aust. 2010, 193, 696–700. [Google Scholar] [CrossRef]

	



Krifi, M.N.; Amri, F.; Kharrat, H.; El Ayeb, M. Evaluation of Antivenom Therapy in Children Severely Envenomed by Androctonus Australis Garzonii (Aag) and Buthus Occitanus Tunetanus (Bot) Scorpions. Toxicon 1999, 37, 1627–1634. [Google Scholar] [CrossRef]

	



Rivière, G.; Choumet, V.; Saliou, B.; Debray, M.; Bon, C. Absorption and Elimination of Viper Venom after Antivenom Administration. J. Pharmacol. Exp. Ther. 1998, 285, 490–495. [Google Scholar]

	



Lalloo, D.G.; Theakston, R.D.G. Snake Antivenoms. J. Toxicol. Clin. Toxicol. 2003, 41, 277–290. [Google Scholar] [CrossRef] [PubMed]

	



Ho, M.A.Y.; Silamut, K.; White, N.J.; Karbwang, J.; Looareesuwan, S.; Phillips, R.E.; Warrell, D.A. Pharmacokinetics of Three Commercial Antivenoms in Patients Envenomed by the Malayan Pit Viper, Calloselasma Rhodostoma, in Thailand. Am. J. Trop. Med. Hyg. 1990, 42, 260–266. [Google Scholar] [CrossRef] [PubMed]

	



Ariaratnam, C.A.; Meyer, W.P.; Perera, G.; Eddleston, M.; Kuleratne, S.A.M.; Attapattu, W.; Sheriff, R.; Richards, A.M.; Theakston, R.D.G.; Warrell, D.A. A New Monospecific Ovine Fab Fragment Antivenom for Treatment of Envenoming by the Sri Lankan Russell’s Viper (Daboia Russelii Russelii): A Preliminary Dose-Finding and Pharmacokinetic Study. Am. J. Trop. Med. Hyg. 1999, 61, 259–265. [Google Scholar] [CrossRef] [PubMed]

	



Theakston, R.D.G.; Laing, G.D. Diagnosis of Snakebite and the Importance of Immunological Tests in Venom Research. Toxins 2014, 6, 1667–1695. [Google Scholar] [CrossRef] [PubMed]

	



Meyer, W.P.; Habib, A.G.; Onayade, A.A.; Yakubu, A.; Smith, D.C.; Nasidi, A.; Daudu, I.J.; Warrell, D.A.; Theakston, R.D.G. First Clinical Experiences with a New Ovine Fab Echis Ocellatus Snake Bite Antivenom in Nigeria: Randomized Comparative Trial with Institute Pasteur Serum (Ipser) Africa Antivenom. Am. J. Trop. Med. Hyg. 1997, 56, 291–300. [Google Scholar] [CrossRef] [PubMed]

	



Boyer, L.V.; Seifert, S.A.; Clark, R.F.; McNally, J.T.; Williams, S.R.; Nordt, S.P.; Walter, F.G.; Dart, R.C. Recurrent and Persistent Coagulopathy Following Pit Viper Envenomation. Arch. Intern. Med. 1999, 159, 706–710. [Google Scholar] [CrossRef]

	



Boyer, L.V.; Seifert, S.A.; Cain, J.S. Recurrence Phenomena after Immunoglobulin Therapy for Snake Envenomations: Part 2. Guidelines for Clinical Management with Crotaline Fab Antivenom. Ann. Emerg. Med. 2001, 37, 196–201. [Google Scholar] [CrossRef]

	



Lamb, T.; de Haro, L.; Lonati, D.; Brvar, M.; Eddleston, M. Antivenom for European Vipera Species Envenoming. Clin. Toxicol. 2017, 55, 557–568. [Google Scholar] [CrossRef]

	



World Health Organization. Regional Office for South-East Asia. Guidelines for the Management of Snake-Bites; Warrell, D.A., Ed.; World Health Organization: New Delhi, India, 2010; ISBN 978-92-9022-377-4. [Google Scholar]

	



Reid, H.A. Antivenom Reactions and Efficacy. Lancet 1980, 315, 1024–1025. [Google Scholar] [CrossRef]

	



Gutiérrez, J.M. Improving Antivenom Availability and Accessibility: Science, Technology, and Beyond. Toxicon 2012, 60, 676–687. [Google Scholar] [CrossRef]

	



Kalil, J.; Fan, H.W. Production and Utilization of Snake Antivenoms in South America. In Toxins and Drug Discovery; Gopalakrishnakone, P., Cruz, L.J., Luo, S., Eds.; Springer: São Paulo, Brazil, 2017; pp. 81–101. ISBN 9789400764521. [Google Scholar]

	



Alirol, E.; Sharma, S.K.; Bawaskar, H.S.; Kuch, U.; Chappuis, F. Snake Bite in South Asia: A Review. PLoS Negl. Trop. Dis. 2010, 4, e603. [Google Scholar] [CrossRef] [PubMed]

	



Nimorakiotakis, B.; Winkel, K.D. Spider Bite—The Redback Spider and Its Relatives. Aust. Fam. Physician 2004, 33, 153–157. [Google Scholar] [PubMed]

	



Jalali, A.; Pipelzadeh, M.H.; Seyedian, R.; Rahmani, A.H.; Omidian, N. In Vivo Pharmacological Study on the Effectiveness of Available Polyclonal Antivenom against Hemiscorpius lepturus Venom. J. Venom. Anim. Toxins Incl. Trop. Dis. 2011, 17, 142–149. [Google Scholar] [CrossRef]

	



Isbister, G.K. Failure of Intramuscular Antivenom in Red-Back Spider Envenoming. Emerg. Med. 2002, 14, 436–439. [Google Scholar] [CrossRef] [PubMed]

	



