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Abstract Since the early days of mankind, humans have used chemicals from a
wide range of origins for psychic changes, whether for religious, occupational or
recreational purposes. Among the most widely used illicit substances on the planet,
according to the United Nations Office on Drugs and Crime (UNODC), are Cannabis
sativa, amphetamines, cocaine, opiates, ecstasy and heroin. These are responsible for
the dependence of millions of people. Thus, this review is about chemical dependence
with a focus on the mechanism of molecular interaction, metabolism and its conse-
quent symptomatology manifested during drug withdrawal, as well as the current
pharmacological treatments used during its manifestation and the search to increase
pharmacotherapeutic arsenal against this pathology.
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1 Introduction

Since the dawn of mankind, chemicals that alter behavior and cognition were already
employed for the most diverse purposes, from recreational use to religious rituals
[1]. Many of these substances today are called ‘drugs of abuse’ which are those
that, when used legally or illegally, cause psychological, mental, emotional or social
damages [2].

The most commonly used drugs of abuse in the world are cocaine, mari-
juana, amphetamines, which has its most expressive agent Ecstasy (methylene-
dioxymethamphetamine) and hallucinogenic substances such as lysergic acid diethy-
lamide (LSD) [3]. Due to the increased use of such substances, in the last 50 years
there has been a significant advance in the understanding of the processes by which
drug abuse causes dependence, especially with respect to its biomolecular targets
[4]. Tlicit use of these substances has been increasing in underdeveloped countries,
data from the United Nations Office on Drugs and Crime (UNODC) reports large-
scale apprehensions of cocaine, Cannabis sativa, amphetamines and other proscribed
substances worldwide, among which the most commonly found is marijuana. Still
according to UNODC data, there are around 200 million users of some drug abuse
worldwide [5].

Misuse and consequent chemical dependence are complex disorders regulated by
a wide range of biochemical interaction networks and changes in gene expression in
the mesolimbic dopaminergic system [6]. Understanding drug-induced changes in
molecular and cellular interactions processes help to reveal a better understanding of
these specific behavioral changes in chemical dependence [7]. This review introduces
the pathophysiology, molecular drug interaction mechanisms and their reference
biological targets, the drugs used and the perspectives in the treatments in case of
chemical dependence of the main illicit drugs currently used.

2 Method

A bibliographical review was carried out in several electronic databases such as
PubMed, Scielo, Web of Science, Science Direct and Nature, in order to investigate
the publications that refer to the topic of Cannabis, LSD, Amphetamines and Cocaine.
The descriptors used to capture the relevant articles were: marijuana, cannabis,
Lysergic Acid Diethylamide, cocaine, Physiopathology, symptomatology, chemical
dependency, treatment. Among the scientific works used in this research, more than
80% were published in the period from 2013 to 2019.
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3 Cannabis sativa

3.1 Cannabis

The Cannabis sativa plant, commonly known as marijuana belongs to the Moraceas
family, known as “hemp” in India, and grows spontaneously in regions of tropical
and temperate climate [8]. The use of Cannabis is predominantly smoked and can
also be found in the form of resin in the form of plaques or rods, called hashish.
The Leaf can be mixed with crack, or as skunk—a polymorphic form of marijuana
[9] that is cultivated in a special way and with psychotropic power 7 to 25 times
stronger than common marijuana, with content of the main psychoactive substance,
A [9]-Tetrahydrocannabinol (A [9]-THC), estimated at 0.2—-0.3% of the plant [10].
Figure 1 represents the chemical structure of A [9]-THC.

3.1.1 Action Mechanism of Cannabis

Two cannabinoid receptor subtypes, CB1 and CB2, have been identified and are
responsible for many biochemical and pharmacological effects produced by most
cannabinoid compounds [11]. Psychotropic activity is caused by interaction with
the A [9]-THC (Fig. 1) and the cannabinoid receptor CB1 [12], being the activa-
tion trigger for this process of conformational changes of this receptor, the inter-
action of the cannabinoid with the amino acid residue Ser383 and its surroundings
(Fig. 2). Despite the differences between cannabinoid receptor CB1 and CB2, most
cannabinoid compounds interact similarly in the presence of both receptors [13].
With the conformational change of the cannabinoid receptor CB1 a series of
reactions occurs, including inhibition of Adenylate Cyclase, which decreases the
production of cAMP (cellular activities depend on the enzyme cyclic adenosine
monophosphate—cAMP); opening of the potassium channels (K*), reduction of
signal transmission and closure of calcium channels (Ca* [2]), leading to a decrease

Fig. 1 Structural formula of
A [9]-THC
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Fig. 2 Amino acid residues
of the cannabinoid receptor VAL196
CBI1 interacting with A

[9]-THC

PHE102

HIS178 "R

ILE119

in the release of neurotransmitters. Whose decreased concentration is related to the
psychotropic effects of C. sativa [14].

