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Abstract

In 1975, Holliday and Pugh as well as Riggs independently hypothesized that
DNA methylation in eukaryotes could act as a hereditary regulation mechanism
that influences gene expression and cell differentiation. Interest in the study of
epigenetic processes has been inspired by their reversibility as well as their
potentially preventable or treatable consequences. Recently, we have begun to
understand that the features of DNA methylation are not the same for all cells.
Major differences have been found between differentiated cells and stem cells.
Methylation influences various pathologies, and it is very important to improve
the understanding of the pathogenic mechanisms. Epigenetic modifications may
take place throughout life and have been related to cancer, brain aging, memory
disturbances, changes in synaptic plasticity, and neurodegenerative diseases,
such as Parkinson’s disease and Huntington’s disease. DNA methylation also has
a very important role in tumor biology. Many oncogenes are activated by
mutations in carcinogenesis. However, many genes with tumor-suppressor
functions are “silenced” by the methylation of CpG sites in some of their regions.
Moreover, the role of epigenetic alterations has been demonstrated in
neurological diseases. In neuronal precursors, many genes associated with
development and differentiation are silenced by CpG methylation. In addition,
recent studies show that DNA methylation can also influence diseases that do not
appear to be related to the environment, such as IgA nephropathy, thus affecting
the expression of some genes involved in the T-cell receptor signaling. In
conclusion, DNA methylation provides a whole series of fundamental
information for the cell to regulate gene expression, including how and when the
genes are read, and it does not depend on the DNA sequence.
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Core tip: DNA methylation in eukaryotes acts as a hereditary regulation mechanism
that influences gene expression and cell differentiation. Recently, we have begun to
understand that the features of DNA methylation are not the same for all the cells. Major
differences have been found between differentiated cells and stem cells. However,
epigenetic modifications may take place throughout life and influence various diseases,
and they are very important for improving the understanding of pathogenic mechanisms.
New studies show that DNA methylation can also influence diseases that do not appear
to be related to the environment.

Sallustio F, Gesualdo L, Gallone A. New findings showing how DNA methylation
influences diseases. World ] Biol Chem 2019; 10(1): 1-6

URL: https:/ /www.wjgnet.com/1949-8454 /full /v10/i1/1.htm

DOI: https:/ /dx.doi.org/10.4331/wjbc.v10.i1.1

INTRODUCTION

In 1975, Holliday and Pugh as well as Riggs independently hypothesized for the first
time that DNA methylation in eukaryotes could act as a hereditary regulation
mechanism to influence gene expression and cell differentiation. Epigenetics was born
as the study of inheritable changes in the genome that occur without modification of
the DNA sequence and affect its functionality. DNA methylation is an extremely
important mechanism. Together with covalent modifications of histones (proteins that
compact the DNA), methylation modifies the chromatin structure and the accessibility
of DNA to the regulation factors of gene expression.

DNA methylation density strongly varies with each chromosome. The sub-
telomeric regions near the extremities often show a high methylation rate, which is
important for controlling telomere length and recombination. In general, a lower
methylation density is observed at the level of “CpG islands” and transcription
initiation sites!'. In 2008, a definition of epigenetic characteristics was formulated
during the Cold Spring Harbor Meeting as a “stably inheritable phenotype deriving
from a chromosomal alteration not connected to DNA variations”..

DNA methylation is maintained throughout the life of the affected cells and can be
transmitted to subsequent cellular generations without modification of the DNA
sequence. The processes responsible for epigenetic changes can take place both before
and after transcription. In the first case, they are mainly represented by DNA
methylation, which is bound by a covalent bond (and therefore reversible) to a methyl
group coming from the universal methyl donor S-adenosylmethionine in position 5 of
the cytosine residue of the CpG dinucleotide (Cytosine-phosphate-Guanidine). The
phenomenon is due to the intervention of the specific enzyme DNA methyltransferase
(DNMT).

The hypermethylation of DNA determines the “silencing” of the gene of interest,
while hypomethylation causes activation”. Anomalous chromatin states that lead to
abnormal gene expression patterns have been defined as epimutations, which have
been detected in numerous diseases, including cancer. Epimutations can affect one or
both alleles of a gene. Epimutations in cancer usually occur in somatic cells and cause
cancer progression'l.

FEATURES OF DNA METHYLATION ARE NOT THE SAME
FOR ALL CELLS

Recently, we have begun to understand that the features of DNA methylation are not
the same for all cells. Major differences have been found between differentiated cells
and stem cells. For example, 99.98% of the methylated DNA regions in normal cells,
such as fibroblasts, are rich in C and G, whereas the methylation in stem cells is
concentrated in sequences that are rich in A and T. Moreover, embryonic cells that are
induced to differentiate lose the methylation at the level of non-CG sequences, while
they maintain the methylation in the sequences rich in C and G. This indicates that
widespread methylation at the non-CG level is lost during differentiation.

Previous studies have hypothesized the existence of methylation almost exclusively
in C and G-rich sequences in mammals, but observations led to the supposition that
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non-CG methylation is a general feature, at least for human embryonic stem cells. The
absence of non-CG methylation in fibroblasts coincides with a reduced presence of de
novo DNMTs (DNMT3A, DNMT3B, and DNMT3L)-that is, enzymes that catalyze the
addition of methyl groups in previously unmethylated residues. In contrast,
“maintenance” methyltransferases reproduce the methylation pattern in a DNA
strand based on what is present in the other filament!'.

A positive correlation between gene expression and methylation density is also
observed at the level of non-CG sequences. The most expressed genes contain three
times higher methylation density than unexpressed genes. However, no correlation
has been detected between CpG methylation density and gene expression in stem
cells. A particularly high methylation density has been observed for genes involved in
RNA processes, such as splicing and RNA metabolic processes. Unexpectedly, an
enrichment of non-CG methylation was found at the level of the antisense strand of
the coding regions of genes, but the potential roles of this methylation are currently
unknown.

Numerous studies have documented a correlation between DNA methylation and
the ability of some proteins to interact with their target sequences. A decrease in DNA
methylation density has been noted in correspondence with the protein interaction
sites.

Another very important modality of gene expression regulation involves the
“enhancer” regions, which are short DNA sequences that can to bind activating
proteins, which in turn facilitate the recruitment of RNA polymerase and thus the
transcription of the regulated gene. A decrease in methylation has been observed at
the level of enhancers specific for fibroblasts. Conversely, at the level of specific stem
enhancers, the methylation density does not change in either the embryonic stem cells
themselves or in fibroblasts. This indicates the maintenance of these elements in an
unmethylated state, thus preventing interference in the protein-DNA interaction
process. The specific type of de-methylation (non-CG in stem cells and CG in
fibroblasts) could indicate the use of different types of methylation specific to each cell
type. Another paradigm of DNA methylation is that it controls aspects of cell
differentiation. Obviously, this implies that methylation patterns vary in different cell
types, as documented in several studies!”'".,

METHYLATION INFLUENCES VARIOUS PATHOLOGIES

Interest in the study of epigenetic processes has been inspired by their reversibility
and their potentially preventable or treatable consequences!'"'?l. It is easy to
understand how methylation influences various pathologies and the importance that
it covers to understand better pathogenic mechanisms. In recent years, several studies
have shown that DNA methylation influences many diseases. Cancer has been the
most studied among the numerous diseases in which epigenetic modifications are the
object of greater attention. DNA methylation also has a very important role in tumor
biology.

Cancer is considered an essentially genetic disease, in which mutations alter the
functioning of genes, causing the cell to proliferate in an uncontrolled manner. In
recent decades, however, numerous indications have led to the suspicion that
epigenetic factors-particularly DNA methylation-may be involved in the genesis of a
tumor. In carcinogenesis, many oncogenes are activated by mutations!"'*l. However,
many genes with tumor suppressor function are “silenced” by the methylation of
CpG sites present in some regions!'”l.

We have known that epigenetic changes are associated with cancer, but until a few
years ago, we did not know if they were the cause or a consequence of the disease.
Recently, the development the new “epigenetic engineering” approach in some
studies has allowed us to verify that even changes in DNA methylation alone can
induce cancer. In fact, in new research, Yu et all"! created a line of genetically modified
mice where a small fragment of DNA adjacent to the p16 gene behaved like a magnet
that attracted DNA methyltransferases and methyl groups, which hypermethylated
the gene promoter and blocked the possibility of transcription. p16 has the function of
blocking the cell cycle and preventing mitosis when necessary. For this reason, the
P16 gene is considered a tumor-suppressor gene.

The results of the study showed that in the population of transgenic adult mice, the
gene encoding p1l6 is more substantially activated during aging. The incidence of
spontaneous tumors was higher than that in the control population of normal mice, in
which the tumor suppressor gene continued to act regularly. Obviously, this kind of
regulation can be extended to several other oncogenes in several other diseases. This
result has profound implications for future studies because epigenetic changes are
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potentially reversible. Therefore, new epigenetic therapies may be very effective for
both tumors and other diseases, such as neurodevelopmental diseases, obesity, and
diabetes.

The role of epigenetic alterations has also been demonstrated in neurological
diseases. In neuronal precursors, many genes associated with development and
differentiations are silenced by CpG methylation. The regulation of the proteins that
bind to the methylated CpG is subject to mutations, duplications, and insertions. One
example of a condition that depends on these processes is Rett’s syndrome, which
involves severe mental retardation linked to the X chromosome. Studies carried out
with animal models of this disease report very interesting results in that the
modifications of the CpG are at least partially reversible!”. Epigenetic modifications
may take place throughout life and have been related to brain aging, memory
disturbances, and changes in synaptic plasticity*’l. The resulting alterations are
increased over the years!”! and become significant in various neurodegenerative
diseases, such as Parkinson’s disease and Huntington’s diseasel'**.

Various observations have led to the suspicion of the existence of epigenetic
mechanisms in the pathogenesis of asthma, which is present in both twin
homozygotes in as much as half of the cases!”!. There are complex interactions
between genetics and the environment, which could lead to epigenetic modifications
of the genome. One example is the demonstrated interaction between maternal
smoking during pregnancy and the activity of the interleukin-1 receptor antagonist in
newborns, which is associated with a significant increase in the risk of asthmal*l. In
contrast, exposure to some endotoxins in utero appears to have a protective effect!!.
Moreover, many studies on the genetics of asthma have shown the existence of gene
de-regulations that can be explained with only epigenetic alterations and DNA
hypomethylation of 14 CpG sites that are gained after birth and linked with childhood
asthmal**1,

Recent studies show that DNA methylation can also influence diseases that do not
appear to be related to the environment, such as IgA nephropathy (IgAN). This
condition is the most common form of primary glomerulonephritis worldwide and
has a strong genetic component. DNA methylation in the CD4+ T cells of [gAN
patients influences the expression of some genes involved in the T-cell receptor
signaling, which is the pathway that transfers the signal for the presence of antigens
and activates the T-cells®. In particular, TRIM27 and DUSP3 genes were found to be
hypomethylated in correspondence to the site that modulates their transcription, and
these genes are upregulated in the CD4 T cells of IgAN patients.