Isbister, G.K.; Brown, S.G.A.; Miller, M.; Tankel, A.; Macdonald, E.; Stokes, B.; Ellis, R.; Nagree, Y.; Wilkes, G.J.; James, R.; et al. A Randomised Controlled Trial of Intramuscular vs. Intravenous Antivenom for Latrodectism—The RAVE Study. QJM An Int. J. Med. 2008, 101, 557–565. [Google Scholar] [CrossRef]

	



Ahmed, S.; Ahmed, M.; Nadeem, A.; Mahajan, J.; Choudhary, A.; Pal, J. Emergency Treatment of a Snake Bite: Pearls from Literature. J. Emerg. Trauma. Shock 2008, 1, 97–105. [Google Scholar] [CrossRef]

	



Paniagua, D.; Vergara, I.; Boyer, L.; Alagón, A. Role of Lymphatic System on Snake Venom Absorption. In Snake Venoms; Gopalakrishnakone, P., Inagaki, H., Mukherjee, A.K., Rahmy, T.R., Vogel, C.-W., Eds.; Springer: Dordrecht, The Netherlands, 2015; pp. 1–19. ISBN 978-94-007-6648-8. [Google Scholar]

	



Bula Com Informações Ao Paciente—Soro Antibotrópico (Pentavalente) e Antilaquético. Available online: http://www.funed.mg.gov.br/wp-content/uploads/2018/11/1.-Bula-de-soro-antibotrópico-pentavalente-e-antilaquético-para-o-Paciente.pdf (accessed on 11 May 2023).

	



Bula Com Informações Ao Paciente—Soro Antielapídico (Bivalente). Available online: http://www.funed.mg.gov.br/wp-content/uploads/2018/11/1.-Bula-de-soro-antielapídico-bivalente-para-o-Paciente.pdf (accessed on 11 May 2023).

	



Bula Com Informações Ao Paciente—Soro Anticrotálico. Available online: http://www.funed.mg.gov.br/wp-content/uploads/2020/04/Bula-do-soro-anticrotálico-para-o-paciente-2020.pdf (accessed on 11 May 2023).

	



Viekvin—Viper Venom Antiserum (Equine). Available online: http://www.torlakinstitut.com/pdf/Viekvin-en.pdf (accessed on 11 May 2023).

	



Vetal Serum—Ürünlerimiz. Available online: http://www.vetalserum.com.tr/en/urunler/polisera-snake-antiserum (accessed on 11 May 2023).

	



Sera—Products of BB—NCIPD Ltd. Available online: https://bulbio.com/en/serums.html (accessed on 11 May 2023).

	



Viper Venom Antitoxin. Available online: https://www.biodrug.sk/docs/en_viper_venom.pdf (accessed on 11 May 2023).

	



Suero Antiofídico Polivalente Biol. Available online: https://www.biol.com.ar/uploads/filemanager/SueroAntiofificoPolivalenteBiol.pdf (accessed on 11 May 2023).

	



van Helden, D.F.; Dosen, P.J.; O’Leary, M.A.; Isbister, G.K. Two Pathways for Venom Toxin Entry Consequent to Injection of an Australian Elapid Snake Venom. Sci. Rep. 2019, 9, 8595. [Google Scholar] [CrossRef] [PubMed]

	



Di Nicola, M.R.; Pontara, A.; Kass, G.E.N.; Kramer, N.I.; Avella, I.; Pampena, R.; Mercuri, S.R.; Dorne, J.L.C.M.; Paolino, G. Vipers of Major Clinical Relevance in Europe: Taxonomy, Venom Composition, Toxicology and Clinical Management of Human Bites. Toxicology 2021, 453, 152724. [Google Scholar] [CrossRef]

	



Paniagua, D.; Jiménez, L.; Romero, C.; Vergara, I.; Calderón, A.; Benard, M.; Bernas, M.J.; Rilo, H.; De Roodt, A.; D’Suze, G.; et al. Lymphatic Route of Transport and Pharmacokinetics of Micrurus fulvius (Coral Snake) Venom in Sheep. Lymphology 2012, 45, 144–153. [Google Scholar]

	



Paniagua, D.; Vergara, I.; Román, R.; Romero, C.; Benard-Valle, M.; Calderón, A.; Jiménez, L.; Bernas, M.J.; Witte, M.H.; Boyer, L.V.; et al. Antivenom Effect on Lymphatic Absorption and Pharmacokinetics of Coral Snake Venom Using a Large Animal Model. Clin. Toxicol. 2019, 57, 727–734. [Google Scholar] [CrossRef]

	



Potet, J.; Beran, D.; Ray, N.; Alcoba, G.; Habib, A.G.; Iliyasu, G.; Waldmann, B.; Ralph, R.; Faiz, M.A.; Monteiro, W.M.; et al. Access to Antivenoms in the Developing World: A Multidisciplinary Analysis. Toxicon X 2021, 12, 100086. [Google Scholar] [CrossRef] [PubMed]

	



Kakhi, M.; Delavadia, P.; Suarez-Sharp, S. Biopharmaceutic Considerations in Drug Product Design and In Vitro Drug Product Performance. In Shargel and Yu’s Applied Biopharmaceutics and Pharmacokinetics, 8th ed.; Ducharme, M.P., Shargel, L., Eds.; McGraw Hill: New York, NY, USA, 2022; pp. 183–243. ISBN 9781260142990. [Google Scholar]

	



Hess, L.; Málek, J.; Kurzová, A.; Votava, M. The Effect of Site (Deltoid or Gluteus Muscle) of Intramuscular Administration of Anaesthetic Drugs on the Course of Immobilisation in Macaque Monkeys (Macaca Mulatta). Acta Vet. Brno 2012, 81, 207–210. [Google Scholar] [CrossRef]

	



Gad, S.C.; Chengelis, C.P. Safety Considerations for the Administration of Agents by the Parenteral Routes. In Acute Toxicology Testing; Academic Press: Cambridge, MA, USA, 1998; pp. 197–220. ISBN 978-0-12-272250-9. [Google Scholar]

	



Polania Gutierrez, J.J.; Munakomi, S. Intramuscular Injection; StatPearls: Tampa, FL, USA, 2023. Available online: https://www.ncbi.nlm.nih.gov/books/NBK556121/ (accessed on 11 May 2023).

