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Preface

Medical toxicology focuses on the short- and long-term adverse effects of medications,
including drug—drug, drug-herb, and drug-disease interactions and drug overdoses.
It is involved in the diagnosis, management, and prevention of acute and chronic
poisonings due to, among others, occupational, environmental, and industrial toxic
chemicals.

Medical toxicologists are also interested in substance abuse, venoms, toxins, and
antidotes. In the field of medical toxicology, practitioners are physicians. Their pri-
mary specialization is generally in emergency medicine, occupational medicine, or
pediatrics. Medical toxicologists can provide direct treatment and bedside consulta-
tion of acutely poisoned patients, including children in emergency departments,
intensive care units, and other inpatient and outpatient units/clinics.

Medical toxicologists can also provide advice in poison control centers, contribute
to pharmaceutical research and drug safety, and deal with health policy issues.
Therefore, medical toxicology has a wide variety of working fields. Medical
Toxicology focuses on the prevention and treatment of poisonings with venoms and
toxins, treatment of envenomation, interactions in clinics, antidotes, and forensic
toxicology.

This volume provides the reader with a general overview of the treatment of acute/
chronic poisonings including poisonings with drugs, venoms, and toxins, and the
antidotes used in clinics.

Pinar Erkekoglu
Department of Toxicology,
Faculty of Pharmacy,
Hacettepe University,
Ankara, Turkey

Tomohisa Ogawa
Graduate School of Agricultural Science Tohoku University,

Japan
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Chapter1

Introductory Chapter: Medical
Toxicology

Pinar Erkekoglu and Suna Sabuncuoglu

1. Introduction

Toxicology is “the study of the occurrence, properties, detection, adverse
effects, and regulation of biological, chemical or physical agents on living organ-
isms.” Modern toxicology focuses on the adverse effects of toxic substances (includ-
ing toxins, venoms, and toxicants) at molecular level [1, 2].

Since toxicology is a multidisciplinary science, the contributions and activities
of toxicologists are widespread and diverse. Toxicologists are mainly concerned
with the mechanisms of action of different agents as, we now know, all agents can
lead to toxicity due to the exposure period and dose. However, for even the most
known and oldest agents, the pathways or endogenous molecules they affect to
create toxicity are still being investigated by scientists. As toxicologists, we also
contribute to other scientific areas including medicine, physiology, and pharmacol-
ogy while we receive the help from several branches of science. Toxicologists mainly
recognize, identify, and quantify the hazards of foods, pharmaceuticals, workplace
chemicals, household products, cosmetics, and personal care products along with
toxins and venoms. Furthermore, toxicologists who work as members of academic,
industrial, and governmental organizations can also develop the standards and
regulations in order to protect human and animal health as well as the environment
from the adverse effects of microorganisms, chemicals, or physical agents. In the
modern era, toxicologists share methodologies and scientific knowledge to obtain
accurate data about the unwanted effects of different agents [1, 3, 4].

2. Poison, toxin, toxicant, and venom

Poison is any substance that leads to harmful effect/s to a living organism when
taken by any route, either by accident or design. The history of poisons and poisoners
has along record dating back to the ancient times. In Homer’s Odyssey, the first use
of a specific antidote was documented. In three books (De Antidotis I, De Antidotis II,
and De Theriaca ad Pisonem) written by Galen (AD 129-200), the development of
a universal antidote was described in detail. Later, Nicander (197-170 BC) focused
on the prevention of the gastrointestinal absorption of poisons, emesis induction by
using an emetic agent and the mechanical stimulation of the hypopharynx. Greeks
and Romans used oral wood charcoal to treat diseases such as anthrax and epilepsy.
After 1960s, the use of activated charcoal was routinely recommended in many
poisonings [5].

Paracelsus (1493-1541), the “Father of Toxicology,” was a physician-alchemist.
He formulated many revolutionary ideas that form the basic structure of toxicology,
pharmacology, and medicine today. The scientist indicated “Dosis facit venenum,’
which simply means “All substances are poisons; there is none which is not a poison.
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It is the dose that differentiates between a poison and a medicine.” Therefore, poi-
soning is a quantitative concept, and we now know that the right dose distinguishes
“apoison” from “a remedy.” It can be stated that “Almost any substance, including
water, can lead to toxicity at high doses without causing any harmful effects at
lower doses.” However, we also know that some chemicals can also lead to toxicity
at lower doses and the harmful effect will not significantly increase at higher doses.
The toxicity of some endocrine disruptors, particularly bisphenol A (BPA), is an
example [1].

There is a certain difference between “a toxicant” and “a toxin” and they are
not used as synonyms. Many people do not clearly know the difference and instead
they refer every harmful substance as “a toxin.” Toxicants are synthetic, human-
made, and toxic chemicals which are capable of causing deleterious effects on living
organisms. Toxicants are significantly different from toxins not only because of
their synthetic origins but also because of their production volumes and masses,
distribution processes, and structural heterogeneity. They can be present in houses,
workplaces, living organisms, and environment. On the other hand, toxins are
small molecules, peptides, or proteins that are produced by living organisms. In
general, toxins are metabolic products, which are parts of the defense mechanisms
of animals, plants, insects, microbes, etc. against other living forms. The term “bio-
toxin” is occasionally used to explicitly confirm the biological origin. The organisms
produce them in order to predate or repel (such as in the snake, scorpion, spider,
jellyfish, and wasp toxins) or defense (honeybee, bee, ant, wasp, termite, and dart
frog toxins) [6, 7].

The action of toxins has long been recognized and understood throughout
human history. Toxins from plants are associated with murder, assassination, and
suicide. The deaths of several famous historical figures have directly or indirectly
involved toxins from poisonous plants. Socrates was forced suicide with a toxic
alkaloid from poison hemlock (Conium maculatum), while the many victims of
Livia (wife of Emperor Augustus) and Agrippina (wife of Claudius) succumbed to
the toxic tropane alkaloids of the deadly nightshade (Atropa belladonna) [7-9].

A common characteristic of natural toxins is to cause deleterious effects with
small quantities on the metabolic and physiologic functions of a living organism.
Toxins usually interact with biological macromolecules like enzymes or with
cellular receptors. Toxins vary greatly in structure. Moreover, their harmful
effects can range from minor (such as a bee sting) to almost immediately deadly
(such as botulinum toxin). A systemic toxin affects the entire body or many
organs rather than a specific site. An organ toxin affects only specific tissues or
organs [10].

A “venom” is a secretion of an animal (like snake, spider, and scorpion) that
contains one or more toxins. Venoms usually are classified into four major groups
according to their mechanisms of action: (i) Necrotoxins, which cause necrosis in
the cells they encounter (e.g., viper venoms), (ii) Neurotoxins, which primarily
act on the nervous system of the exposed living organisms (e.g., box jellyfish,
scorpion, octopus, cone snail, centipede, and black widow spider venoms),

(iii) Cytotoxins, which kill the exposed individual cells (e.g., black widow spider
venoms), and (iv) Myotoxins, which damage muscle cells by binding to a receptor
(e.g., snake and lizard venoms). Due to the highly specific and potent effects of
venoms, they often serve as excellent candidates from which therapeutic drugs
may be developed. As venom peptides and proteins affect the mammalian physi-
ological processes, these structures can assist in creating targeted libraries of
potential drug candidates. They are extremely site-specific in their actions and this
specificity can provide a value as a lead therapeutic or biological probe [11, 12].
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3. Medical toxicology

Medical toxicology is a subbranch of toxicology, which is concerned with pro-
viding the diagnosis, management, and prevention of poisoning and other adverse
effects of drugs, cosmetics, personal care products, occupational and environ-
mental toxicants, and biological agents. Medical toxicology mainly deals with the
prognostic indicators of poisoning severity and predictors for the treatment. For
practical reasons, much of this work has been retrospective in nature; however, it
has resulted in significant aids to guide the treatment rendered by clinical toxicolo-
gists. Medical toxicologists are involved in the assessment and treatment of a wide
variety of problems, including acute or chronic poisoning, substance abuse, adverse
drug reactions (ADRs), drug overdoses, envenomations, industrial accidents, and
other chemical exposures. Generally, physicians who are specialized in emergency
medicine, poison management, and pediatrics can become medical toxicologists.
Medical toxicologists work on finding new and effective antidotes and treatments
in order to prevent poisonings and xenobiotic injuries. Medical toxicology is closely
related to clinical toxicology, with the latter discipline encompassing nonphysicians
(generally pharmacists) as well [13-16].

Poisoning is a significant global public health problem. Childhood poisonings
were recognized as a significant component of pediatric practice and patient mor-
bidity in the 1930. However, little information was present on the toxicity of house-
hold products and management recommendations at that time. A Duke University
pediatrician, Jay Arena, tried to systematically collect, analyze, and distribute the
clinical information to physicians about childhood poisonings. In a case series, the
researcher described the clinical outcome of 50 lye-poisoning cases. This was one of
the first reports on the hazards of household products to children [17].

Medical toxicology has been improved by the evolution of poison control cen-
ters. Poison control centers were established to provide drug and chemical toxicity
information and patient management guidance to physicians. These services were
expanded to handle telephone calls from laypersons in the 1960s. Arising out of a
growing concern over the rising incidence of poisoning worldwide, coupled with a
lack of public awareness about its seriousness, poison control centers mainly serve
for the public in order to direct information to patients and health-care profession-
als today. A poison control center is usually managed by a medical toxicologist who
specializes in poisonings. These centers also recruit educators for poison prevention
programs and provide education activities for health-care personnel and poison
prevention organizations [18-20].

In 2017, 84% of poison exposures reported to US poison centers were nontoxic,
minimally toxic, or had at most a minor effect. Intentional exposures were signifi-
cantly more serious, with a 30-fold greater percentage of serious outcomes (major
or fatal effects) compared to unintentional exposures. Exposures in teens and adults
were also considerably more serious, with 19.09% of teens and 17.91% of adults hav-
ing a moderate, major, or fatal effect compared to 1.10% of children younger than
6 years. In 2018, 12.1% of poisonings in the USA arose from cosmetics/personal care
products, while cleaning substances (household) and analgesics caused 10.7% and
9.0% of the poisonings, respectively. In the same year, analgesics were responsible
for 10.9% of all drug poisonings followed by sedatives/hypnotics/antipsychotics
(9.3%), antidepressants (7.3%), and cardiovascular drugs (6.5%) [21]. According
to data obtained from World Health Organization (WHO), unintentional poison-
ings claimed the lives of an estimated 193,460 people worldwide in 2012, and the
majority of the deaths (84%) were in low- and middle-income countries. Suicide
causes the loss of a million people each year and environmental chemicals such as



Medical Toxicology

pesticides lead to a significant number deaths annually. It is estimated that deliber-
ate ingestion of pesticides causes 370,000 deaths each year. The problem is getting
worse with time as newer drugs and chemicals are developed in vast numbers. On
the other hand, snakebites are a largely underappreciated public health problem in
many countries and they lead to significant challenges for medical care. While reli-
able data are hard to obtain, WHO estimated that about 5 million snakebites and 2.5
million envenomings occur each year. As antivenoms are not present in many parts
of the world, snake venoms cause at least 100,000 deaths, 300,000 amputations,
and many permanent disabilities [22].

Poisoning due to accidental or deliberate ingestion or inhalation of drugs or
chemicals is a common, acute medical emergency. For a seriously poisoned patient,
a hospital emergency room serves as the initial phase of treatment. For optimal
care and treatment of a poisoned patient, clinical toxicologists usually recommend
a methodically executed and stepwise approach. The six main steps of the initial
clinical encounter for a poisoned patient are: (i) stabilization, (ii) clinical evalua-
tion, (iil) prevention of absorption, (iv) enhancement of elimination, (v) adminis-
tration of antidote, and (vi) supportive care and clinical follow-up [23-26].

4, Antidotes

An antidote is a substance that can counteract a form of poisoning. There is
relatively small number of specific antidotes available for clinical use as it is difficult
to develop a specific antidote and the market is very narrow. Furthermore, perform-
ing clinical trials in overdose patients have also practical difficulties. Although the
Food and Drug Administration (FDA) forces drug companies to develop antidotes
through the Orphan Drug Act, there is still need for safer and more specific
antidotes today as many antidotes in use have a relatively low margin of safety or
therapeutic index [27].

Antidotes have various modes of actions. Some are competitive receptor antago-
nists (e.g., naloxone, and flumazenil), while some are competitive receptor agonists
(e.g., adrenaline and physostigmine). Some antidotes act as competitive enzyme
antagonists (e.g., ethanol). Some act as chelating agents and they are mostly used
against intoxication with metals [British anti-Lewisite (BAL) and succimer for lead,
desferrioxamine for iron, cobalt edetate for cyanide, and calcium for fluoride].
Some antidotes reverse toxic effects on target molecules (glucagon and octreotide),
while some use physiological antagonism (benzodiazepines). In some cases, anti-
dotes pharmacologically antagonize the effects of the toxin/toxicant. Antidotes that
bind to venoms or toxins are called “antivenoms.” The antidote can also facilitate
the body clearance of the toxin/toxicant and it is possible for certain chemicals to
exert their antidote effects by chemically reacting with biological systems in order
to increase the detoxifying capacity for the toxin/toxicant. In order to optimize the
treatment of the poisoned patient, medical toxicologists must have detailed knowl-
edge on the therapeutic use of antidotes and when to use them [28, 29].

5. Conclusion

Medical toxicology is an important field of medicine dedicated to the evalua-
tion and treatment of poisoned and envenomated patients. Medical toxicologists
mainly investigate the adverse health effects of medications, occupational and
environmental toxins, and biological agents and specialize in the preventing,
evaluating, treating, and monitoring an injury or illness from toxic exposure.
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Medical toxicologists can work in a variety of settings including emergency depart-
ments, inpatient units, outpatient clinics, occupational health settings, national
and regional poison control centers, academic institutions, industry, commerce,
governmental agencies, and clinical and forensic laboratories to serve for public
health. Medical toxicology will a more important area of toxicology in the future,
as FDA has approved 20-25 new drugs per year in the past two decades and annual
approvals in the past 5 years have been in the range of 40-50 new drugs, except for a
dip in 2016. Moreover, thousands of chemicals, household products, and cosmetics
are introduced to the market every year. Newer, safer, and more effective antidotes
should be available. Therefore, medical toxicologists should also put effort on find-
ing antidotes for both old and new drugs as well as for environmental chemicals,
toxins, and venoms. Poison control centers should also be more active and effective,
particularly in developing countries, in order to reduce emergency hospitalizations
and increase the quality of life.
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Venomics Study of Protobothrops
flavoviridis Snake: How Venom
Proteins Have Evolved and

Diversified?

Tomohisa Ogawa and Hiroki Shibata

Abstract

Venomics projects have been conducted to disclose the divergent profiles and evo-
lution of various venomous animals. Here, we describe the venomics project includ-
ing genome and transcriptome of habu snake, leading to drug discovery. Venomics
project including the decoding of their whole genomes revealed partly a producing
mechanism of various venom proteins including accelerated evolution and alterna-
tive splicing and how the toxic organisms have evolved from the nontoxic ones. In
addition, the venomics analysis of transcriptomes and proteomes beyond species
reveals the relationship between the geographical distribution and evolution of toxic
organisms. The abundance of different gene products within a gene family caused by
accelerated evolution and alternative splicing may contribute to expand the reper-
toire of effective weapons to prey capture accompanied with neofunctionalization.

Keywords: alternative splicing, evolution, snake, venomics, whole genome analysis

1. Introduction

A wide variety of creatures, bio-diversified life, have been evolved over 3.8
billion years on earth. Some organisms can produce the biological weapons called
“toxins.” How have these poisonous organisms evolved to become poisonous?
Recent progress on genome sequencing technology has made it possible to analyze
the whole genomes of non-model organisms other than model ones and become
an important tool for understanding their evolutionary history [1, 2]. “Venomics
project” has been undertaken, in which the genomes of a venomous animals are
deciphered, and their entire contents of venom are revealed by proteomics and
transcriptomics in addition to genome analysis.

2. Toxin-producing organisms
There are various creatures with “toxins” in nature. Toxin derived from living
organisms are originally toxic organic compounds such as alkaloids and polyethers

produced by plants and phytoplankton and then accumulated through the food
chain. On the other hand, the toxins produced by venomous animals are called
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“venom” and mainly consist of “cocktails” of various bioactive peptides and
proteins. In nature, various poisonous animals such as spider (~38,000 species),
scorpions (~1400 species), cone snail (~3200 species), and snakes (~800 spe-
cies) exist. These peptide/protein toxins act specifically on various target sites as a
mixture, disrupting the biological function of prey species.

Since each toxic component have been shown to be very selective, spe-
cific, and potent, they represent the lead compounds for the development of
new drugs, pharmaceutical lead with few side effects, and useful tool which
reveals complex mechanisms of life such as central and peripheral nervous,
cardiovascular, blood coagulation, complement, and immune systems. In
fact, some successful examples of venom-derived peptides and proteins have
been already developed and in practical use such as Prialt and ziconotide.
Ziconotide is a 25-amino acid peptide o-conotoxin M isolated from Conus magus
and blocks neuronal N-type voltage-gated calcium channels, causing a potent
analgesic effect for chronic severe pain with 1000 times more effective than
morphine. Captopril is also a notable example of pharmaceutical drug derived
from toxins as a bradykinin-potentiating peptide isolated from the venom of
Bothrops jararaca snake and widely used as an anti-hypotensive by inhibition of
angiotensin-converting enzyme (ACE). Thus, a variety of toxins are useful as
pharmaceutical leads.

3. Venomics projects

The “venomics projects,” international joint research projects on various venom-
ous animal genome, transcriptome, and proteome analyses, were proposed at the
14th International Society on Toxinology (IST) held in Adelaide, Australia, in 2003
[3]. These projects aim to obtain the common information to toxic organisms such as
snakes, scorpions, spiders, bees, poisonous frogs, cone snails, sea anemones, jelly-
fishes, etc. They also provided new knowledge that leads to understanding the venom
production and transport systems, molecular mechanisms of diversity of venomous
proteins, search for new toxic components related to the drug discovery and phar-
macological agents that directly relate to unmet medical needs for diseases, and new
therapeutic treatments for venom animal bites. For example, the European Venomics
Project (completed in October 2015) was based on the several omics analyses (mainly
proteome and transcriptome analyses) of 203 venomous animal species ranging from
scorpions, corn snails, poisonous spiders, snakes, and lizards, resulting in the identi-
fication of 25,000 toxic protein/peptide sequences, of which 4000 were functionally
analyzed [4].

In Japan, to elucidate the novel toxins and the diversification mechanism
of venom proteins by accelerated evolution, we deciphered the whole genome
sequence of habu snake (Protobothrops flavoviridis).

To date, genome analysis of venomous animals including sea anemones [5],
mites [6], scorpions [7], poisonous frogs [8], and bees [9] has been performed.
Furthermore, whole genome sequence analyses of several venomous snakes that
include king cobra [10], pygmy rattlesnake [11], saw-scaled viper [12], five-pacer
viper [13], Taiwan habu [14], habu [15], hot-spring snake [16], and some sea snakes
[17] have been reported in addition to nontoxic snakes such as python [18], boa
[11], corn snake [19], and common garter snake [20] (Table 1). More recently, near
chromosome-level assembly has been also achieved for Indian cobra [21] and garter
snake (Table1).

Here, we describe what we have learned from the venomics analyses on the
genome and transcriptome decoding of habu snake (P, flavoviridis).
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4. What is habu snake, P. flavoviridis?

Habu snakes inhabiting in Nansei Islands (Southwest Islands) of Okinawa and
Kagoshima prefectures are the most dangerous domestic snakes in Japan (Figure 1).
Due to their relatively large body size, long attacking range, and a large amount of
delivered venom, still many snakebites and envenoming occur especially during
farming (about 80 to 100 cases per year). While habu snakes are specific animals
designated by Japanese laws, they are subject to extermination as sanitary animals
in many habitats, and some are also consumed commercially such as habu liquor
and leather products including the Okinawan musical instrument, Sanshin.

Among the 14 species of Protobothrops (The Reptile Database: http://www.
reptile-database.org/), three species, P. flavoviridis from the Amami and the
Okinawa islands, P. tokarensis from the Tokara Islands, P. elegans from the Yaeyama
Islands, are endemic to Japan (Figure 2A).

In addition to Protobothrops, Ovophis okinavensis (hime-habu) are distributed
from the Amami and Okinawa islands. From the view of geographical history of
the Nansei Islands of Japan and Taiwan, it was expected that these Protobothrops
snakes including the Taiwan habu (P. mucrosquamatus), which are distributed in
Taiwan, have been diversified from the beginning of the Quaternary Pleistocene
to 2.0 million years ago when the islands began to be separated from the conti-
nent. Isolated environment on each island resulted in the differentiation and the

Figure 1.
Protobothrops flavoviridis snake (a) and its venom (b).
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Figure 2.
Distribution of Protobothrops snakes (a) and geological history of the Nansei Islands in Japan (B).
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speciation of Protobothrops species. Molecular phylogenetic analyses using the
full-length mtDNA genome sequences of Protobothrops snakes showed that the habu
snake (P, flavoviridis) is close to the Tokara habu (P, tokarensis) and Sakishima habu
(P, elegans) is close to the Taiwan habu (R mucrosquamatus), respectively [22]. These
observations are consistent with the geographical history of the Nansei Islands, that
is, Okinawa-Amami islands and Taiwan-Yaeyama islands were first separated by
Yangtze River (corresponding to the Kerama Gap) and diverged into two groups,
the habu (P, flavoviridis) and Tokara habu (P, tokarensis) species groups and the
Sakishima habu (P, elegans) and Taiwan habu (R mucrosquamatus) species groups.
Further, a remarkable genetic gap between the Amami and Okinawa clades within
P, flavoviridis was observed. Interestingly, the Tokara habu (P, tokarensis) was found
to be genetically very close to the Amami clade of P. flavoviridis than the Okinawa
clade. This indicates that some populations of the Amami clade of P. flavoviridis
have distributed on the Tokara Islands (Takara and Kodakara islands) and become
differentiated to the Tokara habu (P, tokarensis) after the divergence of Amami and
Okinawa clades. In addition, the Sakishima habu and Taiwan habu diverged as the
Yaeyama Islands are separated from Taiwan due to the Yonaguni Gap (Figure 2B).
Due to the gap of the mouth of the old Yellow River (equivalent to the Tokara Gap),
there is no Protobothrops snake in the mainland of Japan beyond the Tokara Gap. In
summary, the evolutionary history of the speciation of Protobothrops in the Nansei
Islands is closely associated with the geographical history of the islands.

Snake venoms are potentially lethal complex mixtures composed of proteins and
peptides encoded by multigene families that function specific but synergistically
to incapacitate the prey or opponent. Venom components can be classified based
on their effects as neurotoxic, cardiotoxic, cytotoxic, and hemorrhagic. The viper
venoms are known as hemorrhagic toxins that include a wide variety of physiologi-
cal activities such as metalloproteases (MPs) that destroy blood vessels, phospholi-
pase A, (PLA2) that causes inflammation and necrosis, C-type lectin-like proteins
(CTLP) and serine proteases (SP) that effect on blood clotting, and so on. Since
each of these peptide/protein toxins has very high specificity, it is expected to be a
useful tool for clarifying the complex mechanism of life and as a pharmaceutical
lead compound. To fully characterize snake venom repertoires and to understand
the molecular mechanisms involved in evolution and physiological functions of
snake venoms, “venomics studies” including whole genome decoding has been
much anticipated.

5. Habu venomics: decoding of the habu genome reveals the evolutionary
mechanism of venom-related genes that create a wide variety of
venoms

The genome of habu (P, flavoviridis) consists of 8 pairs of macro-chromosomes
including ZW sex chromosomes and 10 pairs of micro-chromosomes (total
2n = 36). The genome size was estimated to be approximately 1.8 Gb or 1.41 Gb in
size by FACS and k-mer analysis, respectively [15]. Recently, we decoded the whole
genome sequence of habu (P, flavoviridis) snake, that is, a total of 136 Gb of shotgun
sequences were analyzed and successfully decoded with a sequencing depth of
about 96-fold, resulting in the draft genome of habu snake, HabAm1, that include
25,134 protein-coding genes (Table 1) [15]. Among 20,540 annotated gene models
of HabAm1, we validated 284 genes as venom-related genes, 60 toxic protein
genes (SV), and 224 of their non-venom paralog genes (NV). Finally, 18 gene
families can be identified as venom-related genes, that is, metalloprotease, serine
protease, C-type lectin-like protein, phospholipase A,, three-finger toxin (3FTX),
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aminopeptidase (APase), Cys-rich secreted protein (CRISP), 5 ‘nuclease (5Nase),
hyaluronidase (Hyal), nerve growth factor (NGF), vascular endothelial growth
factor (VEGF), L-amino acid oxidase (LAAO), bradykinin-enhancing peptide and
C-type diuretic peptide (BPP and CNP), and so on (Figure 3).

Furthermore, the venom-related genes can be classified into three categories
according to the degree of gene duplication (Figure 3). Category III consists of four
gene families of MP, SP, CTLP, and PLA2, which are major components of venom
and highly multiplexed in both SV gene copies and NV paralog. Category II includes
3FTX, APase, and CRISP, which showed moderate multiplexing in both SV gene
copies and NV paralogs. Finally, category I, which consists of only 1 SV copy and 2
to 10 copies of NV paralogs, contained other venom-related genes such as LAAO,
NGF, VEGF, Hyal, 5Nase, etc. Phylogenetic analyses of these venom-related genes
revealed the unique evolutionary aspects of venomous proteins, that is, only one
gene out of four copies have gained venom functions during two-round whole
genome duplications (2R-WGD) that occurred in the early evolution of vertebrates.

The accelerated evolution phenomenon in venom proteins was first found in
the habu snake PLA?2 genes [23, 24] and was later found in other animal venom
proteins and peptides such as conotoxin [25, 26], scorpion toxins [27, 28], and
spider toxins [29]. Although accelerated evolution has been demonstrated in the
genes involved in the biodefence molecule and reproduction in addition to the
toxin genes [30], their mechanisms are unknown. Using the complete set of SV
and NV gene families in the habu genome, molecular evolution rates analysis by
computing numbers of synonymous (Ks) and non-synonymous (K,) nucleotide
substitutions per site for each pair suggested that accelerated evolution was
observed only in category III and category II, such as SP, PLA2, and CTLP (Ka/Ks
ratios: mean +/—SE =1.047 +/—0.438 for svMPs, 1.253 +/— 0.090 for svSPs,

Category III

Category II

Category I

Sase 2R-WGD

”:’“: Multigene + Alternative
=G \ Accelerated splicing

luti v
evolution =¥ - g (t:;)l Category I1I
| Category I
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Figure 3.

Deduced evolutionary and diversification history of Protobothrops flavoviridis snake venom proteins.
Through two rounds of whole genome duplication, original set of 18 venom-related gene families (shown in a
gray box) became 72 genes (four copies each). Then, a single copy of each family had been a co-option to gain
toxic functions, resulting in one toxic gene (shown in an orange box) and three non-venom paralogs (shown in
a blue box). Four families of major protein components in the venom (category III: MP, SB, CTLE, and PLA2)
have experienced repeated duplication, resulting in complex configurations with 9-11 SV genes and 31—57 NV
genes. SV genes in category III showed accelerated evolution. svMP, svSE, and svVEGF were also diversified by
alternative splicing.
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0.871 +/— 0.071 for svCTLPs, and 1.093 +/— 0.062 for svPLA2s) [15]. On the
other hand, the venom-related genes in category I and NV paralogs in all categories
I-IIT showed no accelerated evolution (K4/Ks ratios: 0.512 +/— 0.018).

Furthermore, RNA-seq (total of 1.7 billion read pairs, 348 Gb sequence, 1.11
million transcripts identified) from 18 tissues of habu snake and the comprehensive
transcript analysis in the venom gland by using PacBio sequencing (~97,000 tran-
scripts) were conducted [31]. Extensive alternative splicing was observed in three
venom protein gene families, metalloproteinase (MP), serine protease, and vascular
endothelial growth factors (VEGF) with a total of 81, 65, and 8 transcript variants,
respectively (Figure 3). Especially, svMP showed that over 80 splice variants were
transcribed from 11 genes diversified by gene duplication. MPs are key toxins that
cause venom-induced pathogenesis such as hemorrhage, fibrinolysis, and apoptosis.
According to their domain architecture, svMPs are classified into four groups (P-I
to P-IV) (Figure 4A). P-I type MPs possess only the metalloproteinase domains and
are largely non-hemorrhagic. P-II type MPs contain MP domains and disintegrin
domains. P-III type MPs contain Cys-rich domains as well as MP and disintegrin
domains. P-IV type MPs harbor lectin-like domains linked by disulfide bonds to the
P-III-like structures. These different types of MP proteins can be produced from
single MP genes not only by proteolytic processing but also alternatively splicing,
resulting in a wider variety of svMPs and disintegrin peptides (Figure 4B).

Thus, the alternative splicing is involved in a mechanism for generating diversity
of venom proteins in addition to the accelerated evolution [15, 31]. The abundance
of different gene products within a gene family caused by accelerated evolution and
alternative splicing may contribute to expand the repertoire of effective weapons to
prey capture accompanied with neofunctionalization.

A
Exons 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17
Zn?* binding
HEXXHXXGXXH|
|' ’él P-lll / P-IV

signal sequence preprosequence metalloproteinase linker disintegrin  Cys-rich domain

| | I Pl

L Pl

B swwp gene (P-lll type)

Exons 1 2 3 4 5 6 7 8 91011 12 131415 16 17
. RN
sVMP-v1 " / P-lll
svMP-v2 " / P-lll
svMP-v3 " / P-ll
svMP-v4 " / P-ll
svMP-v5 " / P-l
Figure 4.

Schematic structures (A) and alternative splicing (B) of metalloproteinase genes expressed in habu venom
glands. (A) the gene structure is shown with 17 exons. A Zn-binding site is also shown in exon 11. Different
domains in the three types of MP protein products (P-I, P-II, and P-III/P-IV) ave shown as boxes. The active site
is also shown by asterisk as “Zn-binding” motif, HEXGHNLGXXHD. P-1V contains lectin-like domain linked
by disulfide bonds to the P-III structuves. (B) Typical example of P-III type MP gene was shown with validated
transcript variants verified in the venom gland, which encode P-I~III type MPs. Initiation and stop codons are
marked with “M” and slashes, vespectively. Red-coloved arrowhead indicates Zn-binding site in exon 11.
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6. What comes from venomics project

What did we learn from the “venomics” researches including the decoding of their
whole genomes? It revealed partly a producing mechanism of various venom proteins
including accelerated evolution and alternative splicing and how the toxic organisms
have evolved from the nontoxic ones. In addition, the “venomics” analysis of transcrip-
tomes and proteomes beyond species reveals the relationship between the geographical
distribution and evolution of toxic organisms. Recent transcriptomic and proteomic
analyses of several snake venoms have reconfirmed in detail that snake venom variation
often occurs between individuals of not only interspecifically but also intra-specifically,
of which distributions are different geographic locations, diverse environment, and
eating habits [32]. For example, a proteomic analysis of 18 species of the genus Micrurus
snakes in the American continent revealed that the toxic compositions of the major
neurotoxins, PLA2, and 3FTX dramatically vary from species to species [32]. Terciopelo
(Bothrops asper) inhabiting Costa Rica has been also shown to have different toxic com-
positions between populations from the Pacific coast and from the Caribbean coast. In
addition another specie from the same genus, kaisaka (Bothrops atrox) inhabiting the
same Latin America, also has been shown to have different venom components between
Colombia and Brazil [33, 34]. These studies indicate that the composition and structure
of the venom varies from region to region even within the same species and that the
treatment with anti-venom for snakebites may not work in some areas due to the venom
diversity. The envenoming by snakebites is estimated to be about 5 million people
annually worldwide, of which about 125,000 die and 400,000 suffer from sequelae
such as the loss of extremities [35]. Currently, although anti-venom is currently the only
effective treatment for snakebites, there are some cases where the anti-venom produc-
tion is discontinued due to the economical or political reasons. This serious situation
was pointed out by the World Health Organization (WHO) as “neglected tropical
disease” [36]. Venomics research is important to develop the anti-venom by using pro-
tein engineering techniques against unknown venom proteins, which are obtained by
genome decoding, and to understand the mechanism of action of the venom. Venomics
research will also lead to the discovery of new useful tools for clarifying the complex
mechanisms of life and new functional molecules useful as pharmaceutical leads. For
example, three-finger toxins, which have been known as major components of Elapidae
and Hydrophiidae neurotoxins, were found in habu snake genome [15].

Whole genome analysis is a powerful tool to understand molecular mechanisms
involved in snake venom evolution. We expect that the whole genome analyses of
wider variety of venomous species will accelerate the acquisition of useful com-
prehensive information about different mixtures of venom proteins encoded by
different sets of genes and the understanding of the evolutionary histories of venom
systems and the common features of venomous animals.
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Chapter 3

Snakebite Therapeutics Based
on Endogenous Inhibitors
from Vipers

Narumi Aoki-Shioi and Cassandra M. Modahl

Abstract

Venomous snakebite is a major human health issue in many countries and has
been categorized as a neglected tropical disease by the World Health Organization.
Venomous snakes have evolved to produce venom, which is a complex mixture of
toxic proteins and peptides, both enzymatic and nonenzymatic in nature. In this
current era of high-throughput technologies, venomics projects, which include
genome, transcriptome, and proteome analyses of various venomous species, have
been conducted to characterize divergent venom phenotypes and the evolution of
venom-related genes. Additionally, venomics can also inform about mechanisms of
toxin production, storage, and delivery. Venomics can guide antivenom and thera-
peutic strategies against envenomations and identify new toxin-derived drugs/tools.
One potentially promising drug development direction is the use of endogenous
inhibitors present in snake venom glands and serum that could be useful for snake-
bite therapeutics. These inhibitors suppress the activity of venom proteases, enzy-
matic proteins responsible for the irreversible damage from snakebite. This book
chapter will focus on insights from venomous snake adaptations, such as the evolu-
tion of venom proteases to generate diverse activities and snake natural resistance
to inhibit activity, and how this information can inform and have applications in
the treatment of venomous snakebite.

Keywords: venomous snake, snake venom metalloprotease, hemorrhagic,
nonhemorrhagic, toxin resistance, natural inhibitor, endogenous inhibitor

1. Introduction

There are over 3700 extant snake species, but only approximately 200 in
600 venomous snake species, belonging to families Viperidae, Elapidae,
Atractaspididae, and some of Colubridae, are considered medically important on
public health aspects of snakebite [https://www.who.int/snakebites/disease/en/;
http://www.reptile-database.org/, Accessed: 2019-11-22]. The World Health Orga-
nization (WHO) has recognized snakebite envenomation as a neglected tropical
disease and has characterized a subset of venomous snake species as being of higher
medical importance in the four geographical areas of the world snakebite is most
frequent. The definition of highest medical importance to human public health
(category 1) is “highly venomous snakes which are common or widespread and
cause numerous snakebites, resulting in high levels of morbidity, disability, or
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mortality” [1]. These species are predominately from Elapidae and Viperidae fami-
lies, but the majority of these species are from the family Viperidae (vipers and pit
vipers). Viperidae species consist of approximately 50-100% of listed species in
each geographical area and make up just over 60% of the entire list (Table 1).
Venom variation results in pharmacological and clinical symptomology differ-
ences across venomous snake species, primarily varying in the extent of snakebite
tissue damage and toxicity. In recent years, venom has been investigated using
comprehensive venomics approaches, combining proteomics, transcriptomics, and
genomics, in an attempt to better understand venom components responsible for
variation. Next-generation sequencing (NGS) has greatly accelerated the pace of

Geographical Species Total
regions
Africaand the  Atractaspididae Atractaspis andersonii 1
Middle East

Elapidae Dendroaspis viridis, Dendroaspis angusticeps, Dendroaspis jamesoni, 17

Dendroaspis polylepis;
Naja anchietaea, Naja annulifera, Naja asheia, Naja arabica, Naja haje,
Naja katiensis, Naja melanol, Naja mossambica, Naja nigricollis, Naja

nigricincta, Naja nivea, Naja oxiana, Naja senegalensis

Viperidae Bitis arietans, Bitis gabonicaa, Bitis nasicornis, Bitis rhinocerosa; Cerastes 20
cerastes, Cerastes gasperettii;
Daboia mauritanicaa, Daboia palaestinaea; Echis borkini, Echis carinatus,
Echis coloratus, Echis jogeri, Echis leucogaster, Echis ocellatus, Echis
omanensisa, Echis leucogaster,
Echis pyramidum; Macrovipera lebetina, Montivipera xanthinal;
Pseudocerastes persicus,

Asia and Elapidae Acanthophis laevisa; 25
Australasia Bungarus caeruleus, Bungarus candidus, Bungarus niger, Bungarus
magnimaculatus, Bungarus multicinctus, Bungarus sindanus, Bungarus
walli;

Naja atra, Naja kaouthia, Naja naja, Naja mandalayensis, Naja
philippinensis, Naja samarensis, Naja siamensis, Naja sumatrana, Naja
sputatrix, Naja oxiana;

Notechis scutatus;

Oxyuranus scutellatus; Pseudonaja affinis, Pseudechis australisb, Pseudonaja
mengdeni, Pseudonaja nuchalis, Pseudonaja textilis.

Viperidae Cryptelytrops albolabrisa, Cryptelytrops erythrurusa, Cryptelytrops 17
insularisa, Calloselasma rhodostoma;
Deinagkistrodon acutus, Daboia russeliia, Daboia siamensisa;
Deinagkistrodon acutu;
Echis carinatus;
Gloydius blomhoffii, Gloydius brevicaudus, Gloydius halys;
Hypnale hypnale; Macrovipera lebetina, Protobothrops flavoviridis,
Protobothrops mucrosquamatus;
Viridovipera stejnegeria,

Europe Viperidae Vipera ammodytes, Vipera berus, Vipera aspis, 3

the Americas Viperidae Agkistrodon bilineatus, Agkistrodon contortrix, Agkistrodon piscivorus, 31
Agkistrodon taylovia;
Bothrops asper, Bothrops atrox, Bothrops cf. atrox (Trinidad), Bothrops
bilineatus, Bothrops alternatus, Bothrops brazili, Bothrops caribbaeus (St
Lucia), Bothrops lanceolatus (Martinique), Bothrops diporusa, Bothrops
Jjararaca, Bothrops javaracussu, Bothrops leucurus, Bothrops
mattogrossensisa, Bothrops moojeni, Bothrops pictus, Bothrops venezuelensis;
Crotalus adamanteus, Crotalus atrox,
Crotalus durissus, Crotalus durissus (Aruba), Crotalus horridus, Crotalus
oreganusa, Crotalus simus, Crotalus scutulatus, Crotalus totonacusa,
Crotalus viridis, Lachesis muta

Table 1.
Venomous snakes of highest medical importance (category 1); The table was modified classified sub-area in
each of four broad geographical vegions in tables 3-6 of Fifty-ninth report/WHO Expert Committee.
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venomics, making high-throughput outputs possible; several venom gland
transcriptomes can be sequenced together using multiplexed barcoded libraries,
with little difference in cost, and third-generation longer read technologies, such as
Oxford Nanopore (minlON), are now available to correct transcriptome assembly
errors [2]. Venom characterization that integrates both transcriptomics with prote-
omics has optimized proteomics by providing a species-specific database (venom
gland transcriptome) for toxin identification, an ideal method to better distinguish
unique toxins present in each species [3]. Current venom gland transcriptomes,
completed using NGS technologies (Illumina and Roche) and E. coli, generated
cDNA clone libraries, and assembled genomes of venomous snakes categorized as of
highest medical importance are listed in Table 2. In our investigation, completed

Venom gland transcriptomes Venomous snake genomes
Species Reference Species Reference
Elapidae Naja kaouthia, [4, 5] Notechis scutatus Unpublished
Dendroaspis angusticeps, [6] Pseudonaja textilis Unpublished
Dendroaspis jamesoni, [6]
Dendroaspis polylepis, [6]
Dendroaspis viridis [6]
Pseudonaja nuchalis [7]
Pseudonaja textilis [71
Viperidae Agkistrodon piscivorus [2, 8] Deinagkistrodon acutus [33]
leucostoma [9] Protobothrops mucrosquamatus [34]
Bitis gabonica [10] Protobothrops flavoviridis [35]
Bothrops alternatus [11, 12] Vipera berus [36]
Bothrops asper [13, 14] Crotalus viridis [37]
Bothrops atrox [4, 13, 15-17] Crotalus horridus [38]
Bothrops jararaca, [18]
Bothrops jararacussu [19-21]
Bothrops moojeni [19, 20, 22, 23]
Crotalus adamanteus [24, 25]
Crotalus durissus terrificus [12, 24]
Crotalus horridus [26]
Crotalus oreganus helleri [26]
Crotalus scutulatus, [11, 27, 28]
Crotalus simus [29]
Echis carinatus shochureki [29, 30]
Echis coloratus [66, 31]
Echis ocellatus [29]
Echis pyramidum leakeyi [32]
Lachesis muta [11]

Protobothrops flavoviridis

Table 2.
Venom gland transcriptomes and curvently completed snake genomes of species in category 1.
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transcriptomes in snake species in category 1 are only about 20% despite the
advance in increasing sequencing data. Additionally, on the completed snake
genome, sequences are also less than 10% limited number.

Transcriptome and proteome analyses of Viperidae species have consistently
found that snake venom metalloproteinases (SVMPs), phospholipases A, (PLA;s),
serine proteinases, and L-amino acid oxidases are the most abundant toxins in these
venoms [39]. These toxins are all enzymatic, providing immobilization and diges-
tive roles in prey capture. Snakebites from these species result in local tissue dam-
age, hemorrhage, and impaired coagulation symptoms in humans, which can lead to
disability and mortality [40].

To date, the only effective snakebite treatment is intravenous administration of
antibodies (often called antivenom), which come from animals immunized with
toxins. However, using heterologous antibodies generated from numerous venom
components has inherent weaknesses, such as an increased likelihood of an allergic
reaction or life-threatening anaphylactic shock. Further, antivenom does not abol-
ish local tissue damage, as it is intravenous and is usually not administered quickly
enough. Thus, there is the issue of incomplete neutralization because of geographic
venom variation, and high manufacturing costs and regulations have resulted in a
struggle to properly match antivenom to venomous snakes of each locality and
maintain antivenom stock [40]. To alleviate these issues, specific toxin inhibitors
are actively being characterized and evaluated that neutralize snake venom toxicity
and would work as an alternative antivenom snakebite therapy [41-43]. The chal-
lenge still remains to investigate the safety and efficiency of these toxin inhibitors to
treat snakebite envenoming in humans.

Venomous snakes have endogenous inhibitors circulating in their plasma that
provide resistance to their own venoms. These inhibitors can suppress the activity
of enzymatic venom components, such as SVMPs, with high specificity. SVMPs are
key venom components in viper venoms that contribute to hemorrhage and tissue
damage; therefore, targeting these enzymes would greatly reduce human morbidity
and mortality from snakebite. In this review, an overview of SVMPs is provided,
with a focus on structure-function relationships within the various classes of
SVMPS across snake families, and is followed by insights into how snake endoge-
nous inhibitors function to abolish SVMP activity. The goal of our group is to design
peptide inhibitors that bind to hemorrhagic SVMPs with high affinity and effec-
tively neutralize these toxins. This chapter deeply understands the target SVMP
behaviors on the snakebite issue and is a summary of our current work with
historical studies in endogenous inhibitor of venomous snake.

2. Metalloproteinases

Metalloproteinases (MPs) are one of the most functionally diverse proteases in
more than 50 families characterized in the MEROP database [44]. MPs play a
significant role in organism homeostasis, and are involved in, cell invasion, cell
fertilization, self-defense, and reproduction. Metalloproteinases are classified into
two subgroups known by their enzyme commission numbers (ECNs), exopepti-
dases (ECN 3.4.17), and endopeptidases (ECN 3.4.24). The second group are
enzymes from the metzincin family and include serralysins, astacins, adamalysins
(a disintegrin and metalloproteinase domain; ADAMs), and matrix metallopro-
teinases (MMPs). There have been many studies documenting endogenous
metalloproteinase dysregulation in cancer cells [45], especially mammalian
ADAMs. ADAM proteins and SVMPs belonged to the same M12 family [46], and
similar domain features are present for both. For SVMPs, three-dimensional
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structures and well-characterized effects on animal models in vivo have been
published. Thus, the functional and structural insights provided by SVMPs have
been useful for human ADAM inferences.

2.1 Structural classification of snake venom metalloproteinases (SVMPs)

All SVMP genes exhibit a conserved signal peptide region and a pro-(pre) domain.
The number of domains following these conserved N-terminal regions varies, and the
arrangements of the domains have resulted in the categorization of SVMPs into three
main classes. SVMPs of the P-III class consist of the metalloproteinase domain (MD),
disintegrin-like domain (DID), and cysteine-rich domain (CRD). P-IIs have a MD
and DID, and P-I has only a MD. Further, each class has subclasses classified for
different representation forms (P-Ia, P-Ila-e, P-IIIa-d). These subclasses include
dimeric or truncate isoforms that have only been observed within the venom and are
generated mainly by post-translational modifications.

There have been many observations of gene neofunctionalization generating large
families of venom proteins with multiple functionalities, and the SVMP gene family is
an example of this. SVMPs originated from the gene duplication of an ancestral
ADAM gene. The ADAM 28 precursor gene is the closed SVMP homolog present in
nonvenomous snakes and is also present in mammalian species [47, 48]. Sequence
comparisons between the lizard (Anolis carolinensis) ADAM 28 gene and viper (Echis
ocellatus) SVMP gene suggested that SVMPs originated from a nonsense mutation
following ADAM gene duplication. This nucleotide substitution resulted in a chain-
termination codon (STOP codon) at the end of exon 12, following the CRD. The
modified gene precursor produced proteins that were devoid of the C-terminal
membrane anchor and cytoplasmic region present in ADAMs [49]. As more snake
genome sequences have become available, it has been hypothesized that the ancestral
SVMP coded for the P-III class of SVMPs. Gene duplications of P-III SVMPs resulted
in P-II and P-I SVMP genes, each generated by domain loss from splicing site muta-
tions. These last two classes, P-II and P-I, are only found in Viperidae. The reason
why a large number of different SVMPs are expressed in viper venoms is still unclear,
even though some of these SVMPs are not primary lethal toxins.

SVMPs constitute more than 30% of the total venom proteins present in many
Viperidae species. While these proteins are less abundant in the venoms of Elapidae,
Atractaspididae, and Colubridae, they appear to be ubiquitously occurring [50, 51].
These observations suggest that P-III SVMP in Elapidae, Atractaspididae, and
Colubridae venoms may have a conserve ancestral function and serve a common
biological role in snake envenomation. Therefore, the functional roles of the diver-
sified SVMPs are important for the clinical symptomology associated with
Viperidae envenoming in humans. Domain structure, at least the topological shape,
and sequence, especially the catalytic motif on the MD, are very similar among
SVMPs, but SVMP activities vary, including their target substrates. Elucidating the
structure-function relationships within this protein superfamily has applications for
both protein evolution and snakebite treatment.

2.2 SVMP structure-function relationships and mechanism of action

Viperid snakebites are characterized by severe hemorrhagic, microvessel dam-
age and inflammation, both local and systemic [52]. There is strong evidence from
in vivo and in vitro studies of isolated SVMPs that these proteins are responsible for
snakebite hemorrhage. Mitigating hemorrhage is critical in snakebite treatment;
therefore studying the SVMP molecular mechanism of inducing hemorrhage is of
critical importance. Hemorrhage results from SVMP proteolysis, targeted cleavage
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of extracellular matrix components, transmembrane receptors, and fibrinogen,
mostly around microvessels. Interestingly, despite sharing similar catalytic activity,
not all SVMPs induce hemorrhage in vivo. SVMP effects also include blood coagu-
lation irregularities, platelet aggregation, cell infiltration, apoptosis-induced activ-
ity, and alternations in vascular permeability, even if these SVMPs do not show
hemorrhagic activity [52]. These additional functionalities and targets likely result
from C-terminal P-III SVMP binding, not only the catalytic activity of the N-
terminally located MP domain [53]. To design inhibitors to neutralized hemorrhagic
effects of SVMPs, we must first understand SVMP targets, as well as the tissue
distribution and localization of SVMPs upon envenomation.

Both of P-IIT and P-I SVMPs have hemorrhagic activities, but P-III SVMPs tend to
show greater hemorrhagic activity than P-I SVMPs [54, 55]. It has been proposed that
the occurrence of hemorrhage results from the degradation of the vascular basement
membrane of capillaries. Immunofluorescence confocal microscopy, immunochemi-
cal and proteomic analyses of tissue, and exudate in vivo have revealed a distinct
pattern of P-I and P-III SVMP distribution in tissue. Observations from SVMPs
labeled with Alexa Fluor 647 have found that P-III SVMP co-localized with capillary
collagen IV, especially in those of microvesicles. P-I SVMPs applied to whole tissues
appear to function primarily in the degradation of basement membrane components
[56]. Hemorrhagic P-I and P-III SVMPs show a preference for type IV collagen in
targeted degradation. ].M. Gutiérrez et al. provided a two-step hypothesis for SVMP
mechanism of hemorrhage [56]. First, SVMPs hydrolyze type IV collagen and
perlecan at the basement membrane components of capillaries and surrounding
endothelial cells, resulting in a weakening of the mechanical stability of the basement
membrane and microvessel wall. The second step occurs when the biophysical
hemodynamic forces operating in microcirculation induce a distention in the wall,
causing capillaries to disrupt, followed by consequent extravasation.

SVMP hemorrhage disrupts capillary networks, facilitating toxin dispersion. In
2016, reviews by Sanhajariya and colleagues investigated snake venom pharmacoki-
netics using an ELISA time course, varying venom concentrations mixed with the
plasma of laboratory animals (rat, rabbit, and sheep) and humans [57]. In laboratory
animals, two phases were observed in the metabolism of snake venom by intravenous
injection of the venoms or toxins: the first phase consisting of rapid distribution with
half-lives of 5-48 min and a second a slow elimination phase with half-lives of 0.8-28
h. Half-lives of the second phase did not show a significant difference among the
species (Bothrops alternatus, Vipera aspis, and Naja sp.) explored under intravenous
injection, but Naja sp. did show a twofold shorter phase time than Vipera aspis 32
hours after intermuscular injection. For humans, venom concentrations in plasma
were examined from 24 pharmacokinetic studies in humans that used similar ELISA
criteria. Venom concentrations of the patients bitten by vipers were typically higher
than those of by elapids. Eventually, total 218 timed concentration data of 145
patients bitten by snakes of Viperidae and Elapid were used for the computational
analysis within a nonlinear mixed-effects modeling framework with NONMEM. The
result provided an estimated venom elimination half-life of 9.71 & 1.29 h. Interest-
ingly, these data also show that there is no big difference between Viperid and Elapid.
It is very important to understand the certain pharmacokinetic of venom for post-
treatment of inhibitor to neutralize toxicity of venoms.

3. Toxin resistance in venomous snakes

Given the toxic and proteolytic nature of venom, it is of the utmost importance
that venomous snakes are protected against the activity of their own venom. This is
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an interesting area of research because venoms, especially viper venoms, have high
concentrations of proteases that must be stored in an inactive state in the venom
gland to prevent degradation of both the snake’s own tissue and other proteins
present in the venom. These proteases must then be readily activated when deliv-
ered into prey, requiring a finely tuned on/off switch. Here, we briefly summarize
how these toxins are regulated in snake venom glands, with a focus on endogenous
inhibitors, especially SVMP inhibitors, as SVMPs are one of the major venom
compounds in Viperid snake venoms.

3.1 Mechanisms of toxin resistance

Three toxin resistance mechanisms have been proposed for venomous snakes:
(1) target receptor mutations, (2) venom gland physiological conditions, and (3)
inhibitors present in the venom gland or blood circulation. For the first mechanism,
limited mutations on target receptors in snakes prevent the binding of their own
toxins [58-60]. An example of this has been described by Takacs et al., where
resistance against conspecific a-neurotoxins, major lethal components of Elapidae
venoms, has been shown to be mediated by a unique N-glycosylation of the nico-
tinic acetylcholine receptor ligand binding domain of Elapidae snakes [58]. This
observation has only been made for a few Elapidae species, but there is currently a
limited amount of research in this area. The second mechanism involves the phys-
iological conditions within the venom gland and those required for enzymatic
toxins to be active. A high concentration of citrate is present in venom, and this
results in a low pH environment. It is estimated that 25% of dried crude venom (30—
150 mM) from Crotalus sp., Agkistrodon sp., Bothrops sp. Dendroaspis sp., Sistrurus
miliavius barbouri, Bitis gabonica gabonica, Vipera vussellii russellii, and Lachesis muta
is citrate. Citrate concentrations of 18 or 27 mM exogenously added to whole venom
have been shown to inhibit protease activity in vitro [61]. Secreted whole venom of
Crotalus sp. has been observed to be acidic (pH 5.25-5.75), suggestive of an acidic
storage condition for venom enzymes, which then when delivered into prey or
human tissue at a pH of 7.2-7.4, these enzymes become activated [62]. In addition
to the acidic storage conditions of the venom gland, four tripeptide inhibitors of
venom metalloproteinases, pPEKW, pENW, pEQW, and pERW, have been
documented in the venoms of Protobothrops mucrosquamatus [63, 64], Bothrops asper
[65], Echis ocellatus, Cerastes cevastes cevastes [66], and some rattlesnakes [67] and are
likely present in the venom gland lumen. These inhibitors have been found in
relatively large amounts (approximate concentrations in P. mucrosquamatus venom
were reported greater than 5.0 mM), but their inhibitory activity is not strong, with
ICsq values between 0.15 and 0.95 mM for different SVMPs in vitro [63, 67]. The
X-ray crystal structure of a SVMP complexed with a pExW inhibitor revealed the
indole ring of Trp in the pExW inhibitor stacked against the imidazole in the first
histidine residue of the SVMP Zn”* binding site [64]. In 2007, Philippe and col-
leagues discovered the 2-3 kDa polyHis-polyGly peptides in venom of Atheris
squamigera by mass spectrometry-based strategies, and it was identified as a new
class of peptides with clusters of histidine and glycine residues [68]. Similar
peptides were found coded in C-type natriuretic peptide (CNP) and bradykinin-
potentiating peptide (BPP)-CNP transcript precursors and were isolated from
E. ocellatus and Atheris sp. venoms. Interestingly, these pHpGs have shown stronger
inhibitory effect against SVMP in vivo than tripeptides [66].

In addition to inhibitors present in the venom and venom gland, serum proteins
in some venomous snakes have also been found to bind toxins with high affinity and
neutralize toxin pathophysiological effects [69]. These serum proteins and those
found in the venom/venom gland are referred to as “endogenous inhibitors,” but
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kinds of their inhibitor are different. Serum inhibitors circulate in the blood to
effectively bind and neutralize host toxins, but they are different than immune
antibodies. The roles of these endogenous inhibitors and their classifications will be
discussed in the next sections.

3.2 Endogenous inhibitor protein families

There are three main endogenous inhibitor classes; these are phospholipase A2
inhibitors (PLI) [70, 71], anti-hemorrhagic factors [72], and small serum proteins
[73-76], which have predominately been found in the blood of vipers. All endogenous
inhibitors are stable at high temperatures and in acidic conditions and have been
purified by reverse-phase high-performance liquid chromatography (RP-HPLC).

3.2.1 Phospholipase A, inhibitors (PLIs)

Snake venom PLA,s are ubiquitous to Viperidae and Elapidae venoms and one
of the primary components in viper venoms. These toxins are versatile and can
induced a variety of effects, including neurotoxicity, myotoxicity, cardiotoxicity,
hemolysis, and anticoagulation [77]. Inhibitors of PLA;s, PLIs, have been identified
and characterized from the blood sera of both venomous and nonvenomous snakes.
PLI genes have been found uniquely expressed in snake liver tissues [78]. This
suggests that the secretion of PLIs into blood circulation could be to provide pro-
tection against accidental self-envenomation in venomous snakes.

PLIs are divided into three groups (PLIa, PLIB, and PLIy) based on structural
characteristics. PLIas are glycoproteins with molecular masses ranging from 75 to
120 kDa and more than three non-covalently associated subunits. Their structural
features demonstrate sequence homology to the carbohydrate-recognition domain
of Ca®*-dependent lectins (C-type lectin-like domain), but they lack the
carbohydrate-binding ability. A highly conserved region (residues 49-143) shares
80-90% sequence identity between PLIas and appears to be responsible for PLA,
binding [79]. PLIPs are 150-160 kDa glycoproteins composed of three non-
covalently bonded subunits and have nine tandem leucine-rich repeats.

A homology analysis by BLAST shows similarity to human leucine-rich
ap-glycoproteins, which structurally forms horseshoe-shaped molecules, as
observed in Toll-like receptors [80]. PLIfs have been purified and characterized
from only one venomous snake, Gloydius brevicaudus [81], whereas there are a
couple examples of these proteins that have been found in nonvenomous colubrids
(Elaphe quadrivirgata and Elaphe climacophora) [82, 83]. The presence of a PLIf
gene in Lachesis muta was discovered by Lima et al., but the exact function of this
inhibitor has not been identified [84]. PLIBs from G. brevicaudus specifically
inhibited only group-II basic PLA;s, forming stable toxin-inhibitor complexes at a
1:1 molar ratio [80]. PLIys are acidic glycoproteins consisting of oligomers with 20—
30 kDa subunits, the primary structure of which consists of conserved patterns of
cysteine residues to form two units of repeats known as three-finger motifs. Struc-
turally related proteins belong to the urokinase activating plasminogen receptor (u-
PAR)/ly-6 superfamily [85]. This gamma class inhibitor comprises the greatest
number of endogenous PLIs and has been isolated from the sera of many snake
species, including those from Elapidae, Viperidae, Hydrophidae, Boidae, and
Colubridae families [70].