The DNA region encoding vault RNA 2-1 (VTRNAZ2-1) non-coding RNA was also
found to be hypermethylated, leading to its down-regulation. In turn, following
CD3/CD28 T-cell receptor (TCR) stimulation, the lower levels of VTIRNA2-1 cause a
decrease in the proliferation of CD4+ T-cells, which plausibly occurs through the
activation of the interferon-inducible kinase protein kinase R. Lower VTRNA2-1 levels
also increase transforming growth factor beta expression. Together with DUSP3 and
TRIM27, the increased transforming growth factor beta expression impairs the
proliferation and activation of CD4+ T-cells, thus reducing the effect of the
CD3/CD28 activation. This deregulation causes reduced TCR strength and a T-cell
anergy-like status. The lower activation of CD4+ T-cells and the lower TCR strength
can determine Thl polarization with higher interleukin 2 production in some
biological settings. The aberrantly methylated DNA regions of CD4+ T-cells in IgAN
patients thus offers a way to improve the understanding of the molecular mechanisms
implicated in this disease. They could also lead to a new point of view for new
therapeutic targets for the treatment of the [gAN.

In addition to these DNA methylation processes, we should also consider that
various other inheritable mechanisms of post-transcriptional gene regulation can be
used by cells, particularly the synthesis of non-coding microRNA, which binds to the
corresponding messenger RNA and causes degradation or inhibition*l. Recent
studies also reveal an interesting interaction between these two kinds of epigenetic
regulating systems. Gene expression can be affected by DNA methylation operating at
a distance through the methylation or demethylation of the regulatory regions of
miRNAs. The diversity of miRNA targets may produce the concurrent regulation of
numerous biological pathways, such as apoptosis, cell proliferation, and migration.

Many in vitro and in vivo studies have shown that even epigenetic modifications of
microRNAs can intervene in the pathogenesis of atherosclerotic lesions. For example,
miR-33 inhibits the genes involved in the ability to expel cell cholesterol, the
metabolism of high-density lipoproteins, lipid oxidation, and glucose metabolism. In
mice, miR-33 deficiency is associated with a reduction of induced atherosclerotic
lesions!™). In neuroblastoma, a cluster of aberrantly methylated miRNA genes could
lead to impaired regulation of the cell cycle, apoptosis, and the control of V-myc avian
myelocytomatosis viral oncogene neuroblastoma derived homolog expressiont’l.
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These data show that a complex arrangement of connections between epigenetically
managed miRNAs and target genes may affect the control of cell homeostasis at
different levels.

CONCLUSION

The knowledge is changing in regard to the regulation of pathways and biological
processes in living organisms, including humans. DNA methylation provides a whole
series of fundamental information for cells to regulate their gene expression,
including how and when the genes are read, and it does not depend on the DNA
sequence. As discussed, these reversible DNA modifications are influenced by the
surrounding context and can heavily influence diseases.
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Abstract

Patients with autism spectrum disorders (ASD) present deficits in social
interactions and communication, they also show limited and stereotypical
patterns of behaviors and interests. The pathophysiological bases of ASD have
not been defined yet. Many factors seem to be involved in the onset of this
disorder. These include genetic and environmental factors, but autism is not
linked to a single origin, only. Autism onset can be connected with various
factors such as metabolic disorders: including carnitine deficiency. Carnitine is a
derivative of two amino acid lysine and methionine. Carnitine is a cofactor for a
large family of enzymes: the carnitine acyltransferases. Through their action these
enzymes (and L-carnitine) are involved in energy production and metabolic
homeostasis. Some people with autism (less than 20%) seem to have L-carnitine
metabolism disorders and for these patients, a dietary supplementation with L-
carnitine is beneficial. This review summarizes the available information on this
topic.

Key words: Autism; Carnitine; Neurodevelopmental, Metabolism; Pathophysiological
bases

©The Author(s) 2019. Published by Baishideng Publishing Group Inc. All rights reserved.

Core tip: Autism spectrum disorder is characterized by impaired communication,
altered social skills, stereotypical behaviors and limited interests. The pathophysiological
bases of autism have not been defined yet. Several publications have pointed a possible
connection between autism and carnitine deficiency. Carnitine is a cofactor for a large
family of enzymes: the carnitine acyl transferases. Through their action these enzymes
are involved in energy production and metabolic homeostasis. Low plasma carnitine
were reported in autism patients and for some of them, defects in L-carnitine metabolism
have been reported. This review summarizes the available information on the possible
link between autism and carnitine.
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AUTISM

Description

Autism is a heterogeneous neurodevelopmental disorder actually known as Autism
spectrum disorders (ASD). It is characterized by a dyad of symptoms: impaired
communication and altered social skills!'l. ASD symptoms include (1) persistent
deficits in initiating and sustaining social interaction and social communication; and
(2) limited, repetitive and stereotypical patterns of behaviors and interests.

The impact of ASD on people can be very dissimilar: some people with ASD can
live independently, others require life-long care and support. The onset of this disease
occurs, typically, in early childhood usually before the age of three. For some patients,
the symptoms will become apparent later when daily autonomy requirements will not
be handled by the patient. According to the Diagnostic and Statistical Manual of
mental disorders (DSM-5%), the symptoms must appear during the childhood to be
considered as autism!'.

Most people affected by autism are healthy otherwise but for some of them, autism
is associated with other health problems. Among those pathologies associated with
autism, one can find metabolic disorders such as phenylketonuria, chromosomal
abnormalities, infectious diseases such as rubella or neurocutaneous disorders.

In most cases, deficits are severe enough to affect the personal life: the different
aspects of social, educational, occupational life are generally affected in people
affected by ASD. The spectrum is large and among patients, a full range of mental
abilities and communication skills can be observed!.

In the literature, some theories explain autism by cognitive deficit. Baron-Cohen
studied the hypothesis of a deficit of theory of mind and showed that patients with
ASD have difficulties in imputing mental states (beliefs, desires, intentions, emotions,
etc.) to others. It has been proposed that people with ASD have a deficit of executive
functions. Evaluations of cognitive functions objectivize deficits in inhibition,
cognitive flexibility and working memory. Happé and Frith!"! developed another
theory indicating that a person with ASD has a weak central coherence; this theory
suggested that a person with autism tends to be more focused on details: the
perception of a person with ASD can be defined as fragmented. There are other
theories that have been developed to explain what happens in ASD patients: like the
perception and sensory theory!..

Evolution
When ASD is diagnosed in childhood, the symptoms tend to persist during
adolescence and adulthood.

With appropriate interventions, the autistic spectrum can be improved: behavioral
treatment can improve communication and social behavior, usually associated with a
positive impact on wellbeing for people with ASD and their family.

Data and statistics

In the 60%, the prevalence of ASD was estimated to be around 4-5 in 10000, today this
number is around 100 (or even more) in 10000 people!®”! and some authors, even
reported a prevalence of 3.6%"".. This increase may not find its origin in genetic and
thus, environmental factors may play a role in the onset of ASD¥.. This rise may also
be due to a more efficient diagnosis and a better detection of the disease. For ASD, a
male-to female ratio of 3.75:1 has been found®.

ASD can be diagnosed as early as 2 years old, but most children are not diagnosed
with ASD until the age of 4. Usually, the age of diagnosis depends of the severity of
ASD. The DSM-5 defined 3 severity levels which depend on the requiring support. A
schematic representation of the major features found in ASD patients is summarized
in Figure 1.

Parents who have a child with ASD have a 2%-18% risk of having a second child
who is also affected!"”l. This data can be linked to the genetic aspects of ASD.

ASD is found in every country and in every ethnic group and in both sexes. Reports
indicate that prevalence might be different according to the ethnical origin!""! even if
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Figure 1 Schematic representation of the major symptoms observed in autism spectrum disorders according
to the degree of severity of the disease. ASD: Autism spectrum disorders.

contradictory data suggest that more standardized protocol for diagnosing are
required. The differences among these numbers in various countries may also be due
to the lack of homogeneity that exists all around the world for diagnosing autism.
Professionals agreed to homogenize diagnostic criteria. The main diagnostic guides
i.e., the DSM-5 edited by the American Psychological Association (APA) and the
International Classification of Diseases 11" Revision (ICD-11) published by the World
Health Organization (WHO) are considering this problem.

For several years, ASD is recognized as a public health problem, some people
consider ASD as becoming epidemic and as a target for health policy. The support of
people with ASD is costly; in fact, people with ASD need more medical examinations
and drug prescriptions than most healthy people. An important proportion of
children with ASD requires special educational services and some stay in health
institution at adulthood. In 2014, in the United States, the total cost for children with
ASD was estimated between 11.5 billion to 60.9 billion United States dollars per
year!"?.

Pathophysiology - Causes

The pathophysiological origin of ASD has not been defined yet. Many factors have
been suggested including genetic and environmental factors. These aspects are
extensively detailed in a recent review!"”l. What seems clear today is the fact that
autism is not linked to a single origin. Autism can be associated with many factors,
and among those, metabolic disorders can possibly increase the risk of the
development of autism.

Some people with ASD also have other health problems, including anxiety and
depression, epilepsy, attention deficit hyperactivity disorder (ADHD). In people with
ASD, the intellectual level is extremely variable, ranging from profound impairment
to higher levels.

In most cases, the etiology of ASD is not known, but a genetic factor, involving
possibly 15 or more loci, is widely has been proposed for contributing to the
development of ASD!'l. ASD traits are also found in patients affected by several
genetic diseases such as Rett syndrome or Angelman syndrome!””l.

The strong heterogeneity among individuals with ASD has limited the pure genetic
implication!".

Among potential environmental factors the role of perinatal factors was studied by
Gardener et all'”), they performed a meta-analysis of the association between perinatal
and neonatal factors and the risk of autism. In this study they described associations
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between more than 60 potential perinatal risk factors and ASDU'1.

Durkin et al"*! showed that the age of the parents is associated with the risk of ASD
for the children. They noticed that the risk is even more pronounced for the elder
children. Premature birth has been identified as a risk factor"”). Prematurity (infants
born at < 37 wk of gestation) and low birth weight (< 2500 g) have also been examined
as a risk factor for the development of ASD, among several other potential risk
factors”. Recently a few studies have associated ASD and pesticides: pesticide
exposures during pregnancy is a risk factor for ASDP!,

Some people with ASD have metabolic disorders and/or health problems such as
mitochondrial dysfunction and gastrointestinal abnormalities. More than thirty years
ago, Coleman and Blass* suggested an abnormality in carbohydrate metabolism in
individuals with ASD, several years later, it was proposed that ASD may be a
disorder associated with an impairment in mitochondrial function™. Recently a meta-
analysis examined the possible link between mitochondria and autism, the
conclusions of this study are that it is not clear if mitochondrial dysfunction
contributes to the development or pathogenesis of ASD or if mitochondrial
dysfunction is just an epiphenomenon of ASD!.

CARNITINE

Carnitine occurs in two racemic forms: L- and D-carnitine. In the human body, only
the L-isomer is present. L-carnitine is an amino acid derivative found in almost any
cell in the body. When discovered, a century ago, L-carnitine was considered as a
vitamin as it was shown that the development of a worm (Tenebrio Molitor) was
dependent on L-carnitine. Several decades later, it was shown that mammals are able
to synthesize L-carnitine and subsequently, L-carnitine was not considered as a
vitamin anymore.

L-carnitine is mainly found in muscles where it plays a major role in the use of fatty
acid for energy production and carnitine found in the human body can either come
from an endogenous synthesis or from the foodstuffs.

L-carnitine biosynthesis

L-carnitine biosynthesis is performed with 2 ultimate precursors: lysine and
methionine and the enzymatic reactions involved in this synthesis requires several
cofactors: vitamin C, iron, vitamin B6 and niacin (Figure 2).

The first step corresponds to the methylation of lysyl residues included in various
proteins such as histones, cytochrome c or calmodulin. This reaction is catalyzed by
enzymes known as protein lysyl methyltransferases. The product of this reaction is
trimethyllysyl residues which are released from proteins by protein hydrolysis as free
trimethyllysine (TML).