	



Schou, J. Subcutaneous and Intramuscular Injection of Drugs. In Concepts in Biochemical Pharmacology; Ackerman, H.S., Brodie, B.B., Gillette, J.R., Eds.; Springer: Heidelberg, Germany, 1971; pp. 47–63. ISBN 978-3-642-65054-3. [Google Scholar]

	



Persson, H. Clinical Toxicology of Snake Bite in Europe. In Handbook of Clinical Toxicology of Animal Venoms and Poisons, 1st ed.; White, J., Meier, J., Eds.; CRC Press: Boca Raton, FL, USA, 1995; pp. 413–433. ISBN 978-0-8493-4489-3. [Google Scholar]

	



Claassen, V. Neglected Factors in Pharmacology and Neuroscience Research; Huston, J.P., Ed.; Elsevier: Amsterdam, The Netherlands, 1994; ISBN 0-444-81871-5. [Google Scholar]

	



Chippaux, J.P.; Stock, R.P.; Massougbodji, A. Antivenom Safety and Tolerance for the Strategy of Snake Envenomation Management. In Snake Venoms; Springer: Dordrecht, The Netherlands, 2015; pp. 1–16. ISBN 9789400766488. [Google Scholar]

	



World Health Organization. Regional Office for South-East Asia. Guidelines for the Clinical Management of Snake Bites in the South-East Asia Region; World Health Organization: New Delhi, India, 2005; pp. 1–77. Available online: https://apps.who.int/iris/handle/10665/205171 (accessed on 11 May 2023).

	



Malasit, P.; Warrell, D.A.; Chanthavanich, P.; Viravan, C.; Mongkolsapaya, J.; Singhthong, B.; Supich, C. Prediction, Prevention, and Mechanism of Early (Anaphylactic) Antivenom Reactions in Victims of Snake Bites. Br. Med. J. (Clin. Res. Ed). 1986, 292, 17–20. [Google Scholar] [CrossRef]

	



Pugh, R.N.H.; Theakston, R.D.G. A Clinical Study of Viper Bite Poisoning. Ann. Trop. Med. Parasitol. 1987, 81, 135–149. [Google Scholar] [CrossRef]

	



Pepin, S.; Lutsch, C.; Grandgeorge, M.; Scherrmann, J.M. Snake F(ab’)2 Antivenom from Hyperimmunized Horse: Pharmacokinetics Following Intravenous and Intramuscular Administrations in Rabbits. Pharm. Res. 1995, 12, 1470–1473. [Google Scholar] [CrossRef]

	



Ismail, M.; Abd-Elsalam, M.A. Serotherapy of Scorpion Envenoming: Pharmacokinetics of Antivenoms and a Critical Assessment of Their Usefulness. Toxicon 1996, 34, 147. [Google Scholar] [CrossRef]

	



Pépin-Covatta, S.; Lutsch, C.; Grandgeorge, M.; Lang, J.; Scherrmann, J.M. Immunoreactivity and Pharmacokinetics of Horse Anti-Scorpion Venom F(ab’)2-Scorpion Venom Interactions. Toxicol. Appl. Pharmacol. 1996, 141, 272–277. [Google Scholar] [CrossRef]

	



Lukšić, B.; Karabuva, S.; Markić, J.; Polić, B.; Kovačević, T.; Městrović, J.; Križaj, I. Thrombocytopenic Purpura Following Envenomation by the Nose-Horned Viper (Vipera Ammodytes Ammodytes): Two Case Reports. Medicine 2018, 97, e13737. [Google Scholar] [CrossRef] [PubMed]

	



Offerman, S.R.; Barry, J.D.; Richardson, W.H.; Tong, T.; Tanen, D.; Bush, S.P.; Clark, R.F. Subcutaneous Crotaline Fab Antivenom for the Treatment of Rattlesnake Envenomation in a Porcine Model. Clin. Toxicol. 2009, 47, 61–68. [Google Scholar] [CrossRef]

	



Burgess, J.L.; Dart, R.C.; Egen, N.B.; Mayersohn, M. Effects of Constriction Bands on Rattlesnake Venom Absorption: A Pharmacokinetic Study. Ann. Emerg. Med. 1992, 21, 1086–1093. [Google Scholar] [CrossRef]

	



Rodríguez, C.; Estrada, R.; Herrera, M.; Gómez, A.; Segura, A.; Vargas, M.; Villalta, M.; León, G. Bothrops Asper Envenoming in Cattle: Clinical Features and Management Using Equine-Derived Whole IgG Antivenom. Vet. J. 2016, 207, 160–163. [Google Scholar] [CrossRef]

	



Audebert, F.; Urtizberea, M.; Sabouraud, A.; Scherrmann, J.M.; Bon, C. Pharmacokinetics of Vipera aspis Venom after Experimental Envenomation in Rabbits. J. Pharmacol. Exp. Ther. 1994, 268, 1512–1517. [Google Scholar]

	



León, G.; Monge, M.; Rojas, E.; Lomonte, B.; Gutiérrez, J.M. Comparison between IgG and F(ab′)2 Polyvalent Antivenoms: Neutralization of Systemic Effects Induced by Bothrops Asper Venom in Mice, Extravasation to Muscle Tissue, and Potential for Induction of Adverse Reactions. Toxicon 2001, 39, 793–801. [Google Scholar] [CrossRef]

	



Hart, A.J.; Hodgson, W.C.; O’leary, M.; Isbister, G.K. Pharmacokinetics and Pharmacodynamics of the Myotoxic Venom of Pseudechis australis (Mulga Snake) in the Anesthetised Rat. Clin. Toxicol. 2014, 52, 604–610. [Google Scholar] [CrossRef]