Numerous studies have described highly effective inhibition of PLA, toxicity
in vitro and in vivo by PLIs purified as a highly soluble protein from snake serum.
However, binding sites, as well as inhibitory mechanism, have not been fully eluci-
dated for these proteins because each PLIs’ group targets different PLA,s.
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Currently, there are two review articles that have attempted to determine the PLA,
targets of PLI classes based on structural predictions [70, 71]. In 2015, Zhen and
colleagues successfully established recombinant expression of PLIy in Escherichia
coli. After expression optimization, the amount of recombinant PLIy achieved was
23 mg/1 of culture, and the recombinant PLIy demonstrated inhibitory activity
against Deinagkistrodon acutus venom purified PLAs, and D. acutus, Naja atra, and
Agkistrodon halys crude venoms in vitro and in vivo. This type of experimental work
will make it possible in the future to determine the inhibitory mechanism by
inhibitor mutant analysis and/or obtaining the three-dimensional structure of the
inhibitor and PLA,; complexes.

3.2.2 Anti-hemorrhagic factors

As previously detailed, hemorrhage, one of the main symptoms of viper enven-
omation, is induced by snake venom metalloproteinases (SVMPs). The first anti-
hemorrhagic factor, habu serum factor (HSF), was identified from the serum of
Protobothrops flavoviridis by Omori-Satoh et al. in 1972 [86]; in 1992, the complete
amino acid sequence was determined for this protein [87]. To date, anti-hemorrhagic
factors habu serum factor (HSF), BJ46a [88], and mamushi serum factor (MSF) [89]
have been purified and characterized from the venomous snakes P. flavoviridis
(habu), Bothrops jararvaca, and Gloydius blomhoffii, respectively (Table 3). These anti-
hemorrhagic factors belong to the fetuin family, part of the cystatin superfamily,
consisting of two cystatin-like domains and a His-rich domain. These anti-
hemorrhagic factors show high sequence identity and are all single-chain, acidic
glycoproteins. They also all demonstrate strong anti-hemorrhagic activity in vivo
against the crude venom of the snake species they are isolated from. HSF and MSF
showed relatively broad range inhibitory activity against both nonhemorrhagic and
hemorrhagic SVMPs, as well as both P-I and P-III SVMP classes, but preferentially
inhibited P-IIT SVMPs. These observations were also exhibited in the differences in
the degree and specificity of inhibition against individual SVMP [89, 90]. HSF
strongly inhibited the proteolytic and hemorrhagic activities in vivo and in vitro of
HR1 and HR2 (P-III SVMPs), the main toxins in P. flavoviridis venom. Similarly,
BJ46a is a potent inhibitor of atrolysin C (P-I SVMP) and jararhagin (P-III SVMP)
proteolytic activities and the overall hemorrhagic activity of B. jararaca venom
[88]. HSF and MSF did appear to be specific to SVMPs and were found to not
inhibit cysteine proteases, such as papain and cathepsin B, serine proteases trypsin
and chymotrypsin, or thermolysin, a bacterial MP. Binding studies of these factors
suggest that they are forming noncovalent complexes with the MD of SVMPs; this
has been hypothesized because they interacted with P-I SVMPs, but did not bind
to the C-terminal region of SVMP jararhagin-C. Interestingly, the molar ratios for
complex formation vary between inhibitors; for HSF and brevilysin H6 (P-III
SVMP), a 1:1 ratio is required, but complex formation between BJ46a and
jararhagin (or atrolysin C) was found in a 1:2 ratio. The N-terminal region of HSF
(residues 5-89) has been found to be responsible for anti-hemorrhagic activity
[91], and sequence comparisons between HSF and a HSF-like protein (HLP),
which does not show SVMP inhibition, identified a substitution difference in the
first cystatin-like domain [92]. These results suggested that N-terminal region of
HSF is potentially responsible for SVMP binding.

Recently, BaltMPI [93] was found as a hemorrhagic inhibitor in Bothrops
alternatus serum. BaltMPI should also be of the fetuin family as the N-terminal
region consists of 60 amino acid residues (determined by Edman degradation) that
showed high homology (97%) with BJ46a. BaltMPI has potent anti-hemorrhagic
activity and inhibited the proteolytic activity of Batroxase and BjussuMP-I but has
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yet to be investigated against the crude venom Bothrops alternatus, the snake species
it originates from.

3.2.3 Small serum proteins (SSPs)

Since 2007, a new class of endogenous inhibitors, named small serum proteins
(SSP-1 to SSP-5), has been characterized from Japanese vipers, P. flavoviridis
(habu) and G. b. blomhoffii, that have been found to effectively neutralize various
snake toxins [73, 75]. SSP-1, SSP-2, and SSP-5 consist of two domains of approxi-
mately 90 amino acid residues, while SSP-3 and SSP-4 have only a 60 residue
N-terminal domain. All serum proteins have conserved cysteine residues and
belong to the prostatic secretory protein of 94 amino acid (PSP94) family, despite
only limited sequence identity to any mammalian PSP94 [94]. These inhibitors
target different toxins; SSP-2 and SSP-5 have high affinity for CRISP family toxins
[73, 95], while SSP-1, SSP-4, and SSP-3 inhibit distinct SVMPs. These results
suggested SSP-1 to SSP-5 contributes to a snake’s natural resistance against toxins.
SSP-1 and SSP-4 complex with HSF, inhibiting apoptosis induced by HV1, a P-III
SVMP from P. flavoviridis venom [74]. Each SSP alone could bind to target SVMPs,
but SSP-1 and SSP-4 inhibit HV1 through a ternary complex involving HSF, SSPs,
and HV1 (SSP-4, data has not published). In contrast, SSP-3 alone inhibits
flavorase, a P-III SVMP from P. flavoviridis [76], and is not dependent on other
proteins. These results suggested that the inhibition mechanisms of the SSP group
are different, but they are noncompetitive. Recently, the crystal structure of com-
plex SSP-2 and triflin, an ion channel-blocking CRISP toxin, was determined [96].
The interface between these two proteins consists of the two short p-strands of
SSP-2 binding to the concave region centrally located in the N-terminal domain of
triflin. Interestingly, the key f-strand on the N-terminal of SSPs is a hypervariable
region, which might correspond to the ability to bind and target different venom
toxins. This is in agreement with the molecular evolution of SSP genes, where the
number of non-synonymous nucleotide substitutions is significantly greater than
those of synonymous substitutions in N-terminal regions. Additionally, these
mutational hotspots are found on the molecular surface, specifically located on
the toxin interaction interface, while the protein scaffold structure is highly
conserved [97].

4. Undetermined proteinous inhibitors

Isolated proteins from the serum of Bothrops asper [98], Agkistrodon contortrix
[99]1, Crotalus atrox [100], and Vipera palaestinae [101] have shown effective neu-
tralization of hemorrhagic activity in vivo from crude venom corresponding to each
species or species-specific toxins (Table 3). The SVMP inhibitor isolated from
Protobothrops mucrosquamatus serum, named TMI, demonstrated a 1000-fold
stronger in vitro inhibitory activity than endogenous tripeptides (ICsqg = 0.2-1.0
pM) and additionally inhibited venom proteolytic activity from other species [102].
Despite in vivo and in vitro experimental evidence, the sequence of these inhibitors
has not yet been determined. A novel group of endogenous inhibitors may be
responsible for this activity, as the molecule sizes of these proteins are different
than what has been previously reported for other characterized inhibitors.

Venom resistant has been discovered in some species in mammals, birds, and
reptiles, which are either predators or prey of venomous snakes. Natural inhibitors
isolated from resistant animals are detailed in reviews by Domont et al. [69, 103]
and Bastos et al. [72], which summarized toxin resistance corresponding to several
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snake species from the plasma, serum, and muscle of mammals. There are a few
reports of natural inhibitors isolated from nonvenomous snakes, such as NtAH from
Natrix tessellate [104] and a 59 kDa protein from Dinodon semicarinatus [105].
Recently, the whole serum of Drymarchon couperi [106] has also shown anti-
hemorrhagic activity to venom, but the protein responsible for this activity has yet
to be determined. These natural inhibitors in nonvenomous snakes are potentially
protective for a diet that consists of venomous snakes, while resistance to SVMPs
may be relatively widespread among snake species.

Endogenous inhibitor genes are expressed in the liver of venomous snakes, and
these genes appear to be evolving by gene duplication and rapid diversification.
This facilitates the neutralization of various toxins within venoms, which also are
evolving under similar mechanism [97, 107]. Thus, a detailed characterization of
inhibitors against species-specific toxins may help to decipher the evolution of
endogenous natural resistance in venomous snakes. Unfortunately, the structural
features that govern the inhibitor interaction are still unknown. Recently, there are
reports that making a computational analysis predicted three-dimensional struc-
ture available [81], and one paper demonstrated that recombinantly expressed
BJ46 was able to produce using the expression system of the methylotrophic yeast
Pichia pastoris [108]. The ability to recombinantly produce these inhibitors will
provide material for future work deciphering complex formations between inhib-
itors and toxins from mutation and structural analyses, providing insight into the
molecular mechanisms behind toxin activity inhibition. With current technolo-
gies, it is not difficult to comprehensively evaluate venomous snake sera compo-
nents or the sera from resistant animals. However, we have to be informed from
structure-function studies to correlate amino acid sequence to the physiological
activity of an inhibitor. It is possible that different inhibitors are operating under
different mechanisms, even if they show high similarity, as has been the case
for various venomous snake toxins. Thus, understanding in depth how toxin
inhibitors function may aid in identifying novel inhibitors and new strategies for
snakebite treatment.

5. Conclusions and remaining challenges

There are still many current challenges in the field of toxin inhibitors. Systemic
effects of envenomation in humans by snakebite are often mitigated by antivenom
therapy, the medically accepted treatment to date. Inhibitors have yet to gain
acceptance in clinical use. However, local tissue damage is not neutralized by
antivenom and results in permanent morbidity and disability in patients [109].
Local tissue damage is incurred by enzymatic toxins and thus is one of the reasons
that Viperidae species occupy just over 60% of venomous snakes listed as Category
1 of highest importance to human health (Tables 1 and 2). Endogenous inhibitors
isolated from almost all Viperidae show potent inhibition against their own venom
and have also demonstrated to be selective toward highly lethal enzymes within
these venoms. The serum inhibitor genes of venomous snakes might have evolved
by gene duplication and rapid diversification to facilitate the neutralization of
various venom toxins. These serum inhibitors are very stable (resistant to acidic,
alkaline, and high temperature environments), selective in inhibitory activity
against snake toxins, and are nontoxic, given they exist in blood serum and consist
of amino acids (Table 3). However, the molecule mechanism of toxin neutraliza-
tion involving endogenous inhibitors remains unclear due to a lack of three-
dimensional structures detailing toxin and inhibitor complexes. By exploring
molecular mechanisms responsible for natural toxin resistance in snakes, we may
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begin to understand the specificity and selectivity of endogenous inhibitors and use
these insights in the design of better therapeutic agents for the treatment of snake-
bite victims.
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Chapter 4

The Effects of Snake Venom
(Bitis arietans) on Embryonic
Development

Charlotte Peters, Vladimir Petrilla, Lenka Luptakova
and Eva Petrovova

Abstract

Venomous snake bites in pregnant women can lead to poor survival rates in
both the foetus and mother; early bites can precipitate teratogenesis, miscarriages,
preterm delivery, foetal death and antepartum haemorrhage. The chicken embryo
poses as a valuable research model for venom research due to its advantages such as
ease of availability, economic feasibility and its non-invasiveness. This study evalu-
ates the embryotoxic effects of Puff adder venom (Bitis arietans) from Namibia,
Kenya, South Africa and non-specified region of Africa at varying concentrations.
The venoms were applied to chicken embryos on the fourth day of incubation and
assessed on a ninth day, focusing on body weight, heart weight, liver weight and
mortality rate. Nile blue staining was also performed to observe the occurrence of
apoptosis amongst the venoms at the strongest concentrations. The information
provided from our results suggested that there was a regional variation in venom
toxicity, with the Kenyan venom producing the largest weight changes, whereas
the non-specified African venom proved the most lethal across the concentrations.
Further studies to assess venom protein concentrations in comparison with regional
diet disparities are required.

Keywords: Bitis arietans, chicken embryo, development, embryotoxicity,
snake venom

1. Chicken embryo as an animal model for biomedicine

The chick embryo has established itself within biomedical science as a crucial
research model due to its similarity on a cellular and anatomical level to human
embryos along with its rapid development, easy visibility and manipulation [1]. The
cardiovascular system in the avian develops rapidly with the added benefit of the
embryo remaining transparent during morphological development of primary organs,
allowing visibility of vasculature formation using simple microscopy techniques [2].

1.1 Transgenic chicken egg as a bioreactor
The use of a chick egg as a bioreactor has been promoted over the use of stan-

dard large-scale fermenters due to its ability to produce large quantities of complex
proteins and cheaper running costs [3]. A 2002 study placed a retroviral vector
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based on avian leucosis virus into the chicken genome and noted that biologically
active enzymes were secreted into the serum and egg white of four generations of
chickens. The levels of enzyme expression remained steady through each succes-
sive generation and remained constant for over 16 months in the magnum of hens
indicating the expression of this enzyme was stable. This supports the possibility
of chicken eggs in the role of a bioreactor for the production of biologically active
proteins for therapeutic interest [4]. Human interferon a2b and pla along with
human granulocyte-colony stimulating factor have been successfully harvested
from this method [5]. The egg is an ideal model for the recovery of these proteins as
the content is sterile and provides a long half-life [6]. Production of human proteins
in hens could become the method of choice for proteins that are toxic to mammals,
an example of this is human erythropoietin which is damaging to the mammary
gland of rabbits but remains inactive in chickens [7].

1.2 Chicken egg used for drug screening and production

The avian chorioallantoic membrane (CAM) refers to the outermost membrane
that is highly vascularised for gas exchange and calcium transportation between
the embryo and its environment [8]. It has been widely used to discover targets
and measure the in vivo angiogenic effects of factors such as vascular endothelial
growth [9] and P13 kinase [5]. The chorioallantoic membrane provides advanta-
geous exposure to the embryo with minimal invasiveness [5]. The chicken egg is a
reliable candidate in assessing angiogenic responses to drugs as well as being cost
and time-effective [10]. In 1984, inactivated rabies vaccine for human use was
developed which had been adapted to proliferate in primary chick egg cultures [11].
This vaccine provided similar antigenicity to the human diploid cell strain with
the advantages of cheaper and faster production. This purified chick embryo cell
culture vaccine has now been licenced in over 60 countries worldwide for 30 years
[12]. The influenza vaccine has been developed in the embryonated chicken eggs
since the 1940s, the egg provides high titre capabilities and large-scale production
opportunity which has led to the streamlined process of today which provides vac-
cination for millions worldwide [13].

1.3 Chicken egg used in retinal development

The chicken embryo is advantageous in studying retinal development due to its
significant similarity to the human embryo at a molecular, cellular and anatomi-
cal level and its rapid development [1]. It is an important model in regenerative
research as the neural retina can regenerate from the pigmented epithelium as late
as stage 24 [14]. The regeneration can occur from the cup margin or patches of
pigmented epithelium far from the margin. The lens does not have to be present for
the regeneration, and the regenerating tissue develops faster than normal [14]. The
chicken model is used in the vision research community to study human retinogen-
esis and develop new ways to battle human blindness and eye disease by allowing
scientists an insight into the complex regulatory network of neurons and glial cells
[15]. In America, diabetic retinopathy is the leading cause of blindness amongst
over 40-year-olds [16] with all type 1 diabetes developing DR and more than 60%
with type 2 [17]. Chickens, like humans, are diurnal with complex colour vision and
as their retina is cone-dominant it makes them an ideal model for photoreceptor-
degenerative blindness [18]. In a 2014 study, chicken embryos were injected with
either streptozotocin or high concentration of glucose at day 11; in both groups,
cataracts occurred in varying degrees making them a promising animal model for
diabetes research [19].
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1.4 Chicken embryo as an animal model for research in Alzheimer’s disease

Studies by Murphy and LeVine [20] and Carrodeguas et al. [21] revealed that
the chick embryo has an active process for the formulation and degeneration of the
amyloid-beta peptide deposits associated with Alzheimer’s disease. The distribution
of the peptide sequence in chick embryos is similar to humans, predominating in the
nervous system. This study also discovered that the chick embryo produces neprilysin
(ADAM-17), a protease that degrades the peptide [21]. Due to the easy access of chick
embryos, it’s an ideal candidate for developing a potential system for drug regulation
and regression for this neurodegenerative disease [22]. In a 2003 study, the chick
embryo was a model for supporting the use of Ginkgo biloba extract as Alzheimer’s
therapy. The embryo was exposed to cyanide, with and without therapeutic use of the
extract. Results show an increase function in cultured neurons from the telencephalon
and a reduction in apoptotic damage caused by serum deprivation after 24 hours [23].

1.5 The role of the chicken embryo in oncology research

The chick embryo allows the unique research of oncology in vivo. Along with
being highly accessible and easy to manipulate, the CAM is naturally immune-
deficient which can support engraftment of both normal and cancerous tissue up
until developmental day 18 [24]. The CAM has also been used for research into
carcinogenesis [25] and tumour angiogenesis [26]. In 1911, by inoculating the
Rouse Sarcoma virus into chick embryos, it was suggested for the first time that
viruses could cause cancer [27]. It is now estimated that 15-20% of human cancers
worldwide involve tumour inducing viruses, such as T-cell leukaemia virus type 1
and hepatitis C [28]. In 2002, Zijlstra et al. [29] developed a highly sensitive assay
to monitor metastatic dissemination of human cancer cells in the chick embryo by
using the CAM as an established biological platform. In 2014, Mu et al. concluded
that chicken embryo extract may promote the reversion of metastatic phenotypes of
osteosarcoma cells, which could lead to tumour reversion through epigenetics [30].

1.6 Role of the chicken embryo in stem cell research

In 1996, Pain et al. displayed that early chicken blastoderm cells or avian embry-
onic stem cells can be maintained in vitro for long term culture. These cells model
traits of murine stem cells in morphology, reactivity to antibodies and high telomer-
ase activity along with the high capability to differentiate into various cell types [31].
When blastoderm embryonic stem cells are grafted onto the CAM, they organise
into complex structures such as embryoid bodies and derivatives of the three
primary germ layers. These cells can provide an in vitro model of cell differentiation
and maturation along with means of targeted genome control [32]. Germline stem
cell research is associated with the manufacture of transgenic animals using male
spermatogonial stem cells [33] for the production of pharmaceutical proteins [34].
Recently direct reprogramming has been created to convert differentiated somatic
cells into pluripotent embryo stem-like cells; this is an advantageous medical method
avoiding ethical issues surrounding human egg use [33]. Amniotic stem cells isolated
from the amniotic cavity can create clonal cell lines and due to their ease of isolation,
are considered a potential source for regenerative medicine application [35].

1.7 Chick embryotoxicity screening test

Developed by Jelinek in 1977 the chick embryotoxicity screening test (CHEST)
is a standardised technique to allow administration of small amounts of test
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compounds and the quantitative measurement of results. This method is advanta-
geous as it requires limited materials. Fertilised eggs, micropipettes for administra-
tion, incubator and a dissection kit are all that is needed. The CHEST test allows
the use of a chick embryo to study experimental teratogenicity. The number of
dead, malformed, and growth-retarded foetuses (weight <650 mg and with no
malformation) are totalled for each concentration and stage of the embryo at the
time of exposure. The proportion of affected embryos is plotted against the concen-
tration of test compound, and the embryo-stage of administration. The proportion
of effects on particular organs in surviving embryos is considered separately to
establish a profile of effects for each compound [36]. The screening test has been
used to determine the toxicity of many substances, establishing parameters of
dose-response and stage-response [37].

2. Snake venom
2.1 Therole of snake venom

Venom is defined as ‘a secretion, produced in a specialised gland in one animal
and delivered to a target animal through the infliction of a wound, which contains
molecules that disrupt normal physiological or biochemical processes to facilitate
feeding or defence’ [38].

Venom is composed of proteins and polypeptides, it has two primary func-
tions—to paralyse their prey and start the digestive process with hydrolysing pro-
teins leading to tissue necrosis and blood clotting [39]. These venom components
can be grouped according to the mode of action:

1. Binding to cholinergic receptors, often leading to respiratory muscle paralysis.

2.Inhibition or increase release of acetylcholine, causing muscle cells to not
react to nerve stimulus, leading to spasms, damage of the skin and disruption
connective tissues.

3. Cytotoxic and cardiotoxic, which harm cell membranes and disrupt the
transport of substances across the membranes [39].

In broad terms, snake venoms are classified as inflammatory, cytotoxic, neuro-
toxic or haemotoxic [40].

2.2 The venom delivery system

Many snakes use fangs, specialised dentition associated with the venom gland
(Duvernoy gland) to introduce venom into prey. Fangs can either be posteriorly
(grass snake) or anteriorly (vipers) positioned within the upper jaw [41].

Many poisonous snakes possess different types of dentition; vipers and atrac-
taspidids have a shortened maxilla which rotates allowing the fangs to move;
whereas elapids fangs are fixed at the front of the maxilla. Colubrids can possess
an enlarged rear positioned fang or no fang at all. The venom gland, also known
as the Duvernoy gland in posteriorly positioned fanged species, is innervated by
the maxillary branch of the trigeminal nerve, facial nerve and supplied by the
internal carotid artery [42]. The Duvernoy gland is positioned posteriorly to the
eye, encased in a thin layer of connective tissue and consists mainly of serous cells; a
single duct extends from the gland to the base of the fang; whereas the venom gland
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is encased in a fibrous sheath varying in position depending on species. The viperid
gland is large, isosceles with the longest side along the upper lip directed dorsally;
the gland is divided into lobules by the outer sheath with the lumen becoming a
primary duct which passes through a mucous accessory duct into a secondary duct
extending the length of the fang [43]. In contrast, the elapid venom gland is oval
made from many branching tubules, its lumen is narrow and therefore most of the
venom is stored in the surrounding cells [44]. The atractaspidid species possess a
cylindrical gland extending posteriorly beyond the head, its lumen has a character-
istic pattern of unbranched tubules radiating outwards [45].

2.3 Snakebite classification

Bites can be classified as cytotoxic bites characterised by a painful swelling with
watery blood leaking from the wound followed by shock, blistering and discoloura-
tion. Venomous snake bites in pregnant women can lead to poor survival rates in
both the foetus and mother; early bites can precipitate teratogenesis, miscarriages,
preterm delivery, foetal death and antepartum haemorrhage [46]. The bite will
cause severe pain to the limb affected. Species associated with this bite include the
puff adder, Gaboon adder and spitting cobras. Black and green mambas along with
non-spitting cobras produce a neurotoxic bite in victims which leads to moderate
swelling, cold and clammy extremities, dilated pupils and drooping of the eyelids.
Patients suffering these bites will develop swollen lymph glands, vomiting, ptyalism
and breathing difficulties. Haemotoxic bites associated with boomslang and vine
snakes cause bleeding from the gums, nose, corner of eyes and old wounds and
scratches. Certain snake species can produce more than one type of bites such as the
Bitis arietans that produces a haemotoxic and cytotoxic bite [47].

2.4 Composition of snake venom

Medically significant venomous snakes are all front-fanged and are classified
into three families: Atractaspididae, Elapidae and Viperidae; the glands of these
snakes are homologous [48], with current evidence suggesting these evolved from
non-front fanged venomous snakes [49]. These glands contain the snake venom,
made from a combination of different protein families, each containing a variety of
toxin isoforms along with carbohydrates, lipids, nucleosides and metals. Although
homologous, the venom proteome is not due to the influence of genetic mutations
and natural selection [50]. In a 2017 review, 59 protein families were identified in
these three species, with four dominant proteins: phospholipase A2s, metalloprote-
ases, serine proteases and three-finger toxins; six secondary families: cysteine-rich
secretory proteins, L-amino acid oxidases, Kunitz peptides, c-type lectins, disin-
tegrins and natriuretic peptides; nine minor proteins and 36 rare. Results revealed
that elapid venom contained a less diverse range of protein families than the others,
mostly consisting of phospholipases and three-finger toxins. Viper venom showed
to scarcely contain three-finger toxin [51].

2.4.1 Phospholipase A,

These enzymes play an important role in the regulation of phospholipid turn-
over, membrane permeability, cell maintenance and growth, apoptosis and the
production of leukotrienes and prostaglandins [50]. Of the four types of PLAs,
only type one and two are found in snake venom with several isoforms. These PLAs
target the motor nerve terminal and the terminal part of the motor axon, by initiat-
ing hydrolysis of the lipids of the outer leaf of the plasma membrane of the nerve
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terminal resulting in its depolarization. Synaptic vesicles are also destroyed by the
PLA and the products of lipid hydrolysis [52]. Exposure of skeletal muscle to venom
PLAs causes a severe inflammatory degenerative response, with the first clini-

cal signs apparent less than 1 hour after inoculation, with affected fibres rapidly
depolarising [50].

2.4.2 Metalloprotease

Haemorrhaging is a common clinical sign associated with viper and crotaline
snake bites and has been associated with the proteolytic activity of metalloprotease
[53]. The proteases induce direct damage of the microvessels [54]. Snake venom
metalloproteases are classified into four main groups based on their domain struc-
ture: PI—possesses a metalloprotease domain only, PII—consists of both metal-
loprotease and disintegrin-like domains, PIIl—compromised of metalloprotease,
disintegrin-like and high-cysteine domains, PIV—in addition to metalloprotease,
disintegrin and cysteine also possesses a lectin-like polypeptide [53]. The disinteg-
rin-like domain inhibits platelet aggregation by binding to the fibrinogen receptor
in platelet plasma membranes and although the role of the other domains is not
clear, venoms with cysteine and disintegrin domains are more active at inducing
haemorrhage than enzymes with only metalloprotease domains [55]. Investigations
suggest pathogenesis is associated with a per rhexis mechanism whereby endothelial
cells of capillary blood vessels rapidly thin and detach from surrounding basal
lamina, progressive degeneration of these vessels leads to breaks in the endothelial
lining, allowing blood to enter interstitial space [56].

2.4.3 Serine protease

Serine proteases are major components of snake venom, mostly identified in
snakes of the Viperidae family and certain Elapidae, Colubridae and Hydrophiidae
families [57]. These venom enzymes affect the haemostatic system by acting on the
coagulation cascade and possess strong pro-coagulant effects through the activation
of platelets, production of thrombin-like enzymes which clot fibrinogen and the
creation anti-coagulant enzymes such as protein C [58], these serine protease pro-
duced thrombins are not susceptible to hirudin or heparin, other proteases possess
kininogenase activity which releases hypotensive bradykinin [59].

2.4.4 Three-finger toxin (3FT5)

This family of non-enzymatic polypeptides exhibit potent toxic effects. Based
on their biological properties, they can be classified as postsynaptic neurotoxins
targeting the nicotinic and muscarinic acetylcholinesterase receptors; fasciculins
targeting acetylcholinesterase; calciseptins and FS2 toxins targeting L-type cal-
cium channels; anticoagulants; p-blockers targeting f; and p, adrenergic receptors;
dendroaspin targeting specific glycoproteins; cardiotoxin A5 targeting integrins
and antagonists of oA and oA adrenergic receptors [60]. A large number of 3FTs
are neurotoxic, interfering with cholinergic transmission at post-synaptic sites
in the peripheral and central nervous system; mipartoxin-I, a 3FT, is the most
abundant protein found in coral snake venom from northern South America and
possesses a lethal effect in mice and a clear neuromuscular blockade in avian and
mice subjects with an affinity for the cholinergic nicotinic receptor [61]. A group
of cardiotoxic 3FTs found only in cobra venom is the second-largest group, at low
concentrations they elevate heart rates and at high concentrations, cause death by
cardiac arrest [62].
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2.5 The use of Bitis arietans snake venom in biopharmaceutical research

Biscetin, a platelet adhesion inducer, isolated from the venom of Bitis arietans
has been shown to activate the binding of the Von Willebrand factor to glycoprotein
without altering the binding site; this factor plays a key role in haemostatic response
to vascular injury [63]. In a 2015 study, bitistatin a disintegrin isolated from the Puff
adder was demonstrated to have an affinity for the integrin receptor avp3, a marker
used for tumour angiogenesis. This can be radiolabeled, injected and then detected
on imaging. The ability to detect these receptors via diagnostic imaging has been
used to successfully diagnose thrombosis in a canine model [64]. Studies research-
ing strategies to enhance immunological responses against venoms observed the
cross-immunoreactivity of antivenoms of the Echis and Bitis species, supporting the
hypothesis that immunising horses with a mixture of Echis ocellatus, Bitis arietans
and Naja nigricollis generates enough antibodies that can recognise all medically
relevant viper venoms in sub-Saharan Africa [65].

2.6 The Puff adder (Bitis arietans)

The Puff adder (Bitis arietans) is venomous snake from the Viperidae family
found in the Middle East, North and sub-Saharan Africa. The species has a broad,
flattened, lanceolate shaped head covered with small keeled scales attached to a
narrow neck. Puff adders along with Russell’s vipers can make a loud hissing sound
by expelling air through their large nostrils. These snakes are distinguishable by
their distinctive repeated U or V dorsal pattern [66]. Bitis arietans feed on a variety
of small animals including hares, hedgehogs, rodents, lizards and birds; they can
actively forage by visiting birds’ nests to feed on eggs, nestling or the adult birds
themselves. This species can also deploy ambush tactics by camouflaging them-
selves in areas where bird encounters are common, such as water pools [67].

2.7 The occurrence of snake bites

A global review by White in 2000 estimated that between 1.25 and 5.5 million
snakebites occur annually [68]. These primarily occur in developing countries
where there is a dense population of humans, an abundance of snakes and a lack of
medical treatment facilities. In 1987 in South Africa, pregnant women accounted
for 0-4% of cases admitted to hospital, in India, they accounted for 1% of admis-
sions [46]. Venomous snakebites may lead to poor foetal development and adversely
affect the mother’s health; previous studies determined that foetal death occurred
in 38-43% of snakebite cases, whereas maternal death accounted for 10% [69]. The
African puff adder, along with the carpet viper, is the two most common species
responsible for fatalities following bites in Africa. These adder venoms possess car-
diotoxic and haemorrhagic effects which can lead to hypovolemic shock, necrosis,
systemic haemorrhage and arrhythmias [70].

2.8 The geographical variations in snake venom

Variation in venom composition occurs between species of snake as well as
within a species. These variations can have a significant impact on venom toxicity
and medical management. Different toxin-encoding genes in the genome attribute
to these variations [28], however the mechanisms by which these gene expressions
are controlled are poorly understood [71]. Results from Barlow et al. [72] provides
evidence for the theory of diet affecting venom composition, by observing Echis
snake species diet and the LD50 by which to incapacitate their natural scorpion
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prey; their study findings suggested that variations in composition are derived
from adaptive evolution, driven by natural selection, for different diets. It has more
recently been hypothesised by other literature that variation in venom composition
is the result of adaption to dietary selection [28]. In a 2015 study, the intraspecific
variations of venom activities of E. ocellatus snakes from Nigeria and Cameroon
were observed; the Nigerian venom showed higher lethality and coagulation in
comparison to the Cameroonian venom. The antivenoms produced by both snakes
were similarly effective in neutralising the venom, however, the coagulant activity
was better neutralised by the Nigerian antivenom than the Cameroonian venom
[73]. Further studies in geographical variations involving envenomation by N. naja
revealed that the median lethal dose in mice differed between northern (0.55 mg/
kg), central (0.66), western (0.68), southern (0.62) and Sabaragamuwa (0.7)
regions respectively. Histopathological changes of these regional venoms, however,
showed a higher affinity for certain bodily systems, with northern venom observing
a significantly higher infiltration of inflammatory and necrotic cells into skeletal
muscle and central venom demonstrating high cardiotoxic effects, these results
confirm venom disparity [74]. Geographical location showed a remarkable degree
of variation amongst Bitis arietans species originating from the same geographical
origin, most evident by the venom components metalloproteinases [71]. These
metalloproteinases are responsible for inducing haemorrhaging, myonecrosis and
degradation of extracellular matrix components which in turn affects local inflam-
matory response to a bite [53].

3. Materials and methods
3.1 Ethics and morality of research

In accordance with the European Union Directive 2010/63/EU section nine,
embryos were not developed beyond the first two-thirds of development. This also
corresponds with mandates of The Institutional Animal Care and Use Committee,
Association of New England Medical Centre (Tufts) and the National Institute of
Health, USA which dictate that a chick embryo that has not reached the 14th day of
its gestation period will not experience pain and therefore can be used for experi-
mentation without ethical restrictions.

3.2CHESTII

For this research, the chick embryotoxicity screening test was used. This stan-
dardised technique allows for the administration of small amounts of test com-
pounds into the fertilised egg on 4th embryonic day (ED4) and the measurement of
a quantitative endpoint on ED9.

3.2.1 Materials

1. Fertilised eggs: alive and morphologically normal (breed Lohmann Brown,
Hatchery Farm Parovské Hije, Nitra, Slovakia).

2.Incubator (ART 549/A).
3. Dissection kit: including tissue forceps, dissecting scissors and blunt scissors.

4. Micropipette with disposable tips.
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5. Stereomicroscope (Olympus SZ 61 with digital camera ARTCAM-300MI).
6. Observing dish with fixing pins.
7. Distilled water: to aid observation.

3.3 Application of snake venom: CHEST II

Eggs were placed in an incubator on day 0 at 37-38°C with a 50-60% relative
humidity and rotated periodically until (ED4). Then eggs were removed and blunt
end of eggs was cleaned with 70% alcohol and covered by a transparent adhesive
tape. Subsequently, using serrated scissors (FST 14071-12), an opening was cut for
application of the respective doses of snake venom (100 pl). The tested concentra-
tion was applied directly over the embryo on the top of inner shell membrane
(membrana papyracea). Controls received the same volume of sterile distilled
water—100 pl (Figure 1). The ranges of concentration as well as the total number
of embryos and the days of application are listed in Tables 1 and 2. A small hole
was then covered by micro-tape and labelled, before being returned to the incuba-
tor without rotation. On ED9 the eggs were removed from the incubator, the tape
was removed and the survived chicken embryos were removed from the eggs using
a crook, weighed and examined under a dissecting microscope. Hearts and liv-
ers were dissected from the chicken embryos and they were weighted separately
(Figure1).

3.4 Preparation of snake venom concentrations

Venoms from Bitis arietans (B.A.) of different regions were extracted in
the breeding garden Pata near Hlohovec (Slovakia), which had been designed
for reptiles’ conservation of the gene pool under the veterinary certificate No.
CHEZ-TT-01. We used the snake venom of Bitis arietans from three different
regions (Kenya, South Africa, Namibia). Also, we used one more snake venom
sample without specific region determination (B.A. nonspecific). The breeding
garden also serves as a quarantine station for imported animals and is an official
importer of exotic animals from around the world, having the permission of the
State Nature Protection of the Slovak Republic under the No. 03418/06, the trade
with endangered species of wild fauna and flora and on amendments to certain laws
under Law No. 237/2002.

Figure 1.
Graphical illustration of snake venom administration on ED4 (A) and visualisation of developing heart and
liver on ED9 (B); asterisk—lobes of liver, h—heart.
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Snake venom Concentrations (mg/ml)
E-1 E-2 E-3 E-4
Control (sterile distilled water)
B.A. nonspecific region 100.00 10.00 1.00 0.10
B.A. Kenya 100.00 10.00 1.00 0.10
B.A. Namibia 100.00 10.00 1.00 0.10
B.A. South Africa 100.00 10.00 1.00 0.10
Table 1.
Concentrations of snake venom used for each venom.
Snake venom Dose N Dead Mortality Mean Mean Mean
(mg/ml) embryos (%) body heart liver
weight weight weight
(g) (mg) (mg)
Bitis 0 10 1 10 173 229 316
arietans— 100 10 7 70 142 163 20.7
nonspecific
region 10 10 3 30 1.66 18.3 20.9
1 10 2 20 1.59 17.0 199
01 10 1 10 1.66 18.8 222
Bitis 0 10 1 10 1,53 18.7 28.5
arietans— 100 10 2 20 116 135 155
Kenya
10 10 4 40 119 13.3 14.8
1 10 1 10 119 15.6 14.2
0.1 10 3 30 1.57 183 204
Bitis 0 10 1 10 1.62 18.0 28.8
arietans—
South Africa 100 10 2 20 1.67 18.5 19.3
10 10 2 20 1.62 199 19.6
1 10 2 20 1.66 19.9 26.8
0.1 10 0 0 1.43 154 20.7
Bitis 0 10 1 10 1.70 21.0 31.2
arietans— 100 10 2 20 147 173 20.8
Namibia
10 11 3 27 1.72 20.6 35.3
1 11 1 9 1.60 201 314
01 11 2 18 1.54 201 30.1
Total 203 41

N, number of chicken embryos; numbers in bold represent statistically significant results (P <0.05).

Table 2.
Embryotoxic effect of Bitis arietans venom from different regions of Africa.

immediately after their extracting. Before use, it was ensured the venoms were

A sterile plastic cup was used for venom extraction with plastic food wrap, and
rubber bands fixed the plastic wrap. For the application, we used snake venoms

continuously kept in cold storage to ensure that they retained their full toxicological
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potential. The venoms were diluted with sterile distilled water to give equal con-
centrations (based on molecular weights) of E-1, E-2, E-3 and E-4 when required
(Table 1). The composition of tested snake venoms used in our study has been
already described and determined in previous studies [75, 76].

3.5 Nile blue staining

For this staining method, embryos with the highest concentration of snake
venom (10-1) were used. The blue stain was applied on ED4. The embryos were
then dissected on day ED6 and incubated in a 1/8000 solution of Nile Blue A
(Sigma) and PBS for 15 minutes at 37°C in an incubator. Following this, embryos
were transferred to cold PBS (4 °C) and washed for 4 hours. Embryos were
then photographed with a stereomicroscope Olympus SZ 61 with digital camera
ARTCAM-300MI and Quick Photo 2.3 software. These embryos were lastly
compared with control embryos (sterile distilled water applied only) dissected
on ED6.

3.6 Evaluation

The number of dead or growth-retarded embryos (those <650 mg) were totalled for
each concentration. The proportion of effects on heart and liver in surviving embryos
were considered separately to establish a profile of each concentration. The result of the
CHEST was rank venom in order of their teratogenic potency in chickens; these ranges
can be compared for an assessment of human risk. For statistical analysis, the pro-
gramme GraphPad Prism 6.0 was utilised (one-way ANOVA, with a P-value of 0.05).

4, Results

The following results were analysed—body weight, heart weight and liver
weight. These results were compared between control samples and the venom of
Bitis arietans from four different regions of Africa (Namibia, Kenya, South Africa
and non-specified region).

4.1 Body weight

All living embryos were weighed on ED 9 in grams. Figure 2 presents the follow-
ing concentrations E1 (10-1), E2 (10-2), E3 (10-3) and E4 (10-4).

4.1.1 Kenya

The average body weight of the control embryos was 1.73 g, whereas embryos
infused with venom concentration 10-1 (E1), 10-2 (E2) and 10-3 (E3) were signifi-
cantly reduced (P < 0.05) in comparison. E1 averaged at 1.15 g in body weight, E2
was slightly increased at 1.18 g and E3 at 1.19 g. There was a large increase between
E3 and 10-4 (E4) body weight, with E4 averaging at 1.5 g.

4.1.2 Namibia

The embryos injected with venoms of the Namibian snake showed no statisti-
cally significant changes in body weight in comparison with the control embryos.
E1 body weight averaged at 1.4 g in comparison with the 1.72 g of control embryos.
E2 average body weight was 1.7 g whereas E3 averaged at 1.6 g. E4 embryos body
weight was less than E2 and E3 at 1.54 g.
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4.1.3 South Africa

None of the embryos impregnated with South African Puff adder venom
showed a statistically significant change in body weight compared to the control
group. E1, E2 and E3 body weights were all similar, averaging at 1.67, 1.62 and 1.66 g
respectively. E4 averaged the smallest body weight at 1.43 g.

4.1.4 Non-specific region

None of the embryos infused with the non-specific venom showed significant
differences in body weight compared to the control group. E1 averaged the smallest
body weight at 1.42 g, E2 averaged at 1.66 g, E3 at 1.58 g and E4 at 1.66 g.
4.2 Heart weight

Hearts were cut from surviving embryos at the level of the aorta and weighed in
milligrams (Figure 3).

4.2.1 Kenya

The control heart mean weighed 23 mg; the embryo hearts infused with venom
were significantly smaller in E1, E2 and E3. E1 and E2 weighed in at 13 mg, E3 had
a slight increase in weight at 15 mg. There was a large increase between E3 and E4
with the latter averaging 18 mg.

4.2.2 Namibia
None of the concentrations had a significant effect on heart weight in compari-

son to the control group. E1 mean heart weight came in at 17 mg. E2 was the largest
weights at 21 mg, E3 and E4 averaged 20 mg.

4.2.3 South Africa

The largest average heart weight was seen in E3 and E2 at 19.8 mg. E1 averaged
at 18.5 mg. E4 had the lowest body weight of 15 mg; this result was statistically
significant.
4.2.4 Non-specified region

E1 and E3 results were both deemed statistically significant. E1 averaged the

lowest heart weight of 16 mg. E2 averaged 18 mg whereas E3 mean was lower than
E2 at 17 mg. E4 weighed in with the largest heart weight of 18 mg.

4.3 Liver weight

Livers were cut at the level of the portal vein, cut from surviving embryos and
weighed in milligrams (Figure 4).

4.3.1 Kenya

All four concentrations of snake venom s were proven statistically significant.
The mean control group liver weighed 31.6 mg, larger than all four test groups. E1
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Figure 2.

Graphs depicting body weights of the Bitis arietans venoms of Kenya, non-specified (NS), South Africa (SA)

and Namibia, (*): statistically significant (P < 0.05).
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Graphs depicting heart weights of the Bitis arietans venoms of Kenya, non-specified (NS), South Africa (SA)

and Namibia, (*): Statistically significant (P < 0.05).
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Graphs depicting liver weights of the Bitis arietans venoms of Kenya, non-specified (NS), South Africa (SA)
and Namibia, (*): Statistically significant (P < 0.05).

liver weight mean was recorded as 15.5 mg, E2 weighed in at 14.8 mg; E3 was the
lowest average liver weight of 14 mg. E4 average liver weight was the largest at 20 mg.

4.3.2 Namibia

Venom concentration E1 was the only statistically significant result in this test
group, with its average weight calculated at 20 mg. E2 liver weight averaged heavier
than the control group (31.6 mg) with 35 mg. E3 mean weight was similar to the
control at 31.4 mg and E4 averaged 30 mg.

4.3.3 South Africa

E1, E2 and E4 concentrations were proven statistically significant; whereas E3,
with the largest liver weight of 26 mg, was not. E1 had the lowest average liver weight
of 19.2 mg; E2 was marginally heavier at 19.8 mg. E4 liver weight averaged at 20.7 mg.

4.3.4 Non-specified region

Three of the four concentrations of non-specified venom had a statistically
significant effect on the liver weight (E2, E3 and E4). E1 mean result weighed in at
20 mg; E2 was faintly heavier at 20.9 mg. E3 weighed the least with 19.9 mg. E4 had
the heaviest weight within the test group at 22.2 mg.

4.4 Mortality rates

The highest mortality rate was seen in the highest concentration, in this maxi-
mum venom concentration (E1) the non-specific venom samples had a 70% death
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occurrence (embryos not surviving to day 9); the Kenyan, Namibian and South
African E1 all had a 20% mortality rate. All groups at each concentration had a
fatality, except the South African E4 group.

The non-specified venom produced the highest overall amount of fatalities,
with the Kenyan being second, Namibian third and South African venom being
the least lethal. The 10 mg/ml (E2) concentration saw the highest mortality rates
overall, with the Kenyan test group showing a 40% mortality, the Namibian and
non-specific test group perceiving 30% mortality and the South African group a
20% mortality. E3 showed 20% fatality in the South African and non-specific test
groups, in Namibia and Kenyan groups only 10% fatality rate was recorded. In the
lowest concentration (E4) the highest mortality rate was recorded in the Kenyan
group with 30%. No fatalities were recorded in the South African group. The
Namibian test group showing a 20% mortality and the non-specific test group a
10% mortality (Figure 5, Table 2).

4.5 Nile blue staining

The embryos were stained on ED4 and removed from their eggs on ED6; all were
envenomed with the strongest concentrations of venom (10-1; Figure 6).

801
E=) BA Namibia

- 8 BA South Africa
[ BAKenya

BA nonspecific

AN

DRNDNRRANNNN

S

shake venom concentration (mg/ml)

Figure 5.
Mortality rates of chicken embryos against snake venom.

u

Figure 6.
Nile blue staining results. (a) Control, (b) B.A. nonspecific region, (c) B.A. South Africa, (d) B.A. Kenya,
(e) B.A. Namibia; asterisk—wing and leg buds on ED9, arrows—dark coloured areas with apoptotic response.
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The arrows on the above images highlight the darkened areas of apoptotic cells.
These images show that initial cell death is initiated on the wing buds. The control
embryo (a), infused with distilled sterile water only, demonstrates no apoptosis.
The nonspecific venom (b) indicates a small amount of apoptosis located on the
wing buds. Embryos envenomed with South African (c) and Kenyan (d) B.A.
showed significant apoptosis along with the entire wing buds, with the Kenyan
spreading to the extremities. The Namibian embryo showed less severe cell apopto-
sis than (c) and (d) along with the wing buds.

5. Discussion
5.1 Bodyweight

Although the body weights varied amongst regional snakes and concentrations,
they all presented similarly which was anticipated as they are the same species of
snake. Generalised haemorrhaging was present across all four venom groups, which
was expected due to the haemotoxic nature of Bitis arietans [47]. The Kenyan test
group was the only one to have statistically significant changes in body weight with
envenomation (E1, E2 and E3); the average weights for this group were also notably
smaller than the rest, suggesting a larger detrimental effect than the other venom
groups. The South African, Namibian and non-specific groups had similar mean
weights across all four concentrations, which could propose a similar toxicity level
across these regions. Further research into regional diet variations could strengthen the
hypothesis that venom composition is derived from a natural dietary selection [28].

5.2 Heart weight

All heart weights of embryos envenomed with Bitis arietans were reduced, with
the Kenyan group showing the highest rate of statistical significance, with E1, E2
and E3 all being significant; this group also presented the lowest mean weights at
13-15 mg. These findings support the proposal that the Kenyan venom has a stron-
ger effect than the other regions. A histopathological study observed that Vipera
raddei, from the family Viperidae, venom caused cardiomyocyte disruption, fibrosis
and blood vessel congestion in post mortem specimens [77]. Another study found
Naja nigricollis venom injected into pregnant mice caused hepatic and myocardial
damage as well as pulmonary vascular congestion and accumulation of blood in
the intestinal lumen of the foetus [78]. One of the venom components of Bitis
arietans is a serine protease, a bioactive protein, which plays a role in the regula-
tion of the blood coagulation cascade and affects the circulatory haemostasis [59].
Disturbances by these proteins could lead to adverse effects on embryonic organ
development, which may account for the reduction in heart weights; however, to
date, no studies are focusing on the effects of snake venom on the heart function.

5.3 Liver weight

All groups had a minimum of one statistically significant concentration, sug-
gesting the liver was the most affected parameter (in comparison with heart and
body weight). In furtherance with the proposal that the Kenyan venom has the
highest potency, E1, E2 and E3 all proved statistically significant as well as being
of the lowest median body weights of the groups surveyed. All livers exhibited
a decrease in mean weight, varying yellow colour change along with increased
susceptibility to disintegration on removal; this substantiates the results from
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a previous study on the effects of Echis coloratus venom on sheep liver, where
biochemical and histological alterations were observed. The study reported an
elevation in glucose, aspartate aminotransferase, alanine transferase, triglyceride
and total bilirubin whilst cholesterol levels were reduced. Histologically, pyknosis,
karyorrhexis, cytoplasmic vacuolation, necrosis, fatty changes and hepatocyte
atrophy were observed [79].

5.4 Mortality

The highest incidence of mortality was observed in E1 by the non-specified test
group, with a 70% mortality; whereas Kenya, Namibia and South Africa observed a
40-10% death rate. This evidence proposes that although the Kenyan venom has the
most significant impact on development, the non-specific venom has the strongest
potency. Furthers study with a larger specimen pool is needed to confirm these
findings.

5.5 Apoptotic cell appearance (Nile blue staining)

A 1993 study observed that haemorrhagic snake venom (Bitis arietans) induced
apoptosis of vascular endothelial cells whereas neurotoxic venom did not induce
programmed cell death; instead it caused necrosis at much higher doses of venom
[80]. This corroborates with the findings of the Nile blue staining of this study
which revealed varying levels of cell death along with the wing buds and limb
extremities of Bitis arietans envenomed embryos. The development of limb vascu-
lature may explain why apoptosis was seen the distal limbs, clustered away from the
tips of the extremities. Interestingly, apoptosis was primarily seen on the wing buds,
which develop later than the legs [81]. Previous studies may have explained the
affinity for wing bud cells over leg bud cells due to the principle of non-equivalence
meaning that cells in different areas of the body have different intrinsic characters
and positional information [82]; however it has more recently been proven that
these cells are interchangeable and not restricted in their development [83].

6. Conclusions

In conclusion, it was seen that the test group envenomed by Bitis arietans from
Kenya exhibited the highest incidence of detrimental effects. Concentration 100,

10 and 1 mg/ml of venom all showed statistically significant changes to the body,
heart and liver weight. This venom also produced the smallest average weights

in comparison to the other test groups. The highest mortality rate, however, was
observed in the non-specific venom, with the strongest concentration resulting in
70% fatalities. This suggests that the most fatal of the four venoms observed was the
non-specific African Bitis arietans. The induced cell death was observed in all four
venom specimens, which correlates to Bitis arietans previously documented haemo-
toxic potential. The results showed that the Kenyan venom, along with having the
most significant effect on organ weights of the embryo, also initiated the strongest
apoptosis.

These results suggest a geographical variation in potency of Bitis arietans venom,
however further study is required to determine the cause of this variation. Current
hypotheses suggest a natural dietary evolution influencing the venom composi-
tion; future studies examining if there is a regional difference in the diet of these
snakes along with an analysis of their venom enzymes could aid in confirming this

hypothesis.
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Chapter 5

Toxicosis of Snake, Scorpion,
Honeybee, Spider, and Wasp
Venoms: Part 1

Saganuwan Alhaji Saganuwan

Abstract

Toxicosis is a poisoning caused by venomous animals such as snake, scorpion,
honeybee, spider, and wasp. Their poisons contain amino acids, peptides, proteins,
enzymes, and metallic ions that are responsible for neurotoxicity, hemotoxicity,
and myotoxicity. Because of in vivo therapeutic challenges posed by toxicosis, there
is need for ideal therapeutic agents against envenomation caused by venomous
animals. Findings have shown that toxicosis could be treated symptomatically.
Snake and scorpion antivenins could be used for treatment of poisoning caused by
snake, scorpion, honeybee, spider, and wasp. The amount of antivenin is dependent
on the quantity of venom injected into the affected individuals. More so, symptom-
atic treatments are also done according to the systems affected. Hospitalization is
necessary for assessment of therapeutic success.

Keywords: toxicosis, snake, scorpion, toxin, antivenin, lethality, hemotoxicity,
neurotoxicity, myotoxicity, hospitalization

1. Introduction

Venomous animals such as snake, scorpion, honeybee, spider, and wasp constitute
very significant health hazard in the world. The snake venom contains many toxic
and non-toxic molecules [1]. Forty-seven out of 50 US States have venomous snakes.
Southwestern US are mostly affected. About 4700 venomous snakes bite human and
150,000 primarily dogs and cats are bitten by venomous snakes every year in the US,
with human mortality of 0.06% and that of dog is 1-30% [2]. Scorpionism is caused
by many poisonous scorpions including Tityus species endemic to Panama, whereas
Centruroides are endemic to Guatemala, Belize, El Salvador, Nicaragua, and Costa
Rica. They are wildly toxic via unchannel active toxins. In Panama, the incidence was
52 cases per 100,000 in 2007 and 28 deaths were recorded between 1998 and 2006,
respectively. Tityus species present in the Atlantic coast of Costa Rica is responsible
for fatalities in Panama. Tityus pachyurus [3] and Parabuthus granulatus are of the
most medical importance in the Western Cape of South Africa. P. transvaalicus
venom is used for production of P. granulatus venom [4]. About 200,000 cases of
scorpionism are reported in Mexico and cause 310 deaths every year and 20,000 out
of 38,068 affected persons were successfully treated using equine antiserum
(serotherapy) and no life was lost [5]. The first case of scorpionism was reported in
Canada in a 36 year old man in 1962. The rate of scorpionism in Amazon region of
Brazil is 8.14-273 cases per 100,000. Most species involved in envenomation belong
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to the genus of Tityus [6]. M. gibbosus is endemic to a small geographic area of Erbalj
on terra rossa soil [7]. The incidence of scorpion sting in Iran was 61.2 per 100,000
populations [8], as against 1.2 million people with estimated 3250 death per year. The
mean annual rate was 17.4 per woman population [9]. The highest rate of sting
occurred in Iran among individuals of 25- to 34-year-old [8]. The global mortality rate
was 10 per 1000 cases. Most of the stings were seen on lower limbs (58.6%) and
upper limbs (34.3%) during the hot season [10]. The scorpion that had envenomated
for the first time may have less toxic envenomation for the second time as reported in
the case of sting from Leiurus abdullahbayrami [11]. In India, envenomation was
more common in males than in females [12].

Honeybee (Apis mellifera) constitutes a significant nuisance and of medical impor-
tance in Africa, Europe and other parts of the world. Other subspecies are A. mellifera
carnica, A. mellifera ligustica, and A. mellifera scutellata [13]. Honeybee stings reported
in Ceara, Brazil showed 1307 cases affecting men between 20 and 29 years of age [14]
translating to 19 cases per 100,000 in Campina Grade [15]. Bee envenomation is a
problem in India, China, Latin America, Middle East, and North and South Africa
[16]. About 200 stings from Apis mellifera could cause envenoming syndrome in
children and elderly [17] as multiple stings, not increased venom potency or delivery
cause serious reactions [18]. Bee venoms differ in weight and concentrations of phos-
pholipase and melittin [19]. Unfortunately, no specific antivenom for bee envenom-
ation; hence, proper removal of stings, first aid treatment and chemotherapy should
be considered as medical emergency [20]. Administration of hydrocortisone, calcium,
analgesic, and 0.9% sodium chloride and application of ice to the site of stung preg-
nant woman resulted in recovery from the pain and the fetus was stable and delivered
3 months after treatment without sequela [21]. There are 42,473 species of spiders
grouped into 110 families (Platnick) [22]. Hadronyche formidabilis and H. cerberea have
very high envenoming rates [23]. Black widow spider (Latrodectus mactans) and
brown recluse spider (Loxosceles reclusa) are of most concern [24]. In view of the
increased challenges and negligence of envenomation caused by venomous snake,
scorpion, spider, wasp, and bee, there is need for thorough search for their therapeutic
regimens with a view to having lasting solution against fatality.

2. Methodology

Literatures were searched on venomous snakes, scorpions, honeybees, spiders,
and wasps with an intent to identifying their toxicity potentials, epidemiology of
their toxicosis, signs of toxicity, treatment, and development of vaccines against
their venoms. Sought also are information on medicinal plants, phytochemicals and
other therapeutic agents, structures of some chemicals present in the venoms, and
their medical applications and medicinal uses. Mathematical formulas were also
derived for calculation of body weight, body surface area, packed cell volume,
hemoglobin, total blood volume, lost blood volume, median lethal dose (LDs),
median effective dose (EDsg), number of bee stings, total dose of bee venom, and
relationship between renotoxicity and hemotoxicity.

3. Results

Findings have shown that venoms from poisonous species of snakes, scorpions,
honeybees, spiders and wasps are highly toxic and could cause various degrees of
hemotoxicity, myotoxicity, and neurotoxicity including death (Tables 1 and 2 and
Figures 1-77).
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System Age Sting(s) Sex Signs Treatment
(year)
Nervous 6,70  leach Female Axonal polyneuropathy, Immunoglobulin L.V,
70 1 Male seizure anti-inflammatory,
Brachial plexitis, Parkinsonism oxygen
Muscular 34 3 Male Rhabdomyolysis, muscle pain, Analgesic, anti-
allergy inflammatory
Circulatory 35-42  Many Male Myocardial infarction, Angioplasty, steroids,
ischemic attack, cardiac arrest, antihistaminics
Kounis syndrome, anaphylaxis
Renal 2 1 Male Nephrotic syndrome, anasarca, Corticosteriod
acute renal failure
Ocular 21-50 1 Male Cataract, glaucoma Surgery, keratoplasty,
Female antibiotics,
corticosteroid
Miscellaneous 40  Multiple Male Intravascular coagulopathy, Hydrocortisone,
coma analgesic, pheniramine
Table 1.

Toxicity signs of honeybee sting in human.

Animal Weight Number of  Dose of stings LDso EDso Lethal time
(kg) stings (mg) (mg/kg) (mg/kg) (hour)
Child 10 94 28.2 1.41 11.2 210
Adult 60 1000 300 25 7.5 3.72
Table 2.

Calculated median lethal dose and effective dose 50 of honeybee venom and antivenom in human.

Figure 1.

Metalloproteinase of rattlesnake’s venom.

Figure 2.

HOr

HOl -

Hyaluronidase of black mamba’s venom enzyme.
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Figure 3.
Eastern diamondback rattlesnake (Crotalus adamanteus) found in southeastern United States.