Subsequently, TML enters the mitochondria and interacts with the trimethyllysine
hydroxylase (TMLD, encoded by the trimethyllysine hydroxylase epsilon gene:
TMLHE) which converts TML into 3-hydroxy-N-trimethyllysine”"l. 3-hydroxy-N-
trimethyllysine is then cleaved into gamma-trimethylaminobutyraldehyde, a reaction
catalyzed by hydroxyl N-trimethyllysine aldolase (HTMLA)®I.

Gamma-trimethylaminobutyraldehyde is then dehydrogenated and forms gamma-
butyrobetaine a reaction catalyzed by the 4-trimethylammoniobutyraldehyde
dehydrogenase. Finally, L-carnitine is formed by the hydroxylation of gamma-
butyrobetaine a reaction catalyzed by the gamma-butyrobetaine hydroxylase
(BBOX1).

L-carnitine biosynthesis involves different organelles (the nucleus, the
mitochondria, the peroxisome and the cytosol) in various tissues and organs: kidney,
liver, brain, etc.”. Between 1 and 2 pmol of carnitine are synthesized/kg b.w. per day
in a human body.

Dietary origin of carnitine

L-carnitine is mainly present in meat and meat products, dairy and fishes provide also
a significant amount of carnitine. Most fruits and vegetables are not riche in L-
carnitine. An omnivorous diet brings about 50 to 100 mg of carnitine per day, 80%
coming from meat while a vegetarian diet brings around 10 mg of carnitine/day.

For regular foods, L-carnitine bioavailability varies from 54% to 87%"! and for
dietary supplements, the bioavailability is only around 15%.

In Human, L-carnitine concentration in muscles is around 3 and 6 pmol of per gram
making muscle the major reservoir for L-carnitine in the body, however, it has been
shown that L-carnitine present in the muscle does exchange easily with the plasma
and muscle is unable to synthesize carnitine and relies on L-carnitine synthesized
elsewhere in the body or from the dietary carnitine. In contrast, L-carnitine level in the
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Figure 2 Summarized biosynthetic pathway for L-carnitine. The names of the enzymes are on the right part of
the figure.

liver is much less than in the muscle (around 0.5 to 1 pmol of L-carnitine per g of
tissue) but the hepatic carnitine can be quickly released in the plasma. High levels of
L-carnitine are also found in the testes and the brain.

There is no evidence for a catabolism of L-carnitine in mammalian cells and L-
carnitine is eliminated as it from the body in the urine.

Deficiency in human
L-carnitine can be synthesized in several organs (liver, kidney, testis and brain), and
can be provided by the foodstuffs. In the human body, carnitine is mainly found in
muscles and as muscles are unable to synthesize carnitine they rely on an active
transport across the sarcolemma to provide L-carnitine to muscle cells. L-carnitine
transport across membrane is done by transporters. The major transporters for L-
carnitine belongs to the organic cation transporter (OCTN) family. L-carnitine
transport is done through the activity of three transporters: OCTN1 (SLC22A4) and
OCTN?2 (SLC22A5) in humans and animals and Octn3 (Slc22a21) in mice. A defect in
OCTN?2 is known to induce primary systemic carnitine deficiency (SCD) a defect that
leads to alteration in beta-oxidation of long-chain fatty acids, causing various
symptoms, such as myopathy, cardiomyopathy, fatty liver and male infertility™.
Secondary carnitine deficiency is due to defects in other metabolic pathways or to
drugs that impair intestinal or renal absorption of L-carnitine. The consequences of
this deficiency are basically the same than those observed in primary deficiency.

Biochemical functions

The major actions of carnitine are due to the fact that carnitine acts as a cofactor for a
large family of enzymes: the carnitine acyltransferases. These enzymes are responsible
for the esterification of carnitine with acyl groups, allowing the formation of acyl-
carnitines. The carnitine acyltransferases are widely distributed in the cell. Carnitine
acetyltransferase, is an enzyme that catalyzes the esterification of carnitine into short
chain acyl-coenzyme A (acyl-CoA); this activity was described in different organelles:
the cytosol, the mitochondrion, the peroxisome and the endoplasmic reticulum in
various tissues: the heart, the brain, the kidney, the sperm cells and the liver™.
Carnitine octanoyltransferase (CrOT) is an enzyme required for the peroxisomal
metablism of very long-chain fatty acids and branched-chain fatty acids™. Carnitine
palmitoyltransferase 1 (CPT 1) is an enzyme located on the outer mitochondrial
membrane: it catalyzes the esterification of long chain acyl-coenzyme A to acyl-
carnitine. Carnitine palmitoyltransferase 2 (CPT 2) is present in the inner
mitochondrial membrane; it catalyzes the conversion of acyl-carnitine back to acyl-
coenzyme A and together with CPT 1 and a transporter the carnitine acyl-carnitine
translocase allows for the transport of acyl-Co across mitochondrial membranes. Once
in the mitochondrial matrix, acyl-CoA can be used in several metabolic pathways:
primarily the beta-oxidation.

Mitochondrial metabolism of long chain fatty acids: The mitochondrial metabolism
of long chain fatty acids requires several steps: one of them is the entry of fatty acids
inside the mitochondria. This transport is done through a system known as the
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carnitine system. This 3-protein complex is composed of 2 enzymes: the carnitine
palmitoyl transferases 1 and 2 and a transporter: the carnitine acyl-carnitine
translocase (CACT). Together these 3 proteins allow the transfer of activated fatty
acids from the cytosol to the mitochondrial membrane. In this process, L-carnitine is a
key compound that is involved in all the steps of this pathway. Once in the
mitochondria matrix, activated fatty acids can enter the beta oxidation pathway and
generate energyl!l.

Mitochondrial acyl-CoA/free CoA ratio control: Coenzyme A is one of the key
compounds in cell physiology and many pathways use this cofactor. Coenzyme A
may be present in the cell either as a free compound or bound to various molecules
(e.g. acyls). Inside the cell, a stable equilibrium between free and acylated CoA exists
but this equilibrium may be destabilized. To restore this equilibrium, several process
can be activated, one involves L-carnitine. This process involves (1) an increase in
acyl-carnitine synthesis which leads to (2) an increase in the mitochondrial beta
oxidation. Together these two events induce an increase in the level of free coenzyme
and restore the free/acylated coenzyme A ratio™.

Peroxisomal beta oxidation: In the peroxisome; the B-oxidation of very long chain
fatty acids leads to the formation of medium chain-acyl CoAs and acetyl CoA, and is
sometimes considered as incomplete contrarily to the mitochondrial beta oxidation
which leads to the formation of acetyl-coA only™l. In the peroxisome, two enzymes
dependent on L-carnitine are involve in the beta oxidation of fatty acids. These
enzymes are the carnitine acetyltransferase and the carnitine octanoyltransferase.
These enzymes seem to be necessary for the exit of medium-chain and short-chain
acyl-CoAs from the peroxisomal matrix to the cytosol™ but the precise role of these
enzymes is not clearly defined yet.

Acetylation of histones: Acetylation and deacetylation of histones are crucial
mechanisms for the regulation of the transcription. Acetylation requires available
acetyl-CoA and it has been suggested that acetyl-carnitine formed in mitochondrial®”
can enter the nucleus and be converted into acetyl-CoA and then be used for histone
acetylation™!.

Free radical production: Free radicals may interact with various molecular species:
lipids, nucleic acids or proteins leading to altered cell function. Several studies have
proposed that a dietary supplementation in L-carnitine may exert a protective effect
against the deleterious effects of free radicals”", however, the mechanisms involved in
this potential protective effect remain unclear"™!.

LINKS BETWEEN AUTISM AND CARNITINE

Although the spectrum of autism is thought to be highly heritable, and may result
from multigene susceptibility interactions, no single gene has been identified that can
adequately explain the disorder’s complex heterogeneity and alarmingly increasing
prevalence.

Researches carried out on this topic have pinpointed many genetic variations,
including genes involved in carnitine biosynthesis and glutamatergic transmission,
which may augment susceptibility to neurodevelopmental disorders like ASD.

The links between L-carnitine and autism rely on 3 major observations (1) the
alteration of mitochondrial function occurring in patients with ASD. This aspect has
been several times reviewed in the literature and will not be detailed in the present
paper (for more information: see ref. [36]); (2) the relationships between L-carnitine
levels and the severity of autism and (3) the genetic aspects of autism associated with
L-carnitine metabolism. These two aspects are detailed in the present review.

L-carnitine level in ASD patients

A few publications have looked at carnitine levels in patients with ASD and one
single publication has studied the effect of a L-carnitine supplementation on ASD
patients.

The study of Filipek et al”! measured the level of total and free carnitine in control
and ASD patients. They observed that total and free carnitine values were
significantly reduced in the autistic individuals with a P < 0.001 and that more than
80% of ASD patients have total and free carnitine levels below the reference value.
This information was also reported by another group in 2005*l. Mostafa et al* also
reported a decrease in L-carnitine levels in ASD patients. They described a decrease of
almost 50% in L-carnitine levels in ASD individuals. They also reported decreases in
lactate levels and poly unsaturated fatty acid levels. This study was done on a
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significant number of individuals (30 control vs 30 ASD).

Besides this purely quantitative aspect, Frye et al! analyzed the acyl-carnitine
profile of ASD patients, in a large cohort (1 = 213), these authors reported that 17% of
children with ASD exhibited an elevation in short-chain and long-chain, but not
medium-chain, acyl-carnitines. These authors indicated that this pattern of acyl-
carnitine abnormalities is similar to what is observed in the brain of propionic acid
rodent, model of ASD. This defect in L-carnitine levels is associated with
mitochondrial dysfunction.

The acyl-carnitine composition was studied in a population of Chinese children
with ASD. The goal of this publication was to identify a possible relation between the
acyl-carnitine profile and the intelligence level. This study was carried out on 90
children: 60 with ASD and 30 control. The intelligence level was assessed using the
Chinese Wechsler Young Children Scale of Intelligence (C-WYCSI). Blood analysis for
L-carnitine derivatives showed that glutaryl carnitine and carnosyl carnitine were
significantly decreased in ASD group and the authors of this publication suggested
that those 2 compounds may be potential biomarkers for diagnosis of ASD. For these
authors, these alterations indicate a potential mitochondrial dysfunction leading to an
abnormal fatty acid metabolism in children with ASD!1.

L-carnitine was used as a potential treatment for patients diagnosed with autism. In
the study published by Fahmy, 30 children diagnosed with autism (median age 69
mo, ranging from 29 mo to 103 mo) were randomly allotted into either the placebo (n
= 14) group or the group receiving 100 mg/kg bodyweight per day of liquid L-
carnitine (n = 16) for 6 mo. Several parameters were analyzed in these children:
parameters associated with autism such as the childhood autism rating scale (CARS)
form and parameters related to carnitine such as free and total carnitine levels. The
results presented by the authors revealed a significant improvement in CARS scores
in patients receiving L-carnitine, this improvement was associated with an increase in
total and free carnitine levels. The authors concluded about (1) the good tolerance of
the treatment; and (2) the improvement of autism severity in patient treated for 6 mo
with L-carnitine, they also concluded that subsequent studies will be welcomel*.

In conclusion, the analysis of studies carried out on patients with autism for
parameters related to L-carnitine suggest that L-carnitine may be lowered in patients
with ASD. Furthermore, a L-carnitine supplementation seems to improve the
symptoms of autism in patients. However, the relatively low number of publications
describing these parameters implies some moderation.