	



Maduwage, K.P.; Scorgie, F.E.; Lincz, L.F.; O’Leary, M.A.; Isbister, G.K. Procoagulant Snake Venoms Have Differential Effects in Animal Plasmas: Implications for Antivenom Testing in Animal Models. Thromb. Res. 2016, 137, 174–177. [Google Scholar] [CrossRef] [PubMed]

	



Silva, A.; Hodgson, W.C.; Tasoulis, T.; Isbister, G.K. Rodent Lethality Models Are Problematic for Evaluating Antivenoms for Human Envenoming. Front. Pharmacol. 2022, 13, 830384. [Google Scholar] [CrossRef] [PubMed]

	



Jacome, D.; Melo, M.M.; Santos, M.M.B.; Heneine, L.G.D. Kinetics of Venom and Antivenom Serum and Clinical Parameters and Treatment Efficacy in Bothrops alternatus Envenomed Dogs. Vet. Hum. Toxicol. 2002, 44, 334–338. [Google Scholar] [PubMed]

	



Barnes, J.M.; Trueta, J. Absorption of Bacteria, Toxins and Snake Venoms from the Tissues. Importance of the Lymphatic Circulation. Lancet 1941, 237, 623–626. [Google Scholar] [CrossRef]

	



Laustsen, A.H.; María Gutiérrez, J.; Knudsen, C.; Johansen, K.H.; Bermúdez-Méndez, E.; Cerni, F.A.; Jürgensen, J.A.; Ledsgaard, L.; Martos-Esteban, A.; Øhlenschlæger, M.; et al. Pros and Cons of Different Therapeutic Antibody Formats for Recombinant Antivenom Development. Toxicon 2018, 146, 151–175. [Google Scholar] [CrossRef]

	



Fernández, G.P.; Segura, Á.; Herrera, M.; Velasco, W.; Solano, G.; Gutiérrez, J.M.; León, G. Neutralization of Bothrops mattogrossensis Snake Venom from Bolivia: Experimental Evaluation of Llama and Donkey Antivenoms Produced by Caprylic Acid Precipitation. Toxicon 2010, 55, 642–645. [Google Scholar] [CrossRef]

	



Ismail, M.; Abd-Elsalam, M.A.; Al-Ahaidib, M.S. Pharmacokinetics of 125I-Labelled Walterinnesia aegyptia Venom and Its Specific Antivenins: Flash Absorption and Distribution of the Venom and Its Toxin versus Slow Absorption and Distribution of IgG, F(ab’)2 and Fab of the Antivenin. Toxicon 1998, 36, 93–114. [Google Scholar] [CrossRef]

	



Rojas, A.; Vargas, M.; Ramírez, N.; Estrada, R.; Segura, Á.; Herrera, M.; Villalta, M.; Gómez, A.; Gutiérrez, J.M.; León, G. Role of the Animal Model on the Pharmacokinetics of Equine-Derived Antivenoms. Toxicon 2013, 70, 9–14. [Google Scholar] [CrossRef] [PubMed]

	



Lobo, E.D.; Hansen, R.J.; Balthasar, J.P. Antibody Pharmacokinetics and Pharmacodynamics. J. Pharm. Sci. 2004, 93, 2645–2668. [Google Scholar] [CrossRef]

	



Yap, M.K.K.; Tan, N.H.; Sim, S.M.; Fung, S.Y.; Tan, C.H. The Effect of a Polyvalent Antivenom on the Serum Venom Antigen Levels of Naja sputatrix (Javan Spitting Cobra) Venom in Experimentally Envenomed Rabbits. Basic Clin. Pharmacol. Toxicol. 2015, 117, 274–279. [Google Scholar] [CrossRef]

	



Rivière, G.; Choumet, V.; Audebert, F.; Sabouraud, A.; Debray, M.; Scherrmann, J.M.; Bon, C. Effect of Antivenom on Venom Pharmacokinetics in Experimentally Envenomed Rabbits: Toward an Optimization of Antivenom Therapy. J. Pharmacol. Exp. Ther. 1997, 281, 1–8. [Google Scholar] [PubMed]

	



Chaves, F.; Loría, G.D.; Salazar, A.; Gutiérrez, J.M. Intramuscular Administration of Antivenoms in Experimental Envenomation by Bothrops asper: Comparison between Fab and IgG. Toxicon 2003, 41, 237–244. [Google Scholar] [CrossRef] [PubMed]

	



Krifi, M.N.; Miled, K.; Abderrazek, M.; El Ayeb, M. Effects of Antivenom on Buthus Occitanus Tunetanus (Bot) Scorpion Venom Pharmacokinetics: Towards an Optimization of Antivenom Immunotherapy in a Rabbit Model. Toxicon 2001, 39, 1317–1326. [Google Scholar] [CrossRef] [PubMed]

	



Krifi, M.N.; Savin, S.; Debray, M.; Bon, C.; El Ayeb, M.; Choumet, V. Pharmacokinetic Studies of Scorpion Venom before and after Antivenom Immunotherapy. Toxicon 2005, 45, 187–198. [Google Scholar] [CrossRef]

	



Calderón-Aranda, E.S.; Rivière, G.; Choumet, V.; Possani, L.D.; Bon, C. Pharmacokinetics of the Toxic Fraction of Centruroides limpidus limpidus Venom in Experimentally Envenomed Rabbits and Effects of Immunotherapy with Specific F(ab’)2. Toxicon 1999, 37, 771–782. [Google Scholar] [CrossRef]

	



El Hafny, B.; Chgoury, F.; Adil, N.; Cohen, N.; Hassar, M. Intraspecific Variability and Pharmacokinetic Characteristics of Androctonus mauretanicus mauretanicus Scorpion Venom. Toxicon 2002, 40, 1609–1616. [Google Scholar] [CrossRef]

	