Figure 4.

Western diamondback rattlesnake (Crotalus atrox) can be found, from California to West Texas,
Oklahoma, the southern parts of New Mexico and Arizona and novthern parts of Mexico. This species is also
Sfound in several islands in the Gulf of California.

Figure 5.
Mojave rattlesnake (Crotalus scutulatus) found in the deserts of the southwestern United States and central
Mexico.

Figure 6.

Sidewinder (Crotalus cerastes) found in the desert regions of the southwestern United States and northwestern
Mexico.
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Figure 7.
Timber rattlesnake (Crotalus horridus) also commonly known as canebrake rattlesnake or banded

rattlesnake found in the eastern vegion of the United States.

Figure 8.
Pigmy rattlesnake (Sistrurus miliarius) found in the southeastern part of the United States.

Figure 9.
Massasauga rattlesnake (Sistrurus catenatus) found in several states of the United States, southern Ontario

in Canada and in northern Mexico on the border with Texas.

Figure 10.
Prairie rattlesnake or Great Plains rattlesnake (Crotalus viridis) found in the western United States. They

are also found in southwestern Canada and northern regions of Mexico.
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Figure 11.
Inland taipan (Oxyuranus microlepidotus) found in semi-arid regions of central east Australia.

sk

Figure 12.
Coastal taipan also known as the common or eastern taipan (Oxyuranus scutellatus). It’s found throughout

the coastal regions of northern and eastern Australia and also on the island of New Guinea.

Figure 13.
Central Ranges taipan (Oxyuranus temporalis).

Figure 14.
King cobra (Ophiophagus hannah). King cobras live in Southeast Asia mainly in the plains and vainforests of

India where they ave abundant and revered in some places, southern China, Malaysia, and the Philippines.
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Figure 15.
Monocled cobra (Naja kaouthia) can be found in China, India, Vietnam, Nepal, and Cambodia, but also

Malaysia, Bangladesh, Bhutan, Laos, Myanmar, and Thailand.

Figure 16.
Indian cobra (Naja naja). They are found in several countries including India, Pakistan, Sri Lanka,

Myanmar, southern Nepal, Bangladesh, Bhutan, and possibly in the extreme eastern Afghanistan in the Kabul
River Valley.

Figure 17.
Egyptian cobra (Naja haje) is found throughout most of North Africa north of the Sahara desert, and also

south of the Sahara through West Africa, in the Congo Basin, Kenya and Tanzania and the southern part of the
Arabian Peninsula.

Figure 18.
Mozambique spitting cobra (Naja mossambica)—eastern parts of southern Africa, most of Mozambique,

Swagziland, Zimbabwe, southern Angola, Zambia, Malawi, northeastern Namibia, northern Botswana, and
southern Tanzania including Pemba island.
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Figure 19.
Cape cobra (Naja nivea) found in southern Africa, particularly in South Africa and in parts of Botswana and
south part of Namibia.

Figure 20.
Common krait (Bungarus caeruleus) found in the Indian subcontinent. These snakes are found almost all
over Peninsular India but not in the offshore Islands. They are also found in other neighboring countries such as

Pakistan, Bangladesh, Nepal, and Sri Lanka.

Figure 21.
Blue krait is also known as the Malayan krait (Bungarus candidus). These snakes are found in Peninsular
Malaysia, central Vietnam, Thailand, Bali, Lao People’s Democratic Republic, Indonesia, Singaporve, and Sumatra.

I~ }h

Figure 22.

Black mamba (Dendroaspis polylepis). The black mamba lives in the savannas and rocky hills of southern
and eastern Africa. Its fragmented range includes many African countries like the Democratic Republic of the
Congo, Sudan, Ethiopia, Eritrea, Somalia, Kenya, Uganda, Tanzania, Burundi, Rwanda, Angola,
Mozambique, Swaziland, Malawi, Zambia, Zimbabwe, Botswana, Namibia, and South Africa.
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Figure 23.
Eastern green mamba (Dendroaspis angusticeps). Their range stretches from the eastern Cape in South
Africa through Kenya, Mozambique, Tanzania, eastern Zimbabwe, and southern Malawi.

Figure 24.

Eastern gartersnake or Eastern garter snake(Thamnophis sirtalis sirtalis). They have a wide range across
eastern Novth America, extending as far north as southern Ontario and Quebec in Canada, to the Gulf of
Mexico in the south, along the eastern shores of America to the Mississippi River.

Figure 25.
California red-sided garter snake (Thamnophis sirtalis infernalis) found in California.

4. Discussion
4.1 Signs of ophidism

Difference between cobra and viper venom in terms of molecular weight, route
of administration and nature of toxin could account for differences in their venoms
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Figure 26.
Checkered garter snake (Thamnophis marcianus) found in the southwestern United States southwards into
Mexico and Central America as far south as Costa Rica.

Figure 27.
Eastern brown snake (Pseudonaja textilis) found in the eastern half of Australia, except in Tasmania.

Figure 28.
King brown snake or mulga snake (Pseudechis australis) found over most of mainland Australia, except for
the extreme south and the southeast coastal regions.

lethality. Venom of Cerastes cerastes is more toxic than that of Bitis arietans and
Macrovipera lebetina and toxin of Naja haje is more toxic than that of C. cerastes, M.
lebetina and B. occitanus. Vipers have toxins with high molecular weight [25].
Therefore, venom quality has to be standardized for development of efficient anti-
venom, [26]. When the time of injected antivenom is shorter than fatal limit time,
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Figure 29.
Death adder (genus Acanthophis) found in Australia, Indonesia, New Guinea and its nearby islands.

Figure 30.

Red-bellied black snake (Pseudechis porphyriacus) native to eastern Australia. The red-bellied black snakes
are found in a more or less continuous range from southeastern Queensland south through eastern New South
Wales and Victoria.

Figure 31.

Gaboon viper (Bitis gabonica) found along the equatorial belt of Africa, East and Central Africa, and
southeast Africa. In the African Portuguese-speaking countries, it can be found in Guinea-Bissau, Angola, and
northern Mozambique.

Figure 32.
Tiger snake (Notechis) found in Australia.

the envenomated may be protected by increasing the dose of antivenom. But when
the antivenom is injected closer to the fatal limit time, the chance of death is one-

half [27].
4.2 Treatment of snake envenomations

Rational dosage of snake antivenom requires larger randomized controlled trials
and further strategies are required to reduce morbidity in children bitten by Naja

atra [28]. Neurotoxic envenomations and complications thereafter correlate posi-
tively with snake antivenom dosage; hence higher doses are required which may
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Figure 33.
Puff adder (Bitis arietans) found in African savannah and grasslands.

Figure 34.
Horned viper (Cerastes cerastes). It is found in many north African countries like Morocco, Mauritania,

Mali, eastward through Algeria, Niger, Tunisia, Libya and Egypt, Chad, Sudan, Ethiopia, Somalia, and
northern Israel.

Figure 35.
Boomslang (Dispholidus typus) found in sub-Saharan Africa in the central and southern regions of the

continent. The boomslang is most abundant in Botswana, Swaziland, Namibia, Mozambique, and Zimbabwe,
but the species has been reported as far north as southern Chad and Nigeria, and as far east as eastern Guinea.

Figure 36.
Rinkhals (Hemachatus haemachatus). The rinkhals is found in most provinces of South Africa, like western

and eastern Cape along the south coast, Mpumalanga, Free State, southern Gauteng and Kwazulu Natal.
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Figure 37.

Cog;perhmd or water moccasin (Agkistrodon contortrix). These snakes are found in the United States and
in northern Mexico. In the USA, they are found in the states of Alabama, Arkansas, Florida, Georgia, Illinois,
Connecticut, Delaware, Indiana, Iowa, Kansas, Kentucky, Louisiana, Ohio, Mississippi, Missouri, Oklahoma,
Maryland, Massachusetts, New Jersey, New York, Novth Carolina, Tennessee, Texas, Pennsylvania, South
Carolina, Virginia, and West Virginia. In Mexico, it occurs in Coahuila and Chihuahua regions.

Figure 38.
Cottonmouth (Agkistrodon piscivorus) found in the southeastern United States.

Figure 39.
M, hi or Japanese M. hi (Gloydius blombhoffii) found in Japan, China, and Korea.

also cause adverse reactions [29]. Neutralization capacity of antivenom may be
related to geographic proximity of snake species [30]. Cerestes cerestes antivenom
and Macrovipera mauritanica antivenom cross react with Bitis arietans antivenom
due to presence of antigens common to them [31]. Tenerplasminin-1 (TP,), a
plasmin inhibitor isolated from Micrurus tener tener venom was similar to Kunitz-
type serine peptidase inhibitors [32]. Rauwolfia serpentina inhibits Daboia russelii
venom [33].

The therapeutic dose of antivenom is relative to the quantity of venom [34].
Therefore, postmortem lesions are required to provide the cause of death [35].
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Figure 40.
Russell’s viper (Daboia russelii) is found throughout Asia, in the Indian subcontinent, much of Southeast Asia

in southern parts of China and Taiwan. The species is found in many countries India, Pakistan, Sri Lanka,
Myanmar, Bangladesh, Nepal, Thailand, Cambodia, China, Taiwan, and Indonesia.

Figure 41.
Eyelash viper or eyelash palm-pit viper (Bothriechis schlegelii) found in central America and northern

South America.

Figure 42.
Golden lancehead (Bothrops insularis).

Figure 43.
Jararaca (Bothrops jararaca). They are found in southern Brazil, northeastern Paraguay, and Misiones

province in novthern Argentina. It is also found in several islands off the coasts of Argentina and Paraguay, some
as far as 35 km offshore.
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Figure 44.
Fer-de-lance or terciopelo (Bothrops asper) inhabits the region from southern Mexico to northern South
America.

Figure 45.
Bushmaster (Lachesis muta) found in southern Central America and the northern half of South America
including the island of Trinidad.

Figure 46.
Mangrove snake (Boiga dendrophila) found in Indonesia, Malaysia, Thailand, Singapore, Vietnam,
Cambodia and Philippines.

Figure 47.
Ringneck snake (Diadophis punctatus) found in southeastern Canada and throughout most of the United
States southward into Central Mexico.

Figure 48.
European cat snake or European Catsnake (Telescopus fallax).

Hence, neutralizing capacity of antivenins must be standardized [36] because of
complex nature of venom composition [37]. Pro-coagulant is used to assess anti-
venom activity and the results of antivenin test in rodents may not prove efficacious
in human [37] which is considered very important [38]. Hence, changes in dosing
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Figure 49.
Indian red scovpion (Hottentotta tamulus) found throughout most of India, eastern Pakistan and the eastern

lowlands of Nepal.

Figure 50.

Deathstalker scorpion (Leiurus quinquestriatus). The deathstalker scorpion’s range covers a wide sweep of
territory in the Sahara, Avabian Desert, Thar Desert, and Central Asia, from Algeria and Mali in the west
through to Egypt, Ethiopia, Asia Minor and the Avabian Peninsula, eastward to Kazakhstan, and western
India.

Figure 51.
Avabian fat-tailed scorpion (Androctonus crassicauda) found mainly in the Palaearctic vegion. It is
commonly found in Saudi Avabia, Kuwait, Qatar, Iraq, Iran, Turkey, and in novth African nations.

Figure 52.

Yellow fat-tailed scorpion (Androctonus australis). The yellow fat-tailed scorpion is found in north and
west Africa, the Middle East, and eastward to the Hindu Kush vegion. Countries where Androctonus species
live include Armenia, Movocco, Algeria, Tunisia, Libya, Egypt, Togo, Palestine, Israel, India, Lebanon, Turkey,
Jordan, Saudi Arabia, Yemen, Oman, United Arab Emirates, Qatar, Kuwait, Iraq, Iran, Afghanistan,
Bahrain, and Pakistan.
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Figure 53.
Black spitting thick-tailed scorpion (Parabuthus transvaalicus)—southern Africa.

Figure 54.

Striped bark scorpion (Centruroides vittatus) is distributed throughout the South-Central U.S. states and
throughout northern Mexico. Beginning in the northern Mexico Border States, Chihuahua, Coahuila, Nuevo
Ledn, and Tamaulipas, C. vittatus’ range extends upwavd longitudinally through Texas, Oklahoma, and
Kansas, to reach as far north as Thayer County, Nebraska.

Figure 55.
Avigona bark scorpion (Centruroides exilicauda) found in the deserts of Arizona, California and Utah.

Figure 56.
Brazilian yellow scorpion (Tityus serrulatus)—South America.

and development of new antivenins have been recommended [39]. However, low
effective dose can be used with beneficial results [40]. The most effective treatment
for snake envenomation is the specific heterologous serum [41] and additional dose
is unnecessary in brown snake envenomation [42]. Antivenom cause anaphylactic
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Figure 57.
Yellow-legged burrowing scorpion (Opistophthalmus glabrifrons)—southern Africa.

Figure 58.
Tanzanian red clawed scovpion (Pandinus cavimanus)—Tanzanian, Africa.

Motic-pets.co.uk

Figure 59.
Emperor scorpion (Pandinus imperator) found living in the rain forest or wet savannah, throughout Africa
from Mauritania to Zaire.

Figure 60.
Brown widow spider (Latrodectus geometricus) found throughout the world, including Africa, the United
States, Europe, Asia, the Middle East, and South America.
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Figure 61.
Yellow sac spider (Cheiracanthium) is a species endemic to the Americas.

Figure 62.
Indian ornamental tarantula (Poecilotheria regalis) is a species of spider found in South Asia, as well as
southeastern India.

Figure 63.
Brown recluse (Loxosceles reclusa) primarily found in North America (throughout the Midwest and
Southern United States in particular).

Figure 64.
Black widow spider (Latrodectus) found on every continent of the world (with the exception of Antarctica).
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Figure 65.
Sydney funnel-web spider (Atrax robustus) is native to eastern Australia.

Figure 66.
Chinese bird spider (Cyriopagopus hainanus) is found predominantly in China and Southeast Asia.

Figure 67.
Redback spider (Latrodectus hasseltii) found predominantly in Australia, Southeast Asia, and New
Zealand.

Figure 68.
Brazilian wandeving spider (Phoneutria fera) endemic to the tropical regions of South America.
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Figure 69.
Six-eyed sand spider (Hexophthalma) is found predominantly in the deserts of southern Africa.

Figure 70.
Tarantula hawks (Pepsis species) found acvoss South and Central America and in the southern United States.

Figure 71.
Giant Japanese hornet.

Figure 72.
Bald-faced hornet (Dolichovespula maculata) is found throughout North America.
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Figure 73.
Crypt-keeper wasp (Euderus).

Figure 74.
German yellowjacket Paravespula germanica (Linnaeus) found throughout North America.

Figure 75.
Paper wasps (Polistes species)—southern United States.

Figure 76.
Africanized honey bee (Apis mellifera scutellata Lepeletier) occurs naturally in sub-Saharan Africa but has
been introduced into the Americas.
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Figure 77.
Bumblebee Bombus terrestris.

reactions [43] and serum sickness necessitating balance between treatment benefit
and the risk of adverse reactions [42]. Failure of snake antivenin may be due to the
fact that different snake venoms contain varieties of potent hemotoxins, neuro-
toxins, and other toxins [44]. Therefore, the viper venom is more toxic than elapine
venom due to the nature and molecular weight of toxins. Geographical variability,
the species of snakes, body weight, and the route of administration of antivenin are
very vital to successful treatment [45]. Toxins with molecular weight (<7KDa)
diffuse quickly into the blood stream [25], which may not affect efficacy of snake
antivenin IgY elevated by ion exchange chromatography [46].

But antivenin affects pharmacokinetic and pharmacodynamic properties of
venom. Hence, the quality of preparation and optimization of the use of antivenin
must be standardized [47]. The amount of antivenin is determined by clinical signs,
size of snake, and the known efficacy of available antivenin [9]. The route of
administration of antivenin is controversial, but intravenous route has been con-
sidered the most efficient [47]. Polyclonal antibodies are more effective against
Cerastes cerastes snake venoms in laying hens than in mammals [48]. Chicken
immunoglobulin (IgY) is more sensitive, easy to assay, does not activate human
complement system and does not react with human anti venomous IgG antibodies
or human Fc receptors [49]. The immunoglobulin IgY offers protection against
embryo infections [50]. The effective IgY dose required to prevent mortality in
rabbit was four times the dose of injected venom using Lowy’s protein assay [51].
Milk whey lactoferrin increased antibody levels and immune-stimulatory effects
against snake venom [52] whereas adjuvant sustains the release of antigen, interacts
with immune cells [53], activates nonspecific mediators of the immune system and
enhance macrophage phagocytic activity. IgG antibody neutralized activity against
T. albolabris venom [54]. Thai neuro polyvalent antivenin is considered second-line
treatment for Hydrophis schistosus and Hydrophis curtus [55]. Both IgG and F(ab’),
antivenins activated human complement system with IgG having significantly
higher anti-complementary activity than F(ab’), antivenin [56]. Agkistrodon halys
antivenin is more efficacious than green pit viper antivenin [30]. Anti-Cc and Anti-
Mm F(ab’); cross reacted extensively with Bitis arietans venom, perhaps due to the
presence of venom antigens common to the both snakes [57]. Gamma irradiated
Naja haje antivenin showed higher neutralizing capacity [58]. Equine antivenom
neutralized coagulant and hemorrhagic activities against Rhabdophis tigrinus snake
venom [59]. Pseudo naja antivenin could not neutralize afbrinogenemia with serious
consequences [60]. Hence clotting factor replacement therapy using fresh frozen
plasma is associated with afibrinogenemia [61]. Gold nano-particle-based lateral
flow assay is used for detection of snake envenomation [62]. Therefore, pharmaco-
kinetics may be useful in design and optimization of antivenins [63]. Purification
and characterization of new bioactive compounds in snake venoms would be of help
in diagnosis and treatment of snake envenomation [64]. Sea snakes such as
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Hydrophis schistosus and Hydrophis curtus produce venoms that could be neutralized
by their neuropolyvalent antivenom (NPAV) and cross neutralization should serve
as basis for antivenom purification [55]. Non-irradiated and gamma-irradiated
polyvalent antivenoms could neutralize Naja haje [65]. Lack of potent monovalent
and polyvalent antivenins could be responsible for gross disparity in the manage-
ment of snakebite. Treatment of snake envenomation was introduced by Albert
Calmette of the Institute Pasteur Saigon in the 1890s. The antivenom is either whole
IgG or pepsin refined F(ab) fragments of IgG derived from plasma of horse, don-
key, mule, sheep immunized with venom of one or more species of snakes lyophi-
lized venoms that have shelf-life of about 5 years and should be stored at <25%¢,
whereas liquid antivenom have shelf-life of 2-3 years and should be stored at 2-8°C
and not frozen. Antivenoms against Naja naja, Bungarus caeruleus, Daboia russelli
and Echis carinatus are produced in India [66]. About 8-10 vials of antivenom
against Russell’s viper that injects 63 mg of venom is required. Each vial neutralizes
6 mg of the snake venom. Children should receive the same dose as adults, but
should be observed closely for antivenin post administration reaction. Normaliza-
tion of blood pressure in 15-30 minutes, stopping of coagulopathy in 6-hour, rever-
sal of neurotoxicity in 30 minutes and recovery within 24-48 hours are the
characteristics of effective snake antivenom. If there is coagulopathy, administra-
tion of anti-snake venom can be repeated every 6 hours or after 1-2 hours of the
initial dose. Worsening of cardiovascular signs requires repeating dose of snake
antivenom every 1-2 hours [67]. About 70% of all snakebites are by non-venomous
snakes and 50% of bites by venomous species are dry bites [68]. Serum produced
from irradiated Naja haje is more potent in venom neutralization than the serum
produced from native venom. The two sera inhibit cardiotoxic and hepatotoxic
effects [58]. Crescentia cujete fruit has significant neutralizing capacity against
Vipera russelli venom [69]. Snake envenomation detection immune assay (SEDIA)
is a potential diagnostic test for snake envenomation [52]. Milk whey (lactoferrin)
could be an adjuvant to snake antisera [52]. Pharmacokinetics of venom from
Hypnale hypnale are not changed by intramuscular injection of the venom, although
may reduce systemic bioavailability of the venom [63]. Structures, cytotoxicities,
and affinities to phospholipids of cytotoxins from the venom of Naja haje differ
[70]. Acorus calamus and Withania somnifera root extract have neutralizing poten-
tial against venom of Echis carinatus [71]. Isolated chicken immunoglobulin (IgY)
could neutralize viper venom [51]. Low dose snake antivenom with supportive
treatment is effective, less cost, and has low level of adverse reactions [72]. IgY
antibody could neutralize venom of Trimeresurus albolabris [54] and Cerestes cerestes
venoms [48]. Indian snake antivenoms (VINS and BHARAT) are effective against
D. vusselli, E. carinatus, B. caeruleus and N. naja with VINS being more superior to
BHARAT [37]. Serum harvested from polyvalent venom from different species of
snakes could neutralize snake venom such as Rhabdophis tigrinus [59]. Too small
initial doses of snake antivenom could not neutralize venom of Pseudo naja; hence
the patient remains afribrinogenemic for long period of time [60]. Neutralizing
potential of snake antivenom (IgY) could be improved by ion exchange chroma-
tography. Therefore, IgG antivenom has significant complementary antivenom
activity than F(ab’)2 antivenom [56].

4.3 Medicinal plants and phytochemicals against ophidism
Andrographis paniculata and Aristolochia indica could neutralize venom of
Daboia russelli [41]. Higher dose of Haffkine polyvalent antivenom could neutralize

venom of Naja sumatrana [40]. Calotropis gigantea could neutralize venom of
Vipera russelli [73]. Brown snake, Pseudo naja causes venom induced consumption
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coagulopathy with over one-third of patients having serious hemorrhagic collapse
and microangiopathy. The venom is neutralized by one vial of antivenom [42].
Androctonus crassicauda antivenom could neutralize Mesobuthus venom found in
Aegean region of Turkey [74]. Lectins from Abrus precatorius may be tried against
snake and scorpion venoms. Because native and denatured agglutinin from the
plant has immunomodulatory potential [75]. Hence, clinical studies of the effec-
tiveness and safety of antivenoms have to be intensified because most currently
marketed antivenoms were registered without any formal clinical or preclinical
safety and effectiveness testing [76]. Change in amino acid sequence of a venom
component can lead to a change of new compounds. Alpha bungarotoxin is cholin-
ergic. Therefore, venom proteomics and genomics could lead to discovery of new
therapeutic agents including antivenoms [77]. Natural and synthetic inhibitors of
snake venom metalloproteinases are phenols and rosmarinic acid which inhibits
hemorrhage caused by venoms of Trimeresurus flavoviridis, Crotalus atrox and
Gloydius blomhoffii, Agkistrodon bilineatus, Deinagkistrodon acutus and Bitis arietans.
Apigenin also inhibits venom of Echis carinatus and gallic acid inhibits venom of
Daboia russelli, isoquercitrin, myricetin-B-O-glucoside and gallocatechin from
Schizolobium parahyba leaves neutralized venoms of Bothrops species including B.
jararvacussu and B. alternatus [78, 79]. Matrix metalloproteinase inhibitors such as
that of zinc-binding group, marimastat, prinomastat and tanomastat inhibit venom
of Echis ocellatus. They are hydroxamic acid derivatives. Matrix metalloproteinases
are grouped as astacins, serralysins and reprolysins under metzincins [80, 81].
Zinc containing endopeptidases and calcium ions could be chelated by
ethylenediamine-tetraacetic acid, o-phenanthroline [82, 83], N,N,N,'N’-Tetrakis
(2-pyridylmethyl) ethane-1,2-diamine (TPEN), diethylene triamine pentaacetic
acid (DTPA), tetraethylthiuram disulfide (TID) in hemorrhage and myotoxicity
caused by venom of E. carinatus [84]. Bisphosphonate clodronate, tetracycline and
doxycydine inhibit hemorrhagic, proteolytic, coagulant and defibrigenotic effect of
venom from B. asper [85]. A clerodane diterpenoid from Baccharis trimera caused
inhibition of B. neuwiedi and B. jararacussu venoms [86]. Triacontyl p-coumarate
from Bombacopsis glabra inhibited venom of Bothropoides pauloensis, B. leucurus,

B. jararaca and B. pautoensis [87]. Macrolobin A and B (triterpnoid saponins) from
Pentaclethva macroloba inhibited venom of Bothrops [88]. Linearol and isolinearol
(secodolastane diterpenes) from Canistrocarpus cervicornis inhibited venom of B.
jararaca [89]. Lupeol and lupeol acetate (terpenes) inhibited E. carinatus-venom
induced damage [90]. Quinolones including 2-hydroxymethyl-6-methoxy-1,4-
dihydro-4-equinolinone inhibited venoms of B. jararacussu, B. moojeni and B.
alternatus [78]. N-acetyl cysteine inhibited gelatinase, hyaluronidase, hemorrhagic
and defribrinogenating activities of Vipera russelli and E. carinatus venoms [91].

A derivative of citalopram (DFD) neutralized venoms of E. carinatus, E. ocellatus,
E. carinatus sochureki, E. cavinatus leakeyi and Crotalus atrox [92]. However, Allium
cepa, Securidaca longipedunculata, Carica papaya, Harrisonia abyssinica and
Nicotiana tobaccum are frequently used in treatment of snakebite. Low dose of
snake antivenom is highly cost-effective as compared to the high dose [92].

4.4 Signs of scorpionism

Scorpion species of medical importance are represented by the genera
Androctonus, Tityus, Mesobuthus, Hottentotta, Parabuthus, Centruroides and Leiurus.
Leiurus abdullahbayrami caused hyperexcitability, agitation, aggressiveness,
squeaking, fighting, tachypnea, weakness, convulsions and death due to cardiac and
respiratory failure [93]. Envenomation of Leiurus quinquestriatus showed degranu-
lation of eosinophils, fever, edema of cerebrum and myocarditis in rabbit [94].
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Tityus pachyurus polock envenomation was characterized by sialorrhea, respiratory
distress, profuse sweating, ataxia, restlessness, somnolence and hypoglycemia [95].
The toxicity of venom is relative to the maturity and weight of the scorpion [96].
Tityus stigmurus caused, cardiogenic shock, pulmonary edema, severe neurological
symptoms and death [9]. Spontaneous glycinergic and glutamatergic post synaptic
currents, suggest that scorpion toxin act on inhibitory and excitatory presynaptic
nerves. A. australis venom is more toxic followed by T. pachyurus, A. crassicauda, L.
quinquestriatus, M. eupeus, L. abdullahbayrami and H. sauleyi [93]. A. crassicauda
scorpion venom could induce activation of human monocytes leading to promotion
of expression of IL-12 [97] with molecular peptides (Acra 1 and Acra 2) that are
similar to known sodium-channel specific toxins of other scorpions [98]. M.
gibbosus endemic to Mediterranean area causes scorpionism characterized by pain,
pulsating and gloving sensations, cold, sweat, paleness, excitation, occasional spasm
of the affected part, tortuousness of the vein, which lasted for more than 4 years.
Periodical tingling, and occasional muscle twitches were observed during night. The
treatment was symptomatic [99].

4.5 Treatment of scorpionism

Local anesthetic is effective, while opioids are ineffective and increase the risk of
respiratory depression. Non-steroidal anti-inflammatory drugs may be disappoint-
ing. Bio 10 ml of 10% calcium gluconate administered over 5-10 minutes relieves
muscle pain and cramps and the effects last 20-30 minutes, hence safe limit dose is
required. SA IMR scorpion venom antiserum is equine anti-scorpion globulin sup-
plement in 5 ml per ampoule and 5-10 ml is required for adults and children. Its
plateau effect is achieved in 2-6 hours, hence respiratory support is of paramount
importance during the period. If case-response to first dose is inadequate, another
5 ml could be administered. The victim should be kept under close observation for
at least a period of 6-12 hours. Electrolytes, pH, acid-base balance arterial blood
gases, and electrocardiography should be used for assessment of scorpionism to
avoid fatality. The rule of thumb is that scorpions with thick tails and slender
pincers (e.g. Buthidae) produce more venoms than those with slender tails and large
pincers. Hence speed of scorpion and a wave of potential neurotoxic effects are very
important. Bioclon and Butantan are very effective antivenins against scorpionism
[95]. Treatment of scorpion envenomation requires specific antiserum. Antiserum
against Buthus quinquestriatus from immunization of horses with crude venom as
antigen has been proven to be effective [100], and high amount of antivenins is
required to achieve satisfactory neutralization [101]. A. crassicauda antivenin could
prevent, neutralize and cure M. eupeus scorpionism if applied at optimum time,
dose, and route [102]. The LDsq of A. crassicauda venom (1.1 mg/kg) and 39.19 mg/
kg [103] make it highly toxic. The long half-life of venom in the body might require
antivenin that has long half-life [101].

In Saudi Arabia, scorpionism is treated using 5 ml of antivenom diluted in 5-20 ml
of saline and the solution was administered intravenously. Adjunct chemotherapy
could be instituted when required. However, a 12-year-old boy inadequately treated
with antivenom died from pulmonary edema, hematemesis, severe neurotoxicity,
and circulatory failure. All the patients treated in Saudi Arabia stayed in hospitals for
1-2 days. The incidence of antivenom reaction was 1.7-6.6%, low protein level of
antivenom, and high quality of catecholamine could lead to antivenom failure [101].

Two purified toxic fractions of Mesobuthus eupeus toxin were quickly eliminated
from tissue [104] signifying that M. eupeus toxicity may not last long in the body.
Dissociation of the toxin-channel complex during depolarization is determined by
the difference between electrical energies of the activated states of normal and
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toxin-modified channels [105]. The partially purified toxic fractions, when injected
to rabbits, gave rise to more potent antivenoms against whole venoms as compared
to presently commercially available antivenoms [106]. A. crassicauda has LDsg of
venom (15.45 pg/kg) in mice, making it one of the highly toxic species of scorpions
in the world [103]. A. crassicauda antivenom could neutralize M. gibbosus venom
(20 LDsp) in Aegean region of Turkey [107]. Thus, highly potent antivenom could
be produced from about 238 telsons in 51 days [74].

Comparing the calculated ratio of £% and #% which gives equivalent weight of
21.5 kg and 24.3 kg respectively shows that Butantan (292 pg/ml) and Bioclon

(330 pg/ml) can be used effectively in the treatment of human weighing 21.5 and
24.3 kg body weight, respectively. Signifying that age plays role on the disposition
of Tityus toxin, the toxic principle of Tityus species. Therefore, the difference in
severity of symptoms observed in children and adults may be due to difference in
pharmacokinetics of the toxin. Mesobuthus eupeus venom can be neutralized by
nanovalent, polyvalent and anti-idiotype antivenom, respectively. They are non-
toxicants and can be used as a vaccine in people at the risk of scorpion stings [108].
Scorpion anti-venoms are specific antigens, detoxified venoms or toxins, purified
venom fractions, natural toxoids, recombinant toxins, synthetic peptides, mono-
clonal and recombinant antibodies [100]. Using peptides derived from the sequence
of scorpion toxins, the penetration of antipeptide antibodies can neutralize the
cognate venom [109]. Turkish antivenom against A. crassicauda is effective against
other species of scorpions. Minimum lethal dose and minimum effective dose were
used to evaluate the effect of Turkish antivenom on M. gibbosus envenomation [96]
suggesting applicability of the new formula for calculation of effective dose for
antivenoms. Scorpion sting results in adult morbidity and pediatric mortality [110].
The most lethal species are T. serrulatus, T. bahiensis in Brazil, Centruroides suffusus,
C. lionpidus, C. sculpturatus in Mexico, Leiurus quinquestriatus, A. crassicauda, A.
australis, A. amorveuni, Buthus occitanus in Middle East and North Africa, Parabuthus
grauntatus and P. transvaalicus in South Africa, Mesobuthus tamulus and Palamneus
swammerdance in India [111], respectively. One milliliter of Androctonus crassicauda
antivenom could neutralize Mesobuthus eupeus venom. The antivenom is monova-
lent with immune activity and neutralizing capacity. The venom is produced by
Refik Saydam Hygiene Centre in Turkey [103]. Also A. crassicauda antivenom could
neutralize Mesobuthus gibbosus venom [96]. Stings from Leiurus abdullahbayrami
causes hyperexcitability, agitation, aggressive behavior, squeaking, fighting,
tachypnea, weakness, convulsions, and death due to cardiorespiratory failure.
However, the venom has two kinds of protein with molecular masses of 4 and

6 kDa, respectively [93]. The condition was treated by dipping the affected hand in
ice water, adrenaline (1:1000) was injected around the site of the sting and chlor-
pheniramine was injected intramuscularly into the upper arm. Snake antivenom
made by J. Wyeth and Brother Ltd., Canada was administered intramuscularly [112]
and produced desired therapeutic effect against scorpionism. Scorpion envenom-
ation may be more dangerous in pregnant woman [113]. However, Meu TxKa3, a
scorpion toxin-like peptide could undergo mutation at site 30 and help improve its
K* channel-blocking and antibacterial function [114]. The designed bispecific
NbF12-10 neutralized AahI and AahlII toxins and could be used in the treatment of
Andvoctonus australis envenomation. About 100-kDa horse antivenom serum could
neutralize 7 kDa scorpion toxin and 15 kDa antivenom could neutralize Aahl toxin.
The NbAch1’ Fy; fully neutralized 100 LDs, of Aahl toxin [115]. Children with
abnormal electrocardiography may require high dose of antivenom [116].
Aminotoxin could activate T lymphocytes and may be used as immunomodulators
in infection and cancer [117] whereas Ca**-activated K* channel (ISK,) is sensitive
to apamin [118]. Nevertheless alpha-KTx peptides from the venom of Centruroides
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elegans block Kv1.3 of T lymphocytes [119] whereas Tst26 peptide from T. stigmurus
block Kv1.2 and Kv1.3 channels [120] respectively. T. serrulatus could be detected
using molecular mass of the venom [121]. Androctonus mauretanicus mauretanicus
toxin could cross-react with the serum of Androctonus australis [122]. Androctonus
mauretanicus and Buthus occitanus contain mycotoxins and post synaptic neuro-
toxins with the first being more toxic. But the polyclonal antivenom prevented
lethality from A. mauretanicus, B. occitanus and A. crassicauda venoms [123]. Venom
of A. mauretanicus is more toxic than that of A. australis hector that is more toxic
than that of B. occitanus. Lethality of scorpion venom in mammals is dependent on
age and species of the animals [124]. That is why the pharmacokinetics of a Tityus
toxin from T. serrulatus scorpion venom is dependent on the age of affected indi-
viduals [125]. Death due to scorpionism is secondary to cardiorespiratory failure
[126]. Hence quick detection and quantification of venom is necessary for rational
therapy, which is highly beneficial to reduce management costs and patients risk
[127]. Equine F(ab’)2, IgG recombinant toxin, synthetic apitoxin, mAb, Fab, ScFv,
chFab and rFab are of great benefit in treatment of scorpion and spider enveno-
mation [128]. Minimum effective dose of antivenom is administered precociously
by intravenous route to achieve efficient immunotherapy [129].

A. australis has complex venom that contains cytotoxic principles with very fast
resultant fatal effects [130]. The effective monoclonal antibodies (mAbs) specific
for the a-neurotoxin 1 (Aahl) from A. australis hector venom has been reported
[131]. A. australis has recombinant toxin II with immunological and biological
properties [132]. In addition, Androctonus australis hector (Aah) envenomation is
mediated by cytokines and complement system, which in turn activate leukocyte to
damage tissue [133]. But kinins are involved in cardiovascular toxicity and lethality
of L. quinquestriatus venom in rabbits. Androctonus australis garzgonii venom
(100 pg/kg) was neutralized by 4 mg/kg of antivenom injected intravenously [128].
Antivenoms against a number of scorpion venoms have been reported [127],
suggesting that the potency of antivenom should be investigated in relation to the
scorpion venom [93] and both LDs, and EDsq should be determined paradoxically
and canonically [134].

Intravenous LDsq of Vipera berus berus (0.4 pg/kg) with signs including head-
drop, floppy neck, flaccid paralysis of limb, respiratory paralysis and death [135]
and that of Laticauda colubrine, 0.05-0.13 pg/g [136], Sri Lankan B. caeruleus
0.07 pg/g [137], and Naja sputatrix [138] disagree with the reported LDs, (0.5 ng)
of Androctonus australis [93] signifying that the venom of V. berus berus is less
potent than with that of A. australis. Similar signs were observed for V. nikolskii
venom (1.0 pg/kg) but the signs caused by phospholipase A, were lost after the
mice were injected strontium [139], which may become antivenom against V. berus
berus and A. australis venoms in future. The newly developed dot-ELISA for detec-
tion of venoms of Indian venomous snakes, Naja naja, Bungarus caeruleus, Daboia
russelli and Echis carinatus [140] with comparative proteomic enzymes [141] may be
also used to detect scorpion venoms. High level of toxicity of Montivipera raddei and
Montivipera bubjardahica venoms is responsible for, high activity against A549
human lung carcinoma [142] signifying that scorpion venom may have anticancer
activity. Lethal doses of L. quinquestriatus were 0.5 mg/kg i.v. and 3 pg/kg i.m.
[143]. The LDsg of T. pachyurus venom in monogastric animals show that mouse
(4.8 pg/kg) is highly sensitive to T. pachyurus venom, Hamster (3.48 pg/kg), guinea
pig (2.40 pg/kg), rat (2.32 pg/kg), rabbit (1.16 pg/kg), monkey (1.11 pg/kg), mar-
moset (2.40 pg/kg), squirrel monkey (2.08 pg/kg), ferret (1.99 pg/kg), cat (0.74 pg/
kg), dog and baboon (0.70 pg/kg), child (0.56 pg/kg), micro pig (0.52 pg/kg), mini
pig (0.40 pg/kg) and adult human (0.37 mg/kg) respectively [103] indicating that
Tityus pachyurus toxin is more toxic to all the species of animals [139] as compared
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to American pit viper venom [144]. The toxicity may be due to the presence of
Tityus toxins that are also present in Tityus pachyurus, T. stigmurus, Tityus obscurus
and Tityus serrulatus venom. The toxic principle acts via Na*, K*, Ca** and Cl~
channels signifying excitatory effects on heart, CNS and muscular fibers [142].
Hence, mini pig could be the best model for determination of LDsg and EDsq for T.
pachyurus venom and antivenom respectively for human application [103].

5. Conclusion

The toxicity of snake and scorpion venom is dependent on the quantity of the
venom, whereas apitoxicosis in human is dependent on the number of stings and
dose of venom produced per sting. Snake and scorpion venoms are the most dan-
gerous. However, venoms of some snakes and scorpions are equipotent and require
2 or more vials of antivenoms. LDs of honeybee venom in adult man is 2.5 mg/kg
which can be neutralized by 7.5 mg/kg (3LDs,) of antivenin. LDs, of honeybee
venom in child is 1.41 mg/kg and can be neutralized by 11.2 mg/kg (7.9LDs)
antivenin. The venom can kill in less than 4 hours. Hence, children are more
sensitive to honeybee toxicity than the adults are, and so may require higher dose of
antivenom. Spider and wasp envenomation are less severe and could be treated
symptomatically. All the organ systems could be affected and complications could
follow multiple attacks. Hence treatment is by administration of antivenins, anti-
inflammatory, analgesic and respiratory support. Neurological and cardiorespira-
tory signs may be considered as indices of therapeutic success or failure. Prompt
therapeutic intervention and hospitalization of 1 or more days could either delay or
avert death. In the cases of severe anemia, blood transfusion and fluid therapy may
be evident.
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Chapter 6

Toxicosis of Snake, Scorpion,
Honeybee, Spider, and Wasp
Venoms: Part 2

Saganuwan Alhaji Saganuwan

Abstract

Toxicosis is a poisoning caused by venomous animals such as snake, scorpion,
honeybee, spider and wasp. Their poisons contain amino acids, peptides, proteins,
enzymes and metallic ions that are responsible for neurotoxicity, hemotoxicity and
myotoxicity. Because of in vivo therapeutic challenges posed by toxicosis, there is
need for ideal therapeutic agents against envenomation caused by venomous
animals. Findings have shown that toxicosis could be treated symptomatically.
Snake and scorpion antivenins could be used for treatment of poisoning caused by
snake, scorpion, honeybee, spider and wasp. The amount of antivenin is dependent
on the quantity of venom injected into the affected individuals. Moreso,
sympotomatic treatments are also done according to the systems affected.
Hospitalization is necessary for assessment of therapeutic success.

Keywords: toxicosis, snake, scorpion, toxin, antivenin, lethality, hemotoxicity,
neurotoxicity, myotoxicity, hospitalization

1. Introduction

Venomous animals such as snake, scorpion, honeybee, spider and wasp constitute
very significant health hazard in the world. The snake venom contains many toxic
and non-toxic molecules [1]. Fourty-seven out of 50 US States have venomous snakes.
Southwestern US are mostly affected. About 4700 venomous snakes bite human and
150,000 primarily dogs and cats are bitten by venomous snakes every year in the US,
with human mortality of 0.06% and that of dog is 1-30% [2]. Scorpionism is caused
by many poisonous scorpions including Tityus species endemic to Panama whereas
latruroides are endemic to Guatemala, Belize, El Salvador, Nicaragua, and Costa Rica.
They are wildly toxic via unchannel active toxins. In Panama the incidence was 52
cases per 100, 000 in 2007 and 28 deaths were recorded between 1998 and 2006
respectively. Tityus species present in the Atlantic coast of Costa Rica is responsible
for fatalities in Panama. Tityus pachyurus [3] and Parabutus granulatus are of the most
medical importance in the Western Cape of South Africa. P. transvaalicus venom is
used for production of P granulatus venom [4]. About 200, 000 cases of scorpionism
are reported in Mexico and cause 310 deaths every year and 20, 000 out of 38, 068
affected persons were successfully treated using equine antiserum (serotherapy) and
no life was lost [5]. The first case of scorpionism was reported in Canada in a 36 year
old man in 1962. The rate of scorpionism in Amazon region of Brazil is 8.14-273 cases
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per 100,000. Most species involved in envenomation belong to the genus of Tityus [6].
M. gibbosus is endemic to a small geographic area of Erbalj on terra rossa soil [7]. The
incidence of scorpion sting in Iran was 61.2 per 100,000 populations [8], as against
1.2 million people with estimated 3250 death per year. The mean annual rate was
17.4 per woman population [9]. The highest rate of sting occurred in Iran among
individuals of 25-34-year-old [8]. The global mortality rate was 10 per 1000 cases.
Most of the stings were seen on lower limbs (58.6%) and upper limbs (34.3%)
during the hot season [10]. The scorpion that had envenomated for the first time
may have less toxic envenomation for the second time as reported in the case of
sting from Leiurus abdullahbayrami [11]. In India envenomation was more common
in males than in females [12].

Honeybee (Apis mellifera) constitutes a significant nuisance and of medical
importance in Africa, Europe and other parts of the world. Other subspecies are
A. mellifera carnica, A. mellifera ligustica and A. mellifera scutellata [13]. Honeybee
stings reported in Ceare, Brazil showed 1307 cases affecting men between 20 and
29 years of age [14] translating to 19 cases per 100,000 in Campina Grade [15]. Bee
envenomation is a problem in India, China, Latin America, Middle East, North and
South Africa [16]. About 200 stings from Apis mellifera could cause envenoming
syndrome in children and elderly [17] as multiple stings, not increased venom
potency or delivery cause serious reactions [18]. Bee venoms differ in weight,
concentrations of phospholipase and melittin [19]. Unfortunately, no specific anti-
venom for bee envenomation, hence proper removal of stings, first aid treatment
and chemotherapy should be considered as medical emergency [20]. Administra-
tion of hydrocortisone, calcium, analgesic, 0.9% sodium chloride and application of
ice to the site of stung pregnant woman resulted in recovery from the pain and the
fetus was stable and delivered 3 months after treatment without sequela [21]. There
are 42,473 species of spiders grouped into 110 families (Platnick,) [22]. Hadronyche
formidabilis and H. cerberea have very high envenoming rates [23]. Black widow
spider (Latrodectus mactans), brown recluse spider (Loxosceles reclusa) are of most
concern [24]. In view of the increased challenges and negligence of envenomotion
caused by venomous snake, scorpion, spider, wasp and bee, there is need for
thorough search for their therapeutic regimens with a view to having lasting solu-
tion against fatality.

2. Methodology

Literatures were searched on venomous snakes, scorpions, honeybees, spiders
and wasps with an intent to identifying their toxicity potentials, epidemiology of
their toxicosis, signs of toxicity, treatment and development of vaccines against
their venoms. Sought also are information on medicinal plants, phytochemicals and
other therapeutic agents, structures of some chemicals present in the venoms, their
medical applications and medicinal uses. Mathematical formulas were also derived
for calculation of body weight, body surface area, packed cell volume, hemoglobin,
total blood volume, lost blood volume, median lethal dose (LDsg),median effective
dose (EDsp), number of bee stings, total dose of bee venom and relationship
between renotoxicity and haemotoxicity.

3. Results

Findings have shown that venoms from poisonous species of snakes, scorpions,
honeybees, spiders and wasps are highly toxic and could cause various degrees of
hemotoxicity, myotoxicity, and neurotoxicity including death (Tables 1 and 2).
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Animal Weight Number of Dose of stings LDso EDso Lethal time
(kg) stings (mg) (mg/kg) (mg/kg) (hr)
Child 10 94 28.2 1.41 11.2 2.10
Adult 60 1000 300 25 75 3.72
Table 1.

Calculated median lethal dose and effective dose fifty of honeybee venom and antivenom in human.

System Age Sting(s)  Sex Signs Treatment
(yr)
Nervous 6,70 Each1 Female Axonal polyneuropathy, seizure Immunoglobulin I.V.,
70 Male brachial plexitis, Parkinsonism anti-inflammatory,
Oxygen
Muscular 34 3 Male Rhadbomyolysis, muscle pain, allergy Analgesic, anti-
inflammatory
Circulatory 35-42 Many Male Myocardial infarction, ischemic attack, Angioplasty, steroids,
cardiac arrest, anaphylaxis, kounis antihistaminics
syndrome
Renal 2 1 Male  Nephrotic syndrome, anasarca, acute renal Corticosteriod
failure
Ocular 21-50 1 Male Cataract, glaucoma Surgery, keratoplasty,
Female antibiotics, corticosteroid
Miscellaneous 40 Multiple ~ Male Intravascular coagulopathy, coma Hydrocortisone, analgesic,

pheniramine

Table 2.
Toxicity signs of honeybee sting in human.

4. Discussion
4.1 Treatment of scorpion envenomation requires body weight

Recently Abimannane et al reported that treatment of children showing auto-
nomic symptoms from Indian red scorpion envenomation that could lead to myo-
cardial infarction required second dose of 30 mg (3 ml) [25]. However, reference
was not made to the weight of the children. Hence, the scorpion antiserum against
Indian red scorpion (Mesobuthus tamulus) was reassessed using a child that weighed
20 kg body weight. Findings have shown that 12 mg (1.2 ml) should be given to the
affected child (20 kg). Therefore, administration of the scorpion antivenin should
be dose dependent to avoid death and hypersensitivity reaction that could be caused
by M. tamulus venom and antivenin. The newly derived formula by Saganuwan is
very relevant in the present context. Venom-antivenin neutralization factor of 1:2 to
1:25 could be tried. Fatal scorpionism is caused by members of Buthidae and
Mesobuthus species is highly poisonous in human. The LDs and EDsg of venom
and antivenin of Mesobuthus species in mice are 0.18 mg/kg and 2.82 mg/kg
respectively. High doses of venom and antivenin cause death and hypersensitivity
reactions [26]. Therefore, there is need to reassess treatment of Mesobuthus tamulus
envenomation in children. The formula developed by Saganuwan [26] was used to
determine the LD50 and ED; of Mesobuthus tamulus venin and antivenin in a 20 kg

weighed child.
LDsy = EDi’X W),x10™*
LDsg = EDso"®> X Wh x 10~* (Wh = Weight of human).
LDs, = 30" x 20,000x 10~* (Ikg = 1000 g).
LDso = 3073 x20x 10*x 10~ *.
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=30"3x2.

= 3.11x 2 = 6.22 mg/20 k.
30 mg — 50 children.
X — 1child

30x1 3

:. 20 x 0.6 = 12 mg should be given instead of 30 mg.

The calculated LDs, (6.22 mg) per 20 kg weighed child translating to 0.31 mg/kg
shows that M. tamulus venom is very toxic. Moreso the calculated effective dose
(0.6 mg/kg) of M. tamulus antivenin shows that neutralization dose of the antivenin
should be twice the dose of venom. The obtained 12 mg (1.2 ml) of the scorpion
antivenin disagrees with the report of Abimannane et al [25] indicating that the
initial dose of the antivenin should be 30 mg (3 ml) followed by 60 mg (6 ml) of the
second dose. The second dose should be 24 mg (2.4 ml). Amelioration of cardio-
respiratory perturbations caused by M. eupeus envenomation in mice using polyva-
lent F (ab'), antivenin proves that neutralization factor is 1:2 to 1:25 in mice [26].
Cardio-respiratory activity modifying agents including prazosin could be adminis-
tered [27]. Buthus quingestriatus venom was neutralized by an effective serum
obtained from horses immunized with crude venom [28, 29]. High amount of
antivenin is required for satisfactory neutralization. Mesobuthus gibbosus venom
could be neutralized by Androctonus crassicauda antivenin [30]. Scorpionism affects
severely children of up to 24.3 kg body weight [31]. Mesobuthus venom could be
neutralized by non-toxicant antivenins which could be used as vaccines against
scorpion envenomation [32]. The efficacy of the treatment depends on species of
scorpion, dose, potency and route of administration of antivenin [33].

4.2 The role of exponent and lethality time in determination of death caused by
toxins in animal models of experiment

Drugs, chemicals, plant extracts and venoms from snake, scorpion and honeybee
could cause death when introduced in large quantities and the toxicity signs affect
all the organ systems and, in many occasions, culminating in death. The use of large
number of animals for determination of median lethal dose (LDs) has been dis-
couraged worldwide. Therefore based on the principle of R3 (Reduction, Refine-
ment and Replacement), the number of animals for LDso determination has been
reduced to 2-6 and yielded good results in monogastric animals. The traditional
method that involves the use of 40 animals was applied in the production of vaccine
made from silicate against Crotalus atrox, Agkistrodon contortrix contortrix and
Agkistrodon piscivorus leucostoma. The LDsq software was generated on the NNTRC
home page (ntrc.tamuk.edu/LD50calculator.xls) based on the Saganuwan’s method
[34] unfortunately it is not accessible. Hence I am appealing to NNTRC to make it
available for scientific use. Newly devised LDs, formulas were used to determine
LDso and EDs for snake, scorpion and honeybee venoms and antivenoms respec-
tively using 6 mice each. The modified LDs, formulas used comprised effective dose
fifty (EDso) divided by the denominator (3) for snake and raised to exponent (0.33)
for scorpion and honeybee showing that the relationship between snake venom and
scorpion or honeybee venom is the difference between the denominator (3) and
exponent (0.33). Hence snake venom is more toxic than the scorpion and honeybee
venoms. The toxicity effect of scorpion is much higher than that of honeybee whose
toxicity depends on the number of stings; hence death may be delayed giving rise to
lethality time that has exponent (0.33). Median lethal time (LTs) is LDso over DP
whereas D (dose) and P (exponent) are integral parts of the formula [26, 34, 35].
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4.3 Hematological and renal parameters of animals envenomated by snakes

Hemotoxic and renotoxic effects of ophidiotoxicity have made quick treatment
of snake envenomation difficult [36]. However, Saganuwan and Onyeyili reported
that total volume of animal blood was 8% of its weight [36]. Saganuwan also
reported relationship between EDsg, LDsg and body weight as a function of effec-
tive snake antivenom therapy as proven by neutralization of American pit viper
envenomation [35]. Relationship between age, body weight, serum creatinine,
plasma creatinine, EDsg, LDso and safety factor has been established [37]. Hence,
the formulas have been integrated for calculation of hemotoxic and renotoxic
parameters of snake envenomation.

4.4 Relationship between renotoxicity and hemotoxicity of toxins

The formula established for calculation of EDso and LDso with safety factor in
animals is:

ED

LDso = TSO x W, x10* (1)
0.08(W,) = TBV (2)
TBV
Wa - m (3)
Substitute for W, in equation (1)

' _EDsy TBV
~LDsy = 3 %008 x 10 4)
But TBV = PV + EV (5)

Substitute for TBV in equation (4)

EDsy PV +EV

. _ —4
LDsy = El; X x (PV+EV)x8x102 7)
But Hb = 0.33 (EV) (8)
Hb
JEV=—+
0.33 ©)
Substitute for EV in equation (7)
. EDg Hb "
~LDso = 3 " <PV+ 0.33> x8x10 (10)
_ Kx (140 —age)x W,
However, CrCl = D x Ser e 72 (11)
Wa:CVClxDxScrx72 (12)

K x (140 — age)
Substitute for W, in equation (1)

_EDsy  CrClx D x Scrx 72

—4
3 ¥ K« (140 — age) x10 (13)

=LDso
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Equate equation (3) and (12)
TBV  CrClx D x Scrx 72
0.08  Kx (140 — age)
TBV(K x (140-age) = 0.08(CrCl x D x Scr x 72) (15)
0.08(CrCl x D x Scr x 72)

(14)

Y = (0 = age) (16)
ButD = -7 x 144 17)
Scr
Substitute for D in equation (14)
TBV — 0.08(CrCl x (5= x 144) x Scr x 72) (18)
K x (140 — age)
Equate equation (10) with equation (13)
_ EDs Hb 5 EDsy  CrClxDx Scrx72 4
LDsg = 3 X(PV+O.33)x8x10 == X R x (140 —age) x107% (19)
Hb > CrClx D x Scrx 72 4
(PV—&—rB)xleO = K x (140 — age) x 10 (20)
Hb CrClx D x Scrx 72
= 2.
<P v 0.33) Ko (140 —age) 127 (21)
CrClx D x Scrx 72 Hb
PV = 125 - —= 22
( K x (140 — age) > x12:5 (0.33) (22)
Hb CrClx D x Scrx 72
(0.33) =PV ( K x (140 — age) ) x12:5 (23)
CrClx D x Scrx 72 1
Hb = — 12.5x — 24
b=rv ( K x (140 — age) >x X 033 (24)
Amount of Required Donor Blood = Required Recipient Wt(kg) x 80ml/kg
» Desired PCV — Recipient PCV (25)

Donor PCV

TBV = Total blood volume; PV = Plasma volume; EV = Erythrocyte volume;
Hb = Hemoglobin; CrCl = Creatinine clearance; D = Depuration; K = Constant
(male = 1.0, female = 0.85); Scr = Serum creatinine; Pcr = Plasma creatinine;
PCV = Packed cell volume.

4.5 Apitoxicosis

Honeybee is a social insect that feeds on nectar of plant and serves as source of
beneficial and harmful effects (Table 2) which include Parkinsonism, allergy,
brachial plexitis, intravascular coagulopathy, rhabdomyolysis, acute renal failure,
nephrotic syndrome, anaphylaxis, fatality, acute ischemic stroke, corneal decom-
position, cataract, glaucoma, seizure, ischemic attack, heart attack and acute axonal
polyneuropathy [38-50]. Apis mellifera constitutes a significant problem of medical
importance. Other important medical subspecies are A. mellifera carnica,

A. mellifera ligustica and A. mellifera scutellata [13]. In India, honeybee sting affects
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human beings of all ages. But cases of honeybee stings affect human between

20 and 29 years of age in Brazil [14]. However, bee envenomation is a problem in
India, China, Latin America, Middle East, North and South Africa [51] and should be
listed by WHO as neglected tropical disease. The venom contains alkaloids, terpenes,
histamine, formic acid [52], apamin and melittin that meditate their actions via ion
channels and intracellular calcium of heart cells [53] causing myocardial infarction
and cardiac arrest. The venom also contains heptanone, a local anesthetic [54], which
causes nausea, vomiting, diarrhea, headache, vertigo, CNS depression, incoordina-
tion, cardiorespiratory failure and hypotension [55-58]. However, A. mellifera venom
also contains phospholipase A,, hyaluronidase, adrenaline and serotonin, therefore
causing allergic reaction, edema, skin inflammation, headache, weakness and dizzi-
ness [59] which is treated using serum [60]. But apamine, secapine, pamine,
minimine, adolapine, procamine A&B, protease inhibitor, tertiapine, cardiopep,
phosphatase, a-glucosidase, phospholipase B, dopamine, noradrenaline,
aminobutyric acid, a-amino acids, and complex esthers produced by honeybees are
used in treating a myriad of diseases [61]. Postmortem findings caused by honeybee
envenomation are edema of brain, larynx, trachea as well as congestion of all other
internal organs. The cause of death may be due to anaphylactic reaction [62]. The
honeybee envenomation could also lead to focal neurological deficit 5 hrs post multi-
ple stings causing acute ischemic stroke [63] and acute renal failure [64]. Immuno-
therapy when instituted on time is quite helpful. It involves secretion of cytokines and
stimulation of T cells which indicate immune response. There is a switch from the
abnormal Th;, cytokine response to a Th; response by down regulation of Th,
response or immune deviation in favor of Th; response, thereby producing interleu-
kins 3-5 leading to IgE synthesis activating eosinophils and mast cells. The overall
effects are venom neutralization or immunization [39].

4.6 Calculation of lethal dose of honeybee antivenom

Development of a new formula for calculation of LDs, of honeybee venom and
antivenom is as follow:

i. If one (1) sting produced one (1) dose of venom,

ii. 1000 stings would produce 1000 x dose per sting
Therefore; NS = No of stings.
DS = Dose per sting

iii. Total Dose (TD) = NS x DS = Toxic dose
If the toxic dose (TD) can kill one hundred mice, how much can kill 50 mice?
Hence TD —— 100 mice.