The location of cannabinoid receptor CB1 in the central nervous system (CNS) is
directly associated with the behavioral effects produced by cannabinoids. The higher
density of these receptors is found in (a) cells of the basal ganglia, involved in the
coordination movements of the body [15], (b) in the cerebellum, a region responsible
for the coordination of body movements and cognition [16], (c) hippocampus, respon-
sible for learning, memory, fear, and response to stress and (d) cerebral cortex, respon-
sible for cognitive functions [17]. Regions with lower concentrations of cannabinoid
receptor CB1 are also involved with reactions derived from the use of C. sativa,
and these are (a) region of the hypothalamus, related to temperature regulation,
hydroelectrolytic balance, and reproductive function, (b) Amygdala responsible for
emotional response, (c) column vertebral body responsible for peripheral sensation
and (d) brain stem responsible for sleep regulation and motor control [15, 16].

3.1.2 Metabolism of Cannabis Sativa

A [9]-THC is a very lipophilic molecule and, not by chance, easily crosses the
blood—brain barrier (BBB). In addition, it is rapidly distributed to more vascularized
organs and tissues, such as the lungs, kidneys, liver, heart salivary glands, pituitary,
and thyroid [17]. The decrease in blood pressure of the molecule is mainly due
to its first-pass metabolism, although its main metabolite, 11-OH-THC, also has
psychoactive power, high liposolubility and acts promptly in the CNS [18].
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Fig. 3 Catalytic cycle of cytochrome P450. RH represents the substrate of the drug and ROH is
the corresponding hydroxylate metabolite [20]

A [9]-THC is rapidly converted to 11-hydroxy-THC (11-OH-THC) in the liver
by microsomal hydroxylation, mainly by the isoenzymes CYP2C9, CYP2C19 and
CYP2D63 [19]. These enzymes belong to the cytochrome P450 family and are
responsible for the aromatic hydroxylation that occurs in the conversion of the
compounds mentioned above. This reaction is very common for drugs and xeno-
biotics that have an aromatic ring, and its mechanism is shown (Fig. 3). Cytochrome
has a prosthetic group with iron protoporphyrin (Fig. 4), which is extremely important
for the electronic transfer system [20].

The A [9]-THC substrate is oxidized by the isoenzymes according to the mecha-
nism of action of the cytochrome P450, below is a schematic of the chemical reaction
in a simplified way (Fig. 5).

In Fig. 6, the hydroxylation mechanism catalyzed by cytochrome P450 is shown.
A radical reaction is observed, and the compound is released after the reaction with
water. This step can be repeated, yielding the compound 11-hydroxy-THC (11-OH-
THC) [21].

After step 6 present in the catalytic cycle (Fig. 4), the 11-hydroxy-THC (11-OH-
THC) can be oxidized again. It would return to the cycle and after all reactions would
convert to the 11-N-9-carboxy-9-THC (THC-COOH) (Fig. 7) [23, 24].

Thereafter, cytochrome P450 is involved in oxidation where the inactive metabo-
lite 11 -Nor-9-carboxy-9-THC (THC-COOH) is excreted in conjunction with
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Fig. 4 Structure of iron protoporphyrin IX, the prosthetic group of cytochrome P450 [20]

7 CYP2C9, CYP2C19 and CYP2D63
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Fig. 5 Aromatic hydroxylation reaction of A 9 -THC being converted to 11-hydroxy-THC (11-
OH-THC) by the isoenzymes CYP2C9, CYP2C19 and CYP2D63

glucuronic acid [25]. The complete reaction of A [9]-THC metabolism is shown
below (Fig. 8):

About 100 THC metabolites were identified. In addition to the liver, there are
other organs capable of metabolizing cannabinoids, such as the lungs, heart, and
intestines, although to a lesser extent (Fig. 9) [26].
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Fig. 6 Cytochrome P450 catalyzed hydroxylation mechanism [22]

CYP450

Fig. 7. 11-Hydroxy-THC (11-OH-THC) oxidation reaction being converted to 11-Nor-9-carboxy-
THC (THC-COOH) by the cytochrome P450