Hammoudi-Triki, D.; Lefort, J.; Rougeot, C.; Robbe-Vincent, A.; Bon, C.; Laraba-Djebari, F.; Choumet, V. Toxicokinetic and Toxicodynamic Analyses of Androctonus australis hector Venom in Rats: Optimization of Antivenom Therapy. Toxicol. Appl. Pharmacol. 2007, 218, 205–214. [Google Scholar] [CrossRef]

	



Gutierrez, J.M.; Rojas, G.; Perez, A.; Arguello, I.; Lomonte, B. Neutralization of Coral Snake Micrurus Nigrocinctus Venom by a Monovalent Antivenom. Braz. J. Med. Biol. Res. 1991, 24, 701–710. [Google Scholar]

	



Ismail, M.; Fatani, A.J.Y.; Dabees, T.T. Experimental Treatment Protocols for Scorpion Envenomation: A Review of Common Therapies and an Effect of Kallikrein-Kinin Inhibitors. Toxicon 1992, 30, 1257–1279. [Google Scholar] [CrossRef] [PubMed]

	



Santana, G.C.; Freire, A.C.T.; Ferreira, A.P.L.; Cháves-Olórtegui, C.; Diniz, C.R.; Freire-Maia, L. Pharmacokinetics of Tityus serrulatus Scorpion Venom Determined by Enzyme-Linked Immunosorbent Assay in the Rat. Toxicon 1996, 34, 1063–1066. [Google Scholar] [CrossRef] [PubMed]

	



Amuy, E.; Alape-Girón, A.; Lomonte, B.; Thelestam, M.; Gutiérrez, J.M. Development of Immunoassays for Determination of Circulating Venom Antigens during Envenomations by Coral Snakes (Micrurus Species). Toxicon 1997, 35, 1605–1616. [Google Scholar] [CrossRef]

	



Zerrouk, H.; Bougis, P.E.; Céard, B.; Benslimane, A.; Martin-Eauclaire, M.F. Analysis by High-Performance Liquid Chromatography of Androctonus mauretanicus mauretanicus (Black Scorpion) Venom. Toxicon 1991, 29, 951–960. [Google Scholar] [CrossRef] [PubMed]

	



Salmonson, T.; Danielson, B.; Wikstrom, B. The Pharmacokinetics of Recombinant Human Erythropoietin after Intravenous and Subcutaneous Administration to Healthy Subjects. Br. J. Clin. Pharmacol. 1990, 29, 709–713. [Google Scholar] [CrossRef]

	



Tan, C.H.; Sim, S.M.; Gnanathasan, C.A.; Fung, S.Y.; Tan, N.H. Pharmacokinetics of the Sri Lankan Hump-Nosed Pit Viper (Hypnale hypnale) Venom Following Intravenous and Intramuscular Injections of the Venom into Rabbits. Toxicon 2014, 79, 37–44. [Google Scholar] [CrossRef]

	



Barral-Netto, M.; Schriefer, A.; Vinhas, V.; Almeida, A.R. Enzyme-Linked Immunosorbent Assay for the Detection of Bothrops jararaca Venom. Toxicon 1990, 28, 1053–1061. [Google Scholar] [CrossRef]

	



Zhao, H.; Zheng, J.; Jiang, Z. Pharmacokinetics of Thrombin-like Enzyme from Venom of Agkistrodon Halys ussuriensis emelianov Determined by ELISA in the Rat. Toxicon 2001, 39, 1821–1826. [Google Scholar] [CrossRef]

	



Neri-Castro, E.; Bénard-Valle, M.; Paniagua, D.; Boyer, L.V.; Possani, L.D.; López-Casillas, F.; Olvera, A.; Romero, C.; Zamudio, F.; Alagón, A. Neotropical Rattlesnake (Crotalus simus) Venom Pharmacokinetics in Lymph and Blood Using an Ovine Model. Toxins 2020, 12, 455. [Google Scholar] [CrossRef]

	



Seifert, S.A.; Boyer, L.V. Recurrence Phenomena after Immunoglobulin Therapy for Snake Envenomations: Part 1. Pharmacokinetics and Pharmacodynamics of Immunoglobulin Antivenoms and Related Antibodies. Ann. Emerg. Med. 2001, 37, 189–195. [Google Scholar] [CrossRef]

	



Sanhajariya, S.; Duffull, S.B.; Isbister, G.K. Pharmacokinetics of Snake Venom. Toxins 2018, 10, 73. [Google Scholar] [CrossRef]

	



Slagboom, J.; Kool, J.; Harrison, R.A.; Casewell, N.R. Haemotoxic Snake Venoms: Their Functional Activity, Impact on Snakebite Victims and Pharmaceutical Promise. Br. J. Haematol. 2017, 177, 947–959. [Google Scholar] [CrossRef] [PubMed]

	



Bermúdez-Méndez, E.; Fuglsang-Madsen, A.; Føns, S.; Lomonte, B.; Gutiérrez, J.M.; Laustsen, A.H. Innovative Immunization Strategies for Antivenom Development. Toxins 2018, 10, 452. [Google Scholar] [CrossRef]

	



Porter, C.J.H.; Edwards, G.A.; Charman, S.A. Lymphatic Transport of Proteins after s.c. Injection: Implications of Animal Model Selection. Adv. Drug Deliv. Rev. 2001, 50, 157–171. [Google Scholar] [CrossRef] [PubMed]

	



Si, H.; Yin, C.; Wang, W.; Davies, P.; Sanchez, E.; Suntravat, M.; Zawieja, D.; Cromer, W. Effect of the Snake Venom Component Crotamine on Lymphatic Endothelial Cell Responses and Lymph Transport. Microcirculation 2022, 30, e12775. [Google Scholar] [CrossRef]

	



Warrell, D.A. Clinical Toxicology of Snakebite in Asia. In Handbook of: Clinical Toxicology of Animal Venoms and Poisons; CRC Press: Boca Raton, FL, USA, 2017; pp. 493–594. ISBN 9780203719442. [Google Scholar]