LD50 —— 50 mice

. LDsy x 100
iv. TD = SOT
TD = 2LDsq = 2MLD.

TD = Dose that kills all the mice and may not be specific because of the factors
(age, sex, potency of toxin etc.) that determine toxicity level of a toxin.

v. Also TD = NSx DS =2 x MLD
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vi. Therefore, MLD = M = LDsg
Bee venom may be as poisonous as scorpion venom. Therefore, the LDsq
formula for scorpion envenomation is applied.

vii. LDsg = ED;{)3 x Wa x 10~* (formula for calculation of scorpion venom) [56].
Equate vi and vii.

LD - NSxDS _ EDY?x Wa x 10°*
50 = 2 1

2(EDsp? x Wax10™%) = NS x DS

2(EDY’ x Wa x 107*)
_ 2(EDg
viii. NS = =——F——~+

2(EDY} x Wa x 10°)

: _ 50
ix. DS = NS

x. Lethal time 50 (LTsg) = “D%S" whereas D = dose of toxin; p = power law
exponent ('/3).

xi. Potency of antivenom (PA) = Total venom used — 1ECs50/ECsg

1ECs0 = One effective concentration fifty; ECso = Effective concentration

fifty.

xii. Honeybee can only sting once and dies because its sting and the venom
apparatus are avulsed from its abdomen, unlike bumble bee that can sting
several times as its sting is not barbed.

4.7 Application of the formula

Q1.An adult man who weighed 60 kg received 1000 stings from honey bees at
the rate of 0.3 mg per sting.

i. Calculate LDsg and EDsq of the honeybees venom and the likely antivenom
that should have been used prior to the man’s death.

Q2. A child weighed 10 kg and received 94 stings, but eventually died before
antivenom therapy.

i. Calculate the dose of venom received by the child on the condition of
0.3 mg per sting

ii. Calculate LDsg and EDsq of the venom and antivenom, respectively.

Solution 1;
Total dose (TD) of venom = Number of stings x Dose per sting
TD =1000 x 0.3 mg = 300 mg
TD = 2LDs,
LDsg = 22 =390 — 150mg/60kg
But if 150 mg —— 60 kg
Xmg — 1kg
X = —15%SC 1— 25mg/kg = LDSO
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But LDsg = EDsp> x Wax 10
2.5=EDs"*x60x10°*

13 _ 25  _ 25x10*
EDs5o " = 60x10+ 60

X 3 — —
= 23210° — 200 — 416.66
EDsq = v/416.66 = 7.5mg /kg
EDSQ =75 mg/kg

Solution 2:
TD = NS x DS
TD =94x0.3=28.2mg
TD = 2LDsq
28.2 = 2LDsg
LDSO _282 _ 14.1mg

2 7 10kg
LDso = 1.41 mg/kg
But LDsg = ED5p> x Wax 10~
1.41 = ED5,"*x10x 10~ *
13 _ 141 _ 141 _ 1.41x103
, EDso ™" = 0x10% 103 1
EDs,' = 1410

EDso = v/1410 = 11.2mg /kg
Calculation of lethal time
Adult

Lethal time (LTsg) = Lg%"
_ 25 _
= 0ah =3.72 hr.

Child
Lethal time (LTsg) = LI]‘J)%O
= 141 =210 hI‘.
0.3%

The weight of child and adult human, the number of honeybee stings, total dose
of venom from stings, LDsg, LT5o and EDs of honeybee venom and antivenom are
presented in Table 1.

4.8 Toxic principles of honeybees

Honeybee venom contains phosphohpase A,, melittins and antigen is found in
swasp venom. The two venoms contain hyaluronidase making patients allergic to wasp
venom and rarely allergic to bee venom [39]. However, 2 heptanone secreted from
mandibular glands of honeybee could serve as pheromone and local anesthetic [54].
Some toxins such as saxitoxin, piratoxin-1, batrachotoxin and grayanotoxin, are spe-
cific fast sodium (Na*) channel blockers. Whereas charybdotoxin, apamin,
dendrotoxin and gaboon viper venom are specific for different types of potassium
(K*) channels. Some toxins activate L-type calcium (Ca**) and Na* channels in heart
muscle, w-conotoxin blocks the L-type and N-type Ca®* channels in neurons and
maitotoxin activates voltage-independent Ca®* channel in heart cells [53].

4.9 Signs of apitoxicosis

Signs of honeybee envenomation include intense local pain, erythema, 1 cm
diameter of edema, local and generalized allergic reactions [39], pruritus, urticaria,
facial or generalized angioedema, sense of impending doom, dyspnea due to
laryngeal edema, or asthma, hypotension, light-headedness, giddiness, fainting,
abdominal pain, incontinence, chest pain, visual disturbance and loss of conscious-
ness which may happen within 10 minutes of sting [39]. Honeybee venom is highly
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vasoactive, inflammatory and thrombogenic. Multiple stings could cause multiple
organ dysfunctions called Kounis syndrome. The treatment is by steroid, antihista-
minic and angioplasty to left anterior descending artery [49]. Occasional death is
due to anaphylactoid shock [62]. Generally, the venom of wringed hymenoptera
include acetylcholine, dopamine, histamine, norepinephrine, serotonin, polypep-
tides (protein toxins) such as apamin and melittin. Death could be due to dysfunc-
tion of immune system in which venom allergen reacts with cell bound
immunoglobulin E [65].

The circulatory, dermal, respiratory and gastrointestinal systems react to sting
after one or more sensitizing stings (Type 1 hypersensitivity reaction), 58% die in
6 hours [65]. Autopsy revealed that 75% of dead patients showed obstruction of
airway. LDsq of the venom is caused by 19 stings which should be removed. Bee
venom being relatively acidic should be neutralized by base. Cold pack should be
applied locally to reduce pain [62]. Bee sting could cause immediate or delayed
hypersensitivity reaction, leading to motor-predominant axonal polyneuropathy
associated with acute inflammatory demyelination. Intravenous immunoglobulin
was effective [66]. Bee sting causes increased creatinine, interstial eosinophilia,
nephritis, acute tubular necrosis, anuria, decreased creatinine kinase, altered sen-
sorium, leukocytosis and doll’s eye [43]. The reported median lethal dose (LDsg) of
bee venom is 2.8 mg/kg [61] making it extremely toxic [67]. Bee and wasp could
cause acute ischemic neurological deficits 5 hours after multiple stings. Stings of
100-200 bees could be responsible for stroke [63]. Vomition, diarrhea, dyspnea,
myocardial infarction, and cerebral infarction are rare [68]. Seizure, hemiparesis,
aphasia, apraxia, ataxia, dysphagia and coma are also associated with wasp and bee
stings [69]. Cerebral ischemia could be secondary to biogenous amine, adrenaline,
platelete aggregation, thromboxane and leucotrienes [70, 71], which may lead to
disseminated intravascular coagulation and death caused by 25-30 stings [41].
Parkinsonism, an extrapyramidal abnormality could be caused by an immune-
mediated delayed hypersensitivity which responds to aggressive treatment using
immunosuppressants [38]. Brachial plexitis, rhabdomyolysis with generalized body
and muscle pain, acute renal insufficiency and liver dysfunction characterized by
alkaline enuresis are signs of apitoxicosis [42]. Nephrotic syndrome secondary to
hypersensitive reaction which disappeared after corticosteroid treatment (prednis-
olone 2 mg/kg) that reappeared after one year, hypoproteinemia, proteinuria [44],
acute renal failure and cardiac arrest were also observed [45].

4.10 Diagnosis of apitoxicosis

Diagnosis is by detection of venom-specific 1gE antibodies, CAP-RAST and
radio adsorbent test [39]. Intravenous administration of 125 mg of Vipera aspis
venom was redistributed in 7 hours and neutralized by antibody 15 min after
antivenom injection. Lower doses of antivenom failed to yield complete neutraliza-
tion. F(ab’), and Fab could be used as antidotes [72]. Multiple organ failure and
acute renal failure could be caused by wasp sting, acute tubular necrosis secondary
to hemolysis; rhabdomyolysis and thrombotic microangiopathy have also been
reported [46]. With supportive care, victims should survive hundreds of wasps or
approximately 1000 honeybee stings [73]. Early renal biopsy is vital for patients
who do not respond to supportive measures. Hence timely dialysis and steroid may
improve survivability [74]. Atropine sulphate, dexamethasone, neuroxine-B, mul-
tivitamin and electrolyte therapy led to recovery of passive respiration [75]. Similar
treatment may be effective in human. F(ab),- based antivenom raised in horse may
lead to production of specific high 1gC titer, counter hemolysis, myotoxicity and
cytotoxicity [76]. Polyclonal antibodies against Apis indica reversed a lot of toxic
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effects in experimental mice [77], hence may be tried in human. Acute renal failure
without hemolysis could be treated successfully using low dose of dopamine, fluid
therapy and hemodialyis [64]. Apitoxin 1 (77.8%) and apitoxin 2 (51.9%) with LDsq
(71.5 pg/ml) and LDsg (191.6 pg/ml) respectively are affected by moisture and
protein content [78]. Lethal dose of snake venom could be neutralized by antidote
equal to one-third of lethal dose with reference to body weight of the affected
animal and safety of 10~* [35]. Treatment of scorpion envenomation requires
antivenom that is 66.6% of median lethal dose of scorpion venom [26]. In both cases
treatments shall continue until the patients recover from the toxicity. Since kidney
is affected, creatinine clearance, volume of urine, creatinine, plasma creatinine,
serum creatinine and urine volume should be determined to assess the extent of
renal damage, using the formulas reported by Saganuwan et al. [37]. Level of
hemolysis should be assessed and quantity of hematonics and plasma expanders
should be calculated. Abrus pracatorius could be used as hematonic [36]. Since the
toxins cause neurological signs, their atomic weight may be less than 600 daltons.
Hence the transport of the toxin to the brain may be by protonation or
deprotonation or damage to meninges [79].

4.11 Treatment of apitoxicosis

Pheniramine maleate (1 mg/kg) and methyl prednisolone (1 mg/kg) in 100 cc
physiologic serum should be administered parenterally. A loading dose of phenytoin
administered against convulsion, supply of oxygen, adrenaline (0.5 mg i.m.)
repeated at 10-15 min intervals, diphenhydramine, prednisolone and aminophylline
for bronchospasm are highly beneficial [80]. Treatment is by administration of
antihistamine for several days, steroids, chlorpheniramine, hydrocortisone, adren-
aline, and inhaled B, agonist [81]. Bee sting could cause polyneuritis, Parkinsonism,
encephalitis, acute disseminated encephalomyelitis, Guillam-Barre Syndrome,
Glasgow Coma Score (GCS) of 11, myocardial infarction, pulmonanary edema,
hemorrhage, hemolytic anemia, renal diseases and tonic—clonic seizure [48].
Climatic seasonal and feeding factors could qualitatively or quantitatively affect the
potency of melittin and phosphohpase A2 of Apis mellifera [60]. The similarity in
the calculated LDsq (2.5 mg/kg) of honeybee venom in the present study as
compared to the reported value (2.8 mg/kg) in human [82] shows that honeybee
venom is very toxic. The fact that 7.5 mg/kg (3LDso) of the honeybee antivenom
could neutralize 2.5 mg/kg of the venom agrees with the report indicating that
antivenom of 3 folds venom LDs, could neutralize honey bee venom. Our findings
are corroborated by the report that the dose of apilic antivenom is determined by
number of stings. The higher the number of stings, the higher the dose of apilic
antivenom is used [83]. The F (ab), — based antivenom contain 1gG that prevented
hemolysis, cytotoxicity and myotoxicity [84]. However, polyclonal antibody
against honeybee envenomation could neutralize 40% of LDs, venom [76]. Venom
produced by bees (apitoxin) is of two types; type I has LDsq of 71.5 microgram/ml
and type II has LDsg of 191.6 microgram/mL, respectively [77] and 0.5 mg of A.
mellifera venom can severely damage kidney of rabbit, signifying that mechanisms
of lethality in animals may involve kidney failure. Change in living conditions of
honeybee can lead to change in composition of their toxins [78]. The calculated
LDs, (1.41 mg/kg) for child that weighed 10 kg in the present study agrees with the
report that children, elderly and underweight people can be affected and a multiple
stings of more than 500 can yield large quantity of the venom [85] which can
produce more severe reactions in allergic patients [19]. Relatively higher EDsq
(11.2 mg/kg) for the honeybee antivenom shows that the children are severely
affected and as such require relatively large volume of the antivenom for
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neutralization of the venom. In the present study about 7.9 LDsq of antivenom is
required in children of 10 kg. The calculated LTsq of 2.10 and 3.72 hr for child and
adult human respectively, agree with the report indicating that honeybee venom
from over 50 stings can kill within short period of time [86]. The fact that 200 stings
could cause envenoming syndrome in adult with type 2 diabetes and prostate cancer
[87] and non-diseased human [83] shows the newly derived formula may be used
for determination of effective dose of honeybee antivenin for all the population
segments. The calculated LDs, (2.5 mg/kg) for honeybee venom is comparable to
that of scorpion (Mesobuthus eupeus) venom (0.18-4.5 mg/kg). This indicates that,
there is relationship between the two venoms. Majority of deaths is caused by
airway obstruction and anaphylactic shock [62] and 58% of the affected humans can
die in less than 1 hr and over 75% can die in less than 6 hr [65]. However, stings of
600-1500 can be survived depending on therapeutic intervention [88]. Therefore,
the preliminary efficacy and safety of Africanized honeybee antivenin predicts its
clinical validity [83]. Dentar bee stung patient may require keratoplasty and
removal of cataract and glaucoma which may require antibiotic /steroid.
Moxifloxacin (0.5%) or tobramycin (0.3%) with dexamethasone (0.1%) 6 times
daily for up to 4-6 weeks are highly beneficial. Oral prednisolone (40-50 mg) may
be used in place of dexamethasome [89].

4.12 Medical uses of honey

The use of raw honey, royal jelly, pollen, propolis, bee venom and wax for
treatment of various medical conditions is known as apitherapy. Conditions usually
treated are arthritis, multiple sclerosis, and skin diseases among others. Melittin
(40-50%) is the major component of honey used as antiviral, antimicrobial, and
anti-inflammatory as apamin (2-3%) increases production of cortisol in adrenal
gland, adolapine (0.5-1%) is anti-inflammatory and analgesic, acting via cyclooxy-
genase. Nevertheless histamine (0.5-2%) cause pain and swelling, dopamine
(0.2-1%), serotonin (0.5-1%) and norepinephrine (0.1-0.5%) are all neurotransmit-
ters for mood balance. Hyaluronidase (1-2%), and phosphohpase A2 (10-12%) are
enzymes for activation of immune cells, production of immunoglobulin E (1 g E) and
degranulation of mast cells. The sting and bite cause fluid exudation and protease
inhibitor (0.1-0.8%) act as anti-inflammatory and antihemorrhagic [89].

4.13 Spider envenomation

Eggs of black widow spider (Latrodectus), family (Theridiidae) are toxic to
mammals. Species of spiders belonging to Agelenidae, Tetragnathidae, Pimoidae
and Linyphiidae are also toxic [90]. Brazilian spider (Sicarius ornatus, Araneae,
Scicariidae) venom contains active sphingomyelinase D that causes hemolysis and
keratinocyte death similar to the South American loxosceles species [91]. Methyl
ketones (2 -tridecanone, 2-undecanone) from tomato (Lycopersicon hirsutum f.
glabratum are lethal to insects [92]. Black widow spiderling extract caused apoptosis
and death of HeLa cell lines [93]. Spider venoms contain toxic proteins and peptides
in varying compositions. Sphingomyelinase causes varying degree of dermonecrosis
from American Sicarius loxosceles and African Sicarius [94]. However, scorpion,
spider and wasp could be controlled using pesticide [95]. Spiders such as Callobius
(Amaurobiidae), Antrodiaetus (Antrodiaetidae), yellow sac spider (Cheiracanthium
mildei), erb-weaver of the genus Araneus and hobo spider bites, result in pain,
redness of stung sites and muscle twitching which disappear in 12 hr [96]. Pesticides
confidor and Buctril-M are used against agrobiont spiders, Lycosa terrestris Butt and
Oxyopes javanus [97]. New Zealand spiders, Latrodectus katipo and L. atritus are
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being threatened [98]. Latrotoxin though unique to black widow spider can be
transferred to other spiders and bacteria via symbiosis. Latrodectin venom genes
originate from ecdysozoan ion transport peptide (ITP) and crustacean hyperglyce-
mic hormone (CHH) neuropeptide super family. The lower presence of latrotoxins
in house spiders relative to black widow spiders, in the absence of a vertebrate
alpha-latrotoxin in the house spider genome account for high potency of black
widow venom [99]. Latrodectism caused by Latrodectus spp is manifested by local,
regional or generalized pain, associated with non-specific symptoms and autonomic
effects. Loxoscelism caused by Loxosceles spp has continuous manifestation charac-
terized by pain and erythema that can develop into a necrotic ulcer. Systemic
loxoscelism is characterized by intravascular hemolysis and renal failure. Atran spp,
Hadronyche spp and Phoneutria spp from Brazil are also harmful. Antivenoms have
been less successful in the treatment of their toxicoses [100].

4.14 Treatment of spider envenomation

Extracts of Capsicum chinense, C. fmtescence, C. baccatum, C. annuum and C.
pubescens could be used to repel spiders. Solanum habrochaites has methyl ketones
(2-undecanone; 2-dodecanone; 2-tridecanone; 2-pentadecanone) with high acari-
cidal potential and may be used in control of harmful spiders. Cheiracanthium
punctorium caused mild necrosis and dermonecrosis (necrotic arachnidism) [73].
Venoms of Tityus serrulatus (scorpion) and Loxosceles gaucho (spider) including Apis
mellifera are highly toxic [101]. Atracotoxins targeting calcium channels blockers
should be considered as conventional pesticides [102]. Sulfur induces release of
cortisol from adrenal glands that protects the body from infection. Bee venoms
could cause heart failure and suffocation [82]. Imidaclopid (insecticide) causes
delayed and time-cumulative toxicity to bees, ants and termites [84].

5. Conclusion

The toxicity of snake and scorpion venom is dependent on the quantity of the
venom, whereas apitoxicosis in human is dependent on the number of stings and
dose of venom produced per sting. Snake and scorpion venoms are the most
dangerous. However, venoms of some snakes and scorpions are equipotent and
require 2 or more vials of antivenoms. LDsq of honeybee venom in adult man is
2.5 mg/kg which can be neutralized by 7.5 mg/kg (3LDs) of antivenin. LDs, of
honeybee venom for child is 1.41 mg/kg and can be neutralized by 11.2 mg/kg
(7.9LDsg) antivenin. The venom can kill in less than 4 hr. Hence, children are more
sensitive to honeybee toxicity than the adults are, and so may require higher dose of
antivenom. Spider and wasp envenomation are less severe and could be treated
symptomatically. All the organ systems could be affected and complications could
follow multiple attacks. Hence treatment is by administration of antivenins,
antiiflammatory, analgesic and respiratory support. Neurological and
cardiorespiratory signs may be considered as indices of therapeutic success or
failure. Prompt therapeutic intervention and hospitalization of 1 or more days
could either delay or avert death.In the cases of severe anemia, blood transfusion
and fluid therapy may be evident.
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Scorpion Toxins from Buthus
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Neurological Disorders: State of
the Art and Beyond
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Abstract

Scorpions are fascinating creatures which became residents of the planet well
before human beings dwelled on Earth. Scorpions are always considered as a figure
of fear, causing notable pain or mortality throughout the world. Their venoms
are cocktails of bioactive molecules, called toxins, which are responsible for their
toxicity. Fortunately, medical researchers have turned the life-threatening toxins
into life-saving therapeutics. From Song Dynasty in ancient China, scorpions and
their venoms have been applied in traditional medicine for treating neurological
disorders, such as pain, stroke, and epilepsy. Neurotoxins purified from Chinese
scorpion Buthus Martensii Karsch (BmK) are considered as the main active ingredi-
ents, which act on membrane ion channels. Long-chain toxins of BmK, composed
of 58-76 amino acids, could specifically recognize voltage-gated sodium channels
(VGSCs). Short-chain BmK toxins, containing 28-40 amino acids, are found to
modulate the potassium or chloride channels. These components draw attention
as useful scaffolds for drug-design in order to tackle the emerging global medical
threats. In this chapter, we aim to summarize the most promising candidates that
have been isolated from BmK venoms for drug development.

Keywords: scorpion toxins, BmK, neurological disorders, VGSCs, potassium
channels, chloride channels

1. Introduction

Recent advances underlying medical studies have illuminated that several
neurological disorders such as epilepsy, chronic pain, multiple sclerosis, stroke,
brain tumor etc. are induced by dysfunction of membrane ion channels [1-3]. Up to
now, multiple drugs specifically targeting ion channels have been designed to treat
the diseases [4]. Some clinical studies and trials have also been initiated to discrimi-
nate therapeutic potentials of natural toxins and their derivatives such as scorpion
toxins, spider toxins, snake toxins, sea anemone toxins, and toad venom, which
could recognize relevant ion channels [5].
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Structures of scorpion toxin peptides. (A) The a/a-like scorpion toxins BmK I (PDB: 1SN1) [6] and BmK
alV [7-9] (using LQQ III, PBD: 1LQQ; BmK I, chimera Lqh alT/AaH II, PBD: 1SEG; BmK a2, PDB: 2KBJ]
as templates) isolated and purified from Buthus martensii Karsch, AaH II [10] (PDB: 1PTX) isolated and
purified from Androctonus mauritanicus, Lgh III [11] (PDB: 1BMR) isolated and purified from Leiurus
quinquestriatus. The f/p-like scorpion toxins BmK IT2 [7, 12-14] (using Lqh IT2, PBD: 2161; LQQ III,
PBD: 1LQQ; Lgh oIT A39L, PDB: 2YEO; Kurtoxin, PDB: 1T1T as templates), BnK AEP (using the same
templates as BuK IT2), and BmK AS/AS-1 [9, 12, 14-16] (using Kurtoxin, PDB: 1T1T; Lgh IT2, PBD: 2161;
CsE-V, PBD: 1NRB; Ts3, PBD: 5CYo; BmK a2, PDB: 2KBJ as templates) isolated and purified from Buthus
martensii Karsch. Lgh IT2 [12] (B-sheet not shown) isolated and purified from Leiurus quinquestriatus.
The short-chain scorpion toxins acting on K* channels. The toxins MarTX [17] (PDB: 1M2S) and BmPoz [18]
(PDB: 1DUy) isolated and purified from Buthus martensii Karsch. ChTX [9] (PDB: 2CRD) isolated and
purified from Leiurus quinquestriatus. The short-chain scorpion toxins acting on Cl~ channels. The toxin
chlorotoxin [19] (PDB: 2CRD) isolated and purified from Leiurus quinquestriatus. Sequence homology
comparison is obtained by using PSI-Blast, and homology modeling of scorpion toxins is acquired by using
Discovery Studio 2017 R2. (B) Top, multiple sequence alignment of a/a-like scorpion toxins. Middle, the
second one in figure B, multiple sequence alignment of p/p-like scorpion toxins. Below, the third one in figure
B, multiple sequence alignment of toxins acting on K* channels. Bottom, multiple sequence alignment of toxins
acting on Cl~ channels. Conserved residues and cysteines formatting intrachain disulfide bonds ave in red

and shadowed in yellow; vesidues conserved in most of the peptides are shadowed in blue; vesidues with same
chavge in most of the peptides are shadowed in green. The species of toxins are mentioned above, except for
Lgh 15-1 [20] and GaTX1 [21] isolated and purified from Leiurus quinquestriatus hebraeus; BmK II, BmK
a1, BmK a3, BnKTX, BmPo1, BmPo3, BuK CT, and Bma1z2 isolated and purified from Buthus martensii
Karsch [22]; AaCTX [23] isolated and purified from Androctonus australis. (C) The guide tree is constructed
by ALIGNX, a component of the VECTOR NTI 11.0 software suite. Scoves in the brackets ave based on the
identity of the amino acids’ chemical properties. Top, the guide tree of a/a-like scorpion toxins. Middle, the
guide tree of p/-like scorpion toxins. Below, the guide tree of short-chain K* channel toxins. Bottom, the guide
tree of short-chain Cl™ channel toxins.

BmK scorpion, used as a drug which is also known as “Quan Xie” (whole
scorpion body), can be traced to almost 2000 years ago since the Song Dynasty
(A.D. 960-1279) of China. Based on the traditional Chinese medicine theories of
“Xi Feng Zhi Jing, Gong Du San Jie, Tong Luo Zhi Tong” (suppressing the epileptic
seizure, inhibiting growth and metastasis of tumor, dredging blood vessels and
analgesia), BmK scorpion has been widely used to treat epilepsy, apoplexy, spasm,
migraine, tetanus etc. [24]. The venom of BmK scorpion, considered as the main
effective component, is a rich source of bioactive toxin polypeptides that regulate
the activity of ion channels [25, 26] (Figure 1). According to the length of these
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peptides, scorpion toxins are classified into long-chain toxins and short-chain
toxins. The long-chain scorpion toxins composed of 58-76 amino acid residues
mainly act on voltage-gated sodium channels (VGSCs), while the short-chain
scorpion toxins containing 28—-40 amino acid residues generally target K" or CI~
channels [27] (Figure 1B). Based on their physiological effects on VGSC gating
and binding properties, the long-chain toxins can be further classified into two
categories: a-toxins, such as BmK I, a 64-residue a-like toxin isolated from BmK
[2], and BmK aIV, a novel cloned 68-residue polypeptide, binding to neurotoxin
receptor site 3 of the VGSC, with inhibitory effects on the fast inactivation of
VGSCs (Figure 2). f-toxins, which bind to receptor site 4 such as BmK IT2 as well
as BmK AEP, two 64-residue inhibitory p-toxins [28], and BmK AS, a 66-residue
p-like toxin, could shift the threshold of VGSCs activation to more negative mem-
brane potentials [29-32] (Figure 2). By sequence alignment and phylogenetic
trees, it could be found that the primary structure of BmK I is similar to that of the
classical a-like toxin Lgh III, while the structural properties of BmK alIV are more
similar to that of the classical a-toxin AaH II (Figure 1C). In addition, the structure
of BmK IT2 and BmK AEP are similar to that of the classical p-toxin Lqh IT2, but it
is quite different from the structure of BmK AS which is also separated from BmK
(Figure 1C). Among short-chain toxins, martentoxin and BmP02 are considered as
the specific blockers of BK channel (« + p4) and Kv1.3, respectively [33-35]. From
sequence alignment and phylogenetic trees, martentoxin have low homology with
the classical BK channel blocker charybdotoxin (ChTX), isolated and purified from
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Figure 2.

Stfuctwe of VGSC and its pharmacological characterization modulated by a/a-like or p/p-like scorpion

toxins. Schematic representation of Nav channels’ a and f subunits. The a subunit of Nav channels is
illustrated along with not only p1 but also 2 subunits; the f§ subunits’ extracellular domains are exhibited to

be an immunoglobulin-like fold that interacts with the loops in a subunits. The domains of the a subunit are
represented by Roman numerals; segments 5 and 6 (exhibited in violet) arve pore-lining segments, and S4 helices
(green) constitute the voltage sensors. The green circle in the domains I1I and IV intracellular loop represents the
inactivation-gating IFM motif. The a/a-like toxin BmK I delaying the inactivation of VGSCs by targeting the
receptor site 3. The f toxin BmK IT2 suppressing transient currents of VGSCs by targeting the receptor site 4.
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Leiurus quinquestriatus, but have high homology with Lgh 15-1 (ChTX2), another
BK channel blocker from Leiurus quinquestriatus (Figure 1B and C). BmK CT could
recognize the glioma-specific chloride channels. In this chapter, we aim to describe
the most promising candidates for drug development that have been isolated from
BmK venoms, with categorization according to their biological activity.

2. Analgesic effects of BmK toxins against VGSCs

Pain seriously damages human health and quality of life, so it is of importance
to find effective analgesic targets and drugs. Nav channels (VGSCs) are transmem-
brane proteins responsible for generation and conduction of APs (action potentials)
in excitable cells [1-3]. Of the nine functional a subunits (Nav1.1-1.9), Nav1.1,
Nav1.3, Nav1.6, Nav1.7, Nav1.8, and Nav1.9 are distributed in primary sensory
neurons, playing a crucial role in nociception and chronic pain [4]. In detail,
mechanical pain is mainly caused by Nav1.6 [5]. Functional acquired mutations in
Nav1.7 cause severe thermal hyperalgesia [24], while Nav1.7 with loss-of-function
mutations leads to pain insensitivity [25]. Nav1.8 contributes to the APs generation
in peripheral system and Nav1.9 plays a role in persistent Na+ currents in small-
diameter dorsal root ganglia (DRG) neurons [26]. Because of the critical roles of
VGSC subtypes in pain signal conduction [36, 37], natural products, specifically
inhibiting VGSCs, might reveal the potential for treating chronic pain symptoms
[38]. The neurotoxins of scorpion BmK are an excellent source of sodium channel
modulators [22]. Among them, f/p-like scorpion toxins, binding to VGSC receptor
site 4 such as BmK IT2 and BmK AS, show anti-nociceptive effects in in vivo experi-
ments [39, 40].

BmK AS, polypeptide composed of 66 amino acid residues purified from BmK
venom, was a unique p-like scorpion toxin with many distinct functions [41]. In
the peripheral nervous system (PNS), BmK AS-induced antinociceptive effect
on inflammation-induced thermal as well as spontaneous pain and mechanical
hyperalgesia [30, 42]. Peripheral or spinal delivery of BmK AS significantly sup-
pressed formalin-induced nociceptive behaviors and c-Fos expression in spinal cord
[30, 43]. In order to clarify the mechanisms underlying antinociceptive effects of
receptor site 4 toxins on VGSCs, the primary sensory neurons (dorsal root ganglion,
DRG) isolated from the L4-L6 of adult rats are usually chosen for investigation.
Patch clamp recording showed that BmK AS could significantly decrease excitabil-
ity of small DRG neurons, by depressing the peak tetrodotoxin-resistant (TTX-R)
and tetrodotoxin-sensitive (TTX-S) Na* currents of DRG neurons, and causing a
negative shift of voltage-dependent activation [30]. Furthermore, BmK AS reduces
the peak currents, facilitates steady-state activation, and inhibits slow inactivation
of the Nav1.3 channels [44]. Through testing the VGSCs endogenously expressed in
the DRG neuroblastoma ND7-23 cells as well as heterologously expressed Nav1.2 in
Xenopus oocytes, it exhibited a U-shaped modulation of gating kinetics by BmK
AS over a wide range of concentrations. BmK AS could suppress the peak currents,
facilitate steady-state activation of VGSCs endogenously expressed in ND7-23 cells,
while it did not affect the voltage-dependent activation and persistent currents of
Nav1.2 [45]. These results provide a better understanding of the peripheral anti-
injury sensation of BmK, which selectively inhibited the activity of Nav1.3 and DRG
subtypes of VGSCs.

BmK IT2, consisting of 61 amino acid residues, contains 4 disulfide bonds,
and could induce strong insect toxicity [28]. Like other depressant toxins, such as
LqghIT2 [46, 47], BmK IT2 possesses two non-interacting binding sites (the high/
low-affinity binding sites) on insect nerve membranes [48, 49]. But a previous
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study also found that formalin-induced spontaneous pain behavior and spinal c-Fos
expression could be effectively suppressed by either pre- or post-treatment with
intrathecal BmK IT2 [50], which strongly implied that BmK IT2 could not only bind
to insect VGSCs, but also recognize mammal VGSC subtypes. In fact, the inhibi-
tion of BmK IT2 on total Na* currents was observed in small DRG neurons [31]. By
testing VGSC subtypes in Xenopus oocytes expression system, Nav1.2, Nav1.3, and
Nav1.6 display insensitive property to BmK IT2, suggesting that other isoforms,
especially Nav1.7-1.9, might be involved in the suppressive activity of BmKIT2 in
rat pathological models [51]. The results illuminated that BmK IT2 can be developed
as a novel analgesic peptide with therapeutic potential.

3. Antiepileptic activity of BmK toxins
3.1 Antiepileptic activity of BmK Na* channel toxins

VGSCs play a critical role in the generation and propagation of neuroexcitibilty.
Genetic alterations in VGSC genes are considered to be associated with epilepto-
genesis. The SCN1A (Nav1.1 gene) is the most relevant VGSC gene for epilepsy in
clinical tests. More than 1200 Nav1.1 mutants have been characterized to be associ-
ated with epilepsy, most of variants mutations lead to febrile seizures [52]. Nav1.2
subunits are mainly distributed in the Ranvier node and axon-initiating segment
(AIS). The mutation of Nav1.2 (SCN2A) is relevant to various epilepsies, such as
Dravet’s syndrome (DS), benign familial neonatal seizures (BFNIS), hereditary
epilepsy with febrile seizures plus (GEFS+), and other stubborn childhood epileptic
encephalopathies [53]. Another VGSC subtype widely distributed in CNS is Nav1.6,
which is mainly distributed to the soma and synaptic origins. Mutations of Nav1.6
could induce severe epileptic encephalopathy exhibiting autistic features, early
onset seizures, intellectual disability, ataxia, or sudden unexpected death in epi-
lepsy (SUDEP) [54]. Therefore, this evidence strongly implies that natural products
inhibiting VGSCs could also have the potential for suppressing the epileptic seizure.

BmK AEP, composed of 61 residues with 4 disulfide bonds, is the first anti-
epilepsy peptide purified from scorpion venom. BmK AEP was less toxic to mice
and insects, while it had forceful anticonvulsant effects on epileptic rats, and is thus
named as BmK anti-epilepsy peptide (BmK AEP) [55]. BmK AEP has been reported
to display anti-epileptic activity in a coriaria lactone-induced epileptic model in the
rat with comparable efficacy to diazepam [56]. Recent studies demonstrated that
BmK AEP concentration-dependently suppresses the Na* currents of Nav1.3 and
Nav1.6, heterologously expressed in HEK293 cells, and shifts the voltage-dependent
activation to the hyperpolarized direction, with minimal effects on steady-state
inactivation [32].

Through intrahippocampal injection, f§ scorpion toxin BmK AS produced
obviously anticonvulsant activity on the pentylenetetrazol (PTZ)-induced epileptic
rodents. It could not only suppress the duration and number of high-amplitude,
high-frequency discharges (HAFDs) in electroencephalography (EEG), but also
obviously reduce the peak Na* currents of hippocampal pyramidal cells [57, 58]. By
contrast, BmK AS did not regulate the epileptiform EEG of pilocarpine model over
the same dose range [57]. Intrahippocampal injection of BmK AS obviously reduced
the increase of c-Fos expression evoked by pilocarpine, implying that neuronal
hyperactivity is decreased during the epileptic state [43].

Injection of BmK IT2 at hippocampal CA1 region could dose-dependently inhibit
PTZ-induced epilepsy-like behavior as well as reduce the number and duration of
HAFD on PTZ-induced epileptic EEG components. Similarly, BmK IT2 significantly
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prolonged the incubation period of status epilepticus (SE) onset, reduced the
severity of SE, and inhibited the expression of c-fos in the hippocampus during SE
of pilocarpine-induced epileptic rodents [59]. BmK IT2, which relieves epileptic
symptoms, is thought to inhibit the activity of VGSC subtypes. Binding experiments
showed that BmK IT2 could recognize neuronal synaptosome membranes. The
patch-clamp experiment also proved that BmK IT2 can inhibit the persistent sodium
current of hippocampal pyramidal neurons [59]. However, previous studies have
found that BmK IT2 had no significant inhibitory effect on the peak Na* currents of
Nav1.2, 1.3, and 1.6 heterologous-expressed in oocytes [51]. It is suggested that BmK
IT2 might act on Nav1.1 or Nav1.7 in the central nervous system (CNS).

3.2 Antiepileptic activity of BmK K* channel toxins

BK channels, widely expressed in CNS, are voltage- and Ca**-activated K* chan-
nels with large conductance [60-62] (Figure 3). They have been shown to modulate
fast afterhyperpolarization (FAHPs) and rapid spike repolarization in a number of
types of neurons [63-65]. Under pathological state, it interacted the inactivation of
Nav channels, with inducing neuronal spike shortening and increasing in firing rate as
well as excitatory transmitter release, which could exacerbate seizure bursts [66-68].

Pentylenetetrazol (PTZ)-induced generalized tonic-clonic seizures give rise
to a BK channel gain-of-function, characterized by increased BK currents as well
as neuronal firing in the somatosensory cortex [69]. Interestingly, the BK channel
blocker, paxilline, suppressed generalized tonic-clonic seizures in picrotoxin or
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Figure 3.

Stfucture of BK channel and its auxiliary subunits. BK channel topology predicted by the hydrophilicity
profiles (left). The a helices are vepresented by a cylindrical shape and So to S4 segments (gray column) make
up the voltage sensor domain. The turret (T) is the loop joining S5 with the pore helix (P) (green column).
The selective filter (SF) and S6 form the pore internal entryway. N terminal is located at the extracellular, and
C terminal is located at cytosolic. Intracellular domain forms a pair of RCK domains including a Ca® bowl
(light blue ellipse), one of the intracellular calcium-binding regions. Topology of auxiliary f subunits (right).
NH, and COOH terminus facing intracellular side, two transmembrane domains linked by an extensive
extracellular loop. At the NH, terminus, 2 and (33 subunits contain additional amino acids that constitute the
particle of inactivation. The topological structure shared by all subtypes of y subunits: after selective cleavage,
the y subunits only have one transmembrane segment, with LRRC domains and the NH2 terminus facing

the extracellular side. The homology model of LRRC domain was established by using the crystal structure
underlying the LRR domain from lymphocyte receptor Bs9 of hagfish variable (PDB ID: 206S) [70]. The
homology modeling of LRRC domain is acquired by using Discovery Studio 2017 R2.
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Aftiepilepsy effects of BmK venom toxins by targeting Na'/K" channels. Long-chain p toxins BmK I1T2/BmK
AS/BmK AEP could reduce the epileptic seizure by inhibiting the activities of VGSCs. The specific BK channel
blocker MarTX, a short-chain BmK toxin, suppressed the epilepsy by acting on the fAHPs and rapid spike
repolarization of neurons, which might affect the activation of microglia through BK channels. BmPo2, a Kv1.3
inhibitor, has potential antiepileptic effects also by regulating the activation of microglia.

PTZ-induced epileptic animal models, and reversed the elevated neuronal firing
which follows tonic-clonic seizures [69, 71].

Martentoxin, a polypeptide consisting of 37 residues isolated from the venom
of BmK, could selectively block iberiotoxin-insensitive BK channel subtye (a + p4)
[33, 72], with no obvious effects on BK channels with o subunit alone. In animal
model experiments, martentoxin could prolong the latency and decrease the
duration, as well as seizure numbers, especially the high stage seizure, of seizures
induced by PTZ. The attitude and the duration of epileptic discharge are both
decreased by intra-hippocampal injection with martentoxin [73] (Figure 4).

4. Anti-multiple sclerosis and stroke via Kv1.3
4.1 Anti-multiple sclerosis effects of BmK Kv1.3 blockers

Multiple sclerosis (MS), a neuroinflammatory demyelinating disease, is the
second most common neurological disease. The occurrence of multiple sclerosis
is often accompanied by the destruction of the blood-brain barrier (BBB) and the
infiltration of the central nervous system by reactive T cell [74]. These cells rapidly
produce large amounts of pro-inflammatory cytokines, such as IFN-y and IL-4,
inducing sebaceous lesions or damage by targeting myelin basic proteins, thereby
promoting shedding.

The potassium channel Kv1.3 was first discovered in human T-cells in 1984 [75].
Accumulated data display Kv1.3 in myelin-reactive T cells from the peripheral blood
(PB) underlying MS patients is more highly expressed compared with healthy
people [76]. In animal model of experimental autoimmune encephalitis (EAE), it
has also been confirmed that the expression of Kv1.3 is significantly elevated [77].
Kv1.3 blocks membrane depolarization and maintains the driving force for Ca**
entry by effluxing K*, which in turn participates in T cell activation, Ca** activation
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signaling cascade, leading to T cell proliferation and cytokine production [78, 79].
These findings make Kv1.3 a valuable potential therapeutic target for immunosup-
pression in MS and EAE [80]. The therapeutic efficacy of Kv1.3 channel blockers
has been evidenced by not only in in vitro assays on suppressing cytokine secretion
and the proliferation of T cells, but also by iz vivo experiments on diverse animal
models of autoimmune diseases [81-85].

A variety of animal toxin peptides have been found to have the same channel
target. The venoms of different species such as scorpions, anemones, snakes, and
cone snails constitute a peptide damper for Kv1.3 [86-88]. Studies have shown
that different toxin peptides have different affinities for the Kv1.3 channel and can
inhibit Kv1.3 in the picomolar to nanomolar range [89].

BmKTX is an a-KTx toxin purified from the venom of BmK with 37 amino
acids, which has an amidated C-terminal, and blocks Kv1.3 current with nanomolar
concentration [90, 91]. However, in addition to being selective for Kv1.3, BmKTX
also has affinity for other K+ channels, which promotes the design as well as
appearance of highly selective BmKTX structural analogs [92]. The BnKTX D33H
variant was produced by replacing the Asp33 residue with His in BmKTX. The
selectivity of this novel BmKTX analog is 10,000-fold higher than wild-type
BmKTX for targeting Kv1.3 [92, 93]. ADWX-1, a novel peptide based on the scor-
pion toxin BmKTZX, replaces three residues of BmKTX (Gly 11, Ile 28, and Asp 33)
with Arg 11, Thr 28, and His 33. The ADWX-1 peptide not only has a picomolar
affinity (IC 50, 1.89 pm) for blocking Kv1.3, but its activity is increased 100-fold
compared to the native BmKTX toxin [94]. More importantly, ADWX-1 also
showed good selectivity on Kv1.3 compared to the related Kv1.1 and Kv1.2 channels.
The data show that both BmKTX-D33H and ADWX-1 can effectively inhibit the
activation and subsequent proliferation of human and rat CD4 + CCR7-TEM cells
and the secretion of cytokines [93, 94]. It is similar to the pharmacological proper-
ties of ShK-186, an anemone toxin analog that has been used in clinical research as
anovel drug for the treatment of autoimmune diseases [95]. In addition, ADWX-1
can selectively inhibit the activation of effector memory T cells by inhibiting
Kv1.3, thereby significantly improving the symptoms of experimental autoimmune
encephalomyelitis (EAE) in a rat model [84, 93]. The results above illuminated
that BmKTX-D33H as well as ADWX-1 have the potential for clinical treatments of
Kv1.3-related channel diseases.

BmPO02, also referred to a-KTx9.1, is a short peptide toxin from the BmK scor-
pion. It is comprised of 28 amino acids, whose tertiary structure is stabilized by 3
disulfide bonds [21, 96]. It was found that it has nanomolar affinity for Kv1.3 [35, 97].
Functional characterization of BmPO02 as a highly selective and potent Kv1.3-targeted
peptide will help develop novel therapeutic agents for human autoimmune diseases.

4.2 Anti-stroke potential of BmK Kv1.3 blockers

Stroke is an acute cerebrovascular disorder that causes brain tissue damage,
which is the second leading disease causing sudden death after ischemic heart
disease and accounts for 9% of deaths worldwide [83]. Ischemic stroke is the most
common type of stroke, usually occurring when the blood vessels in the neck or
brain are blocked [98]. In the early stages of stroke, activated macrophages or
microglial cells (M1 type) release a variety of inflammatory factors (TNF-a, IL-1-f,
IL-23), trigger neuronal damage, and induce TEM cell-mediated further inflam-
matory responses [99]. A few days later, macrophages could change to M2-like
functions, begin to clear various inflammatory factors, cell debris, and secrete
anti-inflammatory as well as neurotrophic factors (IL-10, TGF-p, IGF-1) to promote
injury recovery [99].
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Kv1.3 plays important roles in microglia as well as macrophage activation by
modulating Ca®* signaling, oxidative burst, cytokine production, and neuronal
killing [100-102], which is required for microglia or macrophage M1-like pro-
inflammatory activation iz vivo [103]. Activated microglia in the pathology of
ischemic stroke significantly contributes to secondary expansion of the infarct,
and Kv1.3 blockers are thought to be useful in ameliorating this condition [104,
105]. Studies have shown that while Kv1.3 inhibitors preferentially inhibit “M1-like”
inflammatory microglia/macrophage functions they can preserve beneficial
“M2-like” functions [106, 107].

BmP02 and BmKTX act as BmK K* channel toxins that can effectively inhibit
Kv1.3. We speculate that they and their derivatives may also reduce pro-inflam-
matory factors and improve brain damage by inhibiting the M1-like function of
microglia or macrophages.

5. Anti-glioma activity

Glioma shows the general characteristics of tumor cells, with the difference
being that the specific chloride channel current (CCC) is a unique electrophysi-
ological feature of glioma cells. The current intensity always increases with the
increase of malignant degree of glioma [108]. The specific type of chloride channel
on glioma cells can regulate the morphology and volume of cells, which are involved
in the process of tumor cell proliferation and metastasis. Abnormal expression of
chloride channel currents in glioma could be regarded as a kind of chloride channel
disease, especially in glioma with high malignancy [109]. Therefore, it may provide
anovel idea for the diagnosis and treatment of glioma by blocking its specific
chloride channel current, from the perspective of ion channel disease.

BmK chloride channel toxins, BmK CT, are short-chain neurotoxin proteins
composed of 36 amino acids and contain 4 pairs of disulfide bonds, which have 68%
homology with chlorotoxin (CTX), a chloride channel toxin isolated from scor-
pion Leiurus quinquestriatus. BmK CT could not only specifically block the glioma
chloride channels, but also recognize the matrix metalloproteinases-2 (MMP-2)
for inhibiting glioma migration [110, 111]. The recombinant protein GST-BmK CT
significantly suppresses on tumor growth in nude mice, with an inhibition rate of
86% in vivo. The tumor metastasis in the lung lesion area was only 38% in the BmK
CT-treated group compared to 75% in the control group [112]. In addition, BmK CT
could promote the sensitivity of chemotherapeutic drug temozolomide-induced cell
apoptosis of glioma U251 cells in vitro, which is through inhibiting the AKT signal-
ing pathway [113]. On the one hand, the specific inhibition of the proliferation and
metastasis of glioma cells suggests BmK CT as an ideal candidate to treat glioma. On
the other hand, due to the abundant expression of chloride channels in glioma cells,
BmK CT is also used for imaging and treating glioma by conjugating it with Cy5.5,
FND, or 1311/1251 [114].

6. Proposal

Up to now, there are 15 venom-derived drugs used to treat a variety of diseases,
including hypertension, pain, and diabetes, in clinic. As a result, many lives have
been saved. In addition, 13 animal-derived toxins are considered to be drug candi-
dates, and have entered clinical trials [115]. Among them, scorpion toxin chloro-
toxin, isolated from Leiurus quinquestriatus, is under phase II clinical trial. It was
reported that Iodine-131-chlorotoxin (TM-601) is a targeted drug candidate for the
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treatment of gliomas because it could cross the blood-brain as well as some tissue
barriers and specifically bind to malignant brain tumor cells without influencing
the function of normal cells [116]. ShK derivatives, ShK-186 and ShK-192, are
mainly used to treat autoimmune diseases, including neuroinflammatory multiple
sclerosis by targeting Kv1.3 channels. In this review, we discuss the possibility of
BmK scorpion toxins for clinical treatment on ion channel-relevant neurological
disorders. It is shown that long-chain scorpion toxins, such as BmK IT2 and BmK
AS, could effectively suppress neuroexcitability in nociception and epileptic seizure
via VGSCs. In vivo study demonstrated that inhibition of Kv1.3 is favorable for the
reversion of neuroinflammatory diseases by BmKTX and BmP02. It is also found
that BmK CT could specifically suppress proliferation as well as metastasis of glioma
cells. This brings the dawn to the effective control of neurological diseases sus-
pected of overcoming, such as chronic pain, MS, intractable epilepsy, and giloma.
However, it is still a challenge for BmK toxins used to the treatment of neurology
disorders. The first problem underlying the application of these peptides is that they
could not be taken orally, mainly because they are difficult to penetrate the intesti-
nal mucosa. Due to their molecular size, polarity, hydrophilicity, and chargeability,
the cell membrane penetration of BmK toxins is hampered. The second obstacle
is that BmK toxins cannot cross the blood-brain barrier. Different from multiple
sclerosis, the myelin and blood-brain barrier are not destroyed in other neurological
diseases [117]. Clinical application of BmK toxins for treating these diseases will
encounter difficulties. Fortunately, the situation is not unsolvable, we still have
a glimmer of light. A few years ago, scientists at the Sunnybrook Health Science
Center in Canada used focused ultrasound technology to successfully pass chemo-
therapy drugs across the blood-brain barrier in a non-invasive manner [118] and
reach the location of the tumor, which is of great significance in the field of neuro-
pharmacology. In addition, the cell penetrating peptide (CPP) [119] with a strong
cell membrane penetration, could be used as a drug carrier to assist the passage of
polypeptide drugs across the cell membrane [117]. The fusion protein consists of
CPP and BmK toxin might be developed as an oral drug for treating neurological
disorders. In short, finding suitable, safe, and efficient ways to promote the clinical
use of BmK toxins are most valuable points to be solved.
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Abstract

Cyanoprokaryotes are distributed worldwide and they produce various bioactive
compounds, including cyanotoxins. The major route of human exposure to cyano-
toxins is the oral intake by using contaminated drinking water, by incidental intake of
contaminated water during recreational and professional activities, and by consuming
contaminated food or dietary supplements prepared from cyanobacteria. The pro-
longed chronic exposure to low concentrations of cyanotoxins provokes cell damage and
may increase the risk for cancer development. Due to the variety of cyanotoxin chemical
structures, different mechanisms of their toxic effects are known. At the same time,
some of the natural compounds produced by cyanoprokaryotes have anticancer poten-
tial and are promising sources for the development of novel drugs. This chapter is dedi-
cated to the target mechanisms behind the effects of the widely distributed cyanotoxins
with an impact on human health, microcystins, nodularins, and cylindrospermopsin.

Keywords: cyanotoxins, microcystins, nodularins, cylindrospermopsin,
toxicity mechanisms

1. Introduction

Cyanoprokaryotes are Gram-negative photosynthetic algae considered to have
arisen approximately 3.5 billion years ago [1]. In nature, they are found as single cell
species or as colonies rapidly growing in fresh water, all types of aquatic ecosystems,
and terrestrial habitats. Cyanobacteria are photosynthetic organisms, and as such, they
are considered primary first-level consumers in the food chains in water ecosystems.
Blue-green algae play an important role in carbon and nitrogen balance in the biosphere
[2]. They produce a high number of bioactive molecules, and certain species produce
cyanotoxins that contribute as defense mechanisms against different ambient stress
factors [3]. The growth of cyanobacteria at high blooming densities increases in expan-
sion and frequency following anthropogenic activities and climatic change, globaliza-
tion, and increasing commodity exchanges [4]. This, in turn, raises morbidity and
death rates of wild and domestic animals [5, 6] and brings some risk to human health.
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More than 90 microcystin isoforms, that are cyclic peptide cyanotoxins, have
been described. The microcystin-leucine arginine (MC-LR) is known as the most
toxic and the most abundant variant of microcystins [7]. Several authors have
reported that MC-LR has been considered as the most widely spread microcystin in
Portuguese waters [8]. However, Rodrigues et al. report similar results for micro-
cystin MC-RR (a MC variant with the amino acid arginine in positions 2 and 4)

[9]. MC-RR is the major toxin variant found in the rivers, lakes, and reservoirs in
China [10] reaching concentrations of up to 93.5% in the cells of cyanoprokaryotes
[11], thus associated with the contamination produced by intensive use of water
sources and fast economic development [12]. In Bulgaria, a country rich in water
reservoirs and natural water bodies, many cases of cyanoprokaryote blooms have
been reported. Surveys conducted for a period of 15 years (2000-2015) in 120
Bulgarian water basins have recorded cyanobacteria blooms in 14 water bodies and
have identified 16 cyanotoxins (microcystins LR, LA, RR, YR, nodularins, and
saxitoxins) [13].

Cyanotoxins have various chemical structures; thus, their toxic effects are due to
different mechanisms. Cyanotoxins are classified into three major groups according
to their chemical structure: alkaloids (cylindrospermopsin, saxitoxin, lyngbya-
toxin-a, and aplysiatoxin,), cyclic peptides (microcystins, MCs, and nodularins—
NODs), and lipopolysaccharides [14]. Poisoning of humans with cyanotoxins is
possible through various pathways, mainly by the consumption of contaminated
food (vegetables, fish, seafood, and livestock), as well by bathing and recreational
activities with contaminated water [15]. Different studies have reported high
accumulation of cylindrospermopsin (CYN) in fish (up to 2.7 ng/g) [16], in mussels
(up to 2.52 mg/g) [17], and in lettuce (up to 8.029 ug/kg) [18].

Along with the reports about the toxicity of cyanobacteria metabolites, there are
studies describing their anticancer properties, hence, viewing them from a new per-
spective as novel potential sources for anticancer drug development [19]. However,
to identify possible drug targets, the science about the mechanisms of the toxicity
needs to be extracted out of the numerous scientific reports and review studies on
cyanobacteria blooms, case studies and investigations on the effects of cyanotoxins
described by different authors.

This review addresses the target mechanisms behind the effects of widely dis-
tributed groups of cyanotoxins with an impact on human health, the cyclic peptides
microcystins and nodularins, and the alkaloid cylindrospermopsin.

Data collection was performed through keyword research, namely cyanotoxins,
microcystins, nodularins, cylindrospermopsin, cyanotoxins/microcystins/nodular-
ins/cylindrospermopsin molecular mechanisms/carcinogenicity/anticancer poten-
tial/clinical toxicology/poisoning incidence/clinical toxicology. ScienceDirect and
PubMed databases were screened for the above-mentioned key words. More than
100 papers were examined and bibliography includes references dating back to 1878.

2. Water blooms, human and animal health

A great number of studies about cyanotoxins discuss their toxicity from dif-
ferent points of view. Clinical intoxication cases and epidemiological studies on
reported cases of exposure to cyanobacteria and their toxins are described [20].
There are reports on acute poisonings of animals and humans due to exposure to
cyanotoxins [21, 22]. Chronic intake of contaminated water; aerosolization, includ-
ing respirable bioaerosols; consumption of contaminated seaborne food [23]; or
even intake of dietary supplements containing blue-green algae are investigated and
reported [24].
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Observational studies on the correlation between clinical symptoms and contact
with blooming water have been recorded throughout the centuries. The earliest
report on such poisoning dates back 1000 years ago in China when green-colored
river water consumption caused mortality in General Zhu Ge-Ling’s troops, accord-
ing to data reviewed on the website of National Toxicology Program, Department of
Health and Human Services of USA [25]. Later in 1878, cyanotoxin poisoning was
suspected in Australia [26]. In several US states, gastroenteritis has been suspected to
be related to water blooms [27]. In China, primary liver cancer has been attributed to
cyanotoxin-contaminated drinking water [28]. In a profound recent review, Svircev
et al. [20] identified 42 publications that describe 33 cases of cyanotoxin poison-
ing in 11 countries—Australia, Brazil, Canada, China, Namibia, Portugal, Serbia,
Sri Lanka, Sweden, the UK, and the USA for the period between 1960 and 2016.
Although there is no definitive general conclusion in the epidemiological literature,
it identifies a possible link between microcystins and cancer and other human health
issues [20]. Wood [21] presents an informative table summarizing reports about
acute animal and human poisonings attributed to exposure to cyanotoxins since
1800; there is an estimate of the number of affected animals and individuals in
incidents of mortality and morbidity from 1900 onwards. The author identified 115
human incidents of cyanotoxin intoxications reported until the year 2010, mostly
seen in the United States and Canada, followed by Europe [21]. Taking into account
the great variety of cyanobacteria and their overall environmental distribution in
fresh and brackish waters and the fact that more than 90 different types of cyanotox-
ins are produced by the blue-green algae, the various routes of cyanotoxin poisoning,
as well as the variety of clinical manifestations encountered, we may expect that the
above numbers are quite underestimated. In Varna region, Bulgaria, no evidences to
related cases of acute poisoning to cyanotoxins have been documented according to
local database [118]. Furthermore, it is not always easy to derive information about
countries classified by Woods as “the rest of world,” especially when information
dated back centuries ago. Sometimes, data are published in the gray literature
and in the local language; data available are not supported by adequate scientific
information. Often clinical evidences of inflammatory response or allergic reac-
tions are misleading for being common symptoms for other types of intoxications
as well; such clinical cases remain in the group of idiopathic intoxications and are
not reported as cases of cyanoprokaryota poisonings. Cyanobacteria content in the
total mass of phytoplankton in different waters and sampling periods may vary up
to 100%. Usually, in algae blooms, one species predominates and it releases various
cytotoxins to the water. Some toxins have been detected even after the end of algae
blooms, when cyanoprokaryota species are already in negligible concentrations [13].