3.2 Lysergic Acid Diethylamide (LSD)

Lysergic Acid Diethylamide (LSD) (Fig. 10) was first synthetized from ergot in
1938 and banned by FDA in 1966. At the beginning of their popularization the prod-
ucts contained 0.25 LSD per sugar cube or dose, currently the circulating products
contain about 0.4-0.06 mg per dose [27]. Although also found in liquid form (drops),
capsules, tablets, gelatin cubes or microdots, is mainly consumed orally in the form
of illustrated seals (blotters) [28]. Variations in standard consumption include: swal-
lowed by themselves, wrapped in cigarette paper, mixed with a drink, impregnated
with a candy, a biscuit or a drop of sugar. It can also be left on or under the tongue
or between the cheek and gum. Other more marginal routes of administration are
known: in the smoke, injected or instilled in the eye in liquid form [29].
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Fig. 8 Complete reaction of A [9]-THC metabolism and subsequent formations of 11-hydroxy-
THC (11-OH-THC) and 11-N-9-carboxy-THC (THC-COOH)

11-Nor-9-carboxy-A°-THC (THC-COOH)

Fig. 9 A [9]—THC and some of its major metabolites
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Fig. 10 Structural formula
of lysergic acid diethylamide

3.2.1 Action Mechanism of LSD

The hallucinogenic and psychotic effects of LSD are related to the interaction of this
drug in the serotoninergic, dopaminergic and adrenergic systems.

The Serotonergic System

Serotonin syndrome is characterized by hyperstimulation of postsynaptic seroton-
ergic receptors, presenting symptoms frequently associated with the use of LSD such
as tremors, hyperreflexia, muscle spasms, tachycardia, hyperthermia, and delirium
[30, 31].

LSD activates different signaling cascades of serotonin (5-HT) receptors, and
the interaction with the 5-HT2A receptor, coupled to G protein, is the main factor
responsible for the hallucinogenic action related to the serotoninergic receptor [32].
At this receptor, LSD acts as an agonist increasing the rate in the brain or preventing
abstinence from 5-HT. Consequently, when 5-HT binds to 5-HT2C receptors, a strong
response of inositol triphosphate occurs, a secondary messenger involved in the
transduction of the biological signal with or without increased intracellular levels
and phosphorylation of calcium [13].
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Dopaminergic System

LSD can directly activate the two major categories of dopaminergic receptor
subtypes, D1 and D2 [33]. It is known that the ventral tegmental area receives afferent
serotonergic neurons from the raphe nucleus, so that activation of 5-HT2A may affect
the local dendritic release of dopamine in the mesolimbic and mesocortical pathways
[34]. The release of dopamine into the cortical and limbic structures characterizes the
first phase (with an estimated duration of 60 min in rats) of the effects of LSD. The
second phase (approximately 60—100 min occurs in rats after LSD administration)
is mediated by stimulation of D 2 receptors, which is also consistent with the idea
that excess dopaminergic activity may be the cause of drug-induced psychosis [35].

Adrenergic System

LSD has little affinity for a2 adrenergic receptors and may also increase glutamatergic
transmission in the cortex by the presynaptic activation of the 5S-HT2A receptor and
subsequent activation of a-amino-3-hydroxy-5-methyl-isoxazole (AMPA) recep-
tors. This fact contributes to the rapid onset of the tolerance effect on the mental
responsiveness to the use of LSD in humans (around 4 days) [36].

3.2.2 Docking

The simulation of the coupling of the LSD structure bound to one of the molecular
targets allowed to clarify the relation of the chemical structure of this drug with its
activity, kinetics, and signaling. Although lysergamides are relatively rigid, they are
found to have conformational flexibility [37] generating stereochemical differences,
mainly related to the amide substitution of these that adopt a restricted conformation
in the binding site, a fact that has influence in the hallucinogenic activity, so that
these conformations are crucial for the hallucinogenic effects of LSD [38].

The positioning and interactions of diethylamide contribute to the long residence
time of LSD in 5-HT2B and 5-HT2A targets [32]. In the active site of these targets,
the ergoline system of LSD forms a narrow slit lined with hydrophobic side chains
that comprise aromatic interactions with the phenylalanines of residues Phe340 and
Phe341 and bonds of H with residue Gly221. In relation to the diethylamide group
of LSD, one ethyl group forms non-polar interactions with residues Leul32 and
Trp131, while the other group extends to Leu362 acetate (Fig. 11) [39].
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Fig. 11 Residues of PHE341
Serotonin Receptor amino
acid interacting with lysergic

acid diethylamide PHE340

LEU132

TRP131

3.2.3 Metabolism of LSD

At the beginning of this century, studies indicated that LSD metabolism would be
converted into phase I biotransformation into hepatic microsomes and human hepato-
cytes for 2-oxo-3-hydroxysilergic acid diethylamide (OH-LSD) and N-desmethyl—
LSD) [40] metabolite present in human urine at concentrations 16—43 times greater
than LSD [18].