Carnitine synthesis defect and autism

With the overall goal to identify exonic copy number variants in the genome of ASD
patients, Celestino-Soper and coauthors*’! analyzed 3743 samples for detecting
disease-causing copy number variants (CNVs) that are not detected by most
techniques used in conventional research and clinical diagnosis laboratories. This was
done on 297 samples from 99 trios (probands with ASD, mother, father). Fifty-five
potentially pathogenic CNVs were identified and validated and in a male proband, an
exonic deletion of the TMLHE.

Using genome-wide chromosomal analysis methods, Celestino-Soper and
coauthors!! identified 55 potentially pathogenic copy number variants, among those
and in the male samples, a deletion of exon 2 of the TMLHE gene
(trimethyllysinehydroxylase epsilon) was found, this gene encodes the first enzyme in
the biosynthesis of carnitine which is located in mitochondria. The lack of this enzyme
leads to a decrease in plasmatic levels of 3-hydroxy-6-N-trimethyllysine andy-
butyrobetaine and in an increase in 6-N-trimethyllysine concentration in the plasma.

In the same time, the entire chromosome X exome was analyzed by next-generation
sequencing in 12 unrelated families with ASD affected males. Thirty-six possibly
deleterious variants were found located in 33 candidate genes. Among those a
mutation in TMLHE, was identified in two brothers with autism. The screening of the
TMLHE coding sequence in 501 male patients with ASD allowed the identification of
2 additional missense substitutions. These mutations were shown to induce a loss-of-
function and led to an increase in trimethyllysine in the plasma of patientst*.

Based on these observations, a 4-year-old male with a mutation in the TMLHE gene
and developing an autism spectrum disorder was supplemented with L-carnitine (200
mg/kg per day). In this young patient, the levels of carnitine were very low. The
authors reported that two weeks after the initiation of the treatment, his family
reported “noticeable increases in language, non-verbal expression, and engagement
with others”l. The evolution was positive as the patient's regression ended and even
started progressing. In the same time, the levels of carnitine in the plasma increased.
Under such circumstances (with a TMLHE deficit) a supplementation in L-carnitine
seemed efficient.

More recently, another potential mechanism involving the role of carnitine in the
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onset of autism has been propose, it implies a defect in the transport of L-carnitine
into the cells. The amino acid transporter SLC7AS5, also able to transport carnitine, has
been recently shown to be associated with the onset of autism!”l. The same transporter
seems also to be implicated in the metabolism of drugs such as Risperidone given for
limiting the symptoms in ASD patients. Depending on the polymorphism of the gene,
the drug can be differently catabolized!””). One might notice that the transporter
SLC7Ab5 is not purely a transporter of carnitine but a protein able to transport various
amino acids.

CONCLUSION

A few aspects in the relation between carnitine and autism should be highlighted: (1)
Low plasma carnitine is reported in autism, but not systematically. Furthermore, it
seems that if some affected infants have low plasma carnitine during the early
childhood, their plasma carnitine return to normal when measured a few years
later!"l; (2) Typically, L-carnitine levels are measured in the plasma, but it is very
likely that the important levels of L-carnitine for brain development should be
measured in the brain. And little to no information are available on these values; and
(3) In any cases, not all patients with ASD have altered levels of carnitine.

In conclusion, some patients with ASD might have L-carnitine synthesis disorders
(around 10%-20%) and for these patients, a supplementation with L-carnitine is
beneficial. It is still remaining 80%-90% of the patients who have no L-carnitine
synthesis or transport defects and for whom the origin of the disease should be find
elsewhere.

REFERENCES

1 American Psychiatric Association: Diagnostic and Statistical Manual of Mental Disorders:
Diagnostic and Statistical Manual of Mental Disorders, Fifth Edition. Arlington, VA:
American Psychiatric Association, 2013

2 Lincoln AJ, Courchesne E, Kilman BA, Elmasian R, Allen M. A study of intellectual abilities in
high-functioning people with autism. | Autism Dev Disord 1988; 18: 505-524 [PMID: 3215879 DOI:
10.1007/b£02211870]

3 Baron-Cohen S, Leslie AM, Frith U. Does the autistic child have a "theory of mind"? Cognition
1985; 21: 37-46 [PMID: 2934210 DOIL: 10.1016/0010-0277(85)90022-8]

4 Happé F, Frith U. The weak coherence account: detail-focused cognitive style in autism spectrum
disorders. ] Autism Dev Disord 2006; 36: 5-25 [PMID: 16450045 DOI: 10.1007/s10803-005-0039-0]

5 Bogdashina O. Sensory perceptual issues in autism and asperger syndrome: different sensory
experiences-different perceptual worlds. Jessica Kingsley Publishers. Jessica Kingsley
Publishers, 2016

6 Fombonne E. Epidemiology of pervasive developmental disorders. Pediatr Res 2009; 65: 591-598
[PMID: 19218885 DOI: 10.1203 / PDR.0b013e31819¢7203]

7 Fombonne E. Editorial: The rising prevalence of autism. ] Child Psychol Psychiatry 2018; 59: 717-
720 [PMID: 29924395 DOI: 10.1111/jcpp.12941]

8 Grabrucker AM. Environmental factors in autism. Front Psychiatry 2013; 3: 118 [PMID: 23346059
DOI: 10.3389/ fpsyt.2012.00118]

9 Autism and Developmental Disabilities Monitoring Network Surveillance Year 2006 Principal
Investigators; Centers for Disease Control and Prevention (CDC). Prevalence of autism spectrum
disorders - Autism and Developmental Disabilities Monitoring Network, United States, 2006.
MMWR Surveill Summ 2009; 58: 1-20 [PMID: 20023608]

10  Ozonoff S, Young GS, Carter A, Messinger D, Yirmiya N, Zwaigenbaum L, Bryson S, Carver L],
Constantino JN, Dobkins K. Recurrence risk for autism spectrum disorders: a Baby Siblings
Research Consortium study. Pediatrics 2011; 128: e488-e495 [PMID: 21844053 DOI:

10.1542/ peds.2010-2825]

11 Becerra TA, von Ehrenstein OS, Heck JE, Olsen J, Arah OA, Jeste SS, Rodriguez M, Ritz B.
Autism spectrum disorders and race, ethnicity, and nativity: a population-based study. Pediatrics
2014; 134: e63-e71 [PMID: 24958588 DOI: 10.1542/ peds.2013-3928]

12  Lavelle TA, Weinstein MC, Newhouse JP, Munir K, Kuhlthau KA, Prosser LA. Economic burden
of childhood autism spectrum disorders. Pediatrics 2014; 133: €520-e529 [PMID: 24515505 DOI:
10.1542/ peds.2013-0763]

13 Fakhoury M. Autistic spectrum disorders: A review of clinical features, theories and diagnosis.
Int ] Dev Neurosci 2015; 43: 70-77 [PMID: 25862937 DOI: 10.1016/j.ijdevneu.2015.04.003]

14  Rossignol DA, Frye RE. Mitochondrial dysfunction in autism spectrum disorders: a systematic
review and meta-analysis. Mol Psychiatry 2012; 17: 290-314 [PMID: 21263444 DOI:
10.1038/mp.2010.136]

15  Persico AM, Bourgeron T. Searching for ways out of the autism maze: genetic, epigenetic and
environmental clues. Trends Neurosci 2006; 29: 349-358 [PMID: 16808981 DOI:
10.1016/j.tins.2006.05.010]

16  Rossignol DA, Bradstreet JJ. Evidence of mitochondrial dysfunction in autism and implications
for treatment. Am | Biochem Biotech 2008; 4: 208-217 [DOI: 10.3844 / ajbbsp.2008.208.217]

17  Gardener H, Spiegelman D, Buka SL. Perinatal and neonatal risk factors for autism: a
comprehensive meta-analysis. Pediatrics 2011; 128: 344-355 [PMID: 21746727 DOI:
10.1542/peds.2010-1036]

Baishidengs WJBC | https://www.wjgnet.com 14 January 7,2019 | Volume10 | Issuel |


http://www.ncbi.nlm.nih.gov/pubmed/3215879
https://dx.doi.org/10.1007/bf02211870
http://www.ncbi.nlm.nih.gov/pubmed/2934210
https://dx.doi.org/10.1016/0010-0277(85)90022-8
http://www.ncbi.nlm.nih.gov/pubmed/16450045
https://dx.doi.org/10.1007/s10803-005-0039-0
http://www.ncbi.nlm.nih.gov/pubmed/19218885
https://dx.doi.org/10.1203/PDR.0b013e31819e7203
http://www.ncbi.nlm.nih.gov/pubmed/29924395
https://dx.doi.org/10.1111/jcpp.12941
http://www.ncbi.nlm.nih.gov/pubmed/23346059
https://dx.doi.org/10.3389/fpsyt.2012.00118
http://www.ncbi.nlm.nih.gov/pubmed/20023608
http://www.ncbi.nlm.nih.gov/pubmed/21844053
https://dx.doi.org/10.1542/peds.2010-2825
http://www.ncbi.nlm.nih.gov/pubmed/24958588
https://dx.doi.org/10.1542/peds.2013-3928
http://www.ncbi.nlm.nih.gov/pubmed/24515505
https://dx.doi.org/10.1542/peds.2013-0763
http://www.ncbi.nlm.nih.gov/pubmed/25862937
https://dx.doi.org/10.1016/j.ijdevneu.2015.04.003
http://www.ncbi.nlm.nih.gov/pubmed/21263444
https://dx.doi.org/10.1038/mp.2010.136
http://www.ncbi.nlm.nih.gov/pubmed/16808981
https://dx.doi.org/10.1016/j.tins.2006.05.010
https://dx.doi.org/10.3844/ajbbsp.2008.208.217
http://www.ncbi.nlm.nih.gov/pubmed/21746727
https://dx.doi.org/10.1542/peds.2010-1036

18

19

20
21
22
23
24

25

26

27
28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

Baishidengs WJBC | https://www.wjgnet.com

Demarquoy C et al. Carnitine and autism

Durkin MS, Maenner MJ, Newschaffer CJ, Lee LC, Cunniff CM, Daniels JL, Kirby RS, Leavitt L,
Miller L, Zahorodny W. Advanced parental age and the risk of autism spectrum disorder. Am |
Epidemiol 2008; 168: 1268-1276 [PMID: 18945690 DOI: 10.1093/ aje/ kwn250]

Ouss-Ryngaert L, Alvarez L, Boissel A. [Autism and prematurity: state of the art]. Arch Pediatr
2012; 19: 970-975 [PMID: 22877858 DOI: 10.1016/j.arcped.2012.06.007]

Darcy-Mahoney A, Minter B, Higgins M, Guo Y, Williams B, Head Zauche LM, Birth K.
Probability of an Autism Diagnosis by Gestational Age. Newborn Infant Nurs Rev 2016; 16: 322-
326 [PMID: 28989329 DOI: 10.1053/j.nainr.2016.09.019]

Shelton JF, Geraghty EM, Tancredi DJ, Delwiche LD, Schmidt R], Ritz B, Hansen RL, Hertz-
Picciotto I. Neurodevelopmental disorders and prenatal residential proximity to agricultural
pesticides: the CHARGE study. Environ Health Perspect 2014; 122: 1103-1109 [PMID: 24954055
DOI: 101289/ chp.1307044]

Coleman M, Blass JP. Autism and lactic acidosis. ] Autism Dev Disord 1985; 15: 1-8 [PMID:
3980425 DOI: 10.1007/BF01837894]

Lombard J. Autism: a mitochondrial disorder? Med Hypotheses 1998; 50: 497-500 [PMID: 9710323
DOI: 10.1016/5S0306-9877(98)90270-5]