Few reports describe correlation between defined clinical symptoms and/or
laboratory findings and a reported contact and/or consumption of contaminated
water. The most severe human intoxication with cyanotoxins occurred in Brazil
in 1996, where 100 of 131 dialysis patients developed acute hepatic failure due to
cyanotoxin contamination of the dialysis water applied. The death of 52 of them
has been confirmed to be due to the presence on cyanotoxins in treatment water
provided from alocal water treatment plant [29, 30]. Another incidence, again in
Brazil, associates 2000 cases of gastroenteritis and 88 deaths with blooms [31].
Microcystis aeruginosa—contaminated water caused pneumonia in two patients
in Staffordshire, England [32]. In Australia, 140 children and 10 adults have
experienced liver and kidney problems. Cylindrospermopsin is reportedly the
etiological agent [33]. Giannuzzi et al. [34] report a case from Argentina in 2007.
Microcystin-LR is detected in water samples, where the patient has been immersed
before experiencing acute clinical symptoms. In addition, laboratory examination
identified increase of markers for liver injury (ALT, AST, and GGT).
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3. Cyclic peptides—toxicity and biotransformations

The cyclic pentapeptide nodularins and cyclic heptapeptide microcystins are
the most widespread cyanotoxins in water blooms. MCs are produced by differ-
ent cyanobacterial species (Microcystis, Oscillatoria, Aphanocapsa, Cyanobium,
Arthrospira, Limnothrix, Phormidium, Hapalosiphon, Anabaenopsis, Nostoc, and
Synechocystis). It is known that nodularins are produced only by cyanobacteria
from the genus Nodularia (Nodularia spumigena) [35]. Various investigations
reveal approx. 100 known variants of MCs up-to-date with the most toxic and
widely distributed MC being MC-LR [36]. The maximum concentration of MC-LR
isup to 1 pg/L in drinking water. This is the conditional guideline value adopted
by the World Health Organization (WHO). The value is based on tolerated daily
intake (TDI) 0.04 pg/kg body weight [37].

Most of the microcystins have hydrophilic structure; thus, their cell uptake
should be facilitated by transporting systems, such as the organic anion trans-
porting polypeptides (OATPs). Many OATPs are expressed in a tissue-specific
way, whereas others are expressed ubiquitously [38]. A selective uptake of MCs
by the cells, depending on the organ type and on the expression of different
OATPs, is established in intestines, liver, muscle, and brain cells of three differ-
ent catfish species [39]; the highest contents are found in liver, gonads, stomach,
heart, and kidneys in Wistar rats [40]. The fact that MC accumulation is primar-
ily in the liver is explained by the amount of OATPs present in this organ, which
is why MCs are considered as hepatotoxins. More specifically, the MC-LR has
been determined as a substrate for OATP1A2, OATP1B1, and OATP1B3. MCs are
established to require active transport for human cell uptake, and the high expres-
sion of these OATP1B1 and OATP1B3 transporters in the liver accounts for their
selective liver toxicity [41, 42]. Researches reveal that OATP1B1 and OATP1B3
expression is detected in cell lines originating from liver, colon, and pancreatic
tumors [43], as well as in hepatocellular carcinoma [44]. These results account for
microcystin toxicity to be examined mainly in hepatocytes iz vivo and in cultured
hepatic cells in vitro.

The liver of the fish species O. bonariensis, collected from a shallow lake in
Argentina, contained 10 times higher MC-RR levels than the muscles, reports a
study [45]. Another study, on mice, elucidates that 9% of the MC-LR toxin fraction
is filtrated in the kidneys and eliminated through urine, thus making kidneys a
possible object for MC-LR toxicity as well [46]. Pflugmacher et al. [47] determine
that the first stage in the detoxification of MCs is the formation of a glutathione
conjugate of MC (MC-LR-GSH) in hepatocytes, identified earlier in mice and in
rat livers [48]. MC-LR-GSH is then further metabolized to a cysteine conjugate
(MC-LR-Cys) for excretion via urine [49], via feces as well, as free MCs or their
metabolites [50].

Chronic exposure to sublethal doses of MCs could lead to induction of oxida-
tive stress, necrotic cell death, and liver neoplasia in animals [51] and a possible
reason for that could be the depletion of GSH cell stores. A study demonstrates
the bioaccumulation of microcystin-LR (MC-LR) in mammals [52]. A pig experi-
mental model has been used because of its liver, kidney, and gastrointestinal tract
function similarities to humans, as well as similarities to humans’ metabolic rates
[53]. Although MC-LR is not found in the serum of treated animals, free MC-LR
is detected in the large intestine and kidneys, in liver as well, where the MC-LR-
glutathione conjugate is in high quantity, approximately 1.1% of the applied
MC-LR dose. The chemical structures of unabsorbed MCs are not modified, or
few changes occur. MCs are transported to the intestine and further are excreted
by feces. The other route is absorption and subsequent conjugation in the liver
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and rapid excretion of this compound in the bile [54]. MC-LR and its derivatives
(MC-LR-GSH and MC-LR-Cys) may also enter the enterohepatic circulation and,
being reabsorbed into the blood stream, may reach the brain, heart, lungs, and even
testicles [55].

Animal studies mark the possible MC-LR accumulation in human hepatic
tissue exposed chronically to high doses of cyanotoxins as well. Present-day study
analyses daily exposure to MCs and their effects on human health; authors identify
the presence of MCs in anglers’ serum, most likely resulting from exposure to
ingested MC from consumed fish [56]. Serum enzymes aspartate aminotransferase,
alanine aminotransferase, lactate dehydrogenase, and alkaline phosphatase, which
are biomarkers of hepatic function, are elevated, pointing to liver damage in the
fishermen. The smaller ring structure of NODs is taken up by the liver cells more
easily than MC-LR, thus probably resulting in stronger hepatocellular effects [57].
Another research provides evidence that MC-LR can be transported across the
blood-brain barrier in humans [41].

3.1 Cyclic peptides—molecular toxicity mechanismin relation to carcinogenicity

Different mechanisms of cytotoxicity are observed among MC variants and
nodularins in a range of in vitro cell culture studies on cell viability and the ability
to cause apoptosis or necrosis in varying concentrations applied to different cell
types. Fastner et al. [58] explicates that primary rat hepatocytes are less suscep-
tible to MC-RR (ECsy 1500-4300 nM) compared to MC-LR (ECsy 60-200 nM).
Independently of the cell culture type (primary or transfected hepatocytes),
MC-RR is always less cytotoxic than MC-LR [59]. Gacsi et al. [60] have studied the
effects of MC-LR on cultured Chinese hamster ovary cells (CHO-K1) in order to
detect cell viability and to determine if nonviable cells go through necrosis or apop-
tosis. The study demonstrates that low dose of MC-LR (<10 pM) after 24 h expo-
sure does not induce apoptosis in the cell line. The application of higher MC-LR
concentrations (>20 uM) shows induced apoptosis in a concentration-dependent
manner. The shrinkage of apoptotic cells is linked to the shortening and loss of
actin filaments and microtubule depolymerization. No necrosis is observed over the
concentration range tested. Piyathilaka et al. [61] evaluates the MC-LR cytotoxic
and apoptotic effects on different human kidney cell lines—normal embryotic
(HEK-293) and adenocarcinoma cell line (ACHN). The MTT and sulforhodamine
B (SRB) cell viability assays establish that MC-LR is more cytotoxic to embryonic
kidney cells compared to kidney adenocarcinoma cells after treatment with MC-LR
for 24 h. In addition, morphological studies also reveal higher MC-LR toxicity to
kidney cancer cells than to normal kidney cells. MC-LR does not promote cell divi-
sion of human kidney adenocarcinoma cells, indicating that it cannot be a promoter
of kidney cancer [61].

NODs and MCs are among the most common natural cyanotoxins. Their toxic-
ity is mainly due to the ability to inhibit the eukaryotic protein serine/threonine
phosphatase families 1 and 2A (PP1 and PP2A), which are essential for many signal
transduction pathways of eukaryotic cells. This inhibition is linked to protein
hyperphosphorylation, thus leading to modification of cytoskeleton and distur-
bances of many cellular processes: loss of cell-cell adhesion at the desmosomes [62],
disruption of actin filaments [63], and altered cell signaling pathways, for example
MAPKs signaling pathways that regulate cellular proliferation [55]. As potent
inhibitors of protein serine/threonine phosphatase, MCs and NODs have a pro-
found effect on cell signaling leading to the affected cell’s death. Both MC-LR and
NOD have inhibitory effect on protein phosphatases, independently that MC-LR
binds covalently to them and NOD does not [64].
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Cell signaling pathways involving MAPKs regulate cellular proliferation through
phosphorylation cascades. Several types of phosphatases including the protein
serine/threonine phosphatases 2A regulate the Ras-Raf-MEK-ERK cascade (PP2A).
The phosphatase PP2A inhibits these pathways by dephosphorylation. The acti-
vated (phosphorylated) forms of the transcription factor ERK1/2 are translocated
to the cell nucleus, thus leading to the transcription of certain proto-oncogenes
[65]. Junttila et al. [66] speculate that by inhibiting PP2A, MC-LR could deregulate
the ERK1/2 pathway, thus promoting cell proliferation and tumorigenesis.

NODs and MCs also play a role as potential oxidants, which could induce reac-
tive oxygen species production, hence causing cell oxidative stress damages [67].
Many studies demonstrate that oxidative stress is involved in the liver cell toxicity
due to MCs [68] and NODs [67]. Increased production of reactive oxygen spe-
cies (ROS) and lipid peroxides in mouse liver because of treatment with NODs is
observed [69].

MCs may increase the production of ROS by depletion of GSH due to a high
rate of conjugation [8, 67]. These observations are confirmed in zebrafish [70],
where MC administration leads to lipid peroxidation and a change in the antioxi-
dant enzyme activity [71]. A study explicates MC-RR influence on gene expres-
sion of nuclear factor—erythroid 2 related factor 2 (Nrf2), a master regulator of
inducible antioxidant responses, in human hepatocytes, causing mitochondria
dysfunction [72]. The transcription factor Nrf2 has been identified as a key factor
in the cell protection from oxidative stress and electrophilic insults [73, 74].
Many of Nrf2 target genes play essential role in maintaining cellular antioxidant
responses and xenobiotic metabolism. Its constitutive activation may contribute
to a malignant phenotype [75], and its elevated expression and activity have been
observed in different cancer cells [76]. Nrf2 promotes the survival of tumor cells
under a deleterious environment and elevates resistance to antitumor drugs [77].
These observations suggest that Nrf2 plays contrasting roles in different tumori-
genesis stages and is subject to MCs’ toxicity with predictable effect on further
tumorigenesis.

Gan et al. have shown that MC-LR is able to enhance the stability of the Nrf2
transcription factor in the cytoplasm and its translocation to the nucleus via
binding to the cytosolic regulator protein Keapl. Knockdown of Nrf2 mediated by
siRNA can inhibit cell proliferation and cell cycle progression induced by MC-LR
[78]. Therefore, upregulation of Nrf2 induced by MC-LR in tumor cells favors liver
cancer cell growth. This study gives additional information supporting Nrf2 role
in cancer tumorigenesis [78], respectively, of MC-LR. Moreover, a higher level of
Nrf2 in toxin-treated rat primary hepatocytes after 48 h has been observed [79]. It
is assumed that inhibition of protein phosphatases by MCs may affect the activity of
DNA-dependent protein kinase (DNA-PK), an enzyme with key role in the nonho-
mologous terminal binding of DNA loops in the Go-phase of the cell cycle observed
in human lymphocytes [80].

Another important mechanism of genotoxicity is the impairment of DNA repair.
Experimental animals exposed to sublethal low doses of MC have shown to develop
tumorigenesis in coordination with the presence of dysfunctional p53 [81]. The
increased formation of reactive oxygen species leads to oxidative DNA damage. A
study shows that after 4 h of exposure to 0.01, 0.1, and 1 mg/mL of MC-LR DNA
strand breaks were induced in dose dependent manner in human liver carcinoma
cell line (HepG2 cells) [82]. Oxidized pyrimidines are repaired within a short time
of exposure to MCs (8 h), while oxidized purines (mainly 8-hydroxyguanine)
remain unrepaired in the DNA and accumulate [83] leading to GC-TA transversion
mutations [84]. This statement has been verified in vivo with demonstrated eleva-
tion of 8-hydroxyguanine in male rat hepatocytes 24 h after treatment with 50 mg/
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kg body weight of MC-LR [85]. In primary cultured rat liver cells exposed to NOD,
the highest level of 8-0x0-2"-deoxyguanosine adducts is observed after 3 h exposure
and its level decreased to control cells’ levels after 24 h of exposure [85].

Many studies on MC-LR adverse effects establish its ability to change gene
expression, and by these means contribute to a better understanding of MC-LR
mechanisms linked to toxicity, genotoxicity, and carcinogenicity potential. Sueoka
et al. [86] give the first evidence that MC-LR modulates the expression of tumor
suppressor genes and oncogenes. They demonstrate that primary rat liver cells
exposed to MC-LR (1 mM) for 6 h remarkably elevated the tumor necrosis factor a
(TNF-a) expression, which could play the role of an endogenous tumor promoter
[87]. The same study shows upregulation of early-response genes from the jun
and fos gene families, proto-oncogenes, which are involved in gene regulation in
response to different stimuli such as growth factors, cytokines, and viral and bacte-
rial infections (Table1).

In summary, one pathway of MC genotoxic activity is mediated by induction
of ROS generation, thus leading to DNA strand breaks and at the same time sig-
nificantly decreasing DNA repair system activity. The impairment of DNA repair
together with DNA damage is an important factor involved in tumorigenesis.
Chronic exposure to low concentrations of these cyanotoxins may increase the risk
for carcinogenesis due to their potential long-term adverse effects (carcinogenic and
genotoxic). For this reason, the International Agency for Research on Cancer clas-
sifies MC-LR as a possible human carcinogen [88]. Figure 1 summarizes possible
mechanisms of MR-LR genotoxicity with contribution to carcinogenesis.

Experimental Time/dose of Main findings Reference
model exposure/method of
administration
Male Wistar rats Single intravenous The maximum MC-LR content [40]
administration of MC-LR (2.9% of the injected dose)
extract; 80 pg/kg body detected 2 h after injection.
weight Highest concentration found in

kidney (0.034-0.295 pg/g dry
weight); concentration in liver

(0.003-0.052 pg/g dry weight).

Fish species O. Fish residing in Total content of MCs in liver [45]
bonariensis collected intoxicated water (MC- (336 £372 g kg’l) is 10-fold
in Los Padres Lake LR, -RR, YR, and -LA higher than that in the fish muscles
(Argentina) total content in water: (39+22pgkg™).
28+56pgLl™)
Pigs (breed, PIC 337) Oral administration of MC-LR not detected in serum; free [52]
MC-LR in two treatment MC-LR found in the large intestine
groups: (1.4 pg/kg dry weight) and kidney
1.0.04 pyg MC-LR/ (1.9 pg/kg dry weight).
kg body weight for The higher dosed animals
13 weeks accumulated MC-LR-conjugate in
2.2 pg toxin/kg body liver (26.4 pg/kg dry weight).
weight for 5 weeks
129-Trp53™PrN4 Intraperitoneal injection Increased proliferative response in [81]
mice (homozygous of MC-LR, 40 pg/kg body liver after 28 days exposure time
P53 knockout B6 weight for 4, 24 h, and 4, as detected by increased nuclear
mice) 14, and 28 days Ki-67 immunoreactivity and

phosphohistone H3 expression.

Table 1.
Microcystins in animal studies.
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Figure 1.
Mechanisms of microcystin genotoxicity.

3.2 Cyclic peptides—potential sources of anticancer drugs

Essential for candidate molecules to be developed into useful anticancer thera-
peutics is their cancer selectivity. It is known that specific types of cancer can be
targeted by redox-based therapies when cancer cells are assailable by increased
ROS production induced by exogenous agents [89]. Thus, microcystin analogues
are assumed to be selective anticancer drugs for certain types of cancer cells,
specifically for those that express OATP, without causing significant toxicity to
normal cells because of the differences of redox status between normal and cancer
cells [90]. The development of OATP-targeting compounds based on the chemical
structure of MC-LR, with unique physicochemical properties such as high water
solubility, resistance to chemical hydrolysis or oxidation at near-neutral pH, and
stability in pH shifts, appears to be a feasible and promising option in this direction
[91]. There are studies focused on developing analogues of microcystin cyanotoxins
for efficiently targeting the OATP-expressing metastatic cancers, which are resis-
tant to conventional chemotherapy treatment [90] and many known cyanotoxins
have been studied for their anticancer properties in human cell lines.

Currently, neither optimal nor targeted therapy has been developed for pancreatic
cancer [92]. Overexpression of OATPs in pancreatic cancer offers an opportunity to
develop effective novel cancer-targeted agents. A study demonstrates that MC-LR tar-
geting OATP1B1 and OATP 1B3 can cause inhibition of proliferation of pancreatic can-
cer cells in a dose-response mode [92]. Study findings point that antiproliferative and
pro-apoptotic effects are proportionally related to the expression of these transporters,
thus suggesting an essential role for OATP expression in the process of MC-LR-induced
cancer cell damage. Moreover, direct comparison of the inhibitory effect of MC-LR and
the drug gemcitabine manifests a noticeable advantage of the toxin [92].

Monks et al. [93] have transfected cervical cancer cell line HeLa with the known
OATP1B1 and OATP1B3 transporters seeking through appropriate in vitro models
how MCs are uptaken into the cells and testing the activity of MCs against cells
that express OATPs. Authors elucidate that transfected HeLa cells were 1000-fold
more sensitive to MC-LR compared to the vector-transfected control cells, pointing
that the expression of transporters imparts marked selectivity for MC cytotoxicity
[93]. These observations suggest that MC cytotoxicity in OATP1B1- and OATP1B3-
expressing HeLa cells is linked to cell-specific inhibition of PP2A and not to protein
phosphatase inhibition in general.
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These findings endorse the anticancer potential of MCs and raise hopes that
cyanotoxins may have a promising future in cancer therapy. Challenges of potential
organ-specific MC toxicity remain to be resolved by proper chemical modifications
in the process of drug modulation.

4. Cylindrospermopsin—molecular mechanisms of toxicity
and biotransformation

Humans are more susceptible to the exposure to cylindrospermopsin in compari-
son to other cyanotoxins because up to 90% of the total CYN is found outside the
cyanobacterial cells [94]. Humpage et al. [95] recommend a maximum concentration
of CYN in drinking water to be 1 pg/L based on tolerated daily intake, 0.03 pg/kg
body weight.

CYN is generated by different freshwater cyanobacteria species, which are com-
mon worldwide, nowadays [96]. Many cyanotoxins are generally sequestered inside
cyanobacteria until death, while cylindrospermopsin can be liberated in water
during blooms [97].

CYN is a polycyclic uracil derivative containing guanidino and sulfate groups.
The cyanobacterial toxin CYN is a tricyclic alkaloid that consists of a tricyclic
guanidine moiety combined with hydroxymethyluracil. CYN has been recognized
to induce cytotoxicity iz vitro in human cell lines from liver and intestine [98]. The
toxin primarily attacks the liver, but it is also a general cyanobacterial toxin that
targets the spleen, kidney, heart, lungs, thymus, eyes, etc. [99].

The mechanisms of CYN toxicity and genotoxicity are not fully clarified. It
is assumed that there are two types of toxic responses. It is established that CYN
is more toxic in short-term (1-2 weeks) compared to long-term exposure in cell
culture experiments [100]. Rapid toxicity is due to CYP450-generated metabolites
[95]. The longer-term toxicity of CYN includes an irreversible inhibition of eukary-
otic protein synthesis in in vitro experiments [98].

Many studies explore the cytotoxic effect of cylindrospermopsin and they are
summarized in Table 2. These studies vary in type of cell culture used, time of
exposure, concentrations of the CYN, and even the type of cytotoxicity test used.

Most in vitro experiments demonstrate that the cytotoxic effect of cylindro-
spermopsin is observed after long-term exposure (24-72 h). Toxicity of CYN on
primary and carcinoma cell line is compared: the primary rat hepatocyte cells are
more sensitive to the toxic effect of CYN, compared to KB cell line [101].

Morphological studies are more informative than cytotoxicity studies as they
identify the types of cell damage. By means of microscopy, in that respect, pleomor-
phic nuclei, nucleolar segregation with altered nuclei, depraved Golgi apparatus,
and apoptosis in human endothelial cells (HUVEC) after exposure to 0.375 pg/mL,
CYN is observed [15]. The same authors also report morphological changes (mito-
chondrial damage, lipid degeneration, and nucleated segmentation with altered
nuclei) in Caco-2 cells after exposure to a higher concentration of CYN (2.5 pg/mL).
Absorption of CYN in Caco-2 cells is very limited, which explains the result [105].
Authors report that after cells being exposed to concentration of CYN 1-10 uM for
3,10, and 24 h, the passage of CYN across the intestinal monolayer is about 2.5%
after 3 h and increases slightly up to 20.5% after 24 h.

In search for possible mechanisms of CYN toxicity, it is observed that CYN
significantly reduces GSH levels in rats’ primary hepatocytes; a decline in the syn-
thesis of GSH is the predominant mechanism, rather than an increased glutathione
consumption [106], which could lead to increased oxidative stress. Other authors

161



Medical Toxicology

Experimental Method Experimental Results Reference
model applied conditions
Primary rat MTT 0-10,000 ng/mL for 24, The LC50 is 40 ng/mL; [101]
hepatocytes assay 48,72 h exposure toxic effects are observed
after 72 h.
Primary mouse MTT 1-5pM/mL 1-5pM CYN induces [102]
hepatocytes assay concentration-dependent
cytotoxicity in 18 h.
Primary human MTT 0-1pg/mL for2, 4, 6, There is no effect when cells [103]
granulosa cells assay 24, 48,72 h exposure are exposed up to 1 pg/mL
for short time (2-6 h). Cell
viability is decreasing in a
concentration-dependent
way for longer time
(24-72h).
Hepatic cell MTT 0.4-66 pM for 1, 2, 4, 6, The IC50 is 1.5 pM for [98]
lines: C3A and assay 24 h exposure C3A and HepG2 for 24 h
HepG2; colonic exposure.
cell line: Caco-2 The IC50 is 6.5 pM for
Caco-2 for 25 h exposure.
CHO Kicells Annexin 0.1-10 uM for 12, 18, 24, Apoptosis is observed [60]
V-FITC 48 h exposure at low concentrations
assay (1-2 uM) and short
exposure (12 h).
Necrosis is observed at
higher concentrations
(5-10 pM) and following
longer exposure (24 or
48h).
KB (human MTT 0-10,000 ng/mL for 24, The LC50 is 200 ng/mL; [101]
cervix assay 48,72 h exposure toxic effects are observed
carcinoma) after72h
cells
HeLa cells MTT 40,20, 10, 5,1, and TheIC50is 0.2 + 0.06 mg [104]
assay 0.1 mg DW (lyophilized of lyophilized biomass
cyanobacterial per milliliter of culture
biomass)/mL medium.
(cultivation medium)
for 24 h of exposure

MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide); KB (human cervix carcinoma) cells; C3A
(human hepatocellular carcinoma); HepG2 (human liver hepatocellular carcinoma cell line); Caco-2 (human
colorectal adenocarcinoma cell line); CHO-K1 (Chinese hamster ovary K1 cells); Annexin V-FITC (fluorescein
isothiocyanate labeled annexin V); HeLa (human cervical epithelial adenocarcinoma).

Table 2.
In vitro cytotoxicity studies performed with cylindrospermopsin.

observe different and contradictory effects of CYN on the activity of gamma-
glutamylcysteine synthetase (GCS)—the regulatory enzyme in GSH synthesis. In
any case, reduction of GSH levels does not contribute significantly for the acute
CYN toxicity in vivo as presumed, because no changes in the oxidative stress mark-
ers after exposure to CYN are evidenced [95].

The role of biotransformation of CYN is an important factor for understanding
its toxic effect in cell lines, respectively, in various tissues. Scientific data show that
toxicity and genotoxicity of CYN depend on cytochrome P450 (CYP)-mediated
metabolism, as various CYP inhibitors can protect cells against toxicity, but it is not yet
clear which isoforms are involved [95]. The higher activity of CYP450 in hepatocytes
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involved in bioactivation events is found to be important for CYN toxicity in liver

cell cultures [107]. Many iz vitro and in vivo studies on the toxic mechanisms of CYN
prove that metabolites of the toxin produced by CYP450 are mainly responsible for its
toxicity, including its genotoxicity. Thus, the activity of the cytochrome P450 enzyme
system has been investigated [102], demonstrating that the inhibition of CYP450
activity by proadifen or ketoconazole in mouse hepatocytes reduces the toxicity of
CYN but does not alter its effect on protein synthesis. These observations may explain
lower CYN toxicity in cell lines such as human cervix carcinoma (KB cells) [101],
HeLa cell types [100], and CHO-K1 cells [108] compared to primary rat hepatocytes.
Another study reveals that CYP1A1 and CYP1A2 are upregulated in human peripheral
blood lymphocytes after CYN exposure [109].

Due to the simultaneous presence of different cyanobacterial toxins in aquatic
environment, Hercog et al. [110] investigated the genotoxic potential of MC-LR
and CYN mixtures, applied on HepG2 cells. Cells are treated with different doses
of CYN, a single dose of MC-LR, and several combinations. A mixture of MC-LR
and CYN provokes genotoxic damages, but to a lesser extent in case of strand
breaks, compared to CYN itself. Data manifest that MC-LR provoke DNA strand
breaks after short-term exposure, while CYN induces DNA damage after pro-
longed exposure in metabolically active cells [95, 111]. These data point that CYN
exhibits higher genotoxic effects compared to MC-LR in the mixture of CYN and
MC-LR. The same authors disclose mRNA expression levels of certain genes after 4
and 24 h of exposition to CYN or to MC-LRs, or to a combination of both cyanotox-
ins. Changes in the expression levels of genes involved in the metabolism of xeno-
biotic, genes involved in immediate-early response/signaling, and genes involved in
response to DNA damage, upon exposure to CYN/MC-LR mixture, are not different
to those induced by CYN itself [110], indicating higher genotoxicity of CYN.

In summary, the main target of CYN toxic activity is the liver, and CYN metabo-
lism plays an important part for understanding the mechanisms of its toxicity.
Therefore, the activity of CYP450 enzyme system is considered a key mechanism
for CYN toxicity development in hepatocyte cultures, including genotoxicity. The
higher sensitivity of liver cells exposed to CYN is due to bioactivation-dependent
events, research indicates [105]. One of the CYN-known mechanisms is the irrevers-
ible inhibition of protein synthesis after long-term exposure [98]. Another mecha-
nism is via oxidative stress induced by inhibiting the regulatory enzyme in GSH
synthesis [106]. CYN induces DNA damage after longer exposure in metabolically
active cells [95].

4.1 Anticancer properties of cylindrospermopsin

Caco-2 cells and HepG2 are often used human cell lines for cyanotoxin effects
research. A study showed that CYN is linked to a variable effect in HepG2 cell line.
Cyanotoxin diminishes lipid peroxidation in cells that have not been previously
induced by phenobarbital exposure for 12 h and elevates it in phenobarbital-
induced cells exposed to the highest CYN concentration (10 pug/L). Lipid peroxida-
tion increases in both cell types after 24 h exposure, only at 10 pg/L CYN [112],
demonstrating that the toxicity of low concentrations of CYN (<10 pg/L) is limited
in human hepatoma cells. HepG2 cells are more sensitive compared to intestinal
cells, while Caco-2 cells are even less sensitive. The observation is associated with
the limited CYN uptake in colon cells as described by several authors [105, 113].

Oral intake is the major route of human exposure to CYN, which makes intestine
atarget organ. Huguet et al. [114] examined the cellular and molecular mechanisms
of cylindrospermopsin toxicity on differentiated cell line of human intestinal
Caco-2 cells. This cellular monolayer provides in vitro model performing functional
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and morphological characteristics similar to those of enterocytes. Results reveal
that differentiated Caco-2 cells exposed for 24 h to a subtoxic cylindrospermopsin
concentration overexpress the gene products linked to DNA damage repair, includ-
ing nucleosomal histone modifications [114]. Bain et al. examined the potential
role of p53 tumor suppressor protein in CYN-induced gene expression in human
hepatocellular carcinoma cell line [111]. Authors report that after 6 h of exposure to
CYN, concentration-dependent increases in mRNA levels are observed for the p53
target genes CDKN1A, MDM?2, GADD45alpha (all involved in the response to DNA
damage), and BAX (involved in the apoptosis), indicating an early activation of p53
by CYN. The respective levels of mRNA for these genes remain elevated after 24 h.
Data suggest that CYN can induce stress responses resulting in activation of the p53
transcription factor [111] and subsequent upregulation of DNA repair processes
and activation of apoptosis.

That being said, a 72 h exposure of HepG2 cell line to CYN provokes DNA
double strand breaks, providing evidence that CYN can perform as a direct
genotoxin [115].

Obviously, available scientific data indicate controversial roles of CYN
and its toxicity. CYN can cause severe cell damages, and it has the potential to
activate DNA repair processes, which, concerning concentration and time-of-
exposure—dependent activities, makes it another promising potential anticancer
drug source.

5. Clinical toxicology and pharmacological aspects

Scientific paper analysis reveals some mechanisms linked to exposure to
cyanotoxins and their effect on human health. Many episodes of severe poison-
ings have been registered after acute exposure, associated with adverse effects.
Epidemiological studies reveal correlation between cyanotoxins and their toxic
effects on human health [20].

Symptoms of poisoning by drinking water are much like those of gastrointes-
tinal disturbances caused by a number of pathogenic bacteria, thus hampering
differentiation of poisoning with cyanotoxins. Data for chronic exposure to low
cyanobacterial toxin levels are still not well investigated.

Concerning the chemical diversity of cyanotoxins, the pathobiochemical
mechanisms for cyanotoxin-associated diseases are variable [116] and the mecha-
nism of toxicity is different. Thus, there is no universal antidote for treatment of
cases of cyanobacteria intoxications. One treatment strategy is to apply chemo-
protectants, especially for treatment of microcystin intoxications. However, there
is less research available on cylindrospermopsin-induced toxicity treatment [99].
Commonly discussed is the application of antioxidants with vitamin E having
the strongest protective effect, as oxidative stress is one of the most common
pathobiochemical mechanisms of cyanobacteria intoxications. In reference to
available knowledge about cellular uptake of cyanotoxins, especially microcys-
tins, transport inhibitors are considered for potential administration in cases of
cyanobacteria-related intoxications and in combination with other therapies. The
antibiotic rifampin is reported as an example of such a drug approved for clinical
use [117].

Due to nondefinitive manifestation of cyanotoxin poisoning, symptomatic
treatment is applied, including oxygen application, aiming at respiratory distress
amelioration, activated charcoal gastric lavage, forced diuresis for toxin elimina-
tion by glomerular filtration, alkalization, and hepatoprotective medication
administration [118].
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6. Discussion

Cyanobacterial blooms have been registered worldwide for centuries, and a cor-
relation to associated human and animal illness has been suspected. Subsequently,
it has been documented that blue-green algae produce various bioactive compounds
with the common name cyanotoxins. Taking into account the wide variety of
cyanobacteria, their effect on all aquatic ecosystems, and the various manifestation
of cyanotoxin poisoning, it is essential to elucidate their toxicity mechanisms, as
well as adequate treatment.

Most common and well-examined cyanotoxins are the ones of the microcystin
family. Epidemiological studies do not provide definitive confirmation of linkage
of acute or chronic exposure to cyanotoxins and human cancer development. Some
animal studies demonstrate cyanotoxins’ carcinogenic potential. Intraperitoneal
injection of MC-LR in sublethal dose causes neoplastic nodules in mouse liver [119].
MC-LR application causes liver cancer in dose-dependent manner in rat model where
protein phosphatase type 1 and type 2A activities’ inhibition has been established
[120]. Inhibition of serine/threonine phosphatase activity is a possible link between
toxic and suspected carcinogenic potential of microcystins. Supporting evidences
for this hypothesis, for example, are the findings that PP2A phosphatase inhibition
by microcystins leads to disruption of MAPK signal transduction pathway [55]. This
can be a possible explanation for increased proto-oncogene transcription observed
[65] and promoted cell proliferation and tumorigenesis [66] in experiments with this
kind of toxins. Considering research limitations of microcystin effects on humans,
further investigations and evidence collection are needed to provide more robust
correlation between cyanotoxin poisoning and cancer development.

CYN cancer potential has been less studied and not fully explained. It is assumed
rather indirect. CYN metabolism and biotransformation with the participation
of CYPs generate reactive metabolites and exhaust cellular glutathione. Thus, its
toxicity and/or carcinogenic potential may be attributed to generated (geno)toxic
metabolites and compromised antioxidant cellular defense.

Cellular penetration of MCs is mediated by tissue-specific OATPs.
Overexpression of these transporters in certain cancer cells [92] provides an oppor-
tunity for the development of effective novel cancer-targeted agents. In support of
this hypothesis, transfection of HeLa cancer cells with OATPs has been established
to increase their susceptibility to MC treatment as compared to vector-transfected
control cells [93]. More studies in this field are necessary to provide valuable data
about MCs’ application as anticancer remedies.

7. Conclusions

Cyanobacteria are proved in various habitats, such as drinking water reservoirs
and recreational waters, at the basis of food chains, and thus, with a substantial
impact on ecosystems and human health. Centurial observations of a correlation
between water blooms and health issues in animals and humans are extended in
numerous epidemiological, in vivo and in vitro, studies. Various bioactive compounds
under the common name cyanotoxins are established as the reason for blooming
water toxicity. Some of the toxic molecular mechanisms for certain cyanotoxins are
clarified. Their bioavailability, metabolism, and biotransformation are proved as well.
A possible link between cyanotoxin exposure and cancer development has been sus-
pected and there is experimental research data in support of this hypothesis. Yet, cya-
nobacteria produce natural compounds with promising potential for the discovery of
novel anticancer drugs. Improved alertness about cyanotoxin poisoning, its relation
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to water blooms, poisoning symptoms, and specific treatment is needed in view of
adequate human and animal health promotion and health care. Cyanobacteria have
already been in the focus of food and pharmaceutical industry and cosmetics for a
long time, incorporated in different preparations and food supplements. This requires
raised awareness of the population and responsible institutions about the hazards of
cyanotoxin contamination regarding food, water, and health remedies.
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Chapter 9

Effects of Atypical Neurotoxins on
the Developing Fetal Brain

Chia-Yi Tseng

Abstract

The brain is not only a control center of the body but also a part of the way
that the body can communicate with external environments. The spatial and
temporal events of brain development are well-defined. These processes are
sequentially regulated by intrinsic and external factors, such as gene. Disruption
of these steps results in malformation and malfunction of the brain. Neurotoxin
may affect our developing nervous system as a kind of endogenous and exog-
enous factor. For classical neurotoxins, such as heavy metals, snake venom,
and bacterial toxins, the underlying toxin-mediated physiological pathways are
relatively clear, and their antidotes are usually available. However, for atypical
neurotoxins, such as air pollutants, food additives, and manufactural com-
pounds, their effects on the nervous system are ordinarily extended and not easy
to detect. In addition, the corresponding mechanism is too complex to define. A
single and effective antidote against these atypical neurotoxins is uncommon,
so prevention is better than cure with this kind of toxin. This chapter starts with
the introduction of endogenous and exogenous neurotoxins, how they affect
nervous system and their potential antidotes, followed by the impact of atypi-
cal neurotoxins in fetal brain development and their possible preventative or
therapeutic methods.

Keywords: environmental or atypical neurotoxins, neurodevelopmental defects,
neurodegenerative disorders

1. Introduction

Neurotoxins are toxic substances that destroy the nervous system. Depending
on their origin, it could be divided into endogenous or exogenous neurotoxins.
Endogenous is the neurotoxin produced by the human body itself, while exog-
enous one comes from the surrounding environment. Neurotoxins can damage
neurons, nerve fibers, glias, and myelin, causing the atrophy of nerve fibers and
neurons, or demyelination, which in turn affects neural circuits and functions.
Ultimately, defect in nerve system affects the physiological homeostasis of human
body, which results in corresponding signs and symptoms of poisoning. Macro-
manifestations of neurotoxin exposure may associate a wide range of central
nervous system impairments such as cognitive deficit [1], memory impairment
[2], epilepsy, and dementia [3, 4].
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2. Classic neurotoxins and their possible mechanisms of action that
damage the nervous system

2.1 Exogenous neurotoxin

Exogenous toxins are foreign synthetic by name, and common exogenous
neurotoxins include metal neurotoxins (e.g., lead), microbial neurotoxins (e.g.,
botulinum), biotoxins (e.g., tetrodotoxin), and chemical toxoids (e.g., ethanol).
Different types of toxins have their different mechanisms of action in nervous sys-
tem: (1) metal neurotoxins, such as lead and aluminum, usually migrate to the brain
through the blood circulation by destroying the structure of or inhibition of the
blood-brain barrier (BBB) [5]. Once it penetrates the BBB and reaches the brain, it
can cause damage to brain and thus the emergence of diseases such as learning dis-
abilities [6, 7], disorders in motor coordination [8, 9], and Alzheimer’s disease [10].
At present, these metal neurotoxins are still widely used in food preparation, like
in the packaging factory. Furthermore, due to the environmental pollution, these
substances are also widely existing in the food chain [11]. (2) Microbial neurotoxins
are produced by microorganisms, mostly from bacteria, such as botulinum, tetanus
toxin, and lipopolysaccharide (LPS). The main mechanism of microbial neurotox-
ins that disturb the nervous system is inhibiting the communication of neurons.
Microbial neurotoxins prohibit the release of neurotransmitters from synaptic
vesicle [12, 13], thereby terminating nerve messages, which may lead to a decrease
in muscle tension [14, 15], muscle atrophy [16], and paralysis [17, 18]. If it affected
the respiratory muscles, it could cause asphyxiation and death [19, 20]. (3) Bio-
neurotoxins come from organisms that produce these toxins as tetrodotoxin existed
inside pufferfish's skin and gastrointestinal tract, snake venom produced by snakes,
and chlorotoxin produced by scorpion. Some of which reduce the permeability of
the ion channels in neurons and thus decrease neuronal communication. Different
bio-neurotoxins can target different ion channels. For example, the tetrodotoxin is
specific to the sodium ion channel [21], while the conotoxin produced by the conch
is specific to the calcium ion channel [22]. The other bio-neurotoxins may not affect
ion channel but have impact on neurotransmitter gated channel, like bungarotoxin,
a type of snake venom [23]. (4) Chemical neurotoxins are a class of toxins with a
broader mechanism of action. For example, ethanol has been shown to induce ner-
vous system damage and affect the body in various ways: studies show that ethanol
can alter the composition of nerve cell membranes [24], inhibiting the activation of
NMDA receptors [25], causing the imbalance of cellular calcium ion concentration
[26], facilitating the mitochondrial dysfunction [27], and increasing the oxidative
stress inside the neurons [28], and that destroy the nervous system, leading to brain
atrophy, encephalitis, neurodegeneration, cognitive decline, developmental disor-
ders, and other neurological diseases [29, 30].

2.2 Endogenous neurotoxins

Endogenous neurotoxins, such as nitric oxide and glutamate, originate in the
body and usually have their typical physiological role and function in the body.
When the concentration of these endogenous compounds becomes higher, it can
lead to dangerous effects: (1) glutamate is the primary neurotransmitter of the
nervous system, accomplishing the chemical transmission in synapses. The normal
concentration of glutamate is responsible for the regular performance of neurons.
One of the most critical uses in nervous system is an excitatory neurotransmit-
ter, which is related to the long-term potentiation in memory and learning.
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High concentrations of glutamate become toxic to the neurons by increasing the
permeability of calcium ions. It leads to an increase in cellular calcium concentra-
tion, then over-activates the calcium-associated enzymes, and eventually results
in neuronal swelling and cellular death. This phenomenon is known as excitotox-
icity. Studies have linked this mechanism to many neurological disorders, such

as Huntington's disease, epilepsy, and stroke [31, 32]. (2) Nitric oxide (NO) isa
secondary messenger synthesized by neural nitric oxide and commonly used in
neurons. It regulates synaptic plasticity of the nervous system, smooth muscle
relaxation in nerve and vascular system, and neurovascular dilation [33, 34].
Abnormal concentration of NO is associated with asthma, schizophrenia, and
Huntington’s disease [35-37]. The neurotoxicity of NO is based on glutamate-
induced excitotoxicity. NO is response to glutamate-mediated NMDA activation,
which is produced by calcium-dependent signaling. An elevated rate of glutamate
excitotoxicity could lead to an increase in neuronal NO level. Over-dose of NO can
also increase oxidative stress, which further induces DNA damage and apoptosis
[38]. Therefore, an abnormal level of NO inside the nervous system can produce
significant neuronal toxic effects.

3. Common antidotes

Common antidotes, such as antioxidants and antitoxins, can effectively reduce
nerve damage induced by neurotoxins: (1) Antitoxin or antiserum is an antidote
that uses antibodies to neutralize specific action of the toxins. Antitoxin is pro-
duced by individual animals, plants, or bacteria that are responded to toxin expo-
sure. Antitoxins are made in organisms and can be injected into other organisms,
including humans. Its most common use in the human body is antivenom [39].

(2) Antioxidants are compounds that inhibit oxidative stress, such as glutathione
or ascorbic acid (vitamin C). If neurotoxins cause oxidative stress, antioxidants
can be used to reduce the toxic reactions and side effects [40, 41].

4. Neurotoxins and the developing nervous system
4.1 Brain development

Brain is the computational core of our nervous system and is a place where
animals can process and coherent the stimulus gathering from outside or internal
surroundings and then sending out the response. It is responsible for many higher-
order functions such as coordination of movement, learning and memory, and
language and speech. Therefore, a well and the fully developed brain is essential to
regulate these functions. Many intrinsic and external factors are required for brain
development. Intrinsic factors are like hormones or regular development-associated
gene expression, and external factors are like essential nutrients. Abnormal impact
on these factors results in brain malformation and malfunction. For example,
abnormal expression of thyroid hormone affects cerebellar development, motor
performance, and severe anxiety [42, 43]; dysfunction of cyclin-dependent kinase
5 and insulin-like growth factor-I results in neurological disorders and neurode-
generative diseases [44, 45]; iron deficiency in early life causes irreversible effect
on behavioral and neural development [43, 46]; and (n-3) fatty acid plays a role in
neurogenesis, neurotransmission, and protection against oxidative stress in whole
life span [47].
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4.2 General events during the timeline of fetal brain development

During cerebral development, brain cells go through the process that includes
replication and migration. The replication of the brain cells is also called neuro-
genesis, which starts from the 8th week of gestation in humans and the 10th day
in rodents [48]. Neurogenesis is the formation of neurons from neural stem cells
near the area of lateral ventricles occurring during embryonic development and is
responsible for producing all the various types of neurons of the brain. Neuronal
migration mainly happens between the 12th and 24th week of gestation in humans
and the 11th and 16th day in rodents [49, 50]. Neurons pass the subplate and migrate
into the cortical plate along the radial glial process starting from the subventricular
zone with an inside out pattern that forms six-layered neocortical laminae [51], also
known as cortex. We may look at these processes in detail through rodent studies:
neuronal progenitor cells (NPCs) form the earliest cortical neurons and lie inside
the preplate on the 10.5th day of pregnancy, which is divided into the superficial
marginal zone, the cortical plate, and the subplate. The radial glial cells (RGCs) are
also generated from NPCs at around 11th to 12th day of gestation, which owns the
unique morphology with their soma inside the ventricular zone, their short pro-
cesses extending the apical side of ventricle, and their long processes elongating to
basal lamina. Newly formed neurons use the processes of RGCs as guiding railroad
to migrate from the ventricular zone toward their final destination inside the corti-
cal plate. Early-born neurons give rise to layers I, V, and VI, and later-born neurons
migrate from past layers V and VI to the other layers (layers II to IV) of the cortical
plate [52]. This is also known as in-side-out migration.

Different cortical layers have different functions; for example, the neurons of
the 6th layer remarkably express the T-box brain 1 (Tbr1) protein, which regulates
cell migration and differentiation during embryonic development [53-55], and
also is responsible for the connection between cortex and thalamus in the devel-
oped brain [56]. The cortical neurons of the 5th layer mainly express COUP-TF-
interacting protein 2 (Ctip2; also known as Bcl11b), a C2H2 zinc finger transcription
factor, and link the cortex with brain stem and spinal cord [57]. Special AT-rich
sequence-binding protein 2 (SATB2) also known as DNA-binding protein SATB2
is highly expressed in the neurons with layers II and III, which is associated with
neuronal morphogenesis [58]. In adult brain, the neurons in layers II and III medi-
ate communication across cortical regions and with the amygdala [59, 60].

After the nerve cells migrate to the destination, they begin to develop neurites
in order to form synapses, which communicate with other brain cells. Neurites
are composed of axons and dendrites. Axons transmit messages, and dendrites
receive them. Both of which shape neural circuits. Most of the topics discussed are
dendritic patterns. Dendrites are highly branched bush-like cellular extensions that
mediate the enormous majority of presynaptic and environmental inputs, which
regulate neuronal communication. Dendritic patterning is critical for proper neuro-
nal function and has served as the basis for the classification of neuronal subtypes
[61, 62]. The development of dendrite is a complicated multistep process. First,
neurites initiate and form a structure called lamellipodia. Axons outgrow from
minor processes followed by the outgrowth of dendrites. Dendrites then start to
branch and form dendritic spines. After the process of pruning, dendritic branches
are fully matured, and synapses are formed [62-64]. These steps are regulated by
intrinsic genetic signals and extracellular cues [64]. Disruption of these pathways
results in abnormal development in dendrite patterning that sequentially affects
communication between neurons, which further leads to disruption of neuronal
circuitry, and finally, whole nervous system breaks down. For example, mutation in
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the human neural cell adhesion molecule L1 and Neuro-p24, a membranous protein,
affects neurites’ outgrowth and extension [65, 66]. Many well-known neurodegen-
erative diseases, such as Rett syndrome (RS) and autism, are genetic defects with
well-defined anomalies in dendritic patterning [67, 68]. Hence, the integrity of
dendrite morphology is crucial for maintaining normal function of brain circuitry
and neuronal networks.

4.3 Genetic factors affect brain development

Gene is the main intrinsic factor that affects brain development, which con-
tained highly programmed information related to neurogenesis and migration.
These genetic factors include integration of reelin, Lis-1, and doublecortin [50, 69,
70]. The most studied genes are those encoding the dopamine inactivator catechol-
O-methyl transferase (COMT), neurotrophin, brain-derived neurotrophic factor
(BDNF), the schizophrenia candidate gene neuregulin (NRG1), and the serotonin
transporter (5-HTT), for example, take neurotrophins. Neurotrophins play an
essential role in mediating neuronal survival and brain development. There are
four types of neurotrophins: neuronal growth factor [71], brain-derived neuro-
trophic factor (BDNF), neurotrophin 3 (NT-3), and neurotrophin 4/5 (NT-4/5).
In their mature forms, these neurotrophins can bind as homodimers to specific
tropomycin-related kinase (Trk) receptors. TrkA binds to NGF, TrkB binds to
BDNF and NT-4/5, and TrkC binds to NT-3. Trk receptors are part of a group of
receptor tyrosine kinases. Ligand binding results in dimerization of the receptor.
The dimerized receptors phosphorylate several conserved tyrosine residues on
one another [72-74]. This allows for proteins containing phosphotyrosine bind-
ing (PTB) or Src homology (SH2) domains to dock, and this docking activates
intracellular signaling cascades that include Ras-Raf-Erk, PI3 kinase-Akt, PLC-
y-Ca**, NF-kB, and some protein kinase C pathways [73]. Neurotrophins exist
in two states: proteolytically processed, which is the mature form and can bind
the various Trk receptors, or unprocessed, which allows them to bind with high
affinity to p75 neurotrophin receptor (NTR). Processed neurotrophins can still
bind to p/SNTR but with much lower affinity than to the Trk receptors. Binding of
processed or unprocessed neurotrophins to p75 may elicit several responses includ-
ing cell death [72, 73]. Recent studies also show that extracellular stimuli (NGF,
BDNF, and epidermal growth factor) induced Rac activity, which is involved in
neurotrophin-derived signaling and neuronal migration [75]. Deficiency in these
intrinsic regulators disrupts neuronal migration and cortical laminar organization
[76, 77], causing morphological abnormalities, such as schizencephaly, poren-
cephaly, lissencephaly, macrogyria, and microgyria [78]. These lead to psychiatric
and neurological disorders [69, 79, 80].

4.4 Examples of common neurotoxins on fetal brain development

The blood-brain barrier (BBB) is a crucial example of protection against toxins
and other adverse compounds reaching the brain. BBB of the developing brain is not
fully formed at the beginning of gestation, and therefore, fetal will be more vulner-
able to the neurotoxins [81, 82]. For example, long-term exposure to nicotine during
pregnancy directly affects acetylcholine systems and brain cell replication and
differentiation, which consequently results in behavioral deficits of the offspring
[83, 84]; prenatal, postnatal, and adolescent administration of alcohol affects gene
expression (e.g. c-fos), causes abnormalities of brain structure and function, and
finally disrupts brain development permanently and irreversibly [85, 86].
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4.5 The impact of atypical neurotoxins on the developing brain

In the current industrialized society, atypical neurotoxins may also have hid-
den influence on normal brain development. The impacts of these agents on the
processes of brain development are diverse and the productive time extends from
prenatal to adolescent period [85]. Prenatal exposure to carbofuran, a carbamate
pesticide, decreases nestin expression, histone-H3 phosphorylation, and the
number of glial fibrillary acidic protein and SOX-2 co-labeled cells, which further
leads to neurodegeneration and cognitive deficits in offspring [87]; Maternal
application of dicholoacetonitrile (a disinfectant in our drinking water), benzyl
benzoate (a antiparasitic insecticide), and trimethyltin (a stabilizer for plastics
in paints) may induce oxidative stress and then result in neurodegeneration in
fetal brain [88-90]; maternal infection is associated with the increased levels
of proinflammatory cytokines in the amniotic fluid [91], umbilical cord plasma
[92], and cerebral palsy [93, 94] as well as neurodevelopmental disorders such as
schizophrenia [95] and autism spectrum disorders [96]. The findings in experi-
mental models of maternal infection manifest the role of inflammatory response
in the alteration of fetal neuronal morphology [97], astrocytosis, ventriculo-
megaly, changes in oligodendrocyte precursors [98], reduction of oligodendrocyte
number, hypomyelination of brain [99] and a decrease of dopaminergic and
serotoninergic neurons in the offspring [100], all of which are capable of leading
to brain formative deficits. Indeed, maternal infection induces changes in brain
developmental events, including neurogenesis, myelination, synaptogenesis as
well as cell migration [101, 102]. Neuroinflammation has been reported to be
highly associated with numbers of neurological and pathological diseases, such as
cerebral palsy [94], schizophrenia [95], and autism spectrum disorders [96].

However, the precise molecular mechanisms of these exogenous agents that
cause abnormal brain development largely remain unknown. Moreover, there
are other possible harmful candidates needed to reveal. For example, monocyclic
aromatic amines (MAAs) are a group of chemicals ubiquitously present in the
environment. Exposure assessments indicate that most individuals experience
lifelong exposure to these compounds from several sources, such as occupational
exposure via tobacco smoke, herbicides, or hair dye, which are considerable in
causing bladder cancer [103]. In vivo evidence has demonstrated the carcinogenic
potential of most alkyl aniline compounds. For examples, 2,6-dimethylaniline
(DMA) is responsible for nasal carcinogenesis [104]; Gan and colleagues indicated
that 2,6-DMA, 3,5-dimethylaniline (3,5-DMA), and 3-ethylaniline (3-EA) are
strongly associated with bladder cancers [105]. Currently, only 2,6-DMA is cat-
egorized as a possible human carcinogen by IARC [106]. However, the threats of
other alkyl anilines cannot be neglected that 2,6-DMA, 3,5-DMA, and 3-EA can be
metabolized as electrophilic intermediates, which further bind to DNA and form
adducts. Skipper and colleagues report that three alkyl anilines can be metabolized
as electrophilic intermediates and induce the production of DNA adducts, followed
by attacking their putative targets, like bladder. Moreover, their results indicated
that the adduct levels were the highest in animals given 3,5-DMA and the lowest
in that given 3-EA. Furthermore, 3,5-DMA has been indicated not only to play a
significant role in the etiology of bladder cancer in humans but study using iz vivo
experiments also strongly suggested that DNA adducts formed by 3,5-DMA might
account for its presumptive activity [107]. A recent study additionally proves that
2,6-DMA and 3,5-DMA cause a single base-pair transition in the guanine-hypoxan-
thine phosphoribosyltransferase (gpt) gene in an in vitro model [108]. MMAs are
activated through cytochrome P450-catalyzed oxidation of the amino group, fol-
lowed by extensive esterification of N-hydroxylamine and heterolysis of the N=O
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bond to produce a reactive nitrenium ion. The ion then interacts with DNA base
and forms covalent adducts [108, 109]. Furthermore, the other major product of
hydroxylation, aminophenol, also has the ability to damage DNA by electrophilic
attack at nucleophilic DNA bases that lead to mutagenesis and carcinogenesis.
Aminophenol becomes electrophilic upon 2-electron oxidation to quinine imines,
followed by Michael addition reactions as well as nucleophilic addition at the keto
and imino carbon centers. Finally, DNA adducts are formed [103, 110]. Moreover,
quinines react directly with proteins through thiol addition. Thioether addition
products are responsible for the production of reactive oxygen species (ROS)

[111, 112]. Accordingly, oxidation of alkyl anilines is generally regarded as a critical
bioactivation. Indeed, studies have shown that the major metabolite of 3,5-DMA
and 3,5-dimethylaminophenol (3,5-DMAP) is responsible for the ROS production,
which contributes to the apoptotic cytotoxicity in mammalian cell lines [113, 114].
Furthermore, a recent iz vivo study has shown that 3,5-DMA-induced ROS produc-
tion disrupts the dendrites patterning of the cortical cells and causes the abnormal
cortical layer distribution in developing fetal brain [115].

The most popular topic of air pollution, fine particular matter such as PM, 5, has
been reported to have massive impact on neurodevelopment. A study displays that
PM, 5 can enter the maternal amniotic fluid system by inhalation and directly causes
the delay in brain development of the fetal rat. Besides, microarray data demonstrated
that PM, s mainly increases the risk of neurological diseases in the offspring, such as
Alzheimer’s disease, epilepsy, autism, learning and memory disorders, and emotional
control disorders [116]. Up-to-date study shows that PM, s increases the number of
white blood cell, upregulates the inflammatory response, induces the memory impair-
ment, and declines in dendritic branches of the hippocampi of the offspring [117].

5. Discussion and conclusion

The human brain is the most complex system in biology, and its function depends
on the various connections of nerve cells or the interaction between brain regions.
Besides, there is growing evidence that many mental and neurological disorders are
associated with neurodevelopmental abnormalities, which, according to epidemio-
logical statistics, include autism, attention deficit hyperactivity disorder, dyslexia,
and other cognitive impairments affecting millions of children worldwide [118, 119].
During the fetal and infant periods, they are most susceptible to environmental
neurotoxin, which can cause permanent brain damage during these sensitive develop-
mental stages [82]. Classical neurotoxins, such as heavy metal neurotoxins, microbial
neurotoxins, bio-neurotoxins, and chemical neurotoxins, are mentioned earlier in this
chapter. As for atypical neurotoxins, such as 3,5-DMA mentioned in the previous sec-
tion, their effects are not immediate and not apparent, so their damage to the nervous
system is not easy to detect. Instead, once it is detected, the damage is already severe
and irreversible, such as neurodegeneration or developmental disorders [120, 121].
Some of these atypical neurotoxins are hidden in the surrounding environment, and
some are obvious but neglected because of slow action, such as air pollution. Because
there is no immediate risk, it is often ignored in clinical or in research. Therefore, how
to find an efficient antidote or effective daily health care methods against this neuro-
toxin, especially in current aging society, become much more critical.
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Chapter 10

Toxicity Potential of Cyanogenic
Glycosides in Edible Plants

Kumbukani K. Nyirvenda

Abstract

Cyanogenic glycosides are natural phytotoxins produced by over 2000 plant spe-
cies, many of which are consumed by humans. The important food crops that con-
tain cyanogenic glycosides include cassava (Manihot esculenta), sorghum (Sorghum
bicolor), cocoyam (Colocasia esculenta L. and Xanthosoma sagittifolium L.), bamboo
(Bambusa vulgaris), apple (Malus domestica), and apricot (Prunus armeniaca).
Cyanogenic glycosides and their derivatives have amino acid-derived aglycones,
which spontaneously degrade to release highly toxic hydrogen cyanide (HCN).
Dietary cyanide exposure has been associated with several health challenges such
as acute cyanide poisoning, growth retardation, and neurological disorders. This
chapter will introduce general cyanogenesis principles, highlight major food plants
with lethal cyanide levels, and provide epidemiological-based health conditions
linked to cyanide intake. Furthermore, strategies for elimination of cyanogens
from food crops, such as processing technologies, will be discussed. Finally, the
chapter will analyze the role of cyanogenic plants in ensuring food security among
resource-poor communities.

Keywords: cyanogenic glycosides, cyanogens, phytotoxins, detoxification,

food safety

1. Introduction

Many plant species that are grown for food contain phytotoxins in different
parts of the plant. Natural toxins are usually secondary metabolites produced by
plants for defensive purposes against threats such as bacteria, fungi, insects, and
predators [1]. They may also occur in food plants because of natural selection and
new breeding methods that enhance protective mechanisms of the crops [2]. The
most common natural toxins found in food plants include lectins in beans, gly-
coalkaloids in potatoes, and cyanogenic glycosides in cassava, bitter apricot seed,
bamboo shoots, and flaxseeds [3]. A review of several natural toxins in food plants
commonly consumed in the world, including the toxicological effects associated
with the ingestion of these toxins, shows that cyanogenic glycosides are the most
important and extensively studied group of phytotoxins [4].