The LSD is oxidized in OH-LSD by the cytochrome P450 according to the scheme
shown in Fig. 12.

Another reaction that occurs also in LSD is dealkylation, which occurs in drugs
containing secondary or tertiary amines, an alkoxy or substituted alkyl thiol group.
The lost alkyl group becomes its corresponding aldehyde. In the case of dealkylation
occurring in LSD for conversion to nor-LSD N-Desmethyl-LSD, the corresponding
aldehyde is the methanal [20].

The reaction occurs in two steps, the first being hydroxylation in the methyl
group bound to the nitrogen, forming an unstable intermediate. The second step is
the decomposition of this intermediate, shown in the figures below:

Due to the extensive metabolism of LSD, research is advancing in the discovery
of new metabolites, and the most recent ones conclude that myeloformidases
(MPO), abundantly expressed in neutrophils and monocytes and also in neurons and
microglia, may also be involved in the metabolism of this substance. This pathway
of formation of metabolites would occur concomitantly with the cytochrome P450
system giving rise to another important metabolite, N, N-diethyl-7-formamido-4-
methyl-6-0x0-2,3,4,4a,5,6-hexahydrobenzo[f]quinoline-2-carboxamide (FOMBK),
which is an open indolic ring compound. Hydrolysis of the FOMBK metabolite leads
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Fig. 12 LSD metabolic pathway and 2-oxo-3-hydroxy lysergic acid [40]
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Fig. 13 Formation of the unstable intermediate in the dealkylation step [20]

to 7-amino-N, N-diethyl-4-methyl-6-0x0-2,3,4,4a, 5,6-hexahydrobenzo [quinoline-
2-carboxamide (AOMBK) [41]. The formation of these two products is shown in
Fig. 17.

The above scheme first shows the formation of a radical, followed by the reaction
with an oxygen molecule. The loss of an oxygen will form the compound O-H-
LSD while another alternative would be the formation of an unstable intermediate,
which will give rise to OH-LSD and FOMBK. With the exit of a molecule of H,CO,
AOMBK is formed (Fig. 18).



Pathophysiology, Molecular Interaction Mechanism, Metabolism, Pharmacotherapy ... 417

¥ ¥
@) N - 0 NH
H H
N Dealkylation N
N A
NH NH

Fig. 14 LSD dealkylation reaction in nor-LSD N-Desmethyl-LSD

nor-LSD N-
LSD O-H-LSD Desmethyl-LSD

L L L
o N o N o NH
~ H CYT P450 N H Dealkylation N
OH
\ 0 S
N NH NH

Fig. 15 Complete reaction of LSD metabolism
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Fig. 16 LSD and its metabolites

3.3 Amphetamine

Amphetamines are substances that have a very complex system that implies several
consequences due to inappropriate use. These include a diverse class of synthetic
chemicals and naturally occurring alkaloids, e.g. ephedrine and cathinone, which
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Fig. 17 Proposed reaction for the formation of AOMBK and FOMBK using MPO [42]

are synthesized in the plant species Ephedra sinica and Catha edulis, respectively
[43, 44].

The complexity to explain the mode of action of these substances is due to the
mechanisms of action ranging from the central and peripheral stimulation of the
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Fig. 18 LSD and its metabolites

release of endogenous biogenic amines by the binding to the monoamine trans-
porters, which are already difficult to define chemical structures until the blockade
of absorption induced by methylphenidate [45].

Amphetamine (Fig. 19) is produced in the laboratory and belongs to the class
of phenylethylamines, which are sympathomimetic substances with a predominant
action in the CNS, whose induction causes hyperactivity of brain activity. In general,
amphetamines and illicit derivatives are used for feelings of euphoria, relaxation,
anxiety decline, whose response is dependent on the organism [46]. Due to stimula-
tion of the CNS, the most common users of amphetamines are those whose activities
related to this activation, such as the academics that although the intention is the
improvement in cognitive performance, present greater difficulties and lower average
score in relation to the non-users [47]; the drivers, in relation to the alert state [48];
young people to produce or intensify pleasurable effects or attenuate negative effects;
individuals who seek the anorexic effect in search of improvement in self-esteem and
the professionals of the arts in search of greater creativity [49].

Methylenedioxymethamphetamine commonly called Ecstasy or “Love Pill” and
4-Bromo-2,5-dimethoxy-amphetamine, the “Wind Capsule” [50], are derived from
amphetamines and are easily produced illicit drugs in clandestine laboratories and,

Fig. 19 Structural formula NH2

of amphetamine
0
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for this reason, there is a very rapid dispersion of these drugs by society, having
influence in the most varied family contexts [51].