Loenarz C, Schofield CJ. Expanding chemical biology of 2-oxoglutarate oxygenases. Nat Chem
Biol 2008; 4: 152-156 [PMID: 18277970 DOI: 10.1038 / nchembio0308-152]

Strijbis K, Vaz FM, Distel B. Enzymology of the carnitine biosynthesis pathway. IUBMB Life
2010; 62: 357-362 [PMID: 20306513 DOI: 10.1002/iub.323]

Rigault C, Le Borgne F, Demarquoy J. Genomic structure, alternative maturation and tissue
expression of the human BBOX1 gene. Biochim Biophys Acta 2006; 1761: 1469-1481 [PMID:
17110165 DOI: 10.1016/j.bbalip.2006.09.014]

Evans AM, Fornasini G. Pharmacokinetics of L-carnitine. Clin Pharmacokinet 2003; 42: 941-967
[PMID: 12908852 DOI: 10.2165/00003088-200342110-00002]

Demarquoy J. Lcarnitine: Structure and FunctionIn: eLS John Wiley Sons Ltd, Chichester; 2011
[DOI: 10.1002/9780470015902.20023200]

Bloisi W, Colombo I, Garavaglia B, Giardini R, Finocchiaro G, Didonato S. Purification and
properties of carnitine acetyltransferase from human liver. Eur | Biochem 1990; 189: 539-546
[PMID: 2351134 DOI: 10.1111/§.1432-1033.1990.tb15520.x]

Le Borgne F, Ben Mohamed A, Logerot M, Garnier E, Demarquoy J. Changes in carnitine
octanoyltransferase activity induce alteration in fatty acid metabolism. Biochem Biophys Res
Commun 2011; 409: 699-704 [PMID: 21619872 DOI: 10.1016/j.bbrc.2011.05.068]

Demarquoy J, Le Borgne F. Crosstalk between mitochondria and peroxisomes. World | Biol Chem
2015; 6: 301-309 [PMID: 26629313 DOI: 10.4331/wjbc.v6.i4.301]

Pietrocola F, Galluzzi L, Bravo-San Pedro JM, Madeo F, Kroemer G. Acetyl coenzyme A: a
central metabolite and second messenger. Cell Metab 2015; 21: 805-821 [PMID: 26039447 DOI:
10.1016/j.cmet.2015.05.014]

Madiraju P, Pande SV, Prentki M, Madiraju SR. Mitochondrial acetylcarnitine provides acetyl
groups for nuclear histone acetylation. Epigenetics 2009; 4: 399-403 [PMID: 19755853 DOI:
10.4161/epi.4.6.9767]

Le Borgne F, Ravaut G, Bernard A, Demarquoy J. L-carnitine protects C2C12 cells against
mitochondrial superoxide overproduction and cell death. World | Biol Chem 2017; 8: 86-94 [PMID:
28289521 DOI: 10.4331/ wjbc.v8.i1.86]

Surai, P.F . Antioxidant action of carnitine: molecular mechanisms and practical applications.
EC Veterinary Science 2015; vol. 2, no 1, p. 66-84

Rose S, Niyazov DM, Rossignol DA, Goldenthal M, Kahler SG, Frye RE. Clinical and Molecular
Characteristics of Mitochondrial Dysfunction in Autism Spectrum Disorder. Mol Diagn Ther 2018;
22: 571-593 [PMID: 30039193 DOI: 10.1007 /540291-018-0352-x]

Filipek PA, Juranek J, Nguyen MT, Cummings C, Gargus JJ. Relative carnitine deficiency in
autism. | Autism Dev Disord 2004; 34: 615-623 [PMID: 15679182 DOI: 10.1007/s10803-004-5283-1]
Mostafa GA, El-Gamal HA, El-Wakkad AS, El-Shorbagy OE, Hamza MM. Polyunsaturated fatty
acids, carnitine and lactate as biological markers of brain energy in autistic children. Int | Child
Neuropsychiatry 2005; 2: 179-188

Frye RE, Melnyk S, Macfabe DF. Unique acyl-carnitine profiles are potential biomarkers for
acquired mitochondrial disease in autism spectrum disorder. Transl Psychiatry 2013; 3: €220
[PMID: 23340503 DOI: 10.1038/ tp.2012.143]

Lv QQ, You C, Zou XB, Deng HZ. Acyl-carnitine, C5DC, and C26 as potential biomarkers for
diagnosis of autism spectrum disorder in children. Psychiatry Res 2018; 267: 277-280 [PMID:
29945069 DOI: 10.1016/j.psychres.2018.06.027]

Fahmy SF, El-hamamsy MH, Zaki OK, Badary OA. l-Carnitine supplementation improves the
behavioral symptoms in autistic children. Res Autism Spectr Disord 2013; 7: 159-66 [DOI:
10.1016/j.rasd.2012.07.006]

Celestino-Soper PB, Shaw CA, Sanders SJ, Li J, Murtha MT, Ercan-Sencicek AG, Davis L,
Thomson S, Gambin T, Chinault AC. Use of array CGH to detect exonic copy number variants
throughout the genome in autism families detects a novel deletion in TMLHE. Hum Mol Genet
2011; 20: 4360-4370 [PMID: 21865298 DOI: 10.1093 /hmg/ ddr363]

Celestino-Soper PB, Violante S, Crawford EL, Luo R, Lionel AC, Delaby E, Cai G, Sadikovic B,
Lee K, Lo C. A common X-linked inborn error of carnitine biosynthesis may be a risk factor for
nondysmorphic autism. Proc Natl Acad Sci USA 2012;109: 7974-7981 [PMID: 22566635 DOI:
10.1073/pnas.1120210109]

Nava C, Lamari F, Héron D, Mignot C, Rastetter A, Keren B, Cohen D, Faudet A, Bouteiller D,
Gilleron M. Analysis of the chromosome X exome in patients with autism spectrum disorders
identified novel candidate genes, including TMLHE. Transl Psychiatry 2012; 2: €179 [PMID:
23092983 DOI: 10.1038 / tp.2012.102]

Ziats MN, Comeaux MS, Yang Y, Scaglia F, Elsea SH, Sun Q, Beaudet AL, Schaaf CP.
Corrigendum to "Improvement of regressive autism symptoms in a child with TMLHE
deficiency following carnitine supplementation". Am | Med Genet A 2015; 167 A: 2496 [PMID:
26355286 DOI: 10.1002/ ajmg.a.37192]

Tarlungeanu DC, Deliu E, Dotter CP, Kara M, Janiesch PC, Scalise M, Galluccio M, Tesulov M,
Morelli E, Sonmez FM. Impaired Amino Acid Transport at the Blood Brain Barrier Is a Cause of

15 January 7,2019 | Volume10 | Issuel |


http://www.ncbi.nlm.nih.gov/pubmed/18945690
https://dx.doi.org/10.1093/aje/kwn250
http://www.ncbi.nlm.nih.gov/pubmed/22877858
https://dx.doi.org/10.1016/j.arcped.2012.06.007
http://www.ncbi.nlm.nih.gov/pubmed/28989329
https://dx.doi.org/10.1053/j.nainr.2016.09.019
http://www.ncbi.nlm.nih.gov/pubmed/24954055
https://dx.doi.org/10.1289/ehp.1307044
http://www.ncbi.nlm.nih.gov/pubmed/3980425
https://dx.doi.org/10.1007/BF01837894
http://www.ncbi.nlm.nih.gov/pubmed/9710323
https://dx.doi.org/10.1016/S0306-9877(98)90270-5
http://www.ncbi.nlm.nih.gov/pubmed/18277970
https://dx.doi.org/10.1038/nchembio0308-152
http://www.ncbi.nlm.nih.gov/pubmed/20306513
https://dx.doi.org/10.1002/iub.323
http://www.ncbi.nlm.nih.gov/pubmed/17110165
https://dx.doi.org/10.1016/j.bbalip.2006.09.014
http://www.ncbi.nlm.nih.gov/pubmed/12908852
https://dx.doi.org/10.2165/00003088-200342110-00002
https://dx.doi.org/10.1002/9780470015902.a0023200
http://www.ncbi.nlm.nih.gov/pubmed/2351134
https://dx.doi.org/10.1111/j.1432-1033.1990.tb15520.x
http://www.ncbi.nlm.nih.gov/pubmed/21619872
https://dx.doi.org/10.1016/j.bbrc.2011.05.068
http://www.ncbi.nlm.nih.gov/pubmed/26629313
https://dx.doi.org/10.4331/wjbc.v6.i4.301
http://www.ncbi.nlm.nih.gov/pubmed/26039447
https://dx.doi.org/10.1016/j.cmet.2015.05.014
http://www.ncbi.nlm.nih.gov/pubmed/19755853
https://dx.doi.org/10.4161/epi.4.6.9767
http://www.ncbi.nlm.nih.gov/pubmed/28289521
https://dx.doi.org/10.4331/wjbc.v8.i1.86
http://www.ncbi.nlm.nih.gov/pubmed/30039193
https://dx.doi.org/10.1007/s40291-018-0352-x
http://www.ncbi.nlm.nih.gov/pubmed/15679182
https://dx.doi.org/10.1007/s10803-004-5283-1
http://www.ncbi.nlm.nih.gov/pubmed/23340503
https://dx.doi.org/10.1038/tp.2012.143
http://www.ncbi.nlm.nih.gov/pubmed/29945069
https://dx.doi.org/10.1016/j.psychres.2018.06.027
https://dx.doi.org/10.1016/j.rasd.2012.07.006
http://www.ncbi.nlm.nih.gov/pubmed/21865298
https://dx.doi.org/10.1093/hmg/ddr363
http://www.ncbi.nlm.nih.gov/pubmed/22566635
https://dx.doi.org/10.1073/pnas.1120210109
http://www.ncbi.nlm.nih.gov/pubmed/23092983
https://dx.doi.org/10.1038/tp.2012.102
http://www.ncbi.nlm.nih.gov/pubmed/26355286
https://dx.doi.org/10.1002/ajmg.a.37192

Demarquoy C et al. Carnitine and autism

Autism Spectrum Disorder. Cell 2016; 167: 1481-1494.e18 [PMID: 27912058 DOI:
10.1016/j.cell.2016.11.013]

47  Medhasi S, Pinthong D, Pasomsub E, Vanwong N, Ngamsamut N, Puangpetch A,
Chamnanphon M, Hongkaew Y, Pratoomwun ], Limsila P. Pharmacogenomic Study Reveals
New Variants of Drug Metabolizing Enzyme and Transporter Genes Associated with Steady-
State Plasma Concentrations of Risperidone and 9-Hydroxyrisperidone in Thai Autism Spectrum
Disorder Patients. Front Pharmacol 2016; 7: 475 [PMID: 28018217 DOI: 10.3389/ fphar.2016.00475]

48  Beaudet AL. Brain carnitine deficiency causes nonsyndromic autism with an extreme male bias:
A hypothesis. Bioessays 2017; 39 [PMID: 28703319 DOI: 10.1002/ bies.201700012]

P- Reviewer: Al-Haggar M, Cheng TH
S- Editor: Ma YJ L- Editor: A E- Editor: Wu YXJ

Baishidengs WJBC | https://www.wjgnet.com 16 January 7,2019 | Volume10 | Issuel |


http://www.ncbi.nlm.nih.gov/pubmed/27912058
https://dx.doi.org/10.1016/j.cell.2016.11.013
http://www.ncbi.nlm.nih.gov/pubmed/28018217
https://dx.doi.org/10.3389/fphar.2016.00475
http://www.ncbi.nlm.nih.gov/pubmed/28703319
https://dx.doi.org/10.1002/bies.201700012

wJ B C

Submit a Manuscript: https:/ /www.f6publishing.com

DOI: 10.4331 /wijbc.v10.i1.17

World Journal of
Biological Chemistry

World | Biol Chem 2019 January 7; 10(1): 17-27

ISSN 1949-8454 (online)

MINIREVIEWS

Last decade update for three-finger toxins: Newly emerging
structures and biological activities

Yuri N Utkin

ORCID number: Yuri N Utkin
(0000-0002-4609-970X).