Cyanogenic glycosides are chemical compounds that release hydrogen cya-
nide (HCN) and are common in certain families such as the Fabaceae, Rosaceae,
Leguminosae, Linaceae, and Compositae [2]. Approximately 25 cyanogenic gly-
cosides, which are mostly found in the edible parts of plants, have been identified
[4]. The potential toxicity of cyanogenic glycosides and their derivatives largely
depends on their ability to release hydrogen cyanide. Dietary cyanide exposure
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may result in acute poisoning and has also been associated with the etiology of
several chronic diseases [5]. Therefore, the presence of cyanogenic glycosides in
food and fodder presents a significant social and economic problem in many parts
of the world, particularly in developing countries. In Africa, consumption of insuf-
ficiently processed cassava (Manihot esculenta Crantz) has been associated with
cyanide poisoning, tropical ataxic neuropathy (TAN) disease, and konzo [6, 7].
In 1992, the death of three people in Nigeria was attributed to cyanide intake
from cyanogenic glycosides of cassava [5], and a decade ago five Nigerians died of
cyanide poison after reportedly eating a meal prepared with cassava flour.
Cyanogenic glycosides found in plants are not toxic on their own. However,
when cell structures of plant are disrupted, cyanogenic glycoside will be brought
together with the corresponding hydrolytic f-glucosidase enzyme. Subsequently,
the glycoside degenerates to a sugar and a cyanohydrin that rapidly decomposes
to hydrogen cyanide and an aldehyde or a ketone [8]. In bitter almonds and peach
stones, cyanogenic glycoside, amygdalin, is converted to glucose, benzaldehyde,
and toxic hydrogen cyanide. In edible plants, cyanide levels are reduced signifi-
cantly during the processing to an accepted Food and Agricultural Organization
(FAO)/World Health Organization (WHO) level of 10 mg HCN/kg dry weight [9].
However, when poorly processed lethal concentrations of the cyanogens may be
obtained in the final edible products.

2. Cyanogenic glycosides in food plants

Cyanogenic glycosides are a structurally diverse class of secondary metabolites
that are mostly used by plants as a defense against various threats such as bacteria,
fungi, insects, and predators [1]. The compounds consist of a-hydroxynitrile agly-
cones attached to a sugar moiety (Vetter, 2000) and are widely distributed in the
plant kingdom [10]. Cyanogenic glycosides are common in certain families such as
the Fabaceae, Rosaceae, Leguminosae, Linaceae, and Compositae, and their con-
stituents provide a useful tool for taxonomic identification [2]. Several important
food plants are known to synthesize cyanogenic glycosides; for example, linamarin
in cassava and butter bean, dhurrin in sorghum and macadamia nut, and amygdalin
in almond, peach, sweet cherry, and sour cherry [2, 11].

2.1 Biosynthesis of cyanogenic glycosides

In plants, cyanogenic glycosides are derivatives of five amino acids (valine,
isoleucine, leucine, phenylalanine, and tyrosine) and the non-proteinogenic amino
acid, cyclopentenyl glycine. Linamarin and lotaustralin are derived from valine,
isoleucine, and leucine, while dhurrin is derived from tyrosine. Amygdalin and
prunasin are derived from phenylalanine [12]. The biosynthesis of various cyano-
genic glycosides in different plants has been described, and the most extensively
reported are dhurrin in sorghum and linamarin in cassava [10]. The generic biosyn-
thetic pathway for the production of cyanogenic glycosides from amino acids is
shown in Figure 1.

The first two steps of biosynthetic production of cyanogenic glycoside are
catalyzed by a cytochrome P450 enzyme through two successive N-hydroxylations
of the amino group of the parent amino acid. The a-hydroxynitrile (cyanohydrin)
is then generated following the decarboxylation and dehydration of aldoxime and
nitrile, respectively [14]. The final step that produces cyanogenic glycoside involves
glycosylation of the cyanohydrin moiety, and the process is catalyzed by UDPG-
glycosyltransferase [10].
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Figure 1.
The biosynthetic pathway for cyanogenic glycosides from its precursor amino acid [13].

2.2 Cyanogenesis

Cyanogenesis is the ability of some plants to synthesize cyanogenic glycosides
to form hydrogen cyanide via cyanohydrin intermediate [15, 16]. The hydrolysis
of the cyanogenic glycosides is accomplished by the p-glucosidase enzymes, which
facilitate the cleavage of the carbohydrate moiety of the cyanogenic glycoside to
yield corresponding cyanohydrins which further decompose to release hydrogen
cyanide and an aldehyde or ketone [17] as illustrated in Figure 2. The final step that
produces the toxic compound, HCN, is catalyzed by hydroxynitrile lyase enzyme,
which is widespread in cyanogenic plants [16].

The cyanogenic glycosides linamarin (a-hydroxybutyronitrile-p-b-
glucopyranoside) and lotaustralin (ethyl linamarin) are distributed in cassava cell
vacuoles, while the enzyme linamarase is found in the cell wall [18]. The hydro-
lysis of linamarin in cassava starts with the disruption of the root tissue during
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Figure 2.
Engymatic hydrolysis of cyanogenic compounds, linamarin, and dhurrin.
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processing or chewing to release the endogenous enzyme (linamarase), which
catalyzes the hydrolysis of linamarin to glucose and acetone cyanohydrins. During
processing factors such as reduced moisture and increased temperature facilitate
the spontaneous conversion of cyanohydrins to toxic hydrogen cyanide and the
corresponding ketone, acetone [19].

In sorghum, the cyanogenic glycoside dhurrin (4-hydroxymandelonitrile-p-D-
glucopyranoside) and the enzyme p-glucosidase (dhurrinase) are stored in separate
plant compartments. However, when the plant tissue is crushed, the enzyme and
substrate dhurrin are brought in contact. The hydrolysis of dhurrin is then initiated
by dhurrinase, which hydrolyzes the cyanogenic glycoside to form hydroxyman-
delonitrile and glucose. In acidic conditions or in the presence of hydroxynitrile
lyase, the intermediate compound, hydroxymandelonitrile, further decomposes to
generate hydrogen cyanide and hydroxybenzaldehyde [19] as shown in Figure 2. In
food plants, cyanogenic glycosides are not toxic on their own. However, when cell
structures of a plant are disrupted, cyanogenic glycosides will be brought together
with the corresponding f-glucosidase enzyme to liberate a toxic compound, HCN.

3. Food plants with cyanogenic compounds

Cyanogenic glycosides are present in over 100 families of flowering plants,
and at least 2000 plant species are known to contain this class of natural toxins.
In addition to high plants, they are also found in some species of ferns, fungi, and
bacteria [16]. Cyanogenic glycosides are amino acid-derived constituents of plants
produced as secondary metabolites and are used as a defensive mechanism against
various threats such as bacteria, fungi, insects, and other predators. There are
wide variations in the levels of cyanogenic glycosides in plants due to genetic and
environmental factors such as location, season, and soil types [3]. Table 1 shows the
types of cyanogenic glycosides commonly found in major edible plants.
Approximately 25 cyanogenic glycosides have been reported in different cyano-
genic food plants, and Figure 3 shows structures of examples of cyanogenic glyco-
sides commonly found in edible plants.

3.1 Cassava

Cassava (Manihot esculenta Crantz) is a perennial crop that originated from
South America and was introduced in Africa by the Portuguese explorers during

Species Family Vegetative part Source of
HCN
Cassava (Manihot esculenta) Euphorbiaceae Leaves, tuber peel, and Linamarin
parenchyma Lotaustralin
Sorghum (Sorghum bicolor) Poaceae Fruits (seeds), shoot Dhurrin

tips, and leaves

Cocoyam (Colocasia esculenta and Araceae Leaves and roots Dhurrin
Xanthosoma sagittifolium)

Bamboo (Bambusa vulgaris) Poaceae Stem and sprouts Taxiphyllin
Apple (Malus domestica) Rosaceae Seeds and fruits Amygdalin
Apricot (Prunus armeniaca) Rosaceae Kernels Amygdalin
Prunasin
Table 1.

Cyanogenic glycosides in major edible plants.
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Figure 3.

Structures of cyanogenic glycosides found in major edible plants [20].

the sixteenth and seventeenth centuries. The crop is a staple food in most African
communities and has economic value in Africa, South America, and Southeast Asia.
The crop is widely cultivated in the tropics, and a total area of over 18 million ha is
grown to cassava [21], and over half a billion of the world’s population depend on
cassava as their major staple [22]. Africa is the largest producer of cassava in the
world and accounts for over 53% of the global production [23]. According to the
Food and Agriculture Organization, cassava is ranked third, after rice and corn, as
the most important source of calories in the tropics [23]. The tuberous roots of the
crop have high carbohydrate content, which makes cassava a good source of calorie
for over half a billion people in the world. Additionally, cassava leaves are rich in
proteins, vitamin C, vitamin A, and dietary fiber. Cassava is one of the world’s most
important tuberous food crops, with annual global production estimated at 252
million metric tons (MT) in 2011. Table 2 shows the production trend among the
top five producing countries in the world according to the Food and Agriculture
Organization statistics [23].

Country Annual cassava production quantity (million metric tons)
2007 2008 2009 2010 2011
Nigeria 4341 44.58 36.82 42.53 52.40
Brazil 26.54 26.70 24.40 24.50 2545
Indonesia 19.99 21.59 22.04 2392 24.01
Thailand 26.92 25.16 30.09 2221 2191
Ghana 10.22 11.35 12.23 13.50 14.24
Others 99.35 102.62 109.87 110.25 114.20
World 22643 232.00 23545 236.11 252.21
Table 2.

Major cassava-producing countries in the world.
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Despite the nutritional and economic benefits obtained from cassava, almost all
parts of the plant contain cyanogenic glycosides, which limits the potential utiliza-
tion of the plant as food for human and animal consumption. Each part of the cas-
sava plant (leaves, stem, root) contains high levels of cyanogenic glycosides, mainly
linamarin and lotaustralin with the former being the most predominant cyanogen at
the ratio of 9:1 [17]. The biosynthesis of the major cyanogenic glucoside in cassava,
linamarin, occurs in leaves and is then transported to the tuber [24]. Cassava leaves
and the cortex or peel of the roots contain large quantities of cyanogenic glycosides
(900-2000 mg HCN/kg dry matter) [8], while the tuberous parenchyma has
approximately 20-fold lower levels. Studies have found that cassava roots contain a
total cyanide content of 10-500 mg/kg of dry matter [25] although higher contents
have also been reported, particularly in bitter cultivars. All cassava varieties are
known to contain cyanogenic compounds, and cyanide levels depend on factors
such as variety, plant age, soil condition, fertilizer application, and environmental
conditions [25].

3.2 Cocoyam

Cocoyam generally refers to two members of the Araceae family, namely,
Colocasia esculenta (L.) Schott and Xanthosoma sagittifolium (L.) Schott. The plant is
native to Central and South America where it has been cultivated and consumed for
centuries but has since been naturalized in most tropical regions including sub-
Saharan Africa [26]. Cocoyam is an important staple for most rural communities in
many developing countries of Africa, Asia, and the Pacific. In sub-Saharan Africa,
the most cultivated species, Colocasia esculenta, is extensively grown for livelihood
by small-scale resource-poor farmers with minimal input.

For the last 3 decades, Africa’s annual cocoyam output of about 10 MT has
consistently been higher than other regions [9]. The continent’s contribution to
the global cocoyam output is presented in Table 3. The mean global production in
the 2003-2012 decade was more than double the mean production obtained in the
years between 1983 and 1992, which could principally be attributed to increased
production in Africa. The major cocoyam-producing countries in Africa are Nigeria,
Ghana, and Cameroon, which contributed about 68% of the global mean output
between 2003 and 2012.

Edible cocoyam is a nutrient dense tuber crop that can be processed into flour
and used to make mashed meal or porridge. The tubers can also be consumed baked
or boiled. Cocoyam is rich in carbohydrates; as a result, it is an important source of

Producer 1983-1992 1993-2002 2003-2012
Mean® %P Mean % Mean %

World 4.88 8.04 10.72

Africa 274 56.26 5.88 7313 8.25 76.96
China 1.20 24.62 140 1747 161 15.04
Cameroon 0.49 10.14 0.88 10.98 140 13.02
Ghana 1.01 20.64 153 19.04 1.57 14.62
Nigeria 0.52 10.61 2.60 32.36 4.28 39.91

“Mean production in million tons over 10 years.
bPercentage of contribution to global mean.

Table 3.
Contributions of top producers to global cocoyam output in the last 3 decades [9].
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calorie for millions of people in the tropical and subtropical regions [27]. In addi-
tion to carbohydrates, cocoyam contains other nutrients such as protein, vitamins,
carotenoids, and minerals [28]. Apart from the nutrient composition of cocoyam
tuber, antinutritional compounds such as cyanogenic glycosides have been reported
in the crops albeit in lower concentrations (21.0-171.3 mg/kg dry matter) [29, 30]
than other food plants.

3.3 Bamboo shoot

Fresh immature bamboo shoots are consumed as vegetable in some Asian coun-
tries, and they contain appreciable quantities of vitamin C, carbohydrates, and
protein [31]. Apart from the nutritive value, bamboo shoots contain lethal concen-
trations of cyanogenic glycosides. The cyanogenic glycoside present in bamboo shoot
is taxiphyllin, which quickly decomposes when exposed to boiling water. Cyanide
contents of 1000-8000 mg HCN/kg have been reported [32]. Although cyanide con-
tent of bamboo shoot is much higher than that of cassava root, the cyanide content in
bamboo shoots decreases substantially following harvesting and processing.

3.4 Sorghum

The plant sorghum [Sorghum bicolor (L.) Moench] belongs to the Poaceae fam-
ily (tribe Andropogoneae) and is one of the most important crops in Africa, Asia,
and Latin America. It is a very genetically diverse crop both in cultivated and wild
species. About five sorghum’s landraces are known, and the greatest variation within
the sorghum genus is found in the Ethiopia-Sudan region, which is believed to be the
origin of the plant. The most important global producers of sorghum are the United
States of America, Nigeria, Sudan, Mexico, China, India, Ethiopia, Argentina,
Burkina Faso, Brazil, and Australia [23]. Burkina Faso appears to be the world
leader of sorghum production and consumption per inhabitant. There has been an
increased demand for the crop in Africa over the last 50 years. Studies indicate that
more than 35% of sorghum is grown directly for human consumption, while the
rest is used primarily for animal feed, alcohol production, and industrial products
[33]. Although sorghum is a widely grown cereal crop that resembles corn in general
composition, it is an inferior crop due to the presence of cyanogenic glycosides, dhur-
rin and amygdalin, among other factors. The major cyanogenic glycoside in sorghum
is dhurrin, and its content in shoot tips of seedlings is estimated at 30% dry weight.
In young sorghum leaves, dhurrin and the enzymes responsible for its hydrolysis to
hydrogen cyanide are localized in vacuoles and cytoplasm of plants, respectively. The
compartmental separation of the enzyme and the substrate makes tissues free from
cyanide in intact leaves. The levels of dhurrin decrease with plant age, and immature
sorghum leaves contain higher concentrations of dhurrin than the mature ones [17].

3.5 Fruits and fruit kernels

Most fruits and fruit kernels contain the potentially toxic cyanogenic glycoside
compound, amygdalin. The contents of amygdalin in fruit seeds vary significantly
among varieties and environmental conditions [34]. The following sections will
highlight two important sources of amygdalin: apple and apricot fruits.

3.5.1 Apple (Malus domestica)

Apple seeds contain appreciable amounts of amygdalin, a cyanogenic glycoside
composed of cyanide and sugar. When metabolized in the digestive system, this
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chemical degrades into highly poisonous hydrogen cyanide. Studies have reported
that amygdalin content in apple seeds ranged from 1 to 4 mg/g, while that of apple
juice was reported to be between 0.001 and 0.08 mg/ml [34].

3.5.2 Apricot fruits (Prunus armeniaca)

Apricot fruits are widely cultivated in Central Asia, Africa, America, and
Europe. There are two varieties of apricot kernels: bitter and sweet. Bitter apricot
kernels contain a considerably high amount of the cyanogenic glycoside amygdalin
and thus are unsafe for consumption. On the other hand, sweet varieties are safe
for human consumption because of their low level of cyanogens [35]. The concen-
tration of hydrogen cyanide in apricot kernels varies widely (49-4000 mg/kg),
depending on whether the skin was included or not during cyanide determination.
Ingestion of raw or improperly processed apricot kernels with high cyanide levels
can cause serious acute problems that could lead to death [2].

4. Food processing technologies

Incidences of health conditions associated with dietary intake of cyanogens can
be prevented or reduced by effective removal of cyanogenic compounds in food
plants prior to consumption. Food plants are traditionally processed using various
methods that vary widely depending on geographical location and ethnicity of
communities [36]. The main aims of the food processing techniques are to reduce
toxicity and improve palatability and storability. The main processing techniques
used worldwide for most food plants include drying, boiling/cooking, soaking/
wetting, fermentation, and/or a combination of the processes [8]. For example,
processing techniques and stages used for production of snacks and main dishes
from cassava roots are summarized in Figure 4.
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Figure 4.
Common cassava processing methods used worldwide.
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4.1Drying

Drying is one of the most appropriate processing methods for removal of cyano-
genic glycosides in food plants. This is a mass transfer process which removes water
from the product by evaporation and keeps the product free from microorganisms.
There are several drying methods that can be employed to reduce cyanogens from
food products, and they include the use of sun, oven, freeze, and superheated
steam. Studies have reported that in bamboo shoots around 80% cyanogenic glyco-
side reduction was obtained after vacuum freeze-drying for 24 hours at —50°C. On
the other hand, superheated steam drying at 120-160°C afforded significant
decomposition of taxiphyllin, which causes bitterness in bamboo shoots [37], while
oven-drying after grating at 60°C for 8 hours led to very high reduction of cyanogen
content of up to 95% [38].

In eastern and southern Africa, cassava is traditionally processed into flour by
sun drying the peeled roots followed by pounding and sieving or heap fermenta-
tion. However, because this process does not allow enough contact between linama-
rase and linamarin, total cyanogen content of 59 ppm of HCN equivalents has been
reported in processed products, which is higher than the WHO safe level of 10 ppm
[39]. The high levels of residual cyanogens can be attributed to the drying process,
which restricts the contact between the endogenous enzymes linamarase and
cyanogenic glucoside and promotes the retention of cyanohydrin and free cyanide
in dried cassava.

4.2 Boiling/cooking

The effectiveness of boiling/cooking on cyanogen removal from various plant
food products shows that the method achieves different results depending on the
processing duration and part of the plant species. Several studies have reported that
cooking and boiling are among the most effective practices for reducing cyanogenic
compounds from food plants. These processes appear to promote the rupture of
cell walls, which allow translocation of cell contents including antinutrients and
toxic substances [39]. A study on bamboo plant showed that cyanogenic glycoside
in the shoots of Bambusa vulgaris were reduced by 67.84-76.92% after boiling for
10 minutes. Boiling the shoots for an additional 10 minutes further achieved up to
87% reduction in cyanogen content [37]. Similar studies in cassava reported that
the efficacy of the boiling method for cyanogen reduction is substantially improved
when small-sized cassava pieces are boiled in a large volume of water [40].

However, some studies have reported that boiling can only reduce cyanogen
content by 50%, and therefore, it is not an effective method for cyanide removal.
The inefficiency of this processing method is attributed to the high temperatures.

It is reported that at an elevated temperature of 100°C, linamarase, a heat-labile
p-glycosidase, is denatured, and linamarin cannot then be hydrolyzed into cyano-
hydrin and subsequent HCN. A study by Cooke and Maduagwu [41] reported that
bound glucosides were reduced to 45 to 50% after 25 min of boiling. Free cyanide
and cyanohydrin in boiled cassava roots are found at very low concentrations.

4.3 Soaking/wetting

Like most processing methods, soaking or wetting of harvested crops helps to
improve the shelf life of the food products. Additionally, processing improves the
safety and quality of the products. For example, a study reported that cassava flour
and to a lesser extent gari stored under ambient conditions retained cyanogens
over long periods [25]. However, if flour is mixed with water and the resultant wet
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flour left in the shade for 5 hours at about 30°C to allow HCN gas to escape, the total
cyanide content is reduced three to sixfold. In Africa, the wetting method is com-
monly practiced in villages around Uvira in South Kivu Province of the Democratic
Republic of Congo (DRC) where sporadic incidences of cyanide poisoning and
Konzo have been reported [42]. An improved wetting study that reduced processing
time to 2 hours was found to be equally effective in removing cyanogens. However,
flour samples dried at temperatures above about 80°C lead to denaturing of linama-
rase, and the wetting method becomes ineffective.

In Malawi, soaking of cassava roots is mostly practiced in the lakeshore areas
of northern Malawi and Nkhotakota in the central region, where cassava roots are
soaked peeled or unpeeled [36]. A comparative study of the two soaking meth-
ods showed that soaking of peeled roots was more effective in reducing levels of
cyanogens than soaking unpeeled roots [36]. In the former case, flours of negligible
cyanogen contents were obtained, and the residual cyanogen contents were below
the maximum FAO/WHO limit. Soaking of unpeeled cassava roots was found to be
ineffective as its products gave values above the FAO/WHO recommended limit of
10 mg HCN eq./kg dry matter. The study showed that inclusion of the peel during
processing led to high retention of cyanogens in the pulp.

4.4 Fermentation

Fermentation is one of the ancient methods of food preservation and became
widely accepted in many cultures due to its nutritional value and variety of sensory
attributes. Fermentation enhances the nutritive value of food through biosynthesis
of vitamins and essential amino acids and degradation of antinutrients [39]. In the
African region, fermentation by lactic acid bacteria is one of the most practiced
processing methods. Fermentation is done with grated or soaked cassava roots,
which could be peeled or unpeeled [36]. The process results in a decrease in pH of
the food material during processing.

In western Africa and southern America, cassava parenchyma is ground, grated,
or crushed into small pieces to disrupt many plant cells and allow good contact
between linamarin and linamarase. The moist mash is then left to ferment for
several days, the water-soluble cyanogens is squeezed out, and the residual HCN
gas is removed by roasting. This process significantly reduced the cyanogen content
of the product (gari or farinha) [39].

5. Health conditions associated with cyanide exposure

Cyanide, one of the most rapidly acting poisons, exists in many forms. The most
common are hydrogen cyanide and cyanide salts such as potassium cyanide, sodium
cyanide, and calcium cyanide. Cyanide salts can react with acids and subsequently
release HCN. In most developing countries, cyanide intake through food consump-
tion is normally high since processed foods with residual levels of cyanogenic
substances are a predominant diet among communities. However, cyanide toxicity
appears to be a rare form of poisoning among the general population particularly in
developed countries. Cyanide exposure occurs relatively frequently in individuals
through a variety of modes including inhalation, ingestion, and dermal absorption.
In food plants, ingestion of cyanogenic compounds is the most common form of
cyanide exposure. The potential toxicity of cyanogenic plants is largely dependent
on their ability to produce lethal concentrations of hydrogen cyanide when exposed
to humans. The toxic compound, HCN, is formed following the hydrolysis of poten-
tially toxic compounds, cyanogenic glycosides. The conversion process is initiated
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by the breakdown of the cyanogenic compounds upon disruption of the plant cells
that occur during crushing of the edible plant material either during consumption
or during processing of the food crop. The residual cyanogens in food products are
the primary source of cyanide toxicity to humans when broken down in the gas-
trointestinal tract to form cyanide [43]. Generally, small quantities of cyanide are
naturally detoxified by cellular enzymes and thiosulfates present in many tissues to
form relatively harmless thiocyanate, which is excreted in the urine [44].

Human exposure to cyanide from consumption of food products with consider-
able amounts of cyanogenic glycosides is associated with health complications such
as acute intoxications, chronic toxicity, neurological disorders, growth retardation,
and goiter. The following sections will provide the epidemiological information,
etiology, and prevalence of health conditions attributed to the toxic effects of
cyanogenic glycosides in edible plants.

5.1 Acute toxicity

Acute cyanide poisoning occurs when the cyanide level exceeds the limit an
individual can detoxify, and therefore the natural detoxification mechanisms are
overwhelmed [44]. In humans, the cyanide ion (CN™) has a strong affinity to the
trivalent iron (Fe**) of the cytochrome oxidase and is readily absorbed from the
intestinal and respiratory tracts [45]. A typical cherry red venous blood is seen in
cases of acute cyanide poisoning because of the failure of the oxygen-saturated
hemoglobin to release its oxygen at the tissues since the enzyme cytochrome
oxidase is inhibited by the cyanide [44]. Thus, cyanide inhibits cytochrome oxidase
preventing oxygen utilization leading to cytotoxic anoxia. This causes a decrease
in the utilization of oxygen in the tissues. Additionally, increases in blood glucose
and lactic acid levels and a decrease in the ATP/ADP ratio are observed, indicating a
shift from aerobic to anaerobic metabolism [46].

Acute cyanide exposure mainly adversely affects the central nervous system
(CNS) and the cardiovascular, endocrine, and respiratory systems. In humans, the
clinical signs of acute cyanide intoxication can include rapid respiration, drop in
blood pressure, dizziness, headache, stomach pains, vomiting, diarrhea, mental
confusion, cyanosis with twitching, and convulsions followed by terminal coma and
death. There is great variability of lethal doses reported in the literature. However,
the mean lethal dose by mouth of cyanide in human adults is estimated to be in the
range of 50 to 200 mg, and if untreated death is rarely delayed more than 1 hour [47].

5.2 Chronic toxicity

Persistent and prolonged exposure to low levels of cyanide is known to produce
symptoms that are different from those observed in acute exposures described
above. Chronic exposure to lower cyanide concentrations has been associated with
several health conditions especially among cassava-eating populations. Health
manifestations such as malnutrition, congenital malformations, neurological disor-
ders, and myelopathy have been attributed to chronic cyanide toxicity [48]. Reports
have also shown that goiter, the swelling of the thyroid glands, has occurred in
communities where the levels of cyanogenic glycosides in cassava diets are greater
than 10-50 mg/kg food [48].

5.3 Neurological effects

Although the entire human body is affected by dietary cyanide exposure,
adverse effects on the central nervous system are the most prevalent because of
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the high metabolic demand for oxygen in neurons and its control of respiratory
function. Thus, the stimulation of carotid and aortic bodies contributes to the poor
functions of the central nervous system and respiratory system.

Chronic human exposure to cyanide has been studied in African regions where
populations consume large amounts of cyanide-containing cassava root. Neurological
findings among the affected individuals include symmetrical hyperreflexia of the
upper limbs, symmetrical spastic paraparesis of the lower limbs, spastic dysarthria,
diminished visual acuity, peripheral neuropathy, cerebellar signs, and deafness [6].
Cyanide intake from a cassava-dominated diet is a contributing factor in two forms of
nutritional neuropathies, tropical ataxic neuropathy described from Nigeria, and epi-
demic spastic paraparesis described from Mozambique, Tanzania, and Zaire [49, 50].

5.3.1 Tropical ataxic neuropathy

The term tropical ataxic neuropathy refers to several neurological disorders caused
by many factors including toxiconutritional agents. The syndrome, first reported
in Jamaica in 1897 and named tropical ataxic neuropathy in 1959, describes several
neurological symptoms effecting the mouth, eyesight, hearing, or gait. In the African
population, TAN is predominantly prevalent among the elderly population of mostly
older males and females. TAN is mostly attributed to cyanide intake due to constant
consumption of foods derived from cassava with high levels of cyanogenic compounds
[48]. Studies conducted in West Africa particularly Nigeria, Tanzania, Uganda, Kenya,
the West Indies, and tropical Asia have reported that cases of TAN generally occur in
older people who have consumed a monotonous cassava diet over the years.

5.3.2 Konzo

Konzo, which means “bound legs” in Yaka language of Kwango region in the
Democratic Republic of Congo, was first described in 1938 by an Italian mission-
ary doctor. It is a distinct neurological disease with selective upper motor neuron
damage and is characterized by an abrupt onset of an irreversible, non-progressive
and symmetrical spastic paraparesis [50]. The disease is mostly associated with
high dietary cyanogen consumption from poorly processed roots of bitter cassava
combined with a protein-deficient diet low in sulfur amino acids [43]. Studies have
found that cassava processing methods that involve shortcuts, as practiced during
times of war and famine, exacerbate the health condition among the communities.
Since its first description in the DRC, Konzo epidemics have been reported from
many cassava-consuming areas in rural Africa. The disease has extended beyond
DRC borders, and it remains a serious health problem among African communities
that subsist on cassava [48]. In sub-Saharan Africa, at least seven countries have
reported the outbreaks of Konzo, and they include the Democratic Republic of
Congo, Mozambique, Tanzania, Central African Republic, Angola, Cameroon, and
Zambia. In most of the affected countries, the epidemics were preceded by food
shortages and several weeks of exclusive consumption of poorly processed bitter
cassava roots, resulting in high dietary cyanide exposure, which was confirmed by
high levels of thiocyanate in serum and urine [50].

5.4 Goiter and cretinism
Goiter and cretinism are common diseases in most developing countries because
of low intake of iodine (<100 pg/day) among communities. Populations that exclu-

sively depend on cassava as a staple food have shown high incidences of endemic
goiter and cretinism. Several studies have reported that populations with very low
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iodine intake and correspondingly high thiocyanate levels showed severe endemic
goiter. The endocrine effect may be due to formation of thiocyanate, a lesser toxic
metabolite of cyanide. Thiocyanate is known to block iodine uptake in the body
and compete with iodide ion (I") as a substrate for the thyroid peroxidase, thereby
decreasing the iodination of tyrosine to form iodotyrosine by the thyroid gland.
Consumption of food products with residual cyanogenic glycosides even at a very
low concentration can cause iodine deficiency leading to goiter [43].

5.5 Growth retardation

In humans, low birth weights among children are a common health problem
especially in developing countries. Chronic exposure to cyanogenic glycosides has been
reported as a major contributing factor to this health problem. Growth retardation is
particularly a serious problem in populations consuming foods with inadequate pro-
teins especially diets that are low in sulfur-containing amino acids such as methionine
and cysteine. Cyanide detoxification in the human body requires sulfur donors from
sulfur-containing amino acids [43], and thus, dietary exposure to cyanide has been
identified as one of the contributing factors to growth retardation among children [51].

6. Cyanide detoxification
Hydrogen cyanide whether ingested directly or released from cyanogens is

readily absorbed in the blood by binding to iron in hemoglobin and quickly distrib-
uted to organs such as the liver, kidney, brain, and blood tissue. However, about 80
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Figure 5.
Cyanide metabolism in the body [54].
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percent of the absorbed cyanide is detoxified in the liver mainly by the mitochon-
drial enzyme rhodanese, which catalyzes the transfer of sulfur from a sulfate donor
to cyanide, forming a less toxic metabolite, thiocyanate. There are two primary
detoxification mechanisms of ingested cyanide in the body. The minor one involves
methemoglobin in the red blood cells, which temporarily neutralize cyanide by
reversible reaction [52]. The major pathway proceeds by the conversion of cyanide
to a less toxic thiocyanate (SCN). This process is catalyzed by the enzyme rhodanese
present in most tissues, by a reaction with sulfur [43], as shown in Figure 5. The
two amino acids, cysteine and methionine, are the common source of sulfur [53].
The generated SCN is then slowly excreted through urine and sweat.

Other detoxification mechanisms exist and include the binding of hydroxo-
cobalamin (vitamin By,) to cyanide to form cyanocobalamin. Small quantities of
cyanide along with CO, are eliminated through this pathway.

7. Conclusion

Cyanogenic glycosides are widely distributed in edible plants, and they play a
major role in plant protection against herbivores, pathogens, and competitors. The
presence of the potentially toxic compounds in food plants has also contributed to
food security, particularly in the sub-Saharan African region. Most of the cyano-
genic plants, such as cassava, have several agricultural advantages over other crops
due to their outstanding ecological adaptation, low labor requirement, and high
tolerance to extreme stress conditions such as drought and poor soils. Additionally,
the cyanogenic compounds act as a deterrent against thieves and pests. However,
several health disorders and diseases have been associated with consumption
of food products with high quantities of residual cyanogens. Consequently, it is
recommended that consumers should prepare foods properly before consumption
in order to prevent adverse effects of cyanogenic glycosides in food plants. There
are various traditional processing techniques that are relatively effective in remov-
ing cyanide from food plants, especially those involving grating and crushing.
Generally, the efficiency of the technique largely depends on the duration of the
process, material size, moisture, and temperature. In order to improve food safety,
researchers have extensively studied mechanisms that accelerate cyanogenesis and
cyanide volatilization during processing, which is a strategic step in detoxification
of food plants. Therefore, effective processing technologies should be promoted
among communities to enhance safety and organoleptic properties of products
derived from cyanogenic food plants.
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Chapter11

Intoxication by Harmel

Djafer Rachid

Abstract

Herbal medicine has taken a prominent place in the North African skincare
system because of the increased installation of herbalists and healers, but
unfortunately most of these do not have the required level to practice this medi-
cine. The Harmel (Peganum harmala L.) belongs to the family Zygophyllaceae,
which has 24 genera and 240 species. It is a herbaceous plant, perennial, gla-
brous, and bushy, from a height of 30-100 cm, with a thick rhizome, its strong,
unpleasant odor reminiscent of that of the Rue (Ruta graveolens). The Harmel
is a toxic plant widespread in North Africa which has an important place in
traditional medicine in several indications. It is used as a sedative, antitussive,
antipyretic, antirheumatic, and antihelminthic, and to treat some skin diseases.
Harmel is ingested with a glass of water or mixed with honey or pounded with
olive oil. The intoxications are mainly due to overdose; the absorption of a
quantity of seed greater than a teaspoon causes hallucinations and vomiting.

In France, Harmel as well as its compounds (Harmine, Harmaline, Harmol,
and harmalol) have been classified among the astonishing substances. The
clinical manifestations described in the literature include: digestive disorders,
bradycardia; neurological disorders paralysis, central nervous system depres-
sion; renal disorders; and in severe cases, dyspnoea and hypothermia and
hypotension.

Keywords: intoxication, Harmel, toxic plant, botanical study, toxicological analysis

1. Introduction

North Africa has one of the oldest and richest traditions associated with
the use of medicinal plants where they are very important to people in many
places.

In recent years, there has been a significant increase in phytotherapy, which
has led to several studies on traditional herbal treatments that have identi-
fied problems of toxicity or interaction that may cause therapeutic failures or
accidents.

The aim of our work is to make a complete toxicological study of Harmel, which
is a plant widely used in traditional medicine in the Maghreb countries, but given
its richness in toxic alkaloids of type p-carboline, it causes many accidents and
intoxications in humans and animals.
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2. Botanical study
2.1 Botanical description

Peganum harmala L. belongs to the Zygophyllaceae family, which has 24 genera
and 240 species. It is a herbaceous plant, which is perennial, hairless, bushy, and
from a height 30-100 cm tall, with thick rhizome, and it has a strong, unpleasant
smell reminiscent of that of the Rue and its bitter taste repels the animals [1-3].

The erect, very rowing stems disappear in winter. They have alternate leaves,
divided into narrow strips that remain green for part of the dry season.

The solitary flowers with five elliptic, solitary petals are large (25-30 mm) and
yellowish-white green (Figure 1). They are formed by small white flowers at the
axils of the branches and a globose fruit containing several flattened seeds [3, 4].

The fruits are small spherical capsules with three chambers from 6 to 10 mm in
diameter that stand straight on its stem and depressed at the top. Capsules contain
more than 50 small triangular seeds [5].

The seeds, dark brown in color, are small and angular and have a diameter of
3-4 mm x 2 mm (Figure 2) [1].

The outer seed coats are cross-linked and have a bitter taste, with a par-
ticular smell, because they contain a red pigment called “Turkey red” and a

Figure 1.
Harmel flower [4].

Figure 2.
Harmel seeds [4].
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fluorescent compound. The harvest is done in summer because the seeds are rich
in alkaloids [6].

2.2 Botanical classification

Branch: Spermatophytes
Sub-branch: Angiosperms
Class: Dicotyledonous
Subclass: Rosidae

Order: Sapindales

Family: Zygophyllaceae

Genre: Peganum

Species: Peganum harmala L. [3]

2.3 Appellations

Arabic name: Harmel

English name: Harmel, syrian rue, African rue, wild rue
French name: Harmel, rue syrienne, rue africaine
Spanich name: armala, harmaga

3. Geographic distribution

Harmel is a plant that grows spontaneously throughout the world, generally in
the Mediterranean area, especially in the quite dry areas in Europe (Spain, Russia,
and Hungary); in North Africa in the steppe and semi-arid regions (Eastern
Morocco, Northern Sahara and Algerian highlands, Tunisia, Libya steppes, and
deserts of Egypt); and in Asia, it is widespread in the steppes of Iran, Pakistan,
Turkestan to Tibet, and Siberia [7].

4. Chemical composition
Harmel contains the following chemical compounds:

* Amino acids: phenylalanine, valine, histidine, glutamic acid

e Flavonoids: coumarin, tannins, sterols.

* Alkaloids (toxic principles): Harmane, harmine, harmaline, harmol [8, 9].

The alkaloids are more concentrated in the seeds than in the other parts of the

plant (3—4%): the leaf (0.52%) and the root or the stem (0.36%).
Their content increases in summer due to the maturity of the seed [10].
Roots contain 2% harmine and 1.4% harmol.

* Harmalin or Harmidine (3,4-dihydroharmine) or (7-methoxy-1-methyl-4,9-
dihydro-3H-p-carboline) is of a general formula C;3H;4NO. It is the main
alkaloid of Peganum harmala and the first that was isolated by Gébel from
seeds and roots. This compound is slightly soluble in water and alcohol, and

quite soluble in hot alcohol and dilute acids. Harmalin is almost twice more
toxic than harmine. It forms the 2/3 total toxic alkaloids of the seed [8].
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Harmalin

* Harmane (1-methyl-9-pyrido [3,4-b]indole) is of a general formula C;,H;oN,.
This alkaloid is crystallized in several organic solvents as colorless prisms. It
is readily soluble in methanol, acetone, chloroform, or ether, but moderately
soluble in hot water [8].

Harmane

* Harmine or Banisterin (7-methoxy-1-methyl-9-pyrido[3,4-b]indole) is of a
general formula C;3H;,NO. It is slightly soluble in water, alcohol or ether.

H3CO \ N

I=z

CH3

Harmine

Harmalol (1-methyl-4,9-dihydro-3H-p-carbolin-7-ol) is of a general formula

o C;pHpIN,0. It is an unstable alkaloid when exposed to air. It is crystallized in
water as tri-hydrate. It is soluble in hot water, acetone, or chloroform, but
poorly soluble in benzene [8].

Qﬁ 2®e&J

Harmalol
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* Other p-carbolines isolated from the plant Peganum harmala are:
Harmalicidine and tetrahydroharmine.

\O N NH
B B
Harmalicidine
o \ NH
N
H

Tétrahydroharmine

5. Traditional use of the plant

Peganum harmala L. is considered one of the most famous medicinal plants in
traditional medicine to treat several disorders.

* General disorders: hypnotic, antipyretic, analgesic, and antitussive.
* Gynecologic disorders: emmenagogue and abortifacient agent [11, 12].
* Digestive disorders: colic and hemorrhoids.

* Skin disorders: antiseptic and healing, dermatosis (eczema) and burning and
blepharitis, and alopecia.

¢ Infectious disorders: neonatal tetanus, anthelmintic, antimalarial, and
mumps.

* To treat certain nervous system disorders such as Parkinson’s disease [13],

in psychiatric conditions such as nervousness and insomnia in adults and
children [7].

* Other diseases such as diabetes, high blood pressure, poisoning, snake venom,
and rheumatism [11, 14].

* External use: the fresh plant either chopped and used in poultices, or after
extraction of the juice for the composition of a liniment based on sheep fat, or
use the dry plant or the seeds in the form of fumigations (to treat depression
and insomnia in children) [7].
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Seed oils obtained by decoction of the seeds in olive oil are very effective (rheu-
matic diseases). The dried plants, or the seeds, are sprayed and sieved to give the
powder of the Harmel and also the decoction of roots.

* Internal use: seeds—a tea spoon, about 2.5 g, swallowed directly with a glass of
water or mixed with honey or crushed with olive oil, fresh plant chopped and
boiled in oil, or dry leaves in decoction.

6. Pharmacodynamics
6.1 Cardiovascular effects

In vivo studies have shown that different extracts of Peganum harmala where its
main active alkaloids, harmine, harmalin, harman, and harmalol, have different
cardiovascular effects, such as bradycardia, decreased blood pressure, peak aortic
flow and contractile strength of the heart and vasodilator, and antigenic inhibitory
effects [15].

6.2 Effects on the nervous system

Many in vitro and in vivo studies have indicated that alkaloids of Peganum har-
mala act on both the central and peripheral nervous system by inducing effects such
as analgesia, hallucination, excitation, and antidepressant effect [16]. In addition,
Peganum harmala p-carbolines have been shown to interact with dopamine, GABA,
5-hydroxytryptamine, benzodiazepines, and imidazoline at the level of their
receptors present in the nervous system and in this way inducing their numerous
psychotic pharmacological effects [17, 18].

6.3 Antibacterial, antifungal, insecticide, and antiparasitic

Different studies have shown different pharmacological effects such as antipara-
sitic effect, antifungal, antibacterial [18], and insecticides effects [19] of alkaloids
derived from Peganum harmala seeds.

6.4 Effects on the immune system

Peganum harmala p-carbolines have been shown to have immunomodula-
tory effects in several studies [20]. Extracts of this plant have a significant
anti-inflammatory effect via the inhibition of prostaglandin (mediator of
inflammation).

6.5 Antidiabetic effects

Harmine is the main alkaloid of Peganum harmala that is involved in the antidia-
betic effect. One study showed that this compound regulates the expression of the
receptor Peroxysomes Gamma Proliferator-Activated (PPARy), the main regulator
of adipogenesis and the molecular target of antidiabetic drugs, by inhibition of the
signaling pathway [21]. Studies have indicated that harmel extract has no activity
on insulin secretion, as this hypoglycemic activity is associated with the pancreas. It
affects the use and/or absorption of glucose [22].
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6.6 Anticancer effects

In vitro studies have demonstrated a decrease in cell viability of cancer
cells from various brain, colon, breast, lung, liver, esophagus, and stomach
tissues following harmine treatment. Several researchers have shown the
cytotoxicity of different Peganum harmala extracts in tumor cell lines in vitro
and in vivo [23].

7. Toxicokinetic
7.1 Absorption

The main way of administration is the oral way by ingestion of preparation
based on seeds or all parts of the plant.

After ingestion, the alkaloids are well absorbed by the gastrointestinal tract. The
dermal way is used as a poultice and ointments where the seeds are mixed with olive
oil which will increase the penetration of alkaloids by the skin.

Inhalation of alkaloids by fumigation is possible because this practice is used for
the therapeutic or prophylaxis of magic [14, 24].

7.2 Distribution

Alkaloids cross the blood-brain barrier to the central nervous system. They
distribute throughout the body (heart, liver, kidneys, and lungs).

7.3 Metabolism

* Phase I: alkaloids undergo hepatic O-demethylation by cytochrome P450 2D6,
giving harmol and harmalol.

—
N N
H CHj H

Harmine Harmol

* Phase II: the metabolites of the oxidation phase will undergo glycuro- and
sulfoconjugation processes.

* Phase III: B-carbolines alkaloids are excreted by bile and urine in conjugated
form (glucuronates and sulfates); excretion of unchanged harmine should
account only about 0.6% of a dose [25].

8. Mechanism of toxic action
Harmine reversibly inhibits monoamine oxidase A (MAO-A) and thus increases

the central levels of amines such as noradrenaline (NA) and serotonin (5-HT) at the
brain level which may explain the antidepressant effect of the plant.
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Harmine is neurotoxic in vivo. Indeed, it has been shown that this injection is
accompanied by tetany, convulsion movements or tremors, and these effects fade
several minutes after injection [26].

All p-carbolines have in common an indole nucleus with a structural analogy
to the serotonin molecule known for its important role in the functioning of the
central nervous system. Harmalin and harmine are serotonin antagonists. It is likely
that the hallucinogenic and behavioral modifying activity of these substances is
related to this indolic structure [15].

Harmine and harmalin would exert a central anticholinergic action but at high
doses can cause seizures and digestive manifestations, while harmane exerts an
inhibitory action of the central dopaminergic system, inducing high-dose sedation
and REM sleep disturbances [27-29].

The use of this plant for abortive purposes or to activate the term work is known.
This abortive activity of harmel is due to these derivatives of quinazoline, which cause
the contraction of the uterine muscle via induction of prostaglandin secretion [29].

9. Plants toxicity
9.1In animals

Intoxication in animals is expressed by excitability, trembling, muscular rigidity,
staggering gait, and jerky breathing. The animal is in an interrupted narcotic state with
ashort period of excitement. After a few hours, there is onset of dyspnea and mydria-
sis, hypothermia, and urinary disorders with abortion in case of gestation [24, 30].

* The aqueous seed extract has a myorelaxant effect on smooth rabbit and guinea
pig muscles in vitro. These studies suggest that this extract has antispasmodic,
antihistamine, and anti-adrenergic effects.

The laboratory animal studies have shown the following results [8]:

* Harmane: DL 50 in mice is 50 mg/kg intraperitoneally.

* Harmine: DL 50 in mice is 38 mg/kg intravenously.

* Harmalin: lethal dose in rats is 120 mg/kg subcutaneously.

9.2 In humans
Clinical observations of acute intoxications by Harmel showed that Harmalin, at
a dose of 4 mg/kg, would produce psycho-mimetic effects in humans [16].
Ingestion: 10-30 min after the ingestion of a teaspoon of seeds (2.5 g) appears
the following clinical signs:

* Euphoria or intoxication, violent headache, and tingling extremities.

* Hypoacusia and amaurosis neurosensory disorders and visual hallucinations
(flame vision).

Then, abdominal pain is accompanied by bilious vomiting.
Four hours after ingestion the patient presents:

218



Intoxication by Harmel
DOI: http://dx.doi.org/10.5772/intechopen.92936

* Obnubilation.

* Sharp and symmetrical osteotendinous reflexes.

Seven hours after absorption, we note:

* Intense asthenia.

* Diffuse abdominal pain.

* Persistence of headaches.

These phases can change favorably in a few hours.

In severe cases, paralysis, CNS depression, dyspnea and hypothermia, and low
blood pressure occur.

Inhalation: 5 min after fumigation inhalation appears intoxication and visual
hallucinations.

10. Diagnosis of acute harmel intoxication

The diagnosis is based on the history and/or the appearance of nausea, vomiting,
and hallucinations.

Vomiting, spontaneous or induced, and gastric washing fluids are kept in clean
pots that must be kept and sent to the laboratory to identify the plant with certainty
by searching for debris and alkaloids.

Send plant leaf, fruit, and seed samples used in the laboratory for plant
identification.

10.1 Botanical identification

From gastric washing and/or from vomiting, recover debris (leaves, seeds, etc.).
See the botanical description section and extract to search for alkaloids.

10.2 Toxicological analysis

Extract by chloroform in an alkaline medium to extract the alkaloids after drying
under nitrogen, collect the residue by methanol and pass to the ultraviolet spectro-
photometer [31] the maximum absorption in methanol:

e Harmane 234, 287 and 347 nm.

e Harmine 241, 301 and 336 nm.

e Harmaline 218, 260 and 376 nm.

Perform thin-layer chromatography with GF254 Silica Gel as stationary phase
and elute with the mobile phase (ammonia 1.5 and methanol 100), use iodoplatinate

developer reagent, and calculate alkaloid Rfs:

e Harmane 0.70.
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e Harmine 0.68.

e Harmaline 0.38.

11. Treatment of acute intoxication

There is no antidotic treatment for Harmel intoxication. In the event of a coma,
the symptomatic treatment must be instituted as a matter of urgency in order to
maintain the vital functions [32].

11.1 Evacuator and scrubber treatment

Emergency gastric washing is used to remove parts of the plant that are not yet
absorbed, and administration of activated charcoal is used to trap the rest of the
plant. Induce osmotic diuresis is used in order to increase the renal elimination of
alkaloids by perfusing hypertonic fluids (10% mannitol, 10% glucose serum). We
need to monitor hemodynamic parameters.

11.2 Symptomatic treatment

Hospitalization in intensive care of the intoxicated provides an early respiratory
resuscitation by tracheal intubation and mechanical ventilation in case of coma.
Cautious warming in case of hypothermia (cover the patient and then give him a hot
drink) and administration of diazepam are performed to treat seizures.

12. Conclusion

The injudicious taking of Peganum harmala causes clinical manifestations of
intoxication; digestive disorders—bradycardia; neurological disorders—euphoria,
hallucinations, generalized tremors, and even convulsive seizures; kidney disor-
ders—uremia and anuria; and in severe cases, paralysis, central nervous system
depression, dyspnea, as well as arterial hypotension.

Cases of poisoning by medicinal plants are very frequent and poorly known
by the health services because the majority of victims do not come to the hospital
for consultation. Today, African legislation is needed to regulate this profession of
herbalists and herbalists.
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Abstract

In this chapter the following topics will be addressed: (1) actions of the cho-
linergic system in the nervous system, commenting on acetylcholine metabolism
and acetylcholinesterase metabolism; (2) acetylcholinesterase inhibitors as sub-
title in this topic: pharmacological characterization of pyridostigmine bromide,
mechanism of action, and therapeutic effect of the drug; (3) use of pyridostigmine
bromide in Persian Gulf War; and (4) potential effect of pyridostigmine bromide in
oxidative stress, addressing as subtitle the influence of pyridostigmine bromide on
the superoxide-hydrogen peroxide imbalance model. Studies indicate that the inter-
action between pyridostigmine bromide and stressors could trigger genotoxicity,
the mechanism associated with the induction of oxidative stress that leads to this
side effect of this drug; however, this discussion needs to be better elucidated and
may be more discussed as there is interaction between the pyridostigmine bromide
and an endogenous oxidative imbalance caused by it or even by the possible interac-
tion of this with genetic variations present in the antioxidant metabolism.

Keywords: acetylcholinesterase inhibitor, oxidative stress, neurotoxicity,
superoxide dismutase 2, neuromuscular junction

1. Introduction

Pyridostigmine bromide (PB) is a reversible acetylcholinesterase (AChE)
inhibitor and the first line of choice for the treatment of symptoms associated with
myasthenia gravis (MG) and other neuromuscular junction disorder prophylactic
treatment in the Persian Gulf War, for prevention of post-traumatic stress and heat
and pesticide exposure. However, evidence suggests that PB may be associated with
Gulf War illness, characterized by the presence of fatigue, headaches, cognitive
dysfunction, and respiratory, gastrointestinal, and musculoskeletal disorders [1-4].
However studies in animal models showed that if used without any association did
not cause extensive cytotoxicity and genotoxicity to these animals. But the associa-
tion of these drugs with other chemical or even physical agents caused cellular
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apoptosis and genotoxicity in animals. These studies would suggest that this toxicity
caused in association was due to oxidative stress [5, 6].

2. Actions of the cholinergic system in the nervous system

Within the neurotransmitters acting on the body’s nervous system is the so-
called cholinergic system associated with the release of the acetylcholine (ACh)
molecule in the synaptic cleft [7-10]. ACh is considered to be one of the major
chemical neurotransmitters of the peripheral nervous system being released by all
preganglionic, parasympathetic, and some sympathetic postganglionic fibers, as
well as by motor neurons that project to the skeletal muscles. It was the researcher
Otto Loewi who discovered this molecule when he observed in his study the
release of a biochemical substance by the parasympathetic nerve endings, which
he called ACh [8, 11].

In cholinergic synapses, cholinesterases are present, which consist of a class
of enzymes that catalyze the hydrolysis of ACh in acetic acid and choline in the
synaptic cleft, and thus allow the cholinergic neuron to return to its resting state
after activation. The most common cholinesterases present in the synaptic cleft are
butyrylcholinesterase (BuChE) and AChE [12].

Although they are evolutionarily similar, these enzymes differ in their distribu-
tion in tissues, their kinetic properties, and the specificity of their substrates. AChE
is found most abundantly in the central nervous system (CNS), in the skeletal
muscles, and in the erythrocyte membrane, while BuChE is mostly found in blood
plasma and is therefore also known as plasma cholinesterase [13].

Acetylcholinesterase and BuChE exhibit structural similarities, with their amino
acids having approximately 50% homology. The other 50% heterogeneity among
amino acids is responsible for the selectivity differences of both the substrates and
the inhibitors of these enzymes. AChE preferentially hydrolyzes ACh, whereas
BuChE is less selective and acts by hydrolyzing both ACh and butyrylcholine
(BuCh) in comparable amounts [14].

In general, AChE is an enzyme that acts by hydrolyzing ACh in precursor mol-
ecules by rapidly closing the signaling of this molecule in the post-synaptic neuron
or target tissue. Thus, AChE is a target enzyme in the treatment of various diseases,
since anticholinesterase drugs act via their inhibition (Figure 1) [7-10].

Acetylcholine plays a crucial role in controlling numerous physiological pro-
cesses in all divisions of the nervous system. However, it is also involved in various
neurological and muscular dysfunctions. The apparently antagonistic action of ACh
occurs due to the existence of different cholinergic receptors, which are present
according to each type of target tissue. The knowledge of the various forms of ACh
activity allowed the identification of causal mechanisms of several neuromorbidi-
ties associated with neuromotor plaque disorders, mainly related to changes in
cholinergic receptors.

This knowledge, in turn, led to the development or understanding of the perfor-
mance of drugs related to the control of symptoms of neurological diseases through
differential modulation of the cholinergic system [7, 8, 10]. Among the morbidities
with etiophysiopathology associated with changes in cholinergic response, MG
and other forms of myasthenic syndromes are prominent. In these diseases, AChE
inhibitors are used to control clinical symptoms [16]. In addition to its role in MG,
more recent studies indicate that ACh could be a key molecule in the progression
and control of symptoms of other neurodegenerative diseases, such as Alzheimer’s
disease and other types of dementia [17, 18]. Because of its very specific physi-
ological action, drugs associated with modulation of cholinergic neurons have also
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Figure 1.

Synthesis, storage, release, and degradation pathways of acetylcholine. Source: adapted Rang et al. [15]. AChR,
acetylcholine veceptor; ACh, acetylcholine; AChE, acetylcholinesterase.

been prophylactically used to prevent populations subject to exposure to molecules
potentially used in biological warfare, such as sarin gas [19]. For this reason, studies
involving pharmacology related to the cholinergic system are considered clinical
and epidemiologically relevant, in addition to their action in MG.

2.1 Acetylcholinesterase inhibitors

Acetylcholinesterase inhibitory drugs are termed anticholinesterases, and these are
therapeutically used to reverse the neuromuscular blockade promoted by depolarizing
myorelaxants, in the treatment of neurological diseases such as MG and myasthenic
syndrome, in smooth muscle atony, in strabismus, and in the treatment of symptoms
of Alzheimer’ disease, among others. An anticholinesterase drug delays the degrada-
tion of ACh, so the neurotransmitter spends more time in the synaptic cleft, thus
intensifying cholinergic transmission, as can be observed in Figure 2 [20-22].

Physostigmine, an alkaloid obtained from Physostigma venenosum L., was the
first AChE inhibitor to be discovered. Thus, its cholinergic effects have been known
for many years, and as early as 1923, the molecular structure of the active substance
was elucidated. In 1929 Stedman demonstrated that the cholinomimetic effects of
physostigmine were due to the reversible inhibition of AChE [24]. Although it is
old, this drug is still in use and is currently used in the treatment of glaucoma and
in cases of overdose by anticholinergic compounds, such as atropine, and tricyclic
antidepressants such as amitriptyline [25]. Other drugs with inhibitory action of
AChE have been developed, such as neostigmine and PB, which are simplified
analog of physostigmine [20].

There are two classes of AChE inhibitors, based on their mechanism of action,
and may be reversible or irreversible depending on the type of action with the active
site of the drug. Reversible agents are still present in two groups: short-acting and
intermediate-acting agents [26].
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Edrophonium, a quaternary ammonium compound that binds only to the
anionic site of the enzyme, is one of the short-acting reversible anticholinesterases.
The jonic bond formed is easily reversed, and the action of the drug is brief. It is
mainly used as a diagnostic purpose, since the improvement of muscle strength
observed with the use of an anticholinesterase is a characteristic of MG, but it does
not occur when muscle weakness results from other causes [27]. In contrast, the
anticholinesterases of intermediate duration include neostigmine, PB, and physo-
stigmine that are composed of quaternary ammonium of clinical importance [26].

In chemical terms, all of these drugs are carbamoyl esters, once acetyl esters,
and have basic groups that bind to the anionic site. The transfer of the carbamyl
group to the hydroxyl group of the serine from the esterase site occurs in the same
way as with ACh, but the carbamylated enzyme undergoes hydrolysis much more
slowly, taking minutes instead of microseconds. The anticholinesterase drugs are
therefore hydrolyzed, but at an insignificant rate when compared to ACh, and the
slow recovery of the carbamylated enzyme indicates that the action of these drugs is
quite prolonged [12].

Irreversible anticholinesterases are compounds that have a pentavalent phos-
phorus containing a leaving group, such as fluoride, or an organic group. Upon
binding the enzyme, this group is released, leaving the hydroxyl group of the serine
of the enzyme phosphorylated. Most of these organophosphorus compounds have
been developed to be used as a chemical weapon in the form of toxic gases, and as
a pesticide, but also for clinical use. They interact only with the esterase site of the
enzyme and do not have a cationic group. Ecotiopate is an exception, since it hasa
quaternary nitrogen group that also binds to the anionic site [12].