3.3.1 Action Mechanism of Amphetamine

Amphetamine acts predominantly in the CNS, being an agonist of indirect action
of the amines, mainly the dopamine and other neurotransmitters like serotonin and
noradrenaline [52]. These competitively inhibit the transport of norepinephrine and
dopamine and at high doses also inhibit the reuptake of serotonin [53]; releases
dopamine and norepinephrine independent of Ca [2]*, that is, the effect does not
depend on the depolarization of the nervous terminal [54]. Similar amphetamine
drugs, in addition to acting as agonists in the indirect action of noradrenergic,
dopaminergic and serotonergic synapses, also inhibit the enzyme monoamine oxidase
(MAO), a flavoenzyme that catalyzes the oxidation of biogenic amines [45].

There is a widespread mechanism to explain the action of amphetamines on
dopamine levels, which is related to neurotransmitter uptake, a fact that was found
due to the administration of dopamine uptake inhibitors to attenuate the effects of
amphetamine on the cytoplasmic transporter. This model is known as exchange diffu-
sion, where amphetamine acts directly and/or indirectly on the dopamine transporter.
Amphetamine can increase the presence of this transporter on the inside of the cell
and this leads to a reverse dopamine transport, decreasing its cytoplasmic concen-
trations and blocking the reuptake of this neurotransmitter that will be present in
the synaptic cleft [55]. This abundant neurotransmitter will interact with various
receptors on postsynaptic neurons, specified as type D1-like (D1 and D5) and type
D2-like (D2, D3 and D4), these proteins differ in their molecular capacities and
pharmacological responses when interconnected with dopamine [56].

The interaction between amphetamine and dopamine occurs through the inter-
action of the amine group with the carboxylate of Asp46 and is crucial for the
hallucinogenic effect, considering that this residue is conserved between neurotrans-
mitters of biogenic amines. In addition to this interaction, the catechol group occupies
the cavity in which residues Phe325 and Phe319 [57] (Fig. 20).

3.3.2 Metabolism of Amphetamine

In recent years, numerous compounds derived from amphetamines with modi-
fied ring systems have reached the market constituting a new class of psychoac-
tive substances (NPS) [58]. Of course, metabolic variation exists in each case,
but metabolic O-demethylation is mediated by CYP2D6 (catalyzes the hydrox-
ylation of many amine rings) in man and by CYP2B and CYP2D enzymes in
relation to methoxy-amphetamine metabolism in the case of species related to
amphetamine. Metabolism continues with the formation of hydroxylated metabo-
lites, p-hydroxyamphetamine (POHA), p-hydroxynorephedrine (POHNOR), and
p-hydroxyamphetamine glucuronide (POHAG) [59].
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Fig. 20 Amino acid
residues from the dopamine ASP46
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PHE325

In the conversion of amphetamine to 4-hydroxyamphetamine, a 3-hydroxylation,
performed by CYP2D6, occurs. This cytochrome belongs to the P450 family, so it
will perform reactions similar to this. To obtain the POHA, the mechanism will be
the same as that shown in Fig. 21.

4-hydroxynethephedrine is obtained from 4-hydroamfetamine by the action of
the enzyme Dopamine-B-hydroxylase (DBH), which catalyzes the conversion of
dopamine to norepinephrine using ascorbic acid, as can be observed in the following
reaction (Fig. 22).

DBH catalyzes the hydroxylation not only of dopamine, but also of other
phenylethylamine derivatives, when available (Fig. 23). The minimum requirement
appears to be a benzene ring having a two carbon side chain terminating at an amino
group [61].

NH, NH, NH,

HO
\\\\\\\ \\\\\\ .\\\\\\\
W Wb D

p-hydroxtlation beta-hydroxylation

—»
CYP2D6 DBH

OH OH

Fig. 21 Metabolic pathways of amphetamine [60]
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Fig. 22 Mechanism of dopamine 8-hydroxylase reaction (DBH) [61]
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Fig. 23 Amphetamine metabolites

3.4 Cocaine

The cocaine alkaloid (COC) (Fig. 24), commonly known as coca, is a drug of abuse
that has a relatively short history compared to the Erythroxylum plant from which
it derives. There are several species of this plant originating in the tropical zone
of the South American Andes, of which the most outstanding are Erythroxylum
novogranatense, Erythroxylum novogranatense Truxillense and Erythroxylum coca
[62], the latter being the most prominent in the illicit use of COC [63].
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Fig. 24 Structural formula \
of cocaine
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3.4.1 Action Mechanism of Cocaine

The psychotropic effect of cocaine is caused by stimulation of the CNS due to sodium
channel block and neuronal inhibition by catecholamine uptake, changes in synaptic
transmissions of noradrenaline, serotonin and dopamine [64], with the last inhibition
of neuronal reuptake being the most important involved in the process of dependence
[65]. It is important to mention that the amount of norepinephrine and 5-HT in the
synaptic cleft is also increased during the cocaine effect, but with less significance
[66].