	



Seifert, S.A. Pharmacokinetic Analysis of a Crotalid Fab Antivenom and Theoretical Considerations for the Prevention of Coagulopathic Recurrence. In Proceedings of the North American Congress of Clinical Toxicology, Orlando, FL, USA, 9–15 September 1998. [Google Scholar]

	



Fidler, H.K.; Glasgow, R.D.; Carmichael, E.B. Pathologic Changes Produced by Subcutaneous Injection of Rattlesnake (Crotalus) Venom into Macaca mulatta Monkeys. Proc. Soc. Exp. Biol. Med. 1938, 38, 892–894. [Google Scholar] [CrossRef] [PubMed]

	



Chippaux, J.P.; Massougbodji, A.; Stock, R.P.; Alagon, A.; Fassinou, E.; Ndamadjo, A.; Soglo, R.; Tamou, B.E.; Mama, A.B.; Nguemezi, A.; et al. Clinical Trial of an F(ab′)2 Polyvalent Equine Antivenom for African Snake Bites in Benin. Am. J. Trop. Med. Hyg. 2007, 77, 538–546. [Google Scholar] [CrossRef]

	



Isbister, G.K.; Maduwage, K.; Saiao, A.; Buckley, N.A.; Jayamanne, S.F.; Seyed, S.; Mohamed, F.; Chathuranga, U.; Mendes, A.; Abeysinghe, C.; et al. Population Pharmacokinetics of an Indian F(ab’)2 Snake Antivenom in Patients with Russell’s Viper (Daboia russelii) Bites. PLoS Negl. Trop. Dis. 2015, 9, e0003873. [Google Scholar] [CrossRef]

	



Maduwage, K.; Silva, A.; O’Leary, M.A.; Hodgson, W.C.; Isbister, G.K. Efficacy of Indian Polyvalent Snake Antivenoms against Sri Lankan Snake Venoms: Lethality Studies or Clinically Focussed in Vitro Studies. Sci. Rep. 2016, 6, 26778. [Google Scholar] [CrossRef] [PubMed]

	



Ownby, C.L.; Reisbeck, S.L.; Russell, A. Levels of Therapeutic Antivenon and Venom in a Human Snakebite Victim. South. Med. J. 1996, 89, 803–806. [Google Scholar] [CrossRef]

	



Nielsen, H.; Sørensen, H.; Faber, V.; Svehag, S. Circulating Immune Complexes, Complement Activation Kinetics and Serum Sickness Following Treatment with Heterologous Anti-snake Venom Globulin. Scand. J. Immunol. 1978, 7, 25–33. [Google Scholar] [CrossRef]

	



Brvar, M.; Kurtović, T.; Grenc, D.; Lang Balija, M.; Križaj, I.; Halassy, B. Vipera ammodytes Bites Treated with Antivenom ViperaTAb: A Case Series with Pharmacokinetic Evaluation. Clin. Toxicol. 2017, 55, 241–248. [Google Scholar] [CrossRef] [PubMed]

	



Thein-Than, T.; Kyi-Thein, K.; Mg-Mg-Thwin, M. Plasma Clearance Time of Russell’s Viper (Vipera russelli) Antivenom in Human Snake Bite Victims. Trans. R. Soc. Trop. Med. Hyg. 1985, 79, 262–263. [Google Scholar] [CrossRef] [PubMed]

	



Kurtović, T.; Karabuva, S.; Grenc, D.; Borak, M.D.; Križaj, I.; Lukšić, B.; Halassy, B.; Brvar, M. Intravenous Vipera berus Venom-Specific Fab Fragments and Intramuscular Vipera Ammodytes Venom-Specific F(ab’)2 Fragments in Vipera ammodytes-Envenomed Patients. Toxins 2021, 13, 279. [Google Scholar] [CrossRef] [PubMed]

	



Ruha, A.M.; Curry, S.C.; Beuhler, M.; Katz, K.; Brooks, D.E.; Graeme, K.A.; Wallace, K.; Gerkin, R.; LoVecchio, F.; Wax, P.; et al. Initial Postmarketing Experience with Crotalidae Polyvalent Immune Fab for Treatment of Rattlesnake Envenomation. Ann. Emerg. Med. 2002, 39, 609–615. [Google Scholar] [CrossRef]

	



Ariaratnam, C.A.; Sjöström, L.; Raziek, Z.; Abeyasinghe, S.; Kularatne, M.; Arachchi, R.W.K.K.; Sheriff, M.H.R.; Theakston, R.D.G.; Warrell, D.A. An Open, Randomized Comparative Trial of Two Antivenoms for the Treatment of Envenoming by Sri Lankan Russell’s Viper (Daboia russelii russelii). Trans. R. Soc. Trop. Med. Hyg. 2001, 95, 74–80. [Google Scholar] [CrossRef]

	



Boels, D.; Hamel, J.F.; Le Roux, G.; Labadie, M.; Paret, N.; Delcourt, N.; Langrand, J.; Puskarczyk, E.; Nisse, P.; Sinno-Tellier, S.; et al. Snake Bites by European Vipers in Mainland France in 2017–2018: Comparison of Two Antivenoms Viperfav® and Viperatab®. Clin. Toxicol. 2020, 58, 1050–1057. [Google Scholar] [CrossRef]

	



Bush, S.P.; Ruha, A.M.; Seifert, S.A.; Morgan, D.L.; Lewis, B.J.; Arnold, T.C.; Clark, R.F.; Meggs, W.J.; Toschlog, E.A.; Borron, S.W.; et al. Comparison of F(ab’)2 versus Fab Antivenom for Pit Viper Envenomation: A Prospective, Blinded, Multicenter, Randomized Clinical Trial. Clin. Toxicol. 2015, 53, 37–45. [Google Scholar] [CrossRef]

	