When AChE is in inactive phosphorylated form, this molecule is generally very
stable. With drugs such as diflos, there is no appreciable hydrolysis, and the recovery
of enzymatic activity depends on the synthesis of new molecules of the enzyme, a
process that can take weeks. With other drugs like the ecotiopate, slow hydrolysis
takes place in the course of a few days, so that its action is not strictly irreversible.
The diflos and the parathion are apolar substances volatile with high lipid solubility,
quickly absorbed through the mucous membranes and even through the integral
skin and the cuticle of the insects. The use of these agents as a chemical weapon or
as an insecticide is based on this property. The absence of a quaternary group that
confirms specificity indicates that most of these drugs block other serine hydrolases,
although their pharmacological effects stem mainly from inhibition of AChE [26].
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Acetylcholinesterase inhibitors affect both peripheral, autonomic cholinergic
synapses and CNS synapses. It is also important to note that some organophospho-
rus compounds are capable of producing a severe form of neurotoxicity leading
to irreversible changes in the cholinergic system, especially triggering effects
on autonomic cholinergic synapses. These implications mainly reflect increased
ACh activity in parasympathetic postganglionic synapses (increased secretions of
salivary, lacrimal, bronchial, and gastrointestinal glands, increased peristaltic activ-
ity, bronchodilation, bradycardia, hypotension, pupillary constriction, fixation of
vision accommodation for near, drop in intraocular pressure). Larger doses are able
to stimulate, and subsequently block, autonomic ganglia, producing complex auto-
nomic effects. Blockade when it occurs consists of depolarization blockade and is
associated with accumulation of ACh in plasma and in organic liquids. Neostigmine
and PB tend to affect neuromuscular transmission more than the autonomic
system, while physostigmine and organophosphates show the opposite pattern.
The reason for this disparity is not clear, but therapeutic use takes advantage of this
partial selectivity [26].

The main effect of these drugs is under neuromuscular junction; they increase
the force of the contraction of a muscle stimulated by means of its motor nerve,
thanks to the repetitive discharge in the muscular fiber associated with a prolon-
gation of the action potential. Normally, ACh is hydrolyzed so quickly that each
stimulus initiates only one action potential in the muscle fiber. However, when
AChE is inhibited, there is a short series of action potential in the muscle fiber and,
as a consequence, a greater tension. Much more important, however, is the effect
produced when the transmission is blocked by a non-depolarizing blocking agent
such as pancuronium. In this case, the addition of an anticholinesterase drug can
dramatically restore transmission. When a large number of receptors are blocked,
most ACh molecules will normally find AChE molecules and will be destroyed
by them before reaching a vacant receptor. The inhibition of AChE gives ACh
molecules a greater chance of finding a vacant receptor before being destroyed and
as a consequence increases the action potential such that it reaches the threshold.
Transmission does not occur in MG because there are very few ACh receptors, and
in this case inhibition of AChE improves transmission [12].

Acetylcholinesterase inhibitors rarely fully induce symptom relief in myasthenic
patients and do not affect disease progression; however, they may be sufficiently
effective for proper management in certain patients with mild or purely ocular
nonprogressive disease [28]. It is also important to note that people with MG are
susceptible to presenting the so-called myasthenic crisis that involves weakness
in respiratory muscles, upper airway muscles, or a combination of both muscle
groups. Both inspiratory and expiratory respiratory muscles may be affected,
manifesting as dyspnea. Respiratory dysfunction may also manifest as upper airway
obstruction if bulbar or upper airway muscle weakness occurs. Signs of bulbar
weakness include dysphagia, nasal regurgitation, nasal quality of speech, staccato
speech, weakness of the mandible (closure of the mandible weaker than the open-
ing of the mandible), bifacial paresis, and weakness of the tongue. Weakness of the
upper airways can lead to failure by oropharyngeal collapse or tongue obstruction
by increasing the work of already fatigued respiratory muscles. In epidemiological
terms, it is estimated that 2/3 of myasthenic patients who present with myasthenic
crisis need to be intubated and receive mechanical ventilation [29].

On the other hand, patients who ingest excess AChE inhibitors like PB may
precipitate a cholinergic crisis characterized as muscarinic and nicotinic toxicity.
Symptoms include increased sweating, lacrimation, salivation and pulmonary
secretions, nausea, vomiting, diarrhea, bradycardia, and fasciculations. Although
the cholinergic crisis is an important consideration in the evaluation of the patient
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in a myasthenic crisis, it is quite uncommon in these patients. In the case of
suspected cholinergic crisis, AChE inhibitors should be significantly reduced or
discontinued [29].

In Ref. [30], the author described in his work that the natural course of MG,
using only anticholinesterase drugs, with no other type of treatment, showed remis-
sion of symptoms in 20% of the patients and mortality in 25%. However, various
therapies that involve thymectomy, immunosuppression, infection control, and oth-
ers positively affect the natural history of the disease. Still in that decade, this author
concluded that the mortality in patients with MG is practically zero and the great
majority of the patients have normal life, thanks to the improvement in the assistive
technology related to the management of myasthenic crisis.

2.2 Use of pyridostigmine bromide in Persian gulf war

The use of chemical warfare agents is one of the greatest threats in the world
today. Chemical warfare is based on the use of substances with toxic properties
that are capable of killing, for mass destruction, and causing severe damage to the
environment. The most prominent and dangerous chemical warfare agents are
neurotoxic organophosphates which, due to their high toxicity, are sufficient in
small amounts to cause seizures and death [31].

One of the biggest reasons for the use of chemical weapons in war and terrorist
actions is that this war strategy ends up being cheaper than conventional weapons
such as bombs, projectiles, and explosives. For example, to kill all people in an area
of 1km’, the use of chemical weapons can cost approximately 40% less than if
traditional weapons were used. The other reason is that chemical weapons, in addi-
tion to causing death quickly and efficiently, also cause psychological problems to
those who can survive intoxication, thus being more worrisome than other weapons
of war [32].

The agents of chemical warfare were used several times in wars since antiquity,
although being agents is not well defined nor very efficient. Already several more
effective toxic agents received major importance in 1915, when the German army
sent gases like chlorine and mustard against French troops during the First World
War, causing countless losses in the enemy army. From that date the development
of neurotoxic agents was more intense for several armies. Before World War II, the
German army began the development of the first neurotoxic organophosphates as
chemical warfare agents, especially tabun, sarin, and soman. Nevertheless, these
agents, as well as mustard gas and other toxic substances, were not used during
World War II. In the 1950s, the neurotoxic organophosphates of the V family were
developed, which are more toxic and persistent in the environment, being that the
first, called VX, was developed in England. Later similar compounds were created,
especially in the former Soviet Union [32].

One of the first countries to use neurotoxic organophosphates was Irag, under
Saddam Hussein’s command in the war against Iran between 1980 and 1988, leading
to hundreds of deaths of Iranians [33]. In 1994, sarin was used in Japan against
civilians in a terrorist attack that resulted in the death of 7 people and 200 intoxica-
tions [34, 35]. On the other hand, poisoning of American soldiers by sarin occurred
during the Gulf War in 1991 [33]. Recently, chemical weapons were used in Syria,
killing about 1300 people, especially civilians and children, making it one of the
worst chemical weapon use events in the world.

Organophosphate, pesticides, carbamates, chemical agents such as sarin, and
the drug PB all belong to a class of chemicals that inactivate the circulation of cho-
linesterase enzymes such as AChE, BuChE, paraoxonase, and neurotoxic esterase
resulting in interference with the breakdown of ACh neurotransmitter among

230



Interaction between Pyridostigmine Bromide and Oxidative Stress
DOI: hitp://dx.doi.ovg/10.5772/intechopen.89717

other effects [36, 37]. Exposures lead to increased ACh in the brain and peripheral
nerve endings, with overestimation resulting from cholinergic nerve receptors [38]
and subsequent reduction of ACh available, as well as altered gene expression and
late cognitive effects [39]. At high exposure doses, AChE inhibitors may be toxic
or fatal and at lower doses may lead to long-term health effects [40], one of its
mechanisms being oxidative stress [37]. The main symptoms secondary to AChE
inhibition in people with deficiency in central and peripheral cholinergic function
are similar to those reported by Gulf War illness soldiers, such as skeletal muscle
fatigue, cognitive deficit, and gastrointestinal, sleep, and temperature regulation
problems [1, 41].

Exposures to toxic agents in the Gulf War were considered contributors to
numerous long-term health problems. Post-war effects include pesticide effects,
uranium munitions, air contaminants from fires in Kuwait oil wells, and chemical
nerve agents. PB was then used as a prophylactic measure against possible exposure
to these nerve agents, and to other risks, such as psychologically stressful conditions
and heat. A military who underwent several exposures in different combinations
presented synergic effects that have not yet been determined in this population [4].

Gulf War illness is considered a chronic multi-symptom condition that affected
25-32% of soldiers who operated in the Gulf War. It is clinically characterized by
the presence of fatigue; headaches; cognitive, respiratory, and musculoskeletal
dysfunction; and gastrointestinal disorders [1-4]. Inflammation and increased
oxidative stress associated with mitochondrial dysfunction may negatively affect
cognitive function and mood, either directly or indirectly, through the reduc-
tion of hippocampal neurogenesis [42-44]. Therefore, chronic inflammation and
oxidative stress are likely to be among the leading causes of Gulf War illness brain
dysfunction.

Studies were conducted to identify possible causal factors, and evidence has sug-
gested that PB may be associated with etiopathogenesis of Gulf War illness. One of
the first studies carried out by [45] described the development of three syndromes
associated with PB use: (1) impaired cognition, (2) confusion-ataxia, and (3) neu-
ropathy. However, complementary investigations have also suggested that the use
of PB without any other chemical or physical stressor in neuronal cells of animals
does not cause great damages, such as decreased viability and increased cellular
apoptosis [8, 46]. Thus, it appears that the interaction of PB with other endogenous
or exogenous factors is what would trigger the Gulf War illness.

2.3 Potential effect of pyridostigmine bromide in oxidative stress

Considering the results of epidemiological and in animal experiments, the data
described so far reinforce the hypothesis that the interaction between PB and other
drugs, such as organophosphates, or perhaps other stress factors, could contribute
to the rupture of homeostasis neural, via amplification of oxidative stress and of
chronic inflammatory conditions that would trigger systemic neural dysfunctions
associated with Gulf War illness [42-44, 47-49].

In recent decades the role of reactive species in pathophysiological processes
related to oxidative stress has been intensively investigated. The reactive species
are molecules that contain one or more unpaired electrons in the last electron layer
[50]. These reactive molecules are generally unstable and originate from oxygen,
nitrogen, or sulfur [51]. When the generation of reactive species exceeds the anti-
oxidant capacity of the organism, an imbalance occurs in the cellular redox state,
promoting oxidative stress and subsequent oxidative damage [52].

Mitochondria are the main site of reactive oxygen species (ROS) production
[53]. Much of the energy produced in the body is generated through oxidative
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phosphorylation. Therefore, paradoxically, a fundamental process for the develop-
ment of the life of eukaryotes (oxidative phosphorylation) is also one of the main
responsible for the production of ROS. These species are also produced by other
electron transfer reactions between different redox reactive agents, such as those
involved in defense mechanisms against pathogens, for example, the case of nico-
tinamide adenine dinucleotide phosphate oxidase (NADPH oxidase) [54].

The production of ROS in various metabolic processes plays an important role
in the functioning of the organism. They are dose dependent, and some types of
ROS when in low concentrations are considered important signaling molecules
responsible for the transport of electrons in the respiratory chain [54]. ROS have a
deleterious effect on the body when there is an excessive increase in its production
or when there is a decrease in antioxidant agents. The three main types of ROS are
superoxide anion (O,), hydrogen peroxide (H,0,), and hydroxyl radical (OH").

Among the ROS, the O, radical is the most common, abundant, and quite
diffusible both inside and between cells in vivo, the first ROS being formed by the
reduction of oxygen by a single electron during oxidative phosphorylation that
occurs in the mitochondria [52]. It is a poorly reactive ROS and has no ability to pen-
etrate lipid membranes, thus acting only in the compartment where it is produced
[55]. H,O, is not a free radical, but an intermediate metabolite of oxygen, which in
uncontrolled amounts becomes extremely deleterious, because it participates as an
intermediate in the reaction that produces the OH" radical. H,0, has long life and is
able to cross biological membranes. The OH" radical is considered the most reactive
ROS in biological systems, being capable of causing more damage than any other
ROS. It is formed from H,0,, in a reaction catalyzed by transition metal ions (Fe** or
Cu*), called the Fenton reaction. This OH" radical can also initiate the oxidation of
the polyunsaturated fatty acids of the cell membranes (lipoperoxidation) [55-57].

However, in order to maintain the balance in the ROS generation, there is the
antioxidant system, but when the ROS are in excess and the antioxidant system
cannot keep the balance, processes of damage to the organism can occur, and this
situation of imbalance is denominated oxidative stress [58].

The antioxidant system has the function of inhibiting the oxidative damages
caused by excess reactive species. These are divided into enzymatic or endogenous
antioxidants and nonenzymatic or exogenous antioxidants, the latter being mainly
acquired by the diet [59].

Nonenzymatic antioxidants include ascorbic acid (vitamin C), which inhibits
the action of oxidized low-density lipoprotein (LDL) and protects against the
action of ROS; phenolic acids; resveratrol; catechins; p-carotene (vitamin A), which
protects against lipid peroxidation and damage to DNA; a-tocopherol (vitamin E);
copper (Cu); zinc (Zn); and others. As for enzymatic antioxidants, we have super-
oxide dismutase (SOD), which facilitates the conversion of the radical O,”” into
H,0,; catalase (CAT), which converts H,0, to O, and H,O; and glutathione peroxi-
dase (GPx), which has the capacity to reduce H,0, to H,0 [60].

Oxidative stress is involved in several non-transmissible chronic diseases, such
as atherosclerosis, hypertension, neurodegenerative diseases, cancer, and type II
diabetes mellitus. In the latter, for example, excess reactive species have a detrimen-
tal influence on glucose uptake by muscle and adipose tissues, as well as decreasing
insulin secretion, neuronal death, and apoptosis of various cells [61-64].

2.3.1 Influence of pyridostigmine bromide on the superoxide-hydrogen peroxide
imbalance model

A large body of evidence suggests that oxidative stress is associated with cell
aging, dysfunctions, and diseases [65]. However, it was long believed that ROS were
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largely responsible for these deleterious processes. For this reason, about 20 years
ago, studies were begun to investigate the beneficial health effects of supplementing
large amounts of antioxidants. The results, surprisingly, were not good. In some
studies, higher morbidity loads were reported in subjects supplemented with high-
dose vitamin than in the placebo group. The explanation for this apparent paradox
soon emerged: many ROS, in low concentrations, were actually signaling molecules
of various cellular functions. Among these, nitric oxide (NO) and H,0, stand out,
so the neutralization of these molecules by antioxidants influenced the cellular
homeostasis processes [66].

It was hypothesized that maintenance of redox balance was a relevant aspect to
avoid non-transmissible chronic morbidities or to decrease the side effects related
to the ingestion of some drugs [67]. This hypothesis was tested and corroborated by
genetic studies involving the imbalance of the endogenous antioxidant system. This
is the case of the point polymorphism observed in the SOD2 enzyme gene called
Val16Ala-SOD2 [68].

The enzyme SOD2 is synthesized from a nuclear gene located on chromosome
6, subregion 6425, which codes for a homotetramer which binds to a manganese ion
per subunit. This protein structure synthesized in the rough endoplasmic reticulum
is still enzymatically inactive and has a peptide sequence known as the mitochon-
drial target sequence (MTS) that directs SOD2 into the mitochondria. As it passes
through the pores of the inner mitochondrial membrane, the MTS peptide segment
is cleaved by lysosomes, and the mature protein aggregates into an active form,
making it a functional SOD2 enzyme [69, 70].

Previous studies have identified a single nucleotide polymorphism (SNP) in the
MTS region of the SOD2 gene, in which a thiamine (T) is replaced by a cytosine (C)
in exon 2, nucleotide 47. Substitution affects the codon 16, which encodes for amino
acid 9, mutating a valine (GTT) in an alanine (GCT), and hence the polymorphism
is called Val16Ala-SOD2 [69]. Therefore, this polymorphism is associated with the
presence of two alleles alanine (A) and valine (V) and three possible genotypes:
AA, AV, and VV. In phenotypic terms, the Ala-SOD2 variant generates a protein
with a-helix structure, thus being easily imported into the mitochondria. The Val-
SOD2 variant, on the other hand, generates a protein with a partial p-lamina struc-
ture, which causes the inactive SOD2 protein to be partially retained in the pores of
the mitochondrial inner membrane, as it is being imported into the mitochondria.
In the presence of the two alleles that form the heterozygous genotype, the Ala-/
Val-SOD?2 protein presents helical structure [70, 71].

In vitro investigations have demonstrated that Ala-SOD2 is capable of generat-
ing SOD2 homotetramer with 30-40% greater enzymatic activity than the matrix
processed with Val-SOD2 precursor [70]. Despite the increased efficiency of SOD2
produced from the A allele, many epidemiological studies have described associa-
tion between this genetic variant and various types of cancer [72] including pros-
tate [73], breast [74], and lung [75] cancer.

It is believed that this phenomenon occurs due to the higher efficiency of SOD2
that, if not accompanied by an increase in the levels of GPX and CAT, or of nonen-
zymatic antioxidant compounds stored in the cell, ends up generating excess H,0,
that can react with transition metals via the Fenton reaction originating the strongly
mutagenic OH’ radical.

On the other hand, previous investigations related to the Val-SOD2 allele suggest
that this allele and/or the VV genotype would increase the risk of some chronic non-
transmissible diseases and also differential response to xenobiotic agents [68]. In
fact, the VV genotype has a lower enzymatic efficiency of SOD2 and thus poten-
tially leads to the basal accumulation of higher concentrations of the radical anion
O, within the mitochondria. This ROS is poorly permeable to membranes, and
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highly reactive in the presence of NO, which leads to the production of peroxyni-
trite (ONOO?). In turn, this molecule has great affinity with lipids, thus causing an
extensive oxidation of cell membranes, a phenomenon known as lipid peroxidation
or lipid peroxidation. In addition, the excess of the radical anion O, can lead to the
production of other ROS that contribute to establish oxidative stress states [76].

Thus, the VV-SOD2 genotype has been associated with endothelial dysfunction,
elevated oxidized LDL levels [77], the presence of microvascular complications
associated with diabetes including retinopathies and nephropathies [78], elevated
levels of inflammatory cytokines [79, 80], increased risk of developing obesity [81],
hypercholesterolemia [82], and association between dyslipidemia and stroke [83].
Although AA genotype increases the risk of breast cancer, in certain populations,
VV genotype appears to amplify tumor aggressiveness as it increases the potential
for breast cancer metastasis [84, 85].

In addition, in vitro investigations have also shown that Val16Ala-SOD2 poly-
morphism differentially affects the toxicity of lymphocytes exposed to ultraviolet
radiation [86], to the methylmercury heavy metal [87], and the pharmacological
response of hypercholesterolemic patients to rosuvastatin [88]. This polymor-
phism also altered the antioxidant response of peripheral blood mononuclear cells
(PBMCs) exposed to resveratrol [89] and to seleno-L-methionine [90].

Due to the importance of this genetic polymorphism for human health, an
experimental pharmacological model was developed by [91], for prostate cancer,
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Figure 3.

This figure summariges the Val16Ala-SOD2 polymorphism. This protein has a small peptide region known

as the mitochondrial tavget sequence (MTS) that directs SOD2 protein into the mitochondria. Within this
organelle, the enzyme SOD2 finally becomes active. This polymorphism causes a thymine to be exchanged for a
cytosine at codon 16. This exchange leads to the substitution of the amino acid valine by the amino acid alanine.
Thus, there are three possible genotypes related to this polymorphism: AA, VV, and AV, Source: adapted
Barbisan et al. [93].
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and by [92], for colorectal cancer, showing in tumor cells the difference in treat-
ment by superoxide-hydrogen peroxide (S-HP) imbalance.

In this S-HP pharmacological imbalance model, two molecules, paraquat and
porphyrin, were used. Paraquat is an O, anion generator, whose higher levels
of this molecule are observed in VV-like cells. On the other hand, porphyrin isa
molecule that acts similar to SOD2 (SOD2-like), thus causing an increase in H,0,
levels, as observed in cells with the genotype AA-like [91, 92], simulating in vitro
the two genotypes of the polymorphism. A schematic summary of this genetic
polymorphism is illustrated in Figure 3.

In summary, considering that PB seems to interact with other exogenous pro-
oxidant agents, triggering symptoms recognized in Gulf War illness, the hypothesis
of interaction between this drug and the Val16Ala-SOD2 polymorphism cannot be
ruled out.

3. Discussion

Pyridostigmine bromide was used to treat changes in neuromuscular junction
[21, 20] and was also used prophylactically in GWI for stress prevention and against
chemical and physical agents, which soldiers were exposed to during the war [49].
However, this drug was associated with several adverse effects detected during and
after the war in soldiers who prophylactically ingested 30 mg/3 times a day of this
drug. Among these effects, the main ones were skeletal muscle fatigue, headache,
attention deficit, cognition problems, gastrointestinal disorders, and sleep and
temperature regulation problems, among other autonomic alterations [1, 2, 4].

These results suggested that BP could have a relevant cytotoxic effect on
humans. However, previous animal cell studies have suggested that isolated expo-
sure to CP would not cause extensive damage including decreased cell viability and
cellular apoptosis [8, 46]. However, other studies have shown that when animals
were treated with CP associated with other chemical molecules that were potentially
used in biological warfare or in the prophylaxis of other diseases or even parasitic
diseases, such as permethrin, used to prevent infestation by head lice, results were
quite different. These results then indicated the interaction of BP with chemical
agents or even physical factors such as intense physical activity and psychological
stress such as oxidative stress and inflammation [6].

Considering that most of the agents in which BP interacts are factors that
increase oxidative stress and body inflammation, an open question concerns the
potential occurrence of interaction between BP and oxidative imbalances associ-
ated with individuals’ genetic characteristics, as is the case of the Val16Ala-SOD2
polymorphism. This question is quite pertinent since, so far, doubts remain about
the efficacy and safety of the use of BP as a drug and also about the fact that it was
pointed as the cause of GWI disease.

So two studies were very important that showed that pyridostigmine bromide
affected in vitro cytogenotoxicity and AChE enzyme activity of SHSY-5Y neural
cells, in a concentration-dependent manner, showing decreased cell viability,
increased oxidative stress, and apoptosis mainly when they were exposed to the
highest concentration tested at 80 ng/mL. However, over a longer period of expo-
sure, there was an increase in cell proliferation rate, suggesting that the oxidative
effects triggered by CP exposure may be transient and reversible in these neural
cells [94]. However, when exposed to different Vall6Ala-SOD2 genotypes, the
cytogenotoxicity and efficacy in inhibiting AChE induced by CP exposure were
directly modulated by the Vall6Ala-SOD?2 polymorphism that alters the basal oxida-
tive state of human peripheral blood polymorphonuclear cells. In this case, cells
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with higher basal production of H202 had higher cytotoxic sensitivity to CP, while
cells with higher basal production of 0>~ anion showed higher resistance to inhibi-
tion of AChE enzyme. These results suggest a potential pharmacogenetic effect of
S-HP imbalance on BP efficacy and safety [95].

These results found in the literature suggest that the efficacy and toxicity to
CP are influenced by the interaction with oxidative imbalance by Val16Ala-SOD2
polymorphism, indicating potential toxicogenetic and pharmacogenetic effects of
this drug. The data presented here may potentially contribute to elucidate the inter-
action between BP and oxidative stress-inducing agents and may also be relevant
to the clinical and epidemiological field related to the use of AChE inhibitors as
therapeutic agents [94, 95].

4, Conclusion

Studies indicate that the interaction between pyridostigmine bromide and
stressors could trigger genotoxicity, the mechanism associated with the induction
of oxidative stress that leads to this side effect of this drug; however, this discus-
sion needs to be better elucidated and may be more discussed as there is interaction
between the pyridostigmine bromide and an endogenous oxidative imbalance
caused by it or even by the possible interaction of this with genetic variations pres-
ent in the antioxidant metabolism.

This chapter was developed to show studies related to the toxicity of pyridostig-
mine bromide and its influence with oxidative stress, as we conclude that:

Results suggested that the exposure of neural cells to PB without other chemical
and physical stressors does not cause extensive toxicity that could explain the clini-
cal symptoms observed in GWI.

Study demonstrated that PB can transiently modulate redox metabolism in cells.
However, factors that increase HP levels, such as the AA-SOD2 genotype, may affect
PB efficiency and efficacy by inducing AChE inhibition and oxidative stress. Data
from these in vitro studies may be useful for complementing population studies
investigating PB or other AChE inhibitors.

Our results suggest that the efficacy and toxicity to CP are influenced by the
toxicogenetic and pharmacogenetic interactions of this drug. The results presented
here may potentially contribute to elucidate the interaction between CP and oxida-
tive stress-inducing agents and may also be relevant to the clinical and epidemio-
logical field related to the use of AChE inhibitors as therapeutic agents.
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The Clinical Importance of
Herb-Drug Interactions and
Toxicological Risks of Plants and

Herbal Products

Cigdem Kahvaman, Zekiye Ceren Arituluk
and Iffet Irem Tatli Cankaya

Abstract

Approximately 70% of the world’s population has been using medicinal herbsasa
complementary or alternative medicine that has grown tremendously in both developed
and developing countries over the past 20 years (World Health Organization Drugs
Strategy 2002-2005). This increase in consumer demand for medicinal plants contin-
ues, although scientific data are rare to create safety and efficacy profiles. Its popularity
is also related to easy availability, cost-effectiveness leading to better purchasing power,
and various factors that perceive that they are generally safe. Herbs are often admin-
istered simultaneously with therapeutic drugs for the treatment of major ailments,
and herb-drug interactions (HDIs) increase their potential. The main routes proposed
for HDIs include cytochrome P450 (CYP450)-mediated inhibition or induction and
transport and flow proteins. In our review, we highlighted herbal medicines used for the
treatment of various diseases with pharmacokinetic, pharmacodynamic analysis and
case reports together with their adverse effects and herb-drug interactions. Therefore,
this review can be used as a quick reference database for physicians and healthcare
professionals involved in therapy, aiming to maximize clinical outcomes by reducing the
negative and toxic effects of plants along with avoiding herb-drug interactions.

Keywords: herbs/plants, herbal products, natural products, drugs, interactions,
toxicity

1. Introduction

Herbal products are considered the best choice as complementary medicine
in western countries, especially in the United States and Europe. Annual sales of
dietary herbal supplements in the United States increase 6.8% year over year. In
addition, China and India are the top export countries, while Hong Kong, Japan,
the United States, and Germany are the leading importers. The Confederation of
Indian Industry (CII) presented that the market size of the Ayurvedic industry in
the country is $ 4.4 billion, and the total market size of the Indian health industry is
$ 11.8 billion. There has been an increase in demand for “complementary” medi-
cines, including those of plant origin. In addition, there is a significant increase in
the self-administration of herbal medicines among the public. In the context of the
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growing demand and use of herbal medicines for patients and the public, and

the subsequent interests of the regulatory authorities, comprehensive research

on the safety and effectiveness of herbal products, including the possibility of
interactions when simultaneous application is required, should be encouraged. This
is because all herbal medicines and dietary supplements are a complex mixture con-
taining multiple active phyto-components that increase the possibility of herb-drug
interaction (HDI). Most people who consume herbal products and supplements

do not show this to their pharmacist or doctor, thereby increasing the likelihood

of HDI being identified and resolved over time. However, data from recent studies
show that there is potential for serious interaction between some commonly used
herbs/herbal products and commonly used standard medications [1].

In our review, we highlighted herbal medicines used for the treatment of
various diseases with their adverse effects and herb-drug interactions, and stated
recommendations for proper use of plants that might prevent possible risks for
future incidents.

2. Toxicological risks of plants and herbal products
General risks associated with herbs and/or herbal products include:
* Misidentification without assigning with Latin names. Possible causes of
misidentification include contamination of cultivated plants with weeds, and

resembling plants mistaken for herbs collected in the wild.

* Contamination with harmful substances such as heavy metals, polycyclic
aromatic hydrocarbons, dioxins, as well as natural toxins or microorganisms.

* Interaction with other drugs, such as antagonism or synergism, and medical
tests that potentially lead to misdiagnosis.

* Adulteration with other medicinal drugs.

* Intrinsic toxicity caused by the presence of natural toxins, such as aristolochic
acids [2].

2.1 Nephrotoxicity

The drug or toxin that causes kidney damage when exposed to a certain level
cannot pass the excess urine, and the waste product is what is called nephrotoxicity.
In this case, there is an increase in blood electrolytes, such as potassium and magne-
sium. This situation begins temporarily but can be serious if it is not detected before.
Blood urea nitrogen (BUN) test and creatinine levels in the blood are two simple
tests called as kidney function tests used to detect the nephrotoxicity. For healthy
individuals, the normal levels of BUN and creatinine are between 10-25 mg/dl and
0.7-1.4 mg/dl, respectively. The following factors may increase these values:

a.Dehydration.

b.Obstruction of blood flow to or from kidney caused by a tumor, stone, or
irregular heart rhythms.

c. Nephritis or urinary tract infection.
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d.The aftermath of diseases such as diabetic neuropathy, congestive heart failure,
and enlarged prostate gland in man.

e. Gastrointestinal bleeding.

f. Prolonged hypotension.

g.Protein-rich diets.

h.Radiocontrast dye injected intravenously to improve visibility.

i. Drug toxicity with some chemotherapeutics (carboplatin, carmustine, cispl-
atin, methotrexate, and mitomycin) and biological therapeutic agents (inter-
leukin-2 and interferon-alpha), antibiotics (amphotericin B, gentamicin, and
vancomycin), NSAIDs (ibuprofen), diuretics (furosemide), and ACE inhibi-
tors (captopril, benazepril, and enalapril).

j- Nephrotoxicity after taking herbal medicine.

The cause of nephrotoxicity after taking herbal medicine may be the addition of
toxins during careless preparation, addition of adulterants, heavy metals, and some
pharmaceutical products intentionally reducing costs or increasing effectiveness [3].

About 50 plants were related to kidney damage case reports published in
PubMed in the last 50+ years (from 1966 to May 2016). Herbs include Aristolochia

fangchi Y.CWu ex L.D.Chow & S.M.Hwang, Artemisia herba-alba Asso, Callilepis
laureola DC., Cupressus funebris Endl., Ephedra sinica Stapf, Hypericum perforatum
L., Taxus celebica (Warb.) H.L.Li, Tribulus tervestris L., and Tripterygium wilfordii
Hook.f. Aristolochia species containing aristolochic acid, Aristolochia fangchi, had the
highest number of publications (not actual cases) [4].

2.2 Hepatotoxicity

Hepatotoxicity (“Hepar” means liver and “Toxicon” means poison in ancient
Greek) implies liver damage caused by medication, chemical, herbal, or dietary
supplements. Stomach pain, vomiting, nausea, chance in urine and stool color, rash,
jaundice, frequent tiredness, weakness, fatigue, and fever are the main symptoms
of the damage. Some liver function tests performed on blood samples allow detect-
ing hepatotoxicity in the laboratory. These tests include alanine transaminase test
(normal range 7-55 U/1), alkaline phosphatase test (normal range 45-115 U/1),
albumin test (normal range 3.5-5.0 g/dl), aspartate transaminase test (normal range
8-48 U/1), and bilirubin test (normal range 0.1-1.2 mg/dl). Increased ALT, ALP,
AST, and bilirubin and decreased albumin levels demonstrate hepatotoxicity. The
levels of ALP also increase during pregnancy [3].

The causes of liver damage are both hepatocellular and extracellular mechanisms
such as hepatocyte disruption, transport protein disruption, T-cell activation,
hepatocyte apoptosis, disruption of mitochondria, injury of bile duct, drug toxicity,
and drug interaction [3].

Drug toxicity mechanisms: drugs are the main cause of hepatotoxicity. About
900 drugs, toxins, and herbs have been reported for hepatotoxicity. There are two
types of drug reactions: the first is the reaction that directly affects the liver, called
internal drug reactions; and the other is the reaction that mediates the immune
response, called idiosyncratic drug reactions. In the first category, the drug itself or
its metabolite produces a dose-dependent injury, such as paracetamol and carbon
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tetrachloride. In the second category, hypersensitivity reactions, for example, phe-
nytoin reaction, cause an immunoallergic or metabolic idiosyncratic reaction due
to fever, rash, eosinophilia and indirect drug reaction for a short time. The second
reaction type response rate is variable, for example, halothane [3].

Drug interaction mechanisms: when some drugs are taken at the same time, they
react together and cause liver damage. For example, the combination of tylenol with
INH, histamine, laniazide, and nydrazide can be hepatotoxic [3].

When hepatotoxicity caused by herbal drug intake is discussed, case rates are often
reported. The severity of toxicity varies greatly between mild hepatitis and acute liver
failure. The scoring system for allopathic drugs can be evaluated, but not suitable for
herbal medicines and needs validation. Many Ayurvedic and Chinese herbal medi-
cines are reported to cause hepatotoxicity. The main hepatotoxic herbs are Cimicifuga
racemosa (L.) Nutt., Larrea tridentata (Sessé & Moc. ex DC.) Coville, Scutellaria
baicalensis Georgi, Scutellaria lateriflova L., Teucrium chamaedrys L., etc. [3].

2.3 Cardiotoxicity

Cardiotoxicity is a term used for damage to the heart or change heart functions.
It is a condition where there is a change in the electrophysiological function of the
heart or damage to the heart muscle, weakening the heart and causing poor blood
circulation. This can be detected by symptoms such as dry, unproductive cough;
inflammation in the ankles, hands, feet, and neck vessels; irregular heartbeat;
tachycardia; cardiomegaly; weakness; dizziness; etc. [3].

Herbal drugs that have a direct effect on the heart include medicine prepared
from plants such as Aconitum napellus L., Atropa belladonna L., Catharanthus roseus
(L.) G.Don, Digitalis purpurea L., Ephedra distachya L., Glycyrrhiza glabra L.,
Mandragora officinarum L., etc. [3].

2.3.1 Potential precautions of plants on hypertension

Herbal products are widely used in the general population and many are encour-
aged for the natural treatment of hypertension. Patients with hypertension often
prefer to use these products in addition to or instead of pharmacological antihy-
pertensive agents. Due to the frequent use of herbal products, both consumers and
healthcare providers should be aware of the major issues surrounding these prod-
ucts and factors affecting both effectiveness and damages (Table 1) [5].

Herbal/natural Herbs/herbal products for Causes
products for evidence of harm
evidence of benefit

Coenzyme Q10 Ephedra spec. (Ephedra) Cardiac effects, hypertension,
palpitations, tachycardia, stroke,
seizures

Fish oil Citrus x aurantium L. (Bitter orange) Blood pressure increases occur in
healthy people

Allium sativum L. Eleutherococcus senticosus (Rupr. & Hypertension, tachycardia,

(Garlic) Maxim.) Maxim. (Siberian Ginseng) palpitations

Vitamin C Glycyhrriza glabra (Licorice) Mineralocorticoid excess syndrome,

subsequent hypertension

Table 1.
Herbal /natural products in hypertension for their benefits and disadvantages.
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2.4 Neurotoxicity

The physical brain damage occurred by exposure to neurotoxin is stated as neuro-
toxicity. Neurotoxin is a substance that causes changes in the nervous system activity
by disrupting or killing neurons. Neurotoxicity symptoms are generally emotional
disorders, visual impairment, extremity failing, sexual dysfunction, headache, and
behavioral alteration. Atropa belladonna, Brugmansia species, Cathavanthus roseus,
Cannabis sativa L., Conium maculatum L., Coscinium fenestratum (Goetgh.) Colebr.,
Datura stramonium L., Hyoscyamus niger L., and Papaver somniferum L. are the com-
mon medicinal herbs that have potential neurotoxic effects [3].

2.4.1 Psychiatric and neurological adverse effects

Psychiatric and neurological patients often try herbal medicines assuming they
are safe. Numerous case reports include various adverse events such as cerebral
arteritis, cerebral edema, delirium, coma, confusion, encephalopathy, hallucina-
tions, intracerebral hemorrhage and other cerebrovascular accidents, movement
disorders, mood disorders, muscle weakness, paresthesia, and seizures. Some
deaths have been recorded. Misuse is caused by toxicity of herbal ingredients,
contamination and adulteration, and herb-drug interactions [6] (Table 2).

Herbs

Adverse effects

Potential drug interactions

Panax ginseng C.A.Mey.

Insomnia, vaginal bleeding, mastalgia,
mania

Phenelzine, hypoglycemic drugs

Valeriana officinalis L.
(Valerian)

Headache, GI symptoms, hangover

Other CNS depressants

Datura stramonium

Ataxia, blurred vision, disorientation,

Other anti-cholinergic agents

(Jimson weed)” other cholinergic signs

Glycyrrhiza glabra Mineral corticoid effects Antihypertensives,

(Licorice) corticosteroids, digoxin
Passiflova incarnata L. Nausea, drowsiness, ventricular Other CNS depressants
(Passionflower) tachycardia

Mentha pulegivm L. GI symptoms and cramps, confusion, Inhibitors of cytochrome P-450
(Pennyroyale) hallucination, liver failure system

Piper methysticum G.Forst.

(Kava)”

GI symptoms, restlessness, allergies,
hepatitis

Other CNS depressants

Ephedra sinica (Ma

Anxiety, confusion, insomnia,

Other CNS-stimulants,

Huang)’ psychosis beta-blockers, MAO-inhibitors,
phenothiazines, theophylline
Ginkgo biloba L. GI symptoms, allergies, headache, Anticoagulants
dizziness, bleeding
Tripterygium wilfordii Dryness of mouth, nausea, GI Not known
(Thunder God Vine)’ symptoms, leukopenia
Eucalyptus sp. Cyanosis, delirium, GI symptoms Not known

Hypericum perforatum (St.

John’s wort)

GI symptoms, allergies, fatigue, anxiety

Serotonin reuptake inhibitors,
hepatic enzyme inducer

Aconitum sp. (Aconite)’

Acidosis, bradycardia, diarrhea,
hypokalemia

Antiarrhythmics,
antihypertensives

‘Although we know the unconscious use of plants or their products, some of the plants given in the table are potent
plants that ave undesivable to be used in phytotherapy, but they are generally used in Traditional Chinese Medicine.

Table 2.

Herbal vemedies implicated in causing neurological adverse effects [6].
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2.5 Skin toxicity

Cutaneous toxicity is a term used for a pronounced negative effect such as skin
irritation, inflammation, or rashes of the epidermal growth factor receptor caused
by exposure to a plant, chemical, or environmental factor. Skin consisting of a layer
of dead cells and several layers of living cells is the largest organ and a defensive
barrier of the body. When irritant influences into the skin, the living cells react due
to cause inflammation or dermatitis. Inflammation consists of four parts including
redness, pain, heat, and swelling. Skin toxicity can be detected easily as the reaction
is observed immediately. The most common sources of skin toxicity are food and
cosmetics, and others are medicated lotions, balms, creams, inhalers, and essential
oils. Various herbal ingredients are available in all the cosmetics and medicinal
products mentioned above. Types of skin sensitization reactions include:

Primary irritant dermatitis: it is a direct irritation of the skin, such as redness,
itching, pain, blusters, peeling, or open wounds. Primary irritant dermatitis may be
caused by plants such as, Asclepias syriaca L., Cannabis sativa, Dieffenbachia amoena
Bull., Digitalis purpurea, Ficus carica L., Hevea brasiliensis (Willd. ex A Juss.) Miill.
Arg., Narcissus pseudonarcissus L., Primula veris L., Ranunculus acris L., Ricinus
communis L., Tulipa gesneriana L., etc. Common foods such as Agaricus bisporus L.,
Apium graveolens L., Brassica vapa L., Cucumis sativus L., Daucus carota L., Pastinaca
sativa L., Petroselinum crispum (Mill.) Fuss, and Solanum lycopersicum L. can also
cause primary irritant dermatitis.

Allergic contact dermatitis: it is a real allergic response and varies from person
to person. Toxicodendron diversilobum (Torr. & A.Gray) Greena and Toxicodendron
rydbergii (Small ex Rydb.) Greene, Allium cepa L., Allium sativum, Anacardium
occidentale L., Apium graveolens, Cedrus deodara (Roxb. ex D.Don) G.Don,
Dendranthema grandiflorum (Ramat.) Kitam., Hedera helix L., Marchantiophyta
species, Narcissus pseudonarcissus, Primula vulgaris Huds., Pinus sabiniana Douglas,
Toxicodendron vernix (L.) Kuntze, and Tulipa gesneriana are the most common
plants that produce allergic contact dermatitis.

Photosensitization dermatitis: it is a cutaneous toxic response caused by exposure
to sunlight when a photosensitizer (sunlight sensitive compound) is present in the
body and can be detected by sunburn-like reactions in pigment-free areas. Plants
such as Agave lechuguilla Torr., Bassia scoparia (L.) A.J.Scott, Hypericum species (St
John's wort), Lantana camara L., Tetradymia species, and Tribulus terrestris cause
photosensitive dermatitis [3].

There is another type of phototoxic photosensitization caused by contact with
some plants. Such a reaction occurs when a photoactive chemical produced by
plants touches the skin, and is absorbed and activated by sunlight. Intensity varies
depending on time and exposure amount. Anethum graveolens L., Apium graveolens
L., Brassica oleracea L., Citrus aurantiifolia (Christm.) Swingle, Daucus carota,

Ficus carica, Hypericum perforatum (St. John's wort), Petroselinum crispum, and
Ranunculus acris are reported to produce contact photosensitization [3].

3. Contamination of herbal medicines by tropane alkaloids

Tropane alkaloids that have been known as toxic and hallucinogenic are mainly
seen in Solanaceae plants (Atropa belladonna, Hyoscyamus niger, Datura stramo-
nium, etc.). All over the world, anticholinergic poisoning is observed due to the
contamination of herbal teas and plants with tropane alkaloids. Tropane alkaloid
poisoning can occur after consumption of any medicinal plant from Solanaceae
family as contaminants. Globally, almost all reports from 1978 to 2014 include one
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of the herbs prescribed in herbal teas. Contamination is most likely to occur during
harvesting or processing. For herbs, on-site inspection is required to exclude cross-
contamination at the retail level and accidental mixing. The diagnosis is confirmed
by screening for the presence of Solanaceae species and tropane alkaloids. Since, if
these relatively heat-resistant alkaloids contaminate the herbal teas and other herbs
in large quantities, significant health hazards may occur, the significance of good
agricultural and collection practices (GACPs) for medicinal plants is accentuated by
WHO repeatedly. The DNA barcode is also increasingly used to exclude the pres-
ence of pollutant (especially toxic species) and product substitution. All suspect
cases should be reported to health authorities so that investigations throughout the
supply chain and early intervention measures to protect the public can be taken [7].

4. Herb-drug interactions with the plants including furanocoumarins

Naturally occurring furanocoumarins are abundant in citrus fruits, vegetables,
and medicinal herbs from the Apiaceae, Fabaceae, and Rutaceae families. Grapefruit-
drug interactions were first discovered by chance in 1989 where 5-fold higher
felodipine plasma concentrations were observed. Consumption of grapefruit juice
has increased the oral bioavailability of various drugs, including calcium channel
blockers (e.g., felodipine, nifedipine), HMG-CoA reductase inhibitors (simvastatin,
lovastatin), benzodiazepines (midazolam, triazolam), antihistamines (terfenadines),
and immunosuppressants (cyclosporine). In addition, phototoxicity developing with
furanocoumarins occurs as a result of exposure to sunlight, following contact with
the plant. Phototoxicity results in acute dermatitis, sometimes blisters, and vesicles.
In many cases, prolonged hyperpigmentation is observed. Photochemotherapy for a
long time with furanocoumarins can also cause cancer (skin and liver) [8].

5. Toxicity of pyrrolizidine alkaloids

Pyrrolizidine alkaloids (PAs) are common components of hundreds of plant
species of unrelated botanical families scattered across many geographical regions
of the world. In more than 6000 plants belonging to three large plant families,
Asteraceae, Boraginaceae, and Fabaceae, above 660 PAs and PA N-oxides have been
identified and about half of them are toxic. More than 10,000 cases of PAs poison-
ing have been documented worldwide, most of which resulted from exposure to
food contaminated with PAs. Acute toxicity from PA is mainly seen in the liver,
including hemorrhagic necrosis, hepatic megalocytosis, venous occlusion, liver
cirrhosis, and hepatic carcinomas, and chronic exposure to PAs, from herbs/dietary
products containing PAs, can lead to kidneys, pancreas, gastrointestinal tract, bone
marrow, and brain. It is a worldwide public health problem due to the high risk of
human exposure to genotoxic and tumorigenic PAs, and the International Program
on Chemical Safety has concluded that PAs are a threat to human health and safety.
Regulations have been constituted to restrict its use [8].

6. Adverse effects of anthraquinone derivatives
Anthraquinone derivatives with a laxative effect appear in a number of plants:
Sennae folium, rhei rhizoma, frangulae cortex, and aloe. They have a laxative

effect by directly stimulating the colonic smooth muscles. The adverse effects
of laxative anthraquinone drugs are more likely to be caused by excessive loss of
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fluids and electrolytes, especially potassium loss, associated with the use of high
doses. Higher doses also drain a larger portion of the colon, and the resulting
natural absence of defecation over the next day leads to reuse of anthraquinone.
Prolonged use of laxatives due to laxative addiction should be avoided, as it may
have a detrimental effect on the intestinal mucosa, leading to a condition known as
Melanosis coli. This is usually seen after at least 9-12 months of regular stimulant
laxative use. Undesirable effects such as abdominal spasms and pain, urine color
change by metabolites, and hemorrhoid congestion are common. A report from
China reported that patients with senna leaf tea addiction as laxatives suffer from
symptoms of fidgetiness, sleeplessness, dilated pupils, and loss of appetite while
consuming 5-9 g of senna daily. Rare cases of hepatic inflammation induced

by anthraquinone derivatives have been reported and may be dose dependent.
Hypokalemia, which occurs as the effect of long-term use of laxative drugs,
strengthens the effect of cardiac glycosides and interacts with antiarrhythmic
drugs. Using other drugs (diuretics, adrenocorticosteroids, and licorice) that cause
hypokalemia can speed up electrolyte imbalance. Contraindications for anthracene
laxatives are intestinal obstruction and chronic intestinal inflammation such as
stomach or duodenal ulcer or ulcerative colitis [9].

7. Adulterations

Many reports on the adulteration of herbal products with synthetic drugs have
been systematically reviewed and published with case reports. The list of herbal
products and adulterants produced in this way is quite impressive and caused
serious side effects (Table 3). A case with the latest herbal product adulterated is
related to a 56-year-old man from Indonesia. While visiting Australia, he was hos-
pitalized in a mixed condition arising from hypoglycemia. He insisted that type II
diabetes was controlled only by diet. However, despite dextrose infusions, glucose
levels do not normalize. It was eventually discovered that he also received a TCM
“Zhen Qi” from Malaysia. It was analyzed and shown to contain glibenclamide.
Like that, in some cases, patients were severely damaged. Examples of serious side
effects include agranulocytosis, Cushing’s syndrome, coma, over-anticoagulation,
gastrointestinal bleeding, arrhythmias, and various skin lesions. Due to the
adulteration of herbal products with synthetic drugs, adequate and necessary
procedures should be applied, and whole herbal products should be analyzed
before marketing [10].

Acetaminophen Dexamethasone Glibenclamide
Aminopyrine Dexamethasone acetate Hydrochlorothiazide
Betamethasone Diazepam Hydrocortisone
Caffeine Diclofenac Indomethacin
Chlordiazepoxide Ethoxybenzamide Mefenamic acid
Chlorzoxazone Fluocinolone acetonide Methylsalicylate
Clobetasol propionate Fluocortolone Phenacetin
Corticosteroids Fluocortolone Phenylbutazone
Phenytoin Prednisolone Sibutramin
Sildenafil

Table 3.

Adulterants found in herbal products.
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8. Heavy metal contaminations

It is possible to come across heavy metals such as cadmium, cobalt, copper, iron,
manganese, nickel, lead, zinc, and mercury in concentrations that are not produced
within the framework of certain rules, especially the traditional Chinese herbal
preparations. This contamination is probably caused by contamination during
drying and preservation. With severe complications that may occur, these types of
products are unlikely to cause adverse health effects, even if they are not consumed
in large quantities for long periods of time [11].

9. Herb-drug interactions (HDI)

There are no molecules in nature that have no effect. Therefore, this diversity
increases the variety of products while increasing the probability of interaction. If the
effect of a drug is changed qualitatively or quantitatively by another substance (herbal
medicine/product/ingredient), there is an interaction between these two drugs. It
can be said as a rule that two drugs should be present at the same time in the body,
especially in the place of interaction, for interaction to occur. But sometimes, if the
drug causes a permanent effect on the body, interaction can occur even if such a drug
is not found in the body. Interaction is sometimes deliberately created to increase the
therapeutic effect of one drug with another drug or to reduce its side effects, which
are useful interactions. In other cases, the interaction may occur undesirably as a
result of unauthorized use of medicines or when the patient is starting treatment with
a particular medication. Sometimes, unpredictable interactions due to new drugs may
occur. Drug-related as well as disease-related factors (patient’s age, gender, genetic
characteristics, pathological condition), such as the posology and method of adminis-
tration, pharmacokinetic, pharmacodynamic, and therapeutic properties of the drug
may cause interactions between medicines and herbal medicines (Figure 1) [12].

It is observed that the use of herbal medicines/herbal products is more common
in the geriatric group aged 65 and over, and the use in women in this adult population
is higher than in men. Herbs/herbal products/drug interaction is higher in patients
using drugs with narrow therapeutic index. Information on herbs-herbal products/
drug/component interactions is based on i vitro tests, in vivo animal experiments,
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Figure 1.
The important risk factors that influence the occurrence of interactions between herbal products and
conventional drugs [13].
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and case reports. Many mechanisms play a role in these interactions, and interactions
are seen in two main types as pharmacokinetic and pharmacodynamic interactions.
Pharmacokinetic interactions result in changes in drug absorption, distribution,
metabolism, and elimination. These interactions usually occur far away from the
drug’s effect and lead to a decrease or increase in effect as a result of the change in
drug concentration in body fluids. In order to say that there is a pharmacokinetic
interaction, the plasma level or half-life of the drug should be determined experi-
mentally. Various interactions such as cytochrome P450, UDP-glucuronyl-transferase
(UGTs), and carrier proteins such as P-glycoprotein (P-gp) are thought to play a role
in these interactions. Pharmacokinetic interactions are the most common interactions
as a cause of undesirable side effects. If the herb or natural products or its second-
ary metabolites inhibit an enzyme involved in drug metabolism, it may increase the
potential for toxic effects, as it will reduce the metabolism of drugs that metabolize
the enzyme and turn into an inactive metabolite as a result of metabolism. If the
herbal drug induces an enzyme, a decrease in drug effect may be observed, since the
metabolism of the drugs that are metabolized by this enzyme and converted into inac-
tive metabolite as a result of metabolism will increase. Likewise, if the drug turns into
an active metabolite as a result of metabolism, if the herbal drug induces the enzyme
responsible for the metabolism of the drug, an increase in drug effect or toxic effect
may be observed as a result of increased effective metabolite concentration [12].

Pharmacodynamic interactions occur when one drug changes the effect of another,
that is, an effect opposite or in the same direction, chemically combined with it. That
is, if the herbal medicine and drug affect the same receptor or the same site, interaction
occurs and a synergic or antagonistic effect may occur. While the effect of the drug
increases as a result of the additive effect, the effect of the drug decreases or disappears
as a result of the antagonistic effect. The concentration of the drug in body fluids,
plasma, is not changed by the second drug. Although most of the drug metabolism is
carried out in the liver with cytochrome P450 enzymes, the metabolism of some drugs
can be in the blood, kidney, skin, and intestine. Approximately 50 different cyto-
chrome P450 enzymes have been identified. However, a small portion of these enzymes
play a role in drug metabolism. Herbal drug-drug interactions are generally pharmaco-
kinetic-type interactions that result from enzyme inhibition or induction [12].

The following are the evaluation parameters used to determine the probability
of herb-drug interactions:

a.Adequate patient history.

b.Concurrent diseases, conditions, or other drugs associated with adverse events.
c. Concomitant medications are documented.

d.The description of the interactors is sufficient.

e. Clearly, alternative explanations are excluded.

f. Chronology is complete.

g.The time sequence of drug administration to adverse event is reasonable.
h.An adverse event has been sufficiently defined.

i. The event ends after stopping the medicine.

j- The activity repeats upon challenge again [3].
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9.1. Herb-drug interactions in the treatment of cardiovascular
disorders (CVDs)

In 2015, an estimated 422.7 million cases of cardiovascular disease (CVD) and
17.92 million CVD deaths were reported worldwide. And most people in the world
still prefer complementary and alternative medicine (CAM) as their first treat-
ment option. The consumption of over-the-counter CAM consumption increases
the risk of HDI, which endangers the effective medical management of CVD. In
cardiac therapy, the narrow therapeutic drug window and a wide range of cardiac
drugs available for treatment are also a major cause of concern for HDI. People with
chronic diseases often use CAM therapies inappropriately to manage their condition
and thereby increase the potential or possibility of HDI formation [1].

This section of our review focuses on plants reported in the literature by preclini-
cal or clinical studies (rats or humans) or cardiovascular drugs with appropriate case
reports. These herbs are reported to affect the pharmacokinetics of some cardiovas-
cular drugs through a variety of HDI mechanisms. Reported HDI studies of some
plants commonly used for the treatment of CVDs are summarized in Table 4 [1].

Herbs

Interacting drugs

CYP, P-gp induction/inhibition

Piper longum L.

Verapamil, digoxin,
propranolol

CYP3A4, CYP2D6 and CYP1A?2 (inhibition)

Curcuma longa L.

Losartan, rosuvastatin,
warfarin, clopidogrel

CYP3A4, CYP1A2, CYP2B6, CYP2C19, CYP2C9
(inhibition)

Talinolol

P-gp induction, intestinal P-gp in subjects with
ABCB1 C3435T genotype inhibition

Fucus vesiculosus L.

Amiodarone, valsartan

CYP1A (induction), CYP2C9 (inhibition)

Zingiber officinale Roscoe Nifedipine, CYP2C9 (potent inhibition) CYP2C19, CYP3A4
phenprocoumon (moderate inhibition)

Terminalia bellirica Diltiazem CYP3A4 CYP2D6

(Gaertn.) Roxb.

Salvia miltiorrhiza Bunge Warfarin CYP3A4 (induction) CYP1A2, CYP2C9,

CYP1E1, CYP2C6, CYP2C11 (inhibition)

Allium sativum

Atorvastatin, cilostazol

CYP2C9, CYP3A4 and CYP2D6 (inhibition)
P-gp induction

Ginkgo biloba Diltiazem, cilostazol CYP1A2, CYP3A, and CYP2C9 (P-gp inhibition
inhibition) CYP2C19 (induction)
Nifedipine Unknown
Talinolol Intestinal P-gp inhibition
Glycrrhiza glabra Atorvastatin, CYP2B6, CYP2C9, CYP2C19 (inhibition)

simvastatin, lovastatin

CYP3A4 (induction)

Panax ginseng Warfarin CYP3A4 (induction), CYP2C11 (inhibition)
Nifedipine CYP3A4 (inhibition)
Pueraria montana (Lour.) Warfarin CYP 1A2 (induction) CYP2D6, CYP3A4, and
Merr. var. lobata (Willd.) OATs (inhibition)
Sanjappa & Pradeep
Citrus paradisi Macfad. Felodipine CYP3A4 (inhibition)
Talinolol OATP inhibition
Aliskiren OATP2B1 inhibition
Atorvastatin Intestinal CYP3A4 inhibition
Lovastatin Intestinal CYP3A4 inhibition
Simvastatin Intestinal CYP3A4 inhibition




Medical Toxicology

Herbs Interacting drugs CYP, P-gp induction/inhibition

Mentha x piperita L. Felodipine CYP3A4 (inhibition)

Hypericum perforatum Nifedipine CYP3A4 (induction)
Verapamil
Digoxin P-gp induction
Talinolol P-gp induction
Phenprocoumon CYP2C9 induction, CYY3A4 induction
Atorvastatin CYP3A4 induction, P-gp induction
Pravastatin Intestinal CYP3A4 inhibition
Simvastatin CYP3A4 induction, P-gp induction
Rosuvastatin P-gp induction

Camellia sinensis (L.) Digoxin P-gp induction, digoxin uptake inhibition

Kuntze. Nadolol Intestinal OATP1A2 inhibition
Rosuvastatin Intestinal OATP1A2/OATB2P inhibition

Malus pumila Mill. Atenolol Unknown (possible mediated by OATP

function and modulation of intestinal drug
uptake)

Aliskiren OATP2BI inhibition

Schisandra chinensis Talinolol P-gp inhibition

(Turcz.) Baill.

Citrus x sinensis (L.) Aliskiren OATP2B1 inhibition

Osbeck

Silybum marianum (L.) Losartan CYP2C9 inhibition

Gaertn.

Table 4.

Reported HDI studies of some commonly used herbs for the treatment of CVDs [1, 13].

9.2 Herb-drug interactions with chemotherapeutic drugs

One of the most important risks associated with the combined use of herbal
products and chemotherapeutic agents is herb-drug interactions. Patients with
chronic illnesses who use more than one drug have a higher risk. Herb-drug
interaction is undesirable in the treatment of cancer due to the perpendicular
dose-effect relationship and toxicity of chemotherapeutic agents. The most
common mechanism of herb-drug interaction is herbal mediated inhibition
and/or stimulation of drug-metabolizing enzymes and/or transport proteins
that lead to changes in the pharmacokinetic order of the victim drug. This focus
on clinically significant herb-drug interaction should attract public attention,
including practitioners, researchers, and cancer chemotherapy consumers
(Table5) [14].