Author contributions: Utkin YN
performed all activities related to
the intellectual preparation and
writing of this paper.

Supported by The Russian
Foundation for Basic Research, No.
18-04-01075 and 18-54-00031.

Conflict-of-interest statement:
Utkin YN declares no conflict of
interest related to this publication.

Open-Access: This article is an
open-access article which was
selected by an in-house editor and
fully peer-reviewed by external
reviewers. It is distributed in
accordance with the Creative
Commons Attribution Non
Commercial (CC BY-NC 4.0)
license, which permits others to
distribute, remix, adapt, build
upon this work non-commercially,
and license their derivative works
on different terms, provided the
original work is properly cited and
the use is non-commercial. See:
http:/ /creativecommons.org/ licen
ses/by-nc/4.0/

Manuscript source: Invited
manuscript

Received: September 1, 2018

Peer-review started: September 3,
2018

First decision: October 26, 2018
Revised: November 20, 2018
Accepted: December 5, 2018
Article in press: December 5, 2018
Published online: January 7, 2019

Baishidengs WJBC | https://www.wjgnet.com 17

Yuri N Utkin, Laboratory of Molecular Toxinology, Shemyakin-Ovchinnikov Institute of
Bioorganic Chemistry, Moscow 117997, Russia

Corresponding author: Yuri N Utkin, DSc, PhD, Professor, Laboratory of Molecular
Toxinology, Shemyakin-Ovchinnikov Institute of Bioorganic Chemistry, Miklukho-Maklaya
16/10, V-437, Moscow 117997, Russia. utkin@mx.ibch.ru

Telephone: +7-495-3366522

Fax: +7-495-3366522

Abstract

Three-finger toxins (TFTs) comprise one of largest families of snake venom
toxins. While they are principal to and the most toxic components of the venoms
of the Elapidae snake family, their presence has also been detected in the venoms
of snakes from other families. The first TFT, a-bungarotoxin, was discovered
almost 50 years ago and has since been used widely as a specific marker of the a7
and muscle-type nicotinic acetylcholine receptors. To date, the number of TFT
amino acid sequences deposited in the UniProt Knowledgebase free-access
database is more than 700, and new members are being added constantly.
Although structural variations among the TFTs are not numerous, several new
structures have been discovered recently; these include the disulfide-bound
dimers of TFTs and toxins with nonstandard pairing of disulfide bonds. New
types of biological activities have also been demonstrated for the well-known
TFTs, and research on this topic has become a hot topic of TFT studies. The classic
TFTs a-bungarotoxin and a-cobratoxin, for example, have now been shown to
inhibit ionotropic receptors of y-aminobutyric acid, and some muscarinic toxins
have been shown to interact with adrenoceptors. New, unexpected activities have
been demonstrated for some TFTs as well, such as toxin interaction with
interleukin or insulin receptors and even TFT-activated motility of sperm. This
minireview provides a summarization of the data that has emerged in the last
decade on the TFTs and their activities.

Key words: Three-finger toxins; Snake; Venom; Structure; Biological activity
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Core tip: The three-finger toxins (TFTs) of snake venoms are principal to and the most
toxic components of elapid venoms. Over 700 TFT amino acid sequences are listed in
the UniProt Knowledgebase currently, with new members added constantly. The past
decade has also seen multitudinous new discoveries, including structural variations in
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TFTs (i.e. disulfide-bound dimers), new types of biological activities for the well-known
TFTs (e.g., a-bungarotoxin’s inhibition of ionotropic receptors of y-aminobutyric acid),
and other new, unexpected activities for the TFTs (i.e. interaction with interleukin or
insulin receptors and activation of sperm motility). This minireview provides an up-to-
date overview of these data.
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INTRODUCTION

Three-finger toxins (TFTs) form an abundant family of nonenzymatic proteins found
in snake venoms!'l. The TFTs were so-named according to their characteristic spatial
structure, in which three loops (fingers) protrude from the central core, stabilized by
four conserved disulfide bonds. The TFTs contain from 57 to 82 amino acid residues,
with some toxin types having an extra fifth disulfide bond, located in either their
central loop II or N-terminal loop I. The position of the bond affects the toxin’s
biological activity.

The TFTs manifest a wide array of biological activities, ranging from selective
interaction with certain receptor types to nonselective cell lysis”. Typically, the TFTs
represent the main components of elapid venoms!!. Thus, in the venom of the desert
coral snake Micrurus tschudii, 95% of toxins are represented by TFTsl"l. Their presence
has also been detected in the venoms of snakes from other families. For example, TFTs
were found in different snake genera from colubrid family"*!. The TFTs also represent
one of the largest families of snake toxins, having more than 700 TFT amino acid
sequences deposited in the UniProt Knowledgebase free-access database. Intriguingly,
nontoxic structural counterparts of the TFTs have been found in animal organisms,
namely the lymphocyte antigen 6 (Ly6) proteins. Based on their commonality of three-
finger folding, the TFTs and Ly6 proteins are combined into one Ly6/neurotoxin
family!.

The first TFT discovered, a-bungarotoxin (a-Bgt), was published almost 50 years
agol’l. Since then, a-Bgt has become a widely used specific marker of the a7 and
muscle-type nicotinic acetylcholine receptors (nAChRs). In addition, a tremendous
number of other TFTs have been discovered, and new members of this family
possessing original structures and biological activities are emerging constantly.
Moreover, new activities have been recognized for the well-known TFTs, and the
discovery of new activities for both the new and the well-known TFTs may be
regarded as a recent trend in toxinology.

This minireview briefly summarizes the data obtained for TFTs during the last
decade (Table 1). The toxins with new structural features appearing in the recent
literature are considered herein; those that have garnered the most interest is the
covalently-bound TFT dimers. In addition, the recently discovered uncommon
biological activities of some TFTs are discussed; these include the so-called
mambalgins that exert a potent analgesic effect upon central and peripheral injection
and represent the most remarkable discovery of late.

RECENTLTY-DISCOVERED TFTS WITH NEW STRUCTURAL
FEATURES

Ten years ago, the first data revealing covalently-bound TFT dimers were published!.
Disulfide-bound dimers of TFTs, including heterodimers formed by a-cobratoxin (a-
CTX; a long-chain a-neurotoxin) with different cytotoxins and the homodimer of a-
CTX were isolated from the Naja kaouthia cobra venom. Determination of the
homodimer crystal structure allowed identification of the intermolecular disulfides
formed by Cys3 in the protomer one and Cys20 in the protomer two, and other way
round (Figure 1A). All other disulfides in protomers had the same pairing as in
natural a-CTX!"

The dimerization itself strongly affected the biological activity of the original
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Table 1 Novel three-finger toxin biological effects and their potential applications

Toxin Effect/Target Potential application
Impact on signal transduction Mambalgins Inhibitors of ASICs Analgesics
Micrurotoxins Modulators of GABAA receptor Biochemical instruments for the

a-Neurotoxins
Muscarinic toxin MTa
Toxin CM-3
Toxin AdTx1 (p-Dala)

Toxin p-Dalb
Toxin Tx7335

Inhibitors of GABAA receptor
Antagonist of a2B-adrenoceptor
Interaction with alA-adrenoceptor

Specific and selective inhibitor for the
alA-adrenoceptor

Antagonist of a2A-adrenoceptors

Potassium channel activator

GABAA receptor study

Treatment of blood pressure
disorders

Biochemical instrument for the study

of potassium channels

Calliotoxin (8-elapitoxin-Cbla) Activator of voltage-gated sodium  Biochemical instrument for the study

channel of sodium channels
Impact on blood coagulation Toxin KT-6.9 Inhibitor of platelet aggregation Treatment of blood coagulation
Ringhalexin Inhibitor of FX activation GRS S
Exactin Inhibitor of FX activation

Insulinotropic activity Cardiotoxin-I Induction of insulin secretion from f-

cells

Treatment of type 2 diabetes

Impact on sperm motility Actiflagelin Activator of sperm motility in vitro Infertility treatment

ASIC: Acid sensing ion channel; GABAA: Type A receptor of gamma-amino butyric acid; FX: Factor X.

toxins, with the cytotoxic activity of cytotoxins within dimers being completely
abolished. However, the dimers were found to retain most of the a-CTX capacity to
interact with Torpedo and a7 nAChRs as well as with the Lymnea stagnalis
acetylcholine-binding protein. Moreover, in contrast to the a-CTX monomer, the a-
CTX dimer acquired the capacity to interact with a332 nAChR, similar to that seen
with k-bungarotoxin (k-Bgt), a dimer with no disulfides between its monomers
(Figure 1D). Collectively, these data show that dimerization of three-fingered
neurotoxins is essential for binding to heteromeric a32 nAChRs.

In 2009, from venom of the brown cat snake Boiga irregularis a new heterodimeric
TFT, irditoxin, was isolated!!l. Irditoxin spatial structure determined by X-ray analysis
displayed two subunits possessing a three-finger fold, characteristic for
nonconventional toxins (Figure 1B). The subunits in the irditoxin dimer are connected
by an interchain disulfide bond, formed by extra cysteine residues present in each
subunit. In contrast to the dimeric toxins discussed above, irditoxin does not inhibit
mouse neuronal a3p2 and a7 nAChRs. However, irditoxin is a bird- and reptile-
specific postsynaptic neurotoxin which inhibits the chick muscle nAChR three orders
of magnitude more efficiently than the mouse receptor. In vivo, it was lethal to birds
and lizards and was nontoxic toward micel"!l.

Covalently-bound dimers are undoubtedly the most interesting TFT
posttranslational modification recently found. A new TFT forming a noncovalent
dimer was discovered recently as well; this neurotoxin, haditoxin, was isolated from
the venom of king cobra Ophiophagus hannah!?. The high-resolution X-ray analysis
revealed that haditoxin is a homodimer (Figure 1C), with a structure very similar to
that of x-Bgt (Figure 1D). However, in contrast to x-Bgt, the amino acid sequences of
the monomeric subunits of haditoxin correspond to those of a-neurotoxins of the
short-chain type. It should be noted that x-Bgt targets the neuronal a32 and a4{32
nAChRs and a-neurotoxins of the short-chain type block the muscle-type nAChRs
only, while haditoxin demonstrated new pharmacological features, being antagonist
toward muscle (afyd) and neuronal (a7, a3p2, and a4p2) nAChRs, and having the
highest affinity (IC;, 180 nmol/L) for a7 nAChRs"?l.

The above data indicate that TFT dimerization may underlie the capacity for
interaction with neuronal nAChRs.