Cocaine has similar actions to catecholamines, not acting directly on adrenergic
or dopaminergic receptors, because it is known as an indirectly acting sympath-
omimetic amine. It can act by blocking the norepinephrine and dopamine reuptake
carrier protein in the presynaptic terminal, increasing the levels and effects of these
neurotransmitters in the synaptic cleft [67]. The difference between cocaine and
amphetamine in relation dopamine reuptake inhibition is related to the inhibition site
where these molecules act, while amphetamines occupy the same site as dopamine in
the carrier protein, cocaine acts elsewhere, specifically at an allosteric site, causing
carrier deformation that prevents interaction with dopamine [68].

Studies on cocaine docking with the neurotransmitter acetylcholine indicate that
this interaction occurs mainly by the tryptophan maintained at the center of the
active site and, to a lesser extent, by the Tyr195 residue. Thus, this binding occurs
competitive and non-competitive, depending on the concentration of the compound
[69] (Fig. 25).

3.4.2 Metabolism of Cocaine

The first step in the biotransformation of cocaine is catalyzed by CYP3A, where
it occurs with oxidative N-demethylation of the substance in its biologically active
hepatic metabolite, norcocaine. This conversion occurs by two alternative routes,
one involving only the cytochrome P450 and the other requiring the monooxygenase
containing the cytochrome P450 and (Flavin Adenine Dinucleotide (FAD) [70].
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Dealkylation

Fig. 26 Dealkylation reaction of cocaine

In the first route, cocaine is directly N-demethylated in norcocaine by cytochrome
P450. In this case the presence of a dealkylation reaction is again present, as can also
be seen in LSD (Fig. 26).

The second pathway was found to be a two-step reaction involving cocaine N-
oxide as an intermediate, the first step being made by a monooxygenase enzyme
containing FAD [20]. The reaction mechanism of this monooxygenase containing
FAD is shown in the figure below. This mechanism can be simplified in the following
global reaction:

NAD(PH)H'0, + RN % NAD(P)*H,0 + RN — O

In this route, cocaine is first oxidized to cocaine N-oxide by FMO, followed by
N-demethylation catalyzed by cytochrome P450 to norcocaine (Fig. 28).

The major excreted metabolites of cocaine are benzoylecgonine (formed by
non-enzymatic hydrolysis), methyl ester of ecgonine (both representing 75-90%
of cocaine metabolism) and ecgonine (formed in smaller amounts). Ecgonine
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Fig. 27 Oxidation of compounds by microsomal flavin-containing monooxygenase (FMO) [20]

methyl ester undergoes cholinesterase activity (liver and serum enzymes) while
benzoylecgonine is formed by non-enzymatic hydrolysis [71, 72].

For the conversion of cocaine to methyl ester of ecgonine, enzymes are used
cholinesterase (ChE). In this case, the substrate (cocaine) binds to the amino acid
Asn70, and then binds to the active site of choline (cation m site). In the next step,
cocaine rotates to the horizontal position for hydrolysis to occur and approaches
Ser198 (Fig. 29). After all these steps are completed the final product is obtained,
the methyl ester of ecgonine [73] (Fig. 30).

In the case of benzoylecgonine and ecgonine, these compounds are formed
by deesterification (hydrolysis) in the liver. In a reaction with water, a bond in
the compound is broken, resulting in two compounds. At the same time, a water
molecule divides into two, with one hydrogen being transferred to one compound
and one hydroxyl to another compound. The hydrogen atom is transferred to the
cocaine substrate, giving benzoylecgonine and hydroxy! to the alkyl methyl forming
methanol. Methanol, in turn, reacts with cocaine, originating ecgonine methylester
and a molecule of water [75] (Figs. 31, 32 and 33).
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demethylation to form norcocaine

4 Physiopathology of Chemical Dependence

Drug dependence is increasingly recognized as one of the leading causes of death,
morbidity, and loss of productivity in developed countries. Due to the urgent clinical
and social need to do something about addiction, neuroscience has advanced in the
past 50 years favoring extraordinary progress in global efforts to combat addiction
[76].

Drug dependence is defined by the 10th Revision of the International Classification
of Diseases (ICD-10) with the presence of three or more dependency indicators.
These indicators consist of: (a) a strong desire to use the substance, (b) poor use
control, (c¢) withdrawal syndrome by stopping or reducing use, (d) tolerance to the
effects of drugs, (e) need for larger doses to achieve the desired psychological effect,
(f) a disproportionate amount of time spent by users obtaining, using and recovering
from drug use, g) drug persistence, despite problems [77].

To create selective therapies with action on receptors and neurons altered by
drugs and thus inhibit drug abuse, it is necessary to understand the neuronal changes
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Fig. 29 Amino acids from cholinesterase involved in the conversion of cocaine into ecgonine [73]

associated with chemical dependence [78]. Since the beginning of research on chem-
ical dependence, the causative behavior of these has been seen as a consequence of
alterations in the dopaminergic and GABAergic neurotransmission system, linked
to the ability of psychoactive substances to interfere in the release and reuptake of
dopamine in the neural circuit complex linked to the reward the brain, specifically
the striatum [79]

In this understanding, studies are needed to better understand how each substance
causes these dopaminergic changes—which may be implicated in greater direct or
indirect release of dopamine, modulation of reuptake into synaptic clefts, availability
of receptors, or combination of variables presented at different levels [80].

4.1 Cannabis

Cannabis consists mainly of three species: Cannabis sativa, Cannabis indica and
Cannabis ruderalis. C. sativa presents serrated and green leaves, unisex flowers,
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granular and composed of fibers arranged on the stem [81]. The biosynthesis of
C. sativa is concentrating on more than 600 chemical substances, including over
60 different cannabinoids that are recognized for their toxic effects and potential
therapeutic [82].

The main component responsible for the psychoactive activity of the plant was
identified in the 1960s, known as A [9]-THC, (Fig. 1). In addition to A [9]-THC,
cannabinol (CBN), carboxylated THC, canabidivarine, Tetrahydrocannabivarin, A
[8]-THC, canabigerol (CBG), cannabicromene (CBC) and Canabidiol (CBD), the
latter constituting about 40% of the active substances of the plant [83, 84].

Cannabinoid receptor CB1, identified as molecular targets of exogenous and
endogenous cannabinoids, are present in different tissues, such as liver, skeletal
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muscle, pancreas and fat [85]. These receptors are found in greater abundance in the
ganglia of the base, in the hippocampus and in the cerebellum, mainly in the cerebral
mitochondria [86]. CB2 cannabinoid receptors for many decades were thought to
be distributed only in peripheral organs related to the immune system, but it is now
known that they maintain a wide distribution in the CNS, mainly microglial cells,
granular cells of the cerebellum, mast cells and in astrocytes humans [84, 87].

Cannabinoid receptor CB1, responsible for most of the psychotropic effects of
cannabinoids, are present in areas associated with motor control, emotional response,
learning and memory, targeted behaviors and goals, energy homeostasis and higher
cognitive functions [88]. This is a membrane receptor coupled to a G protein that,
when activated, inhibits the enzyme Adenylate Cyclase and the activity of the calcium
channels, increasing the activity of the potassium channels and modulating the release
of other neurotransmitters. In peripheral organs and tissues, cannabinoid receptor
CBI1 are expressed in lower density [89].

Interactions between A [9]-THC and cannabinoid receptor CB1 produce acute
physical effects such as: dry mouth, dilated conjunctival vessels and accelerated
heart rate [90]. This chronic interaction can also cause chronic obstructive pulmonary
disease (COPD) and lung cancer, as well as containing levels of benzopyrenes similar
to those of tobacco, also reduce the body’s immune defenses [91].

4.2 LSD

Hallucinogenic drugs are substances capable of inducing perceptual, affective and
judgment sensorial changes [92]. There is evidence that the characteristic effects
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of LSD and other hallucinogens, for example, psilocybin and mescaline, are medi-
ated by the serotonergic system and the dorsal raphe nucleus acting as agonist or
partial agonist connected to 5-HT2A receptors. At higher doses, LSD also modu-
lates the ventral tegmentar area by stimulating D2 dopaminergic receptors, the Trace
Amine Associate 1 receptor (TAAR1), and the 5-HT2A receptor [35]. The interaction
between serotonin-glutamate systems and serotonin-dopamine signaling mediate
synaptic activity in specific regions of the brain, such as the frontal cortex, cause
hallucinogenic action with distortion of reality and altered senses, perception, cogni-
tion, mood, and psychosis [93]. LSD also acts on the locus coeruleus, which receives
sensory stimuli from the body and produces sympathomimetic mechanisms [94].

About one hour after ingestion LSD is fully absorbed and reaches a higher
plasma concentration in 3 h. Distribution throughout the body easily affects the
CNS including being absolved by the placenta in pregnant women. The effects can
last from 6 to 12 h, depending on the dose ingested [95].

Functional magnetic resonance imaging (fMRI) and magnetoencephalography
(MEG) research have reported that the use of LSD causes increased blood flow from
the visual cortex, increased whole brain functional integration (reduced modulatory
organization) and decreased oscillatory power over a wide frequency range [96, 97].
Recent research conducted during rest conditions used complementary neuroimaging
techniques that revealed marked changes in brain activity correlated with hallucino-
genic effects of LSD such as: (a) increased cerebral blood flow from the visual
cortex; (b) the alpha power of the diminished visual cortex; and (c) a functional
connectivity profile of the greatly expanded primary visual cortex strongly corre-
lated with visual hallucination classifications, implying that intrinsic brain activity
exerts greater influence on visual processing in the brain [98].

4.3 Cocaine

The effect of cocaine (Fig. 24) occurs through the competitive inhibition of dopamine
transporters, inhibiting the removal of this neurotransmitter from the synaptic and
postsynaptic spaces, thus increasing the extracellular concentrations of dopamine
[99]. This inhibition prevents the conduction of electrical impulses inside the nerve
cells, avoiding the rapid increase of the cellular membrane permeability to the sodium
ions during depolarization [100]. Thus, there is an increase in the amount of other
neurotransmitters such as norepinephrine, dopamine, serotonin and acetylcholine,
involved in motivation, pleasure, cognition, learning, memory, fine motor control
and modulation of neuroendocrine signaling [101].

Recent research suggests that cocaine serves as a negative allosteric modulator,
altering the function of the dopamine reuptake transporter (DAT), and reversing its
transport direction in a co-transport that depends on the burning of dopamine in the
synaptic cleft, functioning as an analog of an inverse agonist. Activation of the sympa-
thetic nervous system produces an acute increase in blood pressure, tachycardia, a
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predisposition for ventricular arrhythmias and seizures, in addition to mydriasis,
hyperglycemia, and hyperthermia [102].

Dopamine is essential as a drug reward mediator [103]. In the short term, cocaine
stimulates dopamine neurotransmission by blocking dopamine uptake at D1 and
D2 receptors [104], but in the long term the nerve endings mainly in the region
of the ventral and dorsal striatum are depleted of this neurotransmitter [105]. This
depletion contributes to the dysphoria that develops during cocaine withdrawal and
the subsequent desire for more consumption, and this mechanism is responsible for
the development of tolerance and dependence patterns [106]. At higher and more
regular doses, the involvement of the serotonergic system may occur, directly or
indirectly, in mediation of the CNS toxicity [107].

4.4 Amphetamines

Amphetamines (Fig. 19) are a diverse group of compounds that resemble monoamine
neurotransmitter transporters. In addition, the structural differences between the
various amphetamines highlight the specificity with the carriers [108]. However,
amphetamines also bind to targets of non-monoamine transporters such as, for
example, adrenergic receptors or traced amine receptors [109, 110].

Human striatum is functionally organized into subdivisions, such as mesolimbic
and mesostriated, which have the function of producing pleasure in response to
positive events in the individual’s life, rewarding the learning process [111].

Amphetamine transporters coupled to the Na*/C1~°, channels are responsible for
the removal of the synaptic and postsynaptic spaces of dopamine and norepinephrine
[112].

Amphetamine blocks dopamine reabsorption, thereby increasing the concentra-
tion of this neurotransmitter at synapses [113]. This fact causes inhibition of appetite
[114], euphoria [115], insomnia, accelerated speech, feeling of power [116], irri-
tability [117], impairment of judgment, perspiration, and chills [118]. The resulting
mydriasis is harmful and dangerous, especially for drivers because of the increased
sensitivity to the presence of car headlamps [48].

The use of amphetamine is also a reason for hypertension and tachycardia that can
lead to acute myocardial infarction or cardiac arrhythmias whose concomitance is
usually fatal [119]. Vascular and ischemic attacks, which cause decreased attention,
concentration and memory problems may occur at the CNS level, in addition to
hyperthermia which may lead to seizures [120, 121].

Ecstasy is the common name for MDMA (3,4-methylenedioxyamphetamine)
(Fig. 34), a derivative of methamphetamine substituted on the aromatic ring