9.3 Herb-drug interactions with attention-deficit/hyperactivity disorder
(ADHD) medication

In some pediatric patients with attention deficit/hyperactivity disorder
(ADHD), natural products such as herbal medicines are used. Although herbal
remedies are thought to be safe when used appropriately, they may contain active
ingredients that can interact with concurrently used medications and can lead to
adverse events for natural products-drug interactions (Table 6) [15].
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Herbs Cancer Study type Results
drugs
Echinacea Etoposide Case report It was found that taking echinacea
with etoposide rarely reduced platelet
(16 x 103/L) compared to etoposide
alone (44 x 103/L)
Docetaxel Prospective study in 10 Echinacea did not cause a significant
cancer patients change in the pharmacokinetics of
docetaxel
Garlic Docetaxel Prospective, Garlic was found to reduce docetaxel
patient controlled, clearance. Although this reduction
pharmacokinetic is not statistically significant, it can
potentially increase side effects due to
docetaxel accumulation
Ginseng Imatinib Case report After receiving ginseng in patients
receiving imatinib for 7 years,
hepatotoxicity symptoms began to
appear. Hepatotoxicity improved upon
discontinuation of ginseng
Grapefruit juice Docetaxel Case report Grapefruit juice has been found to
reduce the clearance of docetaxel,
while increasing the AUC and terminal
half-life of docetaxel
Nilotinib Open label, randomized, It was found that grapefruit juice
2 period crossover increased the AUC and the peak
concentration of nilotinib, but did not
affect the elimination half-life
Milk thistle Irinotecan Pharmacokinetic study It has been found that milk thistle
causes a statistically insignificant
decrease in irinotecan clearance, which
is unlikely to cause a clinical effect
St John’s wort Docetaxel Pharmacokinetic study St John’s wort was found to cause
asignificant decrease in plasma
docetaxel concentration
Irinotecan Unblinded, randomized St John’s wort caused a 42% reduction
crossover study in plasma concentrations of the active
metabolite (SN-38)
Imatinib Open-label, crossover St John's wort reduced the plasma
pharmacokinetic study concentration of imatinib by 32% and
reduced the half-life of imatinib by 21%
2-period, open-label, St Johns wort increased the imatinib
fixed sequence study clearance by 43% and decreased the
plasma concentration by 30%
Table 5.

Herbal interaction studies with chemotherapeutic agents conducted in human subjects [14].

9.4 Herb-drug interactions (HDI) with chronic kidney disease (CKD)

medication

Chronic kidney disease (CKD) is defined as abnormalities in kidney structure
or function that have been going on for more than 3 months, with adverse health
consequences. The prevalence of CKD is estimated to be 8-16% worldwide.
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Herbs Drugs Case
Ginkgo Strattera An 8-year-old male patient with a history of ADHD, astigmatism,
biloba behavioral disorder, learning disorder, and asthma was using 25 mg

Strattera for ADHD from October 2008 to September 2009. From May 2001
to November 2010, he was taking 85 mg of G. biloba daily. After starting
Strattera, the patient experienced headaches and eye pain resulting in
hospitalization. On ophthalmological examination, suspicion of glaucoma
appeared. The reporting child psychiatrist stated that the incident was
related to Strattera

Efalex Ritalin A 7-year-old female was treated with Ritalin 10 mg/day orally for ADHD
evening from October 2001. The patient has also been taking Efalex evening primrose
primrose oil oil since 2001. On March 7, 2002, she developed a tic including her both

arms. It has become more complex. Ritalin was discontinued on March 7,
2002. There was an improvement in head, arm, neck, and leg movements
after cessation, but movements were still present. There was no history of
tic or movement disorders in the family. Before the tics, the patient had a
nightmare for 1 week. She also had a skin rash and dry skin in her mouth.
The case was considered medically significant

Evening Concerta An 11-year-old male was using 36 mg of methylphenidate per day for ADHD

primrose oil for several years. The patient was also taking evening primrose oil for an
unknown indication and duration. There was a history of moderate to severe
developmental delay and slow learning. Methylphenidate was exhausted on
December 30, 2002 and was brought to emergency with severe torticollis,
rolling arm movements, lip chewing, and pharyngitis. On January 2, 2003, he
presented to the pediatrician with the same symptoms and speech disorder,
did not eat or drink, and was hospitalized. Torticollis improved with
intravenous cetirizine hydrochloride. The patient was also diagnosed with
pharyngeal abscess

St John’s Concerta A 17-year-old female with a history of ADHD and depression was treated with

wort methylphenidate for about a year. Concurrent medication included St. John’s
wort. The patient experienced psychotic symptoms on an unknown day. The
patient saw and heard things that were not there and disturbed at night. The
result was considered medically significant

Ritalin A 15-year-old male started 20 mg oral/day Ritalin for ADHD in 1998 and
tolerated it well. He suffered a period of sadness from June 1, 2001, and he
took St. John’s wort (five drops) orally to treat his depression. A few hours
later he presented agitation, unexplained crying, depression-changing
aggression, and difficulty concentrating. On June 6, 2001, St. John’s wort
ceased and these symptoms subsided. Three weeks later, St. John’s wort
was restarted and the same symptoms appeared. St John’s wort was quitted
and symptoms were relieved again. The reaction was considered medically
significant

Table 6.
Description of adverse status reports evaluated for the cause of natural product-drug interactions [15].

Most importantly, patients with CKD are advised to avoid over-the-counter products
and herbal medicines according to the Kidney Disease Improving Global Outcome
(KDIGO) guidelines. However, several studies have revealed that many patients with
CKD have returned to complementary and alternative medicine (CAM) for a desper-
ate treatment. The consumption of unregistered herbal products is more common
today because these products can be easily purchased from on-line media, street mar-
kets, or stores. It is an alarming trend as it may be linked to an increase in the number
of patients with liver and kidney failure in public hospitals. In addition, patients

with CKD are at higher risk of developing cardiovascular disease. Most of them are
prescribed with antiplatelet and anticoagulants. Anti-platelets and anticoagulants
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may interact with synergistic or additives with CAM products, which can cause
blood-thinning effects that may later cause excessive bleeding (Table 7) [16].

Herbs Dosage form/doses associated Safety concerns
with safety concerns

Panax ginseng Crude and standardized Ginseng It may hypoglycemic effect and can
root extract, high doses, combined cause hypertension, as well as may
preparation interact with anticoagulants

Ginkgo biloba Standardized Ginkgo extract It may interact with anticoagulants and

(EGb 761, 80 mg/day), crude
Ginkgo plant parts (5 ppm of toxic
ginkgolic acid)

can cause a severe allergic reaction

Cinnamomum cassia

(L.) J.Presl

Cinnamon extract

It may have hypoglycemic effect and may
cause worsen liver conditions

Zingiber officinale

Dried root, liquid extract, doses
>10 g/day

It may interact with anticoagulants

Allium sativum

Fresh garlic, dried powder (>7 g/
day), higher doses than usual
dietary intake

It may interact with anticoagulants,
antihypertensive, anti-hyperlipidemic,
and hydrochlorothiazide

Andrographis
paniculata (Burm.f.)
Nees

Andrographis paniculata
extract (50 and 100 mg/kg/
day) for 14 days, standardized
Andrographis extract

It may interact with hepatic metabolizing
enzymes, anticoagulant, antiplatelet,
anti-hyperglycemic, barbiturates

Momordica charantia L.

Bitter melon tea, bitter melon
extract administered intravenously
and intraperitoneally, high-dose
bitter melon seed

It may hypoglycemic effect and may
interact with hypoglycemic agents, death
in children

Punica granatum L.

Pomegranate juice, pomegranate
extract

It may possibly interact with
anticoagulants

Angelica sinensis (Oliv.)
Diels

Dong Quai extract (tablet), dose:
565 mg (1-2 tab/day) for 4 weeks

It may increase the risk of bleeding,
increase cancer risk, as well as

may interact with anticoagulants,
antiplatelet, estrogen (augments the
effect of estrogen)

Medicago sativa L.

Alfalfa seed products

It may cause autoimmune diseases (SLE,
multiple sclerosis, rheumatoid arthritis),
photosensitivity, estrogen-like and
hypoglycemic effects, and may interact
with immunosuppressants, warfarin,
oral contraceptives, estrogen conjugates,
oral hypoglycemic agents, iron, vitamin

Trigonella foenum-
graecum L.

Fenugreek seeds, fenugreek seed
powder (>5g)

It may have a hypoglycemic and
estrogen-like effects

Camellia sinensis

Tea (high dose >600 mg/day or
2.25-4.5 L/day)

It may cause liver problems, and may
interact with nadolol (beta-blocker),
diuretics

Morvinda citrifolia L.

Noni juice, dose >400 mL

It may cause liver toxicity, and contains
high potassium

Spirulina A product containing blue-green It may increase the risk of bleeding,
algae may interact with immunosuppressant,
antiplatelet, anticoagulants, NSAIDs,
other herbs that reduce blood clotting
(e.g., ginseng, garlic, ginkgo)
Table 7.

The herbs used by CKD patients and their safety concerns [16].
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9.5 Herb-drug interactions with menopause medication

Herbal remedies are popular among women to relieve menopausal symptoms
such as hot flashes, energy loss, depression, joint pain, and insomnia. As recently
reviewed, a variety of herbs used to treat menopausal symptoms can cause herb-
drug interactions (Table 8) [17].

Herbs HID

Cimicifuga racemosa Increase the activity of antihypertensive agents

Angelica sinensis Inhibit platelet aggregation and increase risk of bleeding if co-medicated with
anticoagulants

Oenothera biennis L. Potentially interacts with anti-inflammatory drugs, corticosteroids, beta-blockers,

antipsychotics and anticoagulants

Trifolium pratense L. Increase the activity of CYP3A4 and alters the metabolism of drugs
Humulus lupulus L. Interact with CNS depressants, antipsychotics, hormones and CYP-metabolized
drugs
Table 8.

Herb-drug interactions with herbs for menopause.

10. Herb-micronutrient interactions

The ability of some foods to reduce or increase the absorption of various
vitamins and minerals has been known for years. Almost half of the popula-
tion regularly uses some herbal products as a dietary supplement, along with
the vitamin and mineral supplements. The use of these products has increased
significantly over the past two decades, and a number of clinically relevant
herbal drug interactions have been identified during this time. Therefore, it is
likely that the mechanisms underlying many herb-drug interactions may also
affect micronutrient absorption, distribution, metabolism, and excretion. Not
taking these eccentricities into account can negatively affect the outcome and
interpretation of any advanced herb-micronutrient interaction studies [18]

(Table 9).

Phytochemicals Micronutrient Effect and interaction mechanisms
affected

Plant polyphenols (PPs) (tea Iron PPs reduce absorption through

catechins, phloretin, quercetin) complexation
Folate, PPs reduce absorption through uptake
ascorbate transporter inhibition

Silymarins Iron They reduce absorption through

complexation

Phytic acid Calcium, iron, It reduces absorption through complexation
zinc

Hyperforin (St. John’s wort) Vitamin D3 It enhances plasma clearance through

induction of CYP3A4 metabolism

Table 9.
Herb-micronutrient intevactions and their mechanisms.
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11. Databases setup for plants/dietary supplements

The Integrative Medicine Service at Memorial Sloan Kettering Cancer Center
has developed About Herbs (www.aboutherbs.com), which provides research
information, including alleged uses, side effects, and herb-drug interactions for
about 284 dietary supplements. Using Google Analytics, they have detected that
more than 26,317,000 hits have been recorded since November 2002. According to
these data, top 10 plant and/or dietary supplements in 2018 were chaga mushrooms,
turmeric, ashwagandha, reishi mushroom, graviola, Active Hexose-Correlated
Compound, boswellia, dandelion, green tea, and Coriolus versicolor. In Table 10,
based on the literature researches in PubMed, their scientific and common names,
plant-drug interactions and their appropriate use in the oncology environment are
discussed. In the past 16 years, evidence of the use of these supplements is based on
limited studies and mostly preclinical findings. It is important to inform healthcare
professionals about popular dietary supplements so that patients can be informed to
make decisions that maximize benefits and minimize risks [19] Hereby, important

herb-drug interactions have been compiled in Table 11.

Common name Scientific name of Key interaction and Avoid in
the plants/dietary concerns
supplements

Chaga Inonotus obliquus (Ach. High in oxalates Renal disease
ex Pers.) Pilat Anticoagulants Diabetic patients on

Anti-platelets treatment (acarbose)
Antihyperglycemic agents

Turmeric Curcuma longa High in oxalates Renal disease
CYP2C9 enzyme

Ashwagandha Withania somnifera (L.) Increase testosterone levels Prostate cancer
Dunal in men

Reishi Ganoderma lucidum Anticoagulants Radiation therapy

mushroom (Curtis) PKarst. Anti-platelets

Graviola Annona muricate L. Antihyperglycemic agents Diabetic patients on

treatment

AHCC Active Hexose- CYP2D6 enzyme inducer Breast cancer patients
Correlated Compound on doxorubicin, zofran,

and aromatase inhibitor
(letrozole)

Boswellia Boswellia serrata Roxb. Unknown Contact dermatitis
ex Colebr.

Dandelion Taraxacum mongolicum CYP1A2 enzyme Hormone-sensitive
Hand.-Mazz., T Diuretic breast cancer
officinale (L.) Weber ex Antihyperglycemic agents
F.HWigg Estrogenic activity

Green tea Camellia sinensis High doses or taken on an Elevated liver function

empty stomach can cause tests
liver toxicity Bortezomib

Turkey tail Trametes versicolor (L.) Unknown Patients on

mushroom Lloyd immunosuppressants

(in theory)
Table 10.

Top 10 monographs accessed from the “about herbs” database in 2018.
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12. Criteria for risk assessment of herbal products

There have been an increasing number of herbal products as food ingredients or
supplements, which are a commercially important part of the health food market.
Herbal products can range from whole foods (e.g., cranberry against urinary
infections) to pharmaceutical-like preparations in unit dose form, such as tablets,
capsules, or drops, and are thought to provide additional benefits beyond basic
nutrition. The regulatory position on food supplements is uncertain (food or medi-
cine?), and there is concern about the safety assurance of these products. Several
cases of poisoning have been reported with herbal products. In some cases, these
were caused by contamination with other plant species, but this is not always the
case. In addition, toxic components (e.g., pyrrolizidine alkaloids) are accumulated
at different concentrations in different parts of the source plant, and climatic and
agronomic differences lead to great variability in the composition [78].

Therefore, it is not possible to provide a simple checklist of suitable tests to
ensure the safety of herbal products. International guidelines are available for the
safety assessment of herbal product and should be designed to cover all life stages to
ensure a lifelong intake that can be consumed without significant health risk [78].

Information relating to herbal product identification, characterization, and
standardization:

A. Botanical source: identity to family (geographic origin), genus, and species of
source plant (with authority), and, if relevant, variety and chemotype; com-
mon names as well as part(s) of plant used. Evidence from previous human
exposure through food or other sources (ethnobotanical and folk medicine
studies).

B. Growing conditions: wild or cultivated plant (Good Agricultural Practice—GAP),
site and time of harvest; stage of growth at harvest, post-harvest treatment
(drying, fermentation, etc.), storage conditions, phytosanitary measures pre- and
postharvest (including use of and limits for pesticides) are very important.

C. Raw material (fresh or dried plant materials): specifications according to
standard reference (e.g., herbal Pharmacopoeias), identity tests (macroscopic,
microscopic, FT-IR, TLC, GC, HPLC, etc.), quantitative tests (especially
constituents related for efficacy and/or toxicity).

D. Process applied to starting material: preparation steps (e.g., separation, extrac-
tion processes, solvents), methods used, handling specific precautions; e.g.,
light/temperature sensitivity, oxidation, etc.

E. Botanical preparation: standardization criteria (markers: active constituents,
other related components; plant extract ratio), specifications: levels and range
for markers, physico-chemical properties of relevant components; stability,
purity criteria by chain control or analysis; microbiological, mycotoxins,
pesticides, and environmental contaminants. Nature and level of excipients;
formulation methodology, storage conditions should have been specified.

F. End product: formulated product.

G. Specification of the product.

H. Extent of use and estimated intake (posology and method of administration).
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I. Bioavailability of active principles.
J. Toxicological assessment.

K. Preclinical and clinical studies. Clinical data including variability of response,
adverse effects reports, and contraindications [78].

13. Possible ways to reduce the toxic effects of herbal products

Natural products/compounds are unique remedies, but as Paracelsus (1493-
1541) stated that all substances are poison and this is just the correct dose that
makes them medicine. There are some rules in the literature that can be summa-
rized as follows:

a.If the herbal remedy is not prescribed by a registered physician, it should be
considered unsafe.

b.The label and expiration date of the herbal products should be checked for the
seal of the regulatory authority.

c.If the herbal medicine is consumed with allopathic medicines, the doctor
should be informed.

d.Herbal products should not be used with drugs possessing narrow therapeutic
index such as cyclosporin, digoxin, theophylline, and warfarin.

e. Herbal products containing heavy metals such as arsenic, lead, and mercury
should not be used.

f. Pregnant or breastfeeding mothers should be careful when using herbal rem-
edies such as black cohosh, chamomile, sage, Dong Quai root, feverfew, ginger,
kava kava, St. John’s wort, etc.

g.Excessive consumption of herbal/herbal medicine/natural products should be
avoided and dosing instructions should be followed [3].

14. Conclusion

Herbal and traditional medicines are preferred as primary health care by three
quarters of the world’s population. Therefore, it is crucial in drug research to
investigate the effectiveness and adverse effects of herbal medicine, to identify the
active compounds in medicinal plants and to detect contamination from poisonous
plants or herbal mixtures. In 2013, the World Health Organization (WHO) pub-
lished the WHO traditional medicine strategy (2014-2023). It aims to support the
use of Traditional Medicine (TM) and/or Complementary and Alternative Medicine
(CAM) to improve public health, including phytotherapy using of medicinal prod-
uct (MP) and/or herbal medicinal product (HMP) for medical practice. The plan
aims to increase the safety, efficacy, and quality of TM and/or CAM by expanding
its knowledge base and providing guidance on regulatory and quality assurance
standards (WHO, 2013). In 2016, the National Complementary and Integrative
Health Center (NCCIH) published a strategic plan to explore complementary
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and integrative health science. This plan has been published to inform the pub-

lic, healthcare professionals, and health policy makers, with evidence-based
information about the usefulness and safety of complementary and integrative
health interventions and their role in health care development. The plan uses key
research to facilitate understanding of the biological effects, mechanisms of action,
effectiveness, and clinical effects of complementary health approaches. Both the
WHO and NCCIH plans aim to improve TM and CAM knowledge, including
phytotherapy. Therefore, understanding herb-drug interactions and the molecular
mechanisms involved in these processes is a way to guarantee safe use of MP and/or
HMP. In addition, this can help therapeutic planning and healthcare professionals to
recommend the best treatment strategy to use.

In this review, some critical issues are also discussed. The botanical identifica-
tion and labeling of the plant material are important for preventing undesirable
health problems. The changes in the scientific definitions of the plants in traditional
medicine in time can cause unwanted or toxicologic effects by the usage of the
wrong plant. The contamination of the plants with the environmental contami-
nants (microorganisms, fungal toxins such as aflatoxins, pesticides, and heavy
metals), inappropriate preparation process, and interaction of traditional herbs
by concomitant or consecutive usage also endanger the safety of herbal medicine
for human health. What makes herbal medicine research valuable is that it has the
chance to research harmful and toxic plants for developing pharmacologically and
therapeutically worth remedies, and to develop medicinal plant combinations as
safe and efficient herbal medicines. Standardization and strict control mechanisms
are essential to maintain the high quality of herbal products and to prevent from the
contaminations for the safety of patients [17].

The following guidelines can be suggested to minimalize the risk of herbal uses:

1. Should not be used in case of pregnancy or a possibility of pregnancy and to
babies.

2.Should not be used when breast-feeding.
3.Should not be used as daily and in large amounts.

4.Should be bought from the pharmacies and only in case the plant names are
stated on the packages and sealed by the Ministry of Health.

Do not believe it is useless if it is natural or it is harmless if it is natural [79].
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Chapter 14
Analgesic Poisoning

Mahluga Jafarova Demirkapu

Abstract

According to the 2018 Annual Report of the American Association of Poison
Control Centers (AAPCC), published in 2019, the most common cause of poisoning
was medicines in all human exposures. According to the data in this report, the
most common group of drugs that cause poisoning in humans are analgesics. The
first three drugs that cause poisoning among analgesics are fentanyl, acetamino-
phen, and oxycodone, respectively. Fentanyl and oxycodone are analgesic drugs
with an opioid nature. Opioid analgesics are the drugs of choice for acute and
chronic pain management, but after repeated exposure, they cause addiction as a
result of stimulation in the brain reward center, are used in higher doses to achieve
the same effect, and lead to withdrawal syndrome when medication is not taken.
Acetaminophen, which takes the second place in analgesic-related poisoning, is a
non-opioid analgesic and antipyretic drug. Acetaminophen is often found in hun-
dreds of over-the-counter (OTC) medications. In addition to being an OTC drug,
acetaminophen often causes poisoning as it is cheap and easily accessible. This
chapter reviews pharmacological properties of fentanyl, acetaminophen, and
oxycodone, in addition to poisoning signs and treatments.

Keywords: fentanyl, acetaminophen, paracetamol, oxycodone, intoxication

1. Introduction

Poisoning is a medical emergency representing a major health problem world-
wide, and the rate of poisoning of both prescription and over-the-counter (OTC)
drugs is increasing day by day [1]. According to the American Association of Poison
Control Centers (AAPCC) 2018 Annual Report, the most common cause of drug
poisonings was analgesics in all human exposures [2]. Analgesics are used to man-
age mild, moderate, and severe, as well as acute and chronic, pain [3]. Generally,
opioid and non-opioid drugs are used for analgesia [3]. According to the AAPCC
2018 Annual Report, most frequent causes of analgesic poisoning are fentanyl,
acetaminophen, and oxycodone, respectively [2]. Fentanyl and oxycodone are
opioid analgesics, whereas acetaminophen is a non-opioid analgesic [3].

Opioids are potent analgesics, but their use is limited as they cause addiction,
withdrawal, and tolerance [4]. Opioids exert their effects by stimulating classical
opioid receptors [p (mu), & (delta), and k (kappa)] that are widely distributed in
the body [5, 6]. These receptors show seven transmembrane domain structures
specific to G-protein-coupled receptors, are induced by morphine and antagonized
by naloxone (NLX), and had similar analgesic effect [4]. According to the studies,
p receptor was also related with addiction [7]. Opioid addiction develops in both
psychic and physical dependence [4]. After physical dependence development,
opioid consumption is maintained to prevent withdrawal symptoms [4]. Treatment
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of opioid addiction is long and difficult. For this purpose, opioid agonists, such as
methadone and buprenorphine, an opioid antagonist naltrexone, or abstinence-
based treatment may be preferred [8]. This disease, referred to as “opioid abuse and
opioid dependence” in the Diagnostic and Statistical Manual of Mental Disorders,
Fourth Edition, Text Revision (DSMIV-TR), has been changed to “opioid use dis-
order” in the Diagnostic and Statistical Manual of Mental Disorders, Fifth Edition
(DSM-5) [9].

Classical opioid receptors are distributed in the peripheral tissue as well as
central nervous system (CNS) [4]. Stimulation of these receptors in the central
nervous system results in analgesia, drowsiness, euphoria, a sense of detachment,
respiratory depression, nausea and vomiting, depressed cough reflex, and hypo-
thermia [4]. When these receptors are stimulated in peripheral tissues, miosis,
orthostatic hypotension, constipation, urinary retention, etc. emerge [4]. After
stimulation of these Gi/0-coupled opioid receptors, the adenylate cyclase enzyme is
suppressed, and the level of cyclic AMP decreases [4]. In addition, the voltage-gated
calcium channels in the axon ends or neuron soma are closed, and intracellular
calcium levels are reduced, and potassium channels are opened, leading to an
increase in potassium conductance [4]. As a result, inhibition and hyperpolarization
of neurons occur when opioid receptors are stimulated [10, 11]. Analgesic or
antinociceptive effects, which are indicated for use of opioids, develop at the level
of the brain and spinal cord [12]. At the brain level, attenuation of impulse spread is
weakened and the perception of pain is inhibited, and at the spinal cord level, the
transmission of pain impulses is suppressed [12].

Non-opioid or non-steroidal anti-inflammatory drugs (NSAIDs) are used to
manage mild and moderate pain, as well as to reduce fever [13]. Although NSAIDs
exact mechanism of action has not been fully established, according to the previous
studies, it inhibits the cyclooxygenase pathways, which are involved in prostaglan-
din synthesis [14]. Prostaglandins are responsible for eliciting pain sensations [14].
NSAIDs do not cause addiction and withdrawal like opioid analgesics, and tolerance
to analgesic effect does not develop [13].

Poisoning may lead to more dangerous consequences when taking more than
one medication [2]. It is due to pharmacokinetic (PK) and pharmacodynamic
(PD) drug-drug interactions (DDIs). According to Lexicomp, there are five DDI
types (Table 1), which are clinically important (X, D, and C) and insignificant
(B and A) [15].

DDI  Approach Explanation
types
X Avoid combination The risks associated with simultaneous use of this drug outweigh the

benefits. Simultaneous use of this drug is contraindicated

D Consider therapy The rate of benefit and risk due to simultaneous use of this drug needs to
modification be evaluated, and aggressive monitoring of the patient, empirical dosage
changes, or selection of alternative agents should be considered

C Monitor therapy The benefits associated with simultaneous use of this drug outweigh the
risks, and dosage adjustments of one or both drugs may be considered

No action needed  No intervention required

A No known No intervention required
interaction

Table 1.
DDI types and treatment approach [15].
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2. Analgesics that often lead to poisoning
2.1 Fentanyl

International Union of Pure and Applied Chemistry (IUPAC) name: N-phenyl-
N-[1-(2-phenylethyl) piperidin-4-yl] propanamide.

Fentanyl is a synthetic and lipophilic phenylpiperidine opioid agonist with
molecular formula C,,H,gN50 and a molecular weight of 336.5 g/mol [16]. Fentanyl,
100 times more potent than morphine, was developed in the 1950s and approved by
the FDA in 1968 [17]. Fentanyl is used for pain management, induction and main-
tenance of general anesthesia, recovery from general or regional anesthesia, and
analgesia and sedation in intensive care unit patients [18-20]. It is applied by
injection (i.v., i.m., epidural, intrathecal), transdermal (device and patch),
transmucosal (buccal film and tablet, sublingual spray and tablet, lozenge), and
intranasal means [16]. Pharmacodynamics and pharmacokinetics are summarized
in Table 2.

Adverse effects (Table 3) occur when serum fentanyl concentration rises above
2 ng/mL [16]. CNS depression occurs above 3 ng/mL, whereas profound respiratory
depression usually occurs at concentrations of 10 to 20 ng/mL [16].

Since it is an opioid drug, fentanyl has the potential for abuse [4]. As mentioned
above, with repeated use of fentanyl, tolerance develops, which allows higher doses
to achieve the same effect [4]. Therefore, fentanyl can be administered at toxic
doses when abused. In addition, toxicity may develop with fentanyl used for thera-
peutic purposes [2]. These usually occur after accidental ingestion, following use in
opioid non-tolerant patients and improper dosing [2]. Known and expected adverse
reactions occur more severely, whether administered for abuse or therapeutic pur-
poses [16]. The most important of these is respiratory depression, which can have
fatal consequences. Concomitant use of fentanyl with drugs inhibiting CYP3A4
(e.g., erythromycin, ketoconazole, voriconazole, ritonavir) may cause potentially
fatal respiratory depression (Table 4). Fentanyl may be associated with the devel-
opment of serotonin syndrome. This risk increases when used concomitantly with

PDs and PKs Routes of administration

Intranasal im. iv. Transdermal patch Transmucosal
Onset of action 5-10 min  7-8 min Immediately 6h 5-15 min
Duration — 1-2h 0.5-1h 72-96 h —
Absorption — — — 12-24 h Rapidly
Distribution — — 4 L/kg — 25.4 L/kg
Protein binding Alpha-1-acid glycoprotein (mainly), albumin, and erythrocytes
Metabolism In the liver (primarily via CYP3A4) and intestinal mucosa

* n-Dealkylation to norfentanyl (active metabolite)
¢ Amide hydrolyzation to despropionylfentanyl
* Alkyl hydroxylation to hydroxyfentanyl

Bioavailability 64% 50-76%
Half-life elimination 15-25h Adults: 2-4 h 20-27h 3-14h
Children: 2.4-36 h
Excretion ¢ Urine (primarily)
¢ Feces
Table 2.

PDs and PKs of fentanyl at therapeutic doses [16, 21—23].
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Systems Symptoms

CNS Confusion, dizziness, drowsiness, fatigue, headache, sedation, abnormal dreams,
abnormal gait, abnormality in thinking, agitation, altered sense of smell,
amnesia, anxiety, ataxia, chills, depression, disorientation, euphoria,
hallucination, hypertonia, hypoesthesia, hypothermia, insomnia, irritability, lack
of concentration, lethargy, malaise, mental status changes, neuropathy,
paranoia, paresthesia, restlessness, speech disturbance, stupor, vertigo,
withdrawal syndrome

Respiratory Dyspnea, atelectasis, cough, epistaxis, hemoptysis, flu-like symptoms,
wheezing, hyperventilation/hypoventilation, pharyngolaryngeal pain, rhinitis,
sinusitis, nasopharyngitis, pharyngitis, laryngitis, bronchitis, asthma,
pneumonia, nasal discomfort, postnasal drip, rhinorrhea

Cardiovascular Arrhythmia, pulmonary embolism (intranasal), chest pain, palpitations, deep
vein thrombosis, hypertension/hypotension, myocardial infarction, edema

Gastrointestinal Constipation, nausea, vomiting, abdominal distention, abdominal pain,

(GI) anorexia, decreased appetite, diarrhea, dysgeusia, dyspepsia, flatulence,
gingivitis, glossitis, stomatitis, tongue disease, xerostomia, gastroesophageal
reflux, gastritis, gastroenteritis, hemorrhage, ulcer, hematemesis, intestinal
obstruction, rectal pain

Hepatic Ascites, increased serum alkaline phosphatase, increased serum AST, jaundice

Genitourinary Renal failure, urinary retention, dysuria, erectile dysfunction, mastalgia, urinary

(GU) incontinence, urinary tract infection, urinary urgency, vaginal hemorrhage,
vaginitis

Ophthalmic Blepharoptosis, blurred vision, diplopia, strabismus, swelling and drying of eye,
visual disturbance

Hematologic and Anemia, leukopenia, neutropenia, thrombocytopenia, lymphadenopathy

oncologic

Dermatologic Alopecia, cellulitis, decubitus ulcer, diaphoresis, erythema, hyperhidrosis, night

sweats, pallor, pruritus, skin rash

Endocrine and Dehydration, hot flash, hypercalcemia/hypocalcemia, hypokalemia,
metabolic hypomagnesemia, hyponatremia, hypoalbuminemia, hyperglycemia, weight loss

Neuromuscular and  Asthenia, arthralgia, back pain, lower limb cramp, limb pain, myalgia, tremor
skeletal

Miscellaneous Hypersensitivity reaction, fever, abscess

Table 3.
Common adverse reactions of fentanyl [16, 21-26].

drugs at risk of serotonin syndrome (Table 4). Population that are particularly at
risk and need attention are children; geriatric, cachectic, or debilitated patients; and
patients with renal and hepatic impairment, underlying pulmonary conditions,
known or suspected paralytic ileus and gastrointestinal obstruction, mucositis
(sublingual spray), and cardiac bradyarrhythmias [16]. Clinically important DDIs
are summarized in Table 4.

2.2 Acetaminophen
IUPAC name: N-(4-hydroxyphenyl)acetamide
Acetaminophen is an NSAID with molecular formula CsHsNO, and a molecular

weight of 151.16 g/mol and approved by the FDA in 1951 [27]. Acetaminophen is
used by oral, injection (i.v.), and rectal means for mild to moderate pain
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Possible effects Clinically important DDI types

X D C
Increase in the Azelastine, Blonanserin, Ethanol, alizapride,
CNS depressant  bromperidol, chlormethiazole, CNS dimethindene,
effects orphenadrine, depressants, droperidol, brimonidine, bromopride,
oxomemazine, flunitrazepam, tetrahydrocannabinol,
paraldehyde, lemborexant, meperidine, cannabidiol, Cannabis,
thalidomide, methotrimeprazine, opioid chlorphenesin carbamate,
mifepristone agonists, oxycodone, dronabinol, lisuride,
perampanel, lofexidine, magnesium
phenobarbital, primidone, sulfate, metoclopramide,
sodium oxybate, minocycline (systemic),
suvorexant, zolpidem, nabilone, piribedil,
tramadol, tricyclic pramipexole, ropinirole,
antidepressants (TCA), rotigotine, rufinamide
CYP3A4 inhibitors (strong,
moderate)
Enhancement in Dapoxetine, monoamine Linezolid, meperidine, Almotriptan, alosetron,
the serotonergic  oxidase inhibitors methylene blue, amphetamines, antiemetics
effects and (MAOI) nefazodone, ozanimod, (SHT3 antagonists),
serotonin tramadol, TCA dexmethylphenidate-
syndrome methylphenidate,
dextromethorphan,

eletriptan, ergot
derivatives, buspirone,
lorcaserin, ondansetron,
oxitriptan, ramosetron,
selective serotonin reuptake
inhibitors (SSRI), serotonin
5-HT1D receptor agonists
(triptans), serotonin/
norepinephrine reuptake
inhibitors (SNRI), St John’s
wort, Syrian rue

Constipation Eluxadoline — Anticholinergic agents,
ramosetron

Urinary — — Anticholinergic agents

retention

Enhancement in Fexinidazole Ceritinib, siponimod Bradycardia-causing agents,

the bradycardia ivabradine, lacosamide,

effects midodrine, ruxolitinib,
succinylcholine,

terlipressin, tofacitinib

Enhancement in — — SSRI
the psychomotor
impairment

Table 4.
Fentanyl and clinically important DDIs [15].

management and reduction of fever [27]. Acetaminophen is often found in hun-
dreds of OTC and prescription medicines [28]. PDs and PKs are summarized in
Table 5.

95% of acetaminophen undergoes biotransformation, while 5% is excreted
unchanged into the urine [29]. Approximately 45-55% of acetaminophen trans-
forms into glucuronide conjugates via UDP-glucuronosyltransferase, 30-35% into
sulfate conjugates via sulfotransferase, and only 5% into toxic metabolite NAPQI
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PDs and PKs Routes of administration

Oral iv.
Onset of action Above 1h 5-10 min
Duration 4-6h 4-6h
Absorption Small intestine (primarily) and stomach
Distribution Adults: 4-6 L/kg

Children: 5-30 L/kg
Protein binding 10-25%
Metabolism In the liver

* Metabolism to glucuronide and sulfate conjugates (primarily)
By CYP2EI to toxic intermediate, N-acetyl-p-benzoquinone imine (NAPQI,
Figure 1)

Bioavailability 88%

Half-life elimination Adults: 2-3 h
Children: 4-10 h

Excretion Urine (mainly)

Table 5.
PDs and PKs of acetaminophen at therapeutic doses [29-31].

Acetaminophen

N-acetyl cysteine

4 +Glutathione
PGS ¢
. cH
Acetaminophen cysteine Y
Acetaminophen mercapturate

Figure 1.

Metabolism of acetaminophen. NAPQI, N-acetyl-p-benzoquinone imine; (1) UDP-glucuronosyltransferase
(1-9, 1-6, 1-1, and 2B15 isoforms); (2) CYP2E1; (3) sulfotransferase (1A1 and 1A3/1A4 isoforms) and bile
salt sulfotransferase; (4) glutathione S-transferase (P and theta-1 isoforms) [33-35].

through the CYP2E1 (Figure 1) [32-34]. NAPQI, produced in small amounts in
therapeutic dose intakes, and hepatic glutathione are immediately transformed into
nontoxic cysteine and mercapturate metabolites via glutathione S-transferase and
excreted into the urine [34]. With intakes above the maximum daily dose (4 g in
adults and 75 mg/kg in children), the increased formation of NAPQI depletes
hepatic glutathione, covalently binds to critical cellular proteins and other vital
molecules, and thereby causes acute liver toxicity (hepatic damage, liver failure) or
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even death [29, 35, 36]. Additional mechanisms such as mitochondrial injury, oxy-
gen, and nitrogen stress deepen hepatic cell damage [37].

Mild to moderate elevations in serum aminotransferase (aspartate aminotrans-
ferase, alanine aminotransferase) levels are the first sign of liver damage; some-
times it can even occur in chronic treatment at the maximum daily dose [35, 36].
These elevations are generally asymptomatic and resolve rapidly with stopping
therapy or reducing the dosage [35] and most commonly arise after taking more
than 7.5 g as a single overdose [38]. If hepatotoxicity is not too severe, serum
aminotransferase levels fall promptly, and recovery is rapid [39]. Instances of
unintentional overdose in children are often due to errors in calculating the correct
dosage or use of adult-sized tablets instead of child or infant formulations [39].
Concomitant use of acetaminophen (single) and acetaminophen-containing (com-
bined) products may also cause toxicity [39]. Acetaminophen overdose may be
manifested by renal tubular necrosis, hypoglycemic coma, and thrombocytopenia
[39]. Acetaminophen has been associated with a risk of rare but serious skin reac-
tions. These are Stevens-Johnson syndrome, toxic epidermal necrolysis, and acute
generalized exanthematous pustulosis, and they can be fatal [39, 40]. Population
that are particularly at risk and need attention are children, since they have less
glucuronidation capacity of the drug than adults, and patients with alcoholism,
hepatic impairment or active hepatic disease, chronic malnutrition, severe
hypovolemia, and severe renal impairment [29, 38]. Adverse reactions and
clinically important DDIs of acetaminophen are summarized in Tables 6 and 7,
respectively.

2.3 Oxycodone

IUPAC name: (4R,4aS,7aR,12bS)-4a-hydroxy-9-methoxy-3-methyl-
2,4,5,6,7a,13-hexahydro-1H-4,12-methanobenzofuro[3,2-e]isoquinolin-7-one

Systems Symptoms

CNS Trismus, fatigue, headache, agitation, anxiety, insomnia
Respiratory Atelectasis, hypoxia, pleural effusion, pulmonary edema, stridor, wheezing
Cardiovascular Tachycardia, hypertension/hypotension, edema

GI Constipation, nausea, vomiting, abdominal pain, diarrhea
Hepatic Increased serum transaminases, hyperbilirubinemia

GU Nephrotoxicity, hyperammonemia, oliguria

Ophthalmic Periorbital edema

Hematologic and Anemia

oncologic

Dermatologic Pruritus, skin rash

Endocrine and
metabolic

Hypocalcemia, hyponatremia, hypokalemia, hypomagnesemia,
hypophosphatemia, hyperchloremia, low bicarbonate levels, hypoalbuminemia,
hyperuricemia, hyperglycemia, hypervolemia

Neuromuscular and
skeletal

Muscle spasm, limb pain

Miscellaneous

Hypersensitivity reaction, fever

Table 6.
Common adverse reactions of acetaminophen [29, 38, 39].
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Possible effects

Clinically important DDI types

X D C
Hepatotoxicity — Dasatinib, Ethanol, barbiturates, carbamazepine, imatinib,
sorafenib, mipomersen, fosphenytoin-phenytoin, isoniazid,
probenecid metyrapone

Methemoglobinemia

— — Dapsone, local anesthetics, nitric oxide, prilocaine,
sodium nitrite

High anion gap
metabolic acidosis

—_ — Flucloxacillin

Enhancement in the
anticoagulant effects

—_ — Vitamin K antagonists

Table 7.

Acetaminophen and clinically impovtant DDIs [15].

Oxycodone is a semisynthetic opioid agonist, produced from thebaine and

codeine found in the raw Papaver somniferum L. plant and approved by the FDA in

1968, with molecular formula C;gH,;NO,4 and a molecular weight of 315.4 g/mol

[41-43]. It is used alone or in combination with acetaminophen in the management
of moderate to severe pain [3]. It binds to classical opioid receptors such as fentanyl
and mediates similar mechanisms of action [6]. Oxycodone also inhibits the release
of vasopressin, somatostatin, insulin, and glucagon and nociceptive neurotransmit-
ters, such as substance P, GABA, dopamine, acetylcholine, and noradrenaline [44].

The analgesic effects of oxycodone are mediated by both itself and its active
metabolites, noroxycodone, oxymorphone, and noroxymorphone [21]. It can be
applied both orally and rectally. PDs and PKs are summarized in Table 8.

Toxic effects occur when the serum oxycodone concentration is approximately
0.69 mg/L in single oxycodone administration and 0.72 mg/L in the oxycodone-
combined drug administration [50]. When the serum oxycodone concentration is

PDs and PKs Oral administration

Immediate release Extended release
Onset of action 10-15 min —
Duration 3-6h <12h
Distribution Adults: 2.6 L/kg

Children: 2.1 L/kg

Protein binding

38-45%
* Albumin (primarily) and alpha-1-acid glycoprotein

Metabolism

In the liver

* By CYP3A4 and CYP3AS5 to noroxycodone and then by CYP2D6 to
noroxymorphone. Noroxycodone (active) can also be reduced to alpha or beta
noroxycodol

* By CYP2D6 to oxymorphone and then by CYP3A4 to noroxymorphone
(active). Oxymorphone (active) can also be reduced to alpha or beta
oxymorphol 6-keto-reduced to alpha and beta oxycodol

Bioavailability

60-87%

Half-life elimination

3.2-4h 4.5-5.6h

Excretion

Urine (mainly)

Table 8.

PDs and PKs of oxycodone at therapeutic doses [21, 45—49].
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about 0.93 mg/L in a single-drug administration and 1.55 mg/L in the combined
drug administration, it is fatal [51]. Common adverse reactions are summarized in
Table 9.

Since oxycodone is an opioid drug, like fentanyl, it has the potential for abuse
and develops tolerance. Repeated use of oxycodone causes the development of
tolerance, which can lead to overdose and death [45-47]. Serious, life-threatening,
or fatal respiratory depression may occur with use of oxycodone orally [45]. Acci-
dental ingestion of even one dose of oxycodone preparations by children can result
in death [47]. Long-term use during pregnancy can result in neonatal opioid with-
drawal syndrome [45]. Concomitant use of oxycodone with CYP3A4 inducers (e.g.,
carbamazepine, phenytoin, and rifampin) may result in increasing clearance and
decreasing plasma concentrations of oxycodone, with possible lack in therapeutic
effectiveness [45]. Concomitant use of oxycodone with CYP3A4 inhibitors may
result in reduced clearance and increased plasma concentrations of oxycodone,
possibly resulting in increased or prolonged opiate effects, including an increased
risk of fatal respiratory depression [52]. These effects could be more pronounced
with concomitant use of oxycodone and inhibitors of both CYP2D6 and CYP3A4
[52]. Population that are particularly at risk and need attention are children; geriat-
ric, cachectic, or debilitated patients; and patients with renal and hepatic impair-
ment, underlying pulmonary conditions, and significant genetic variability in
CYP2D6 activity [45, 53]. There is no evidence to prove hepatotoxicity when used
alone, whereas oxycodone-acetaminophen and other opioid-acetaminophen combi-
nations can lead to acute liver damage caused by unintentional overdose with
acetaminophen [54]. Clinically important DDIs are summarized in Table 10.

Systems Symptoms

CNS Dizziness, drowsiness, headache, fatigue, abnormal dreams, twitching,
abnormality in thinking, agitation, anxiety, chills, depression, hypertonia,
hypoesthesia, insomnia, irritability, confusion, lethargy, nervousness,
paresthesia, neuralgia, personality disorder, withdrawal syndrome

Respiratory Dyspnea, cough, epistaxis, flu-like symptoms, oropharyngeal pain, rhinitis,
sinusitis, pharyngitis, laryngismus, pulmonary disease

Cardiovascular Flushing, tachycardia, palpitations, cardiac failure, deep vein thrombosis,
hypertension/hypotension, edema

GI Constipation, nausea, vomiting, hiccups, upper abdominal pain, abdominal pain,
anorexia, diarrhea, dyspepsia, dysphagia, gingivitis, glossitis, xerostomia,
gastroesophageal reflux, gastritis, gastroenteritis

Hepatic Increased serum alanine aminotransferase

GU Urinary retention, dysuria, urinary tract infection

Ophthalmic Blurred vision, amblyopia

Hematologic and Anemia, leukopenia, neutropenia, thrombocytopenia, hemorrhage
oncologic

Dermatologic Pruritus, diaphoresis, hyperhidrosis, skin rash, skin photosensitivity,

excoriation, urticaria

Endocrine and Hypochloremia, hyponatremia, hyperglycemia, weight loss, gout
metabolic

Neuromuscular and  Asthenia, arthralgia, ostealgia, back pain, neck pain, limb pain, myalgia, tremor,

skeletal arthritis, laryngospasm, pathological fracture
Miscellaneous Hypersensitivity reaction, fever, infection, sepsis, seroma, accidental injury
Table 9.

Common adverse reactions of oxycodone [45-47].
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Possible effects Clinically important DDI types

X D C
Increase in the Azelastine, Blonanserin, Alizapride, brimonidine,
CNS depressant  bromperidol, chlormethiazole, CNS bromopride,
effects orphenadrine, depressants, droperidol, tetrahydrocannabinol,
oxomemazine, flunitrazepam, lemborexant, cannabidiol, Cannabis,
paraldehyde, methotrimeprazine, dimethindene, dronabinol,
thalidomide perampanel, phenobarbital, lisuride, lofexidine,
primidone, sodium oxybate, magnesium sulfate,
suvorexant, voriconazole, metoclopramide,
zolpidem, CYP3A4 metyrosine, minocycline
inhibitors (strong) (systemic), nabilone,
piribedil, pramipexole,
ropinirole, rotigotine,
rufinamide, CYP3A4
inhibitors (moderate)
Enhancement in MAOI — Serotonergic agents
the serotonergic
effects and
serotonin
syndrome
Constipation Eluxadoline — Anticholinergic agents,
ramosetron
Urinary — — Anticholinergic agents
retention
Enhancementin — — Succinylcholine
the bradycardia
effects
Enhancement in — — SSRI

the psychomotor
impairment

Table 10.
Oxycodone and clinically important DDIs [15].

2.4 Fentanyl, acetaminophen, and oxycodone toxicity, clinical manifestations,

and management

The toxicity, teratogenicity (FDA pregnancy category), and carcinogenicity (by
the International Agency for Research on Cancer), clinical manifestations, and
management of fentanyl, acetaminophen, and oxycodone poisoning are

summarized in Tables 11-13, respectively.

Drugs Fentanyl Acetaminophen Oxycodone
LD50 (mouse, i.p.) (mg/kg) 76 367 320
TDLo (human, oral) (mg/kg) 0.1 490 0.14
FDA pregnancy category C C B
Classification by the IARC NA 3 NA

LD50, median lethal dose; TDLo, lowest toxic dose; NA, not assigned [55-63]

Table 11.

Toxicity, teratogenicity, and carcinogenicity of fentanyl, acetaminophen, and oxycodone.
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Drugs Clinical manifestations
Fentanyl Respiratory depression, somnolence, sleepiness, stupor, coma, amnesia, skeletal
muscle flaccidity, cold and clammy skin, constricted pupils, pulmonary edema,
bradycardia, hypotension, partial or complete airway obstruction, atypical snoring,
and death
Acetaminophen Stage I (0.5 to 24 h): nausea, vomiting, diaphoresis, pallor, lethargy, malaise or
asymptomatic
Stage II (24 to 72 h):
* Recovery in stage I symptoms
* Increase in hepatic enzymes (aspartate aminotransferase, alanine
aminotransferase) and total bilirubin, PT elongation, oliguria (occasionally)
Stage III (72 to 96 h):
* Jaundice, hepatic encephalopathy, a marked elevations of hepatic enzymes
(exceed 10,000 IU/L) and total bilirubin (above 4.0 mg/dL), hyperammonemia,
prolongation of the PT/INR, hypoglycemia, lactic acidosis, death (multiorgan
system failure)
Stage IV (4 days to 2 weeks):
* Regression in symptoms and recovery phase
Oxycodone Respiratory depression, sleepiness, stupor, coma, skeletal muscle flaccidity, cold
sweat, constricted pupils, bradycardia, hypotension, QT interval prolongation,
partial or complete airway obstruction, atypical snoring, and death
Table 12.

Clinical manifestations of fentanyl, acetaminophen, and oxycodone poisoning [16, 61, 64-71].

Management Fentanyl Oxycodone Acetaminophen
steps
ABC Secure airway, breathing, and circulation as necessary
Decontamination Activated charcoal: within 4 h of ingestion, unless contraindicated
* GI e Adult: 50 g orally
e Patch Children: 1 g/kg orally or by nasogastric tube, max. 50 g
* Must be removed
Basic measures 1. Ensure adequate ventilation 1. Poisoning severity following an
and treatment 2. Apply antidotal therapy with NLX. With a acute ingestion is quantified by
total of 5 to 10 mg, repeat administration plotting a timed serum
until ventilation is adequate acetaminophen concentration
3.Require supplemental oxygen, on the modified Rumack-
endotracheal intubation, and positive end- Matthew nomogram
expiratory pressure, if response is 2. Antidotal therapy with
inadequate to NLX or if pulmonary edema N-acetyl cysteine (NAC)
is present
Antidotal Adults: Oral dosing: 140 mg/kg loading
therapy dosing ¢ O, saturation is <90%: 0.05 mg i.v. or i.m. dose, followed by 17 doses of

 For apneic patients: 0.2 to 1 mg i.v. orim. 70 mg/kg every 4h

* Patients in cardiorespiratory arrest: min. 21 h i.v. protocol: 150 mg/kg
2mgiv. loading dose over 60 min,
Children: followed by 50 mg/kg infused over
¢ <20 kg: 0.1 mg/kg i.v. or intraosseous (i. 4 h, with the final 100 mg/kg
0.), max. 2 mg per dose infused over the remaining 16 h
e >20 kg:2mgi.v. ori.o. * INR <2:21 hi.v. protocol
Adolescents suspected of opioid addiction: e INR >2:21hi.v. protocol,
¢ 0.04 to 0.4 mg per dose repeated every followed by a continuous i.v.
3-5 min and titrated to patient response NAC infusion at 6.25 mg/kg/h

until INR is <2
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Management Fentanyl Oxycodone Acetaminophen
steps

Supportive care  For possible coma, seizures, hypotension, and For vomiting
non-cardiogenic pulmonary edema

Table 13.
Management of acute fentanyl, acetaminophen, and oxycodone toxicity [72-82].

Antidotal therapy with NAC in acetaminophen poisoning should be applied
orally (nonpregnant patients with a functional GI tract and no evidence of hepato-
toxicity) or i.v. (patients with vomiting, contraindications to oral administration,
and hepatic failure) if:

* Serum acetaminophen concentration is above the “treatment” line of the
treatment nomogram

* Serum acetaminophen concentration is unavailable or will not return within
8 h of time of ingestion and acetaminophen ingestion is suspected

* Time of ingestion is unknown and serum acetaminophen level is >10 mcg/mL
(66 pmol/L)

* There is evidence of any hepatotoxicity with a history of acetaminophen
ingestion

* Patient has risk factors for hepatotoxicity, and the serum acetaminophen
concentration is >10 mcg/mL (66 pmol/L) [80-82]

3. Conclusions

Drugs used in the treatment or prevention of diseases can lead to unintentional
or intentional toxicity. Toxicity may be due to high-dose single-drug or multiple-
drug intake. According to the AAPCC 2018 Annual Report, opioid and non-opioid
analgesics often cause single-drug poisoning. The top three of analgesic poisoning
are fentanyl, acetaminophen, and oxycodone, respectively.

Opioid analgesics, such as fentanyl and oxycodone, which are preferred in
severe pain management, show central and peripheral effects by binding to classical
opioid receptors that are widely distributed in the body. Repeated exposure causes
an addiction; higher-dose usage to produce the same effect, i.e. tolerance; and
withdrawal when stopping intake. Therefore, the dose and severity of toxicity differ
between those who take opioid analgesics for the first time and those who are
addicted. In poisoning with opioid analgesics, death due to respiratory depression is
frequently observed. For this reason, in case of poisoning with opioid analgesics,
first of all, adequate ventilation should be provided, subsequent antidote treatment
with naloxone should be applied, the patient should be closely monitored for vital
functions, and appropriate treatment should be performed when necessary. Since
the effect of naloxone is short, application should be repeated when necessary.
Supplementary oxygen, endotracheal intubation, and positive end-expiratory pres-
sure should be considered if adequate response cannot be obtained despite a total of
5 to 10 mg of naloxone. Although high doses are not preferred, toxicity is more
severe in patients using X and D interactive drugs together.
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Acetaminophen, a non-opioid analgesic, found in hundreds of prescription and
OTC medicines, with analgesia and antipyretic effects, often causes hepatotoxicity
(hepatic damage, liver failure) or even death. Toxicity develops due to the
overproduction of toxic NAPQI, which occurs during acetaminophen metabolism in
the liver, which quickly consumes the glutathione necessary to convert it to the
nontoxic metabolite and covalently binds to cell proteins and other vital molecules.
Toxicity is more severe in patients with less glucuronidation capacity and/or con-
comitant use of X- and D-type interacting drugs. The use of activated charcoal
within the first 4 h of acetaminophen poisoning and antidote treatment with NAC
successfully heals liver damage.

After stabilizing the patient, it is necessary to investigate whether poisoning is
performed unintentionally or intentionally. If there is substance abuse or suicidal
tendency, the patient should be consulted to a psychiatrist, and psychosocial and/or
medication for addiction treatment should be started. In unintentional poisonings,
adults should be educated/warned by their health protectors about the drugs
(effects, duration of action, daily maximum dose, conditions to be considered, side
effects, and storage conditions) they use for themselves and/or their children, and
additional arrangements should be made to increase the health literacy of the
society. If poisoning has developed due to the X- and D-type interactions of the
drugs used in therapeutic doses, it should be considered to be subject to periodical/
continuous training of health protectors.
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Chapter 15

Forensic Chemistry and
Toxicology

Amarnath Mishra

Abstract

The current chapter deals with forensic chemistry & toxicology which is
completely based on the introduction and classification of poisons and their impacts
on the body and the factors affecting them and detection and examination of
poisons. The purpose of this chapter is to discuss their mode of action and function
once they reached in the human body. The impacts of poisons are severe and even
cause death if not treated properly.

Keywords: poison, mode of action, alcohol, forensic analysis

1. Introduction

Four hundred years back, Paracelsus stated that, “All substances are poisons;
there is none which is not a poison.” If the right dose is taken, it could become a
remedy, otherwise poisonous [1, 2]. The therapeutic index or ratio, i.e., LD50/
ED50, tells whether the chemical is safe or not.

Poisons are generally found in cases of homicides, suicides, or accidents. They
have a significant role to play as the silent weapon to destroy life mysteriously and
secretively.

2. Action of poisons

Every poison has almost similar action on the victim’s body. In many cases, they
either stop the transfer of O, to the tissues or create an obstacle in the respiratory
system by inhibition of enzymes which are associated with the process. In this, the
myoneural junction and the ganglions and synapses are the sites of action. In some
cases of insecticidal poisoning, hyperexcitement of voluntary and involuntary mus-
cles can cause death. There are four categories of action of poisons—(i) local action,
(ii) remote action, (iii) local and remote actions, and (iv) general action.

Local action: Local action means direct action on the affected site of the body.
Examples include irritation and inflammation in strong mineral acids and alkalis,
congestion and inflammation by irritants, the effect on motor and sensory
nerves, etc.

Remote action: Remote action affects the person due to absorption of that
poison into the system of that person. For example, alcohol is absorbed in the
system and then it affects the person.

Local and remote actions: Some poisons can affect both local and remote
organs. Thus, they not only affect the area with contact to the poison but also cause
toxic effect after absorption into the system, for example, oxalic acid.
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General action: General action means the absorbed poison affects more than
one system of the body, for example, mercury, arsenic, etc.

3. Factors modifying the action of poisons

Toxicity of a poison depends upon its inherent properties such as
physiochemical as well as pharmacological properties.
The action of poisons mainly depends upon the following factors discussed below:

1.Forms of poison: There are three forms of poison:

* Physical form: Gaseous/volatile/vaporous forms of poisons act faster
than liquid poisons as they are quickly absorbed. Similarly, liquid poisons
act faster than solid poisons.

Gaseous or volatile > liquid > solid.

For solid poisons, powdered poisons act quickly than the lumps. For example,
there are certain seeds that escape the gastrointestinal tract as they are solid, but
when crushed, they can be fatal.

For solids: powdered > lumps

* Chemical form: Few substances like mercury or arsenic are not poisonous
as they are insoluble and cannot be absorbed when they are in combination
with other substances like mercuric chloride, arsenic oxide, etc.

In other cases, the action is vice versa. For example, there are some
substances that become inert in combination with silver nitrate and
hydrochloric acid and are deadly and poisonous when present in pure forms.

* Mechanical combination: The effect of poisons is significantly altered
when they are combined with inert substances.

2.Quantity: Large doses of toxin cause much lethal effect. But this statement is
not always true. For example, sometimes when a toxin is taken in very large
amount, the body produces a mechanism against it such as vomiting, and
thus the intensity of the toxin is reduced.

3.Concentration: The absorption speed of poison is dependent on
concentration; thus poison of higher concentration is fatal. However, there
are still some exceptions. For example, a dilute oxalic acid is less corrosive,
but the absorption rate is high and so it is more dangerous.

4.Methods of administration: It has a unique role in the process of absorption.
It is fastest through inhalation and then through injection as compared to the
oral mode.

5.Condition of the body: Different persons react differently when exposed to a
poison. It is because the condition of our body is also responsible for the

increase or decrease of the effect of a poison on the body:

* Age: Children and older people are more affected than an adult by the
same quantity of toxin.
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