The disulfide bonds play an essential role in maintaining the spatial structure of
TFTs, and their pairing pattern is largely conserved. However, an unusual disulfide
bond scaffold was found in a TFT isolated from the venom of eastern green mamba
Dendroaspis angusticeps!. This toxin, named Tx7335, has the highest amino acid
sequence similarity to the TFTs of nonconventional type, but differs from them in the
number and positions of cysteines (Figure 2). Similar to a-neurotoxins of the short-
chain type, Tx7335 has only eight cysteines, while nonconventional toxins have ten
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A

Figure 1 Spatial structures of dimeric three-finger toxins. A: Homodimer of a-cobratoxin, Protein Data Bank
Identification code (PDB ID): 4AEA; B: Irditoxin, PDB ID: 2H7Z; C: Haditoxin, PDB ID: 3HH7; D: k-bungarotoxin, PDB
ID: 1KBA. Disulfide bonds are shown in yellow. N and C indicate N- and C-terminus, respectively.

cysteines. Furthermore, Tx7335 contains a tyrosine residue at position 43, which is
occupied by a cysteine in all TFTs, while a cysteine is found at position 25. In most
other TFTs this position is occupied by a tyrosine (Figure 2). According to structure
modeling, Cys55 may make a disulfide bond with Cys25; due to the spatial proximity
of these residues no major distortion in the three-finger structure occurs. This novel
arrangement of disulfides may explain the unique functional effects observed for
Tx7335. Indeed, it has been shown to activate the bacterial pH-gated potassium
channel KcsA by a dose-dependent increase in both mean open time and open
probability. Moreover, Tx7335 binds at the KcsA extracellular domain at a site
probably different from that of channel inhibitors!"!l.

Several new TFTs retaining the classical arrangement of disulfide bonds but
possessing novel structural features have been identified recently. So, from the venom
of black mamba Dendroaspis polylepis polylepis, a non-typical long-chain TFT, a-
elapitoxin-Dpp2d (a-EPTX-Dpp2d), was isolated!"l. a-EPTX-Dpp2d contains an
amidated C-terminal arginine, a posttranslational modification that had not been
observed before in snake TFTs. Biological activity studies showed that, ata 1 pmol/L
concentration, the a-EPTX-Dpp2d potently inhibited neuronal a7 (IC,, 58 nmol/L)
and muscle-type nAChRs (IC;, 114 nmol/L) however showed no effect on a3p2 and
a3f4 receptors. Therefore, this amidation was deemed to have no significant effect on
the toxin’s selectivity, as the activity profile is fairly similar to that of the classic long-
chain TFTs with a free carboxyl termini.

It was shown that the earlier characterized TFT Oh9-11"! from Ophiophagus hannah
venom may represent a new group of competitive nAChR antagonists, known as the
Q-neurotoxins!'®l. Electrophysiology experiments on Xenopus oocytes showed that
Oh9-1 inhibited rat muscle-type alpled (adult, IC;, 3.1 umol/L) andalf1yd (fetal, IC;,
5.6 pmol/L) and rat neuronal a3p2 nAChRs (IC,, 50.2 pmol/L), but manifested low or
no affinity for other human and rat neuronal subtypes. Interestingly, Oh9-1
potentiated the human glycine receptor (homopentamer composed of al subunits),
with activity increase by about 2-fold. Alanine-scan mutagenesis showed a novel
mode of interaction with the ACh binding pocket of nAChRs via a set of functional
amino acid residues that are different from those in the classical a-neurotoxins.
Herewith, the central loop of Oh9-1 interacts with alf1ed nAChR by both sides of the
-strand, while only one side of the p-strand interacts with the a3p2 receptor!*°.

The taxon-specific dimeric TFT irditoxin, isolated from a rear-fanged snake, was
discussed above. Another taxon-specific TFT, fulgimotoxin, was isolated from the
venom of the rear-fanged green vine snake Oxybelis fulgidus!"’). This toxin is a
monomer and contains five disulfides, typical for the nonconventional TFTs. It is
highly neurotoxic to lizards; however, mice are unaffected. Similar to other colubrid
TFTs, fulgimotoxin has an extended N-terminal amino acid sequence and a
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Figure 2 Alignment of amino acid sequence of toxin Tx7335 with those of nonconventional toxins. Cysteine residues are marked in yellow. Black lines indicate
the locations of the typical disulfide bond in nonconventional toxins; red line indicates the unusual disulfide bond 25-55 in Tx7335. 3NOJ_DENAN: Toxin Tx7335 from
Dendroaspis angusticeps (Eastern green mamba); 3NOJ_BUNCA: Bucandin from Bungarus candidus (Malayan krait); SNOJ6_DENJA: Toxin S6C6 from Dendroaspis
Jjamesoni kaimosae (Eastern Jameson's mamba); 3NOJ_WALAE: Actiflagelin from Walterinnesia aegyptia (desert black snake).

pyroglutamic acid at the N-terminus.

The longest TFT, the nonconventional toxin BMLCL, consisting of 82 amino acid
residues and five disulfide bridges, was identified in Bungarus multicinctus venom!.
Earlier studies of biological activity revealed no interaction with the muscarinic
acetylcholine receptors (mAChRs) M1 and M2 nor with the muscle-type nAChR".
However, recent studies showed that BMLCL interacted efficiently with both a7 (IC,,
43 nmol/L) and muscle-type nAChR (IC,, 31 nmol/L)"!. Thus, the longest TFT
functions as an antagonist of nAChRs.

It should be noted that so far, no TFTs have been found in the venoms of snakes
from the Viperidae family; however, transcripts encoding these toxins were identified
in venom gland transcriptomes of several Viperidae species. To address the question of
biological activity of Viperidae TFTs, two toxins were obtained by heterologous
expression in Escherichia coli. Based on the nucleotide sequences of cDNA encoding
TFTs in the venom glands of vipers Azemiops feae and Vipera nikolskii, the
corresponding genes optimized for bacterial expression were synthesized!".
Expressed A. feae TFT (TFT-AF) and V. nikolskii TFT (VN-TFT), both of the
nonconventional type, were refolded under the conditions elaborated on earlier for
cobra TFTs. The biological activity of the toxins obtained was studied by
electrophysiological techniques, calcium imaging, and radioligand analysis. Both
toxins inhibited neuronal a3-containing and muscle-type nAChRs in the micromolar
concentration range, but they were each very weak antagonists of neuronal a7
nAChRs. Thus, viper TFTs can function as antagonists of nAChRs of neuronal and
muscle-type®l.

RECENTLY DISCOVERED TFTS WITH NEW BIOLOGICAL
ACTIVITIES

Novel TFTs affecting signal transduction

The most fascinating biological activity of TFTs discovered during the last decade is
their capacity to interact with acid-sensing ion channels (ASICs). ASICs are proton
activated and Na*-selective ion channels, widely distributed throughout the
peripheral and central nervous systems (CNS) in vertebrates. ASICs take part in an
array of physiological processes, from synaptic plasticity and neurodegeneration to
pain sensation. Therefore, the finding of new regulatory modes for these proteins
opens up a new avenue of research for pain management, as well as for addiction or
fear.

The new mambalgins class of TFTs has been characterized as potent, rapid and
reversible inhibitors of ASICs, based on studies with the protein from African black
mamba (Dendroaspis polylepis) venom!”!l. The mambalgins are composed of 57 amino
acids and eight cysteine residues, and have about 50% amino acid sequence identity
to other snake TFTs. While mambalgins were found to be nontoxic in mice, they were
found to exert a potent analgesic effect, as strong as that of morphine but causing
much less tolerance than morphine and no respiratory distress. Pharmacological
studies showed that mambalgins produce their analgesic effect through the blockade
of heteromeric channels containing ASICla and ASIC2a subunits in CNS and of
channels including ASIC1b subunit in nociceptors. Mambalgins were also shown to
inhibit heteromeric channels including ASICla and ASIC1b subunits, homomeric
rodent and human ASICla channels and homomeric rodent ASIC1b channels, the
IC,s being in the range from 11 nmol/L to 252 nmol /L1,

The structure of an ASICla-mambalgin-1 complex was determined by cryoelectron
microscopy at a resolution of 5.4 A, The data obtained showed that mambalgin-1
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binds precisely to the thumb domain of ASICla but not to the acid-sensing pocket, as
suggested earlier™). However, mambalgin-1 binding induced conformational changes
in the thumb domain of the channel, which may disturb the sensing of an acidity in
ASIC1al!. The structural data obtained might provide a structural basis for further
development of ASIC modulators.

No less significant than the discovery of mambalgins was the finding of TFTs that
interact with ionotropic GABA receptors (GABA,). Almost simultaneously, three
research groups found that snake TFTs were able to bind GABA, receptors-*.. Thus,
two TFTs, called micrurotoxin 1 (MmTX1) and 2 (MmTX2), were isolated from Costa
Rican coral snake (Micrurus mipartitus) venom and sequenced™!. It was shown that at
subnanomolar concentrations MmTX1 and MmTX2 increased receptor affinity for the
agonist by binding to allosteric site, and thus potentiated opening and macroscopic
desensitization of the receptor. The authors suggested that at the molecular level, the
a+/p— subunit interface might be involved in toxin action. When injected into mouse
brain, both toxins evoked seizures against the background of reduced basal activity?.
The discovery of toxins enhancing GABA , receptor sensitivity to agonist established a
new class of ligands for this receptor family.

In 2006, it was shown that a-Bgt, a classical blocker of a7 and muscle-type nAChRs,
binds to and blocks GABA , receptors containing the interface of $3/p3 subunit). No
effects were observed for a-Bgt on heterooligomeric GABA, receptors which contain
a-, - and y-subunits or a-, - and 6-subunits. However, recently, two research groups
independently showed that a-Bgt and some other TFTs could bind to recombinant
and native GABA,, receptorst” . Both electrophysiology experiments and fluorescent
measurements with a-Bgt coupled to Alexa-Fluor 555 revealed the highest toxin
affinity to a2p2y2 receptor subtypel”). GABA reduced fluorescent labeling by a-Bgt,
suggesting that the a-Bgt binding site overlaps the GABA binding site at the interface
of B/a subunits.

Binding at the B/a subunit interface was demonstrated for the long-chain a-
neurotoxin a-CTXP®, and this toxin interacted more efficiently with the GABA,
receptor than a-Bgt. Electrophysiology experiments showed mixed competitive and
noncompetitive a-CTX action, with highest affinity of this toxin being to the alp3y2
receptor (IC,, 236 nmol/L). Other receptor subtypes were inhibited less potently, as
follows: alp2y2 ~ a2B2y2 > ab5B2y2 > a2f33y2 and alf38. Among the several TFTs
studied, the long a-neurotoxins Ls III (Laticauda semifasciata) and neurotoxin I (Naja
oxiana) as well as the nonconventional toxin WTX (Naja kaouthia) interacted with the
GABA, receptor. These data demonstrate that GABA, receptors are a target for
diverse TFTs, including the very well-studied a-Bgt and a-CTX.

Among the vast variety of TFTs there is a class of toxins that interact with mAChRs,
which are G-protein coupled receptors (GPCRs)!™.. For many years, the mAChRs were
thought to be the only GPCRs affected by TFTs; however, over the last decade, several
TFTs capable of interacting with other GPCRs, namely adrenoreceptors of different
types, were reported.