Boyer, L.V.; Chase, P.B.; Degan, J.A.; Figge, G.; Buelna-Romero, A.; Luchetti, C.; Alagón, A. Subacute Coagulopathy in a Randomized, Comparative Trial of Fab and F(ab’)2 Antivenoms. Toxicon 2013, 74, 101–108. [Google Scholar] [CrossRef]

	



Smalligan, R.; Cole, J.; Brito, N.; Laing, G.D.; Mertz, B.L.; Manock, S.; Maudlin, J.; Quist, B.; Holland, G.; Nelson, S.; et al. Crotaline Snake Bite in the Ecuadorian Amazon: Randomised Double Blind Comparative Trial of Three South American Polyspecific Antivenoms. Br. Med. J. 2004, 329, 1129–1133. [Google Scholar] [CrossRef] [PubMed]

	



Chippaux, J.P.; Lang, J.; Amadi-Eddine, S.; Fagot, P.; Le Mener, V. Short Report: Treatment of Snake Envenomations by a New Polyvalent Antivenom Composed of Highly Purified F(ab’)2: Results of a Clinical Trial in Northern Cameroon. Am. J. Trop. Med. Hyg. 1999, 61, 1017–1018. [Google Scholar] [CrossRef] [PubMed]

	



Boels, D.; Hamel, J.F.; Deguigne, M.B.; Harry, P. European Viper Envenomings: Assessment of ViperfavTM and Other Symptomatic Treatments. Clin. Toxicol. 2012, 50, 189–196. [Google Scholar] [CrossRef] [PubMed]

	



Reid, H.A.; Chan, K.E.; Thean, P.C. Prolonged Coagulation Defect (Defibrination Syndrome) in Malayan Viper Bite. Lancet 1963, 1, 621–626. [Google Scholar] [CrossRef]

	



Karabuva, S.; Vrkić, I.; Brizić, I.; Ivić, I.; Lukšić, B. Venomous Snakebites in Children in Southern Croatia. Toxicon 2016, 112, 8–15. [Google Scholar] [CrossRef] [PubMed]

	



Garkowski, A.; Czupryna, P.; Zajkowska, A.; Pancewicz, S.ł.; Moniuszko, A.; Kondrusik, M.; Grygorczuk, S.; GoŁebicki, P.; Letmanowski, M.; Zajkowska, J. Vipera Berus Bites in Eastern Poland—A Retrospective Analysis of 15 Case Studies. Ann. Agric. Environ. Med. 2012, 19, 793–797. [Google Scholar]

	



Iliev, Y.T.; Tufkova, S.G.; Zagorov, M.Y.; Nikolova, S.M. Snake Venom Poisoning in the Plovdiv Region from 2004 to 2012. Folia Med. 2014, 56, 32–37. [Google Scholar] [CrossRef]

	



Vázquez, H.; Chávez-Haro, A.; García-Ubbelohde, W.; Mancilla-Nava, R.; Paniagua-Solís, J.; Alagón, A.; Sevcik, C. Pharmacokinetics of a F(ab′)2 Scorpion Antivenom in Healthy Human Volunteers. Toxicon 2005, 46, 797–805. [Google Scholar] [CrossRef]

	



Vázquez, H.; Chávez-Haro, A.; García-Ubbelohde, W.; Paniagua-Solís, J.; Alagón, A.; Sevcik, C. Pharmacokinetics of a F(ab′)2 Scorpion Antivenom Administered Intramuscularly in Healthy Human Volunteers. Int. Immunopharmacol. 2010, 10, 1318–1324. [Google Scholar] [CrossRef]

	



Dart, R.C.; Bush, S.P.; Heard, K.; Arnold, T.C.; Sutter, M.; Campagne, D.; Holstege, C.P.; Seifert, S.A.; Lo, J.C.Y.; Quan, D.; et al. The Efficacy of Antivenin Latrodectus (Black Widow) Equine Immune F(ab′)2 Versus Placebo in the Treatment of Latrodectism: A Randomized, Double-Blind, Placebo-Controlled, Clinical Trial. Ann. Emerg. Med. 2019, 74, 439–449. [Google Scholar] [CrossRef] [PubMed]

	



Ellis, R.M.; Sprivulis, P.C.; Jelinek, G.A.; Banham, N.D.G.; Wood, S.V.; Wilkes, C.J.; Siegmund, A.; Roberts, B.L. A Double-Blind, Randomized Trial of Intravenous versus Intramuscular Antivenom for Red-Back Spider Envenoming. EMA-Emerg. Med. Australas. 2005, 17, 152–156. [Google Scholar] [CrossRef] [PubMed]

	



Osipov, A.; Utkin, Y. What Are the Neurotoxins in Hemotoxic Snake Venoms? Int. J. Mol. Sci. 2023, 24, 2919. [Google Scholar] [CrossRef]

	



Sanz, L.; de Freitas-Lima, L.N.; Quesada-Bernat, S.; Graça-de-Souza, V.K.; Soares, A.M.; Calderón, L.d.A.; Calvete, J.J.; Caldeira, C.A.S. Comparative Venomics of Brazilian Coral Snakes: Micrurus frontalis, Micrurus spixii spixii, and Micrurus surinamensis. Toxicon 2019, 166, 39–45. [Google Scholar] [CrossRef]

	



Maduwage, K.; Isbister, G.K. Current Treatment for Venom-Induced Consumption Coagulopathy Resulting from Snakebite. PLoS Negl. Trop. Dis. 2014, 8, e3220. [Google Scholar] [CrossRef]

	



Karlson-Stiber, C.; Persson, H.; Heath, A.; Smith, D.; Al-Abdulla, I.H.; Sjöström, L. First Clinical Experiences with Specific Sheep Fab Fragments in Snake Bite. Report of a Multicentre Study of Vipera Berus Envenoming. J. Intern. Med. 1997, 241, 53–58. [Google Scholar] [CrossRef] [PubMed]

	