It was shown that muscarinic toxin a (MTa) was a more potent antagonist for the
a,g-adrenoceptor than for mAChRP!. MTa inhibited the a,,-adrenoceptor, but did not
affect the a,,-, a,c-, a;,- or a;z-adrenoceptors. In ligand binding experiments, MTa
superseded the radioligand efficiently (IC,, 3.2 nmol/L) and decreased the maximum
binding without any influence on the radioligand affinity, demonstrating a
noncompetitive inhibition model’’l. The study of another MT, MT, showed
nonselective low affinity interaction with the five muscarinic receptor subtypes!™.
Study of the toxin CM-3 (having undefined biological function to date) and MTp
demonstrated high efficacy for a-adrenoceptors and particularly a subnanomolar
affinity for the receptor of a,,-subtypel*”. Both toxins were isolated more than 20 years

ago from the venom of the African mamba Dendroaspis polylepist 4. No or very weak
affinity of these toxins were found for muscarinic receptors in the work of Blanchet et
al™,

Targeted searches for toxins interacting with a-adrenoceptors have yielded novel
information in the last decade. The interactions of fractions obtained from green
mamba (Dendroaspis angusticeps) venom with a;-adrenoceptors were tested in binding
experiments using *H-prazosin as a radioligand™!. A new TFT inhibitor, AdTx1
(renamed later as p-Dalall), comprising 65 amino acid residues with four disulfide
bridges, was found. p-Dala showed subnanomolar affinity with K, of 0.35 nmol/L
and demonstrated high specificity for the human adrenoceptor of a,,-subtype.
Interestingly, the biological activity profile of p-Dala appeared very similar to those
of MTP and CM-3; however, these latter two toxins interacted more potently than p-
Dala with a,;- and a,,-adrenoceptor subtypest™. p-Dala was, thus, characterized as a
specific and selective peptide inhibitor for the a,,-adrenoceptor, acting as a potent
relaxant of smooth musclel™.

Using a similar targeted screening approach, but with application of *H-
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rauwolscine as a radioligand, the effects of venom fractions obtained from green
mamba on a,-adrenoceptors from rat brain synaptosomes were studied™. A novel
TFT, p-Dalb, comprising 66 amino acid residues with four disulfide bridges was
isolated. It inhibited binding of *H-rauwolscine to the three a,-adrenoceptor subtypes
by 80% with affinity in the range of 14-73 nmol/L and with Hill coefficient of about
unity. Furthermore, calcium imaging experiments on human a,,-adrenoceptors
expressed in mammalian cells showed that p-Dalb was an antagonist of this
adrenoceptor typel.

The structural scaffold of aminergic TFTs that are known to interact with various a-
adrenergic, muscarinic and dopaminergic receptors was used to generate
experimental toxins with new functions. Specifically, the ancestral protein
resurrection methodology was applied to identify the functional substitutions that
might happen during evolution, and then utilize them for molecular designl™. Six
variants of ancestral toxin (AncTx, 1-6) were generated, and their biological activity
was studied. AncTx1 was found to be the toxin possessing to date the highest
selectivity to a,,-adrenoceptor. AncTx5 was the strongest inhibitor for a,-
adrenoceptor of the three subtypes. The toxin p-Dala affinities for the a;- and a,.-
adrenoceptor subtypes were modulated most strongly by amino acids at positions 28,
38 and 43 in the evolutionary pathway*l. Thus, this molecular engineering study
represents the first successful attempt to engineer more potent aminergic TFTs.

Among the snake venoms, the mamba ones are unique in their variety of toxins
affecting signal transductions!”. A multitude of toxins capable of disturbing the
different stages of cholinergic and adrenergic (see above paragraphs) transmission
have been isolated from these venoms. Several toxins affecting voltage-gated ion
channels have been isolated as well. The very recently discovered TFT Tx7335, in
eastern green mamba Dendroaspis angusticeps venom, interacts with the KcsA
potassium channell”l. The unusual structure of this toxin was discussed above.
Interestingly, Tx7335 is a channel activator but not an inhibitor, as evidenced by its
ability to increase in a dose-dependent mode both mean open times and open
probabilities of KcsA incorporated in artificial bilayers; yet, the Tx7335 binding site on
KcsA is distinct from that of the canonical pore-blocker toxins. The authors of this
study suggested that the toxin allosterically reduced inactivation of KcsA that results
in increase of potassium flow through the channel™.

Blue coral snake Calliophis bivirgatus belong to the Elapidae family of snakes the
neurotoxic venoms of which typically produce the flaccid paralysis. However it was
shown that the C. bivirgatus venom uniquely produced spastic paralysist*’l. The toxin
producing this paralysis was isolated and called calliotoxin (protein name: &-
elapitoxin-Cbla). Although calliotoxin is a TFT, it has low amino acid sequence
similarity to the other known toxins. It comprises 57 amino acid residues with four
disulfide bridges in the classical scaffold. Biological activity studies using HEK293
cells heterologously expressing Na,1.4 showed that the voltage-dependence of
channel activation was shifted to more hyperpolarized potentials by calliotoxin. It
inhibited inactivation and produced significant ramp currents. These data conformed
with profound effects of calliotoxin on contractile force in preparation of isolated
skeletal muscle. Thus, calliotoxin represents a functionally novel class of TFTs and is
the first activator of voltage-gated sodium channel purified from snake venoms!*l.

Novel TFTs affecting blood coagulation

TFTs affecting blood coagulation are not so numerous as those affecting signal
transduction. Nevertheless, a new member of the TFT family that is capable of
influencing different stages of blood coagulation appeared recently. TFTs inhibiting
both primary and secondary hemostasis have been reported.

Primary hemostasis involves platelets, which immediately form a plug at the site of
injury. A novel TFT which inhibits the human platelet aggregation process in a dose-
dependent manner was purified from cobra Naja kaouthia venom and named KT-6.911.
KT-6.9 was shown to inhibit platelet aggregation induced by adenosine diphosphate
(ADP), thrombin and arachidonic acid but not by collagen and ristocetin. It was 25-
times more active than the antiplatelet drug clopidogrel. Based on the data showing
significant inhibition (70%) of the platelet aggregation induced by ADP, the authors
suggested toxin binding to ADP receptors located on the platelet surfacel*'l.

As for secondary hemostasis, two TFTs capable of inhibiting the extrinsic tenase
complex (ETC) were purified from the venom of African ringhals cobra Hemachatus
haemachatust*>*1. ETC activates conversion of factor X (FX) to factor Xa (FXa) and
represents an important target for the development of novel anticoagulants. A novel
TFT anticoagulant, ringhalexin (the ringhals extrinsic tenase complex inhibitor) was
shown to inhibit FX activation with an IC,, of 123.8 nmol/L*’l. As an inhibitor of
mixed type, on chick biventer cervicis muscle preparations ringhalexin manifested an
irreversible weak neurotoxicity. The amino acid sequence of ringhalexin is 94%
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identical to that of NTL2, an uncharacterized neurotoxin-like protein from Naja atra.
X-ray crystallography of ringhalexin revealed a typical three-finger structure
stabilized by four conserved disulfide bridges!*.

Another novel anticoagulant TFT from Hemachatus haemachatus venom, called
exactin, can specifically and potently inhibit the activation of FX by ETC (IC;, 116.49
nmol/L), similar to ringhalexin!*l. It is also a mixed-type inhibitor of ETC and weakly
inhibits FX activation by intrinsic tenase complex (IC;, 4.05 pmol/L) and prothrombin
activation by prothrombinase complex (IC;, 17.66 pmol/L). In contrast to other TFT
anticoagulants that are structurally similar to snake cytotoxins, exactin manifests
structural similarity to postsynaptic neurotoxins. It also has 82% identity to the weak
toxin CM1b from H. haemachatus venom and 58% identity to a number of Ophiophagus
hannah neurotoxins, including the Q-neurotoxin Oh9-1 discussed above.

Novel TFTs with unexpected biological activities
The last decade has also seen the discovery of several new TFTs possessing quite
unusual biological activities.

TFTs, being structurally well defined, thermally stable and resistant to proteolysis,
are very good subjects for directed evolution. When a randomization scheme was
applied to a-neurotoxin amino acid residues in the loops involved in binding with
nAChRs, followed by the cDNA display screening method, new modulators of the
interleukin-6 receptor (IL-6R) were obtained!. The proteins obtained possessed
nanomolar affinity and high specificity for IL-6R. The IL-6-dependent cell
proliferation assay revealed both antagonists and agonists in the protein pool.
Application of the size minimization procedure resulted in proteins with the
molecular mass of about one-third of the original toxin; no significant loss of activities
was observed. Moreover, the loops important for function were identified™l. In
another work by the same group, directed evolution was applied to produce a trypsin
inhibitor based on the TFT scaffold”’]. The DNA sequences converged after seven
rounds of selection. The recombinant proteins obtained were good inhibitors s of
trypsin (K| of 33-450 nmol/L). Three groups of proteins had K values close to those of
soybean trypsin inhibitor and bovine pancreatic trypsin inhibitor. Two proteins
inhibited chymotrypsin and kallikrein as well. The authors suggested that the
technique developed may be widely applied for the targeted generation of different
regulatory molecules based on the TFT motift*.

Studies of a TFT cardiotoxin showed a quite unexpected effect on insulin secretion.
The fractions of cobra Naja kaouthia venom obtained by combination of ultrafiltration
and reversed-phase high-performance liquid chromatography were screened for
insulinotropic activity using the rat INS-1E p-cell linet*. Only one fraction of the total
22 obtained induced secretion of insulin from the INS-1E cells with no influence on
cell integrity and viability. Liquid chromatography-tandem mass spectrometry
analysis revealed that this fraction represented the cardiotoxin-I (CTX-I) isolated
earlier from Naja kaouthia venom. Analysis of the isolated CTX-I toxin in INS-1E cells
showed that its insulin stimulation ability persisted even in the absence of glucose. In
contrast to typical cobra cardiotoxin, CTX-I did not induce direct hemolysis of human
erythrocytes and showed no potent vasoconstriction capability. Based upon this toxin,
a truncated analogue [Lys(52)CTX-1(41-60)] was obtained by structure-guided
modification™’]. This analogue showed insulinotropic activity similar to CTX-I and
appeared to exert its action through K, channels!*’l. As such, it may serve as a basis for
the design of new therapeutic agents for the treatment of type 2 diabetes (Table 1).

A new paradoxical TFT, nakoroxin, was isolated from the cobra Naja kaouthia
venom!. Nakoroxin belongs to the group of orphan TFTs (group “XX”), the
biological activities of which are practically unknown. Nakoroxin was not cytotoxic to
rat pheochromocytoma PC12 cells nor to human lung carcinoma HT1080 cells. It did
not inhibit the binding of a-Bgt to a7 or muscle-type nAChRs, but potentiated the
binding of a-Bgt to the acetylcholine-binding protein from Lymnaea stagnalis. The
reason for this unusual property of nakoroxin is not clear.

Another quite interesting TFT, actiflagelin, was isolated from cobra Walterinnesia
aegyptia venom by combination of reverse-phase and ion-exchange
chromatography!*!. Actiflagelin activated in vitro motility of sperm from OF1 male
mice. The amino acid sequence established by Edman sequencing combined with
tandem mass spectrometry analyses showed that the protein comprised 63 amino acid
residues with five disulfide bonds, the pattern of which corresponded to that of
nonconventional toxins. Actiflagelin had a noticeable homology to bucandin, a
nonconventional toxin from Bungarus candidus venom!*). The authors suggested that
the protein found may have therapeutic potential for cases of infertility when the
problem is related to the sperm motility.
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CONCLUSION

TFTs were among the first toxins isolated from snake venoms. At present, they form
one of the largest toxin families and their number is increasing constantly. Several
TFTs are used as sophisticated pharmacological tools to study the function and
structure of their molecular targets. The new TFTs that have emerged recently possess
both novel structural and functional characteristics, expanding the possibilities for
their future applications. The TFTs discovered during the last decade have good
prospects to be transformed into novel drugs. For example, mambalgins are perfect
candidates for the design of powerful analgesics, and on the basis of CTX-I possessing
insulinotropic activity, new therapeutics for the treatment of diabetes may be created.
The data presented in this minireview (Table 1) show that TFTs continue to be
important and promising for both basic science and medicine.
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