Smith, D.C.; Reddi, K.R.; Laing, G.; Theakston, R.G.D.; Landon, J. An Affinity Purified Ovine Antivenom for the Treatment of Vipera berus Envenoming. Toxicon 1992, 30, 865–871. [Google Scholar] [CrossRef]

	



Al-Abdulla, I.; Garnvwa, J.M.; Rawat, S.; Smith, D.S.; Landon, J.; Nasidi, A. Formulation of a Liquid Ovine Fab-Based Antivenom for the Treatment of Envenomation by the Nigerian Carpet Viper (Echis ocellatus). Toxicon 2003, 42, 399–404. [Google Scholar] [CrossRef]

	



Dart, R.C.; Seifert, S.A.; Boyer, L.V.; Clark, R.F.; Hall, E.; McKinney, P.; McNally, J.; Kitchens, C.S.; Curry, S.C.; Bogdan, G.M.; et al. A Randomized Multicenter Trial of Crotalinae Polyvalent Immune Fab (Ovine) Antivenom for the Treatment for Crotaline Snakebite in the United States. Arch. Intern. Med. 2001, 161, 2030–2036. [Google Scholar] [CrossRef] [PubMed]

	



Cardoso, J.L.C.; Fan, H.W.; França, F.O.S.; Jorge, M.T.; Leite, R.P.; Nishioka, S.A.; Avila, A.; Sano-Martins, I.S.; Tomy, S.C.; Santoro, M.L.; et al. Randomized Comparative Trial of Three Antivenoms in the Treatment of Envenoming by Lance-Headed Vipers (Bothrops jararaca) in São Paulo, Brazil. QJM 1993, 86, 315–325. [Google Scholar] [CrossRef]

	



Win-Aung. Intramuscular Antivenom Administration as an Effective First-Aid Measure in Management of Snakebites. In Proceedings of the Management of Snakebite and Research—Report and Working Papers of a Seminar, Yangon, Myanmar, 11–12 December 2001; pp. 29–33. [Google Scholar]

	



Tibballs, J.; Padula, A.M.; Winkel, K.D.; Jackson, H.D. Delayed Antivenom for Life-Threatening Tiger Snake Bite: Lessons Learnt. Anaesth. Intensive Care 2020, 48, 399–403. [Google Scholar] [CrossRef]

	



Kurtović, T.; Lang Balija, M.; Ayvazyan, N.; Halassy, B. Paraspecificity of Vipera a. Ammodytes-Specific Antivenom towards Montivipera raddei and Macrovipera lebetina obtusa Venoms. Toxicon 2014, 78, 103–112. [Google Scholar] [CrossRef]

	



de Haro, L.; Glaizal, M.; Tichadou, L.; Blanc-Brisset, I.; Hayek-Lanthois, M. Asp Viper (Vipera aspis) Envenomation: Experience of the Marseille Poison Centre from 1996 to 2008. Toxins 2009, 1, 100–112. [Google Scholar] [CrossRef] [PubMed]

	



Sutherland, S.K.; Trinca, J.C. Survey of 2144 Cases of Red-Back Spider Bites. Australia and New Zealand, 1963-1976. Med. J. Aust. 1978, 2, 620–623. [Google Scholar] [CrossRef] [PubMed]

	



Kalyan Kumar, B.; Nanda, S.S.; Venkateshwarlu, P.; Kiran Kumar, Y.; Jadhav, R.T. Antisnake Venom Serum (Asvs). Int. J. Pharm. Biomed. Res. 2010, 1, 76–89. [Google Scholar]








[image: Toxins 15 00398 g001 550] 





Figure 1. Distribution of i.m. (A) and i.v. antivenom (B) through the body compartments. 
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Table 1. Preclinical studies of antivenoms administered by i.v. or i.m. route measured in animal models.
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Venomous Species

	
Route

	
Type of Antivenom

	
Animal Model




	
Rabbit

	
Sheep

	
Mouse

	
Porcine

	
Cattle

	
Horse

	
Rat

	
Dog






	
Snakes

	
i.v.

	
F(ab’)2

	
[43,87,88,106,107]

	
[74]

	
[95]

	

	

	

	

	




	
Fab

	
[43,107]

	

	

	
[91]

	

	

	

	




	
IgG

	
[88],

	

	
[95]

	

	
[93,104]

	
[104]

	

	
[99]




	
i.m.

	
F(ab’)2

	
[87,88,107]

	

	
[95]

	

	

	

	

	




	
Fab

	
[43]

	

	
[108]

	

	

	

	

	




	
IgG

	
[88]

	

	
[95,108]

	

	

	

	

	




	
s.c.

	
Fab

	

	

	

	
[91]

	

	

	

	




	
Scorpions

	
i.v.

	
F(ab’)2

	
[89,103,109,110,111,112]

	

	

	

	

	

	
[113]

	




	
Fab

	
[103]

	

	

	

	

	

	
[113]

	




	
IgG

	
[103]

	

	

	

	

	

	

	




	
i.m.

	
F(ab’)2

	
[89,109,110,112]

	

	

	

	

	

	
[113]

	




	
Fab

	
[103]

	

	

	

	

	

	
[113]
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Table 2. Clinical studies of antivenoms administered by i.v. or i.m. route.
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Venomous Species

	
Route

	
Type of Antivenom

	
References






	
Snakes

	
i.v.

	
Fab

	
[46,48,49,124,138,140,141,142,143,144,145]




	
F(ab’)2

	
[17,18,45,48,133,134,139,142,143,144,145,146,147,148]




	
IgG

	
[14,45,137,146,149]




	
i.m.

	
F(ab’)2

	
[19,90,140,150]




	
IgG

	
[149,151,152]




	
Scorpions

	
i.v.

	
F(ab’)2

	
[42,153]




	
i.m.

	
F(ab’)2

	
[39,42,154]




	
Spiders

	
i.v.

	
IgG/F(ab’)2

	
[38,59,60,155,156]




	
i.m.

	
IgG/F(ab’)2

	
[38,59,60,156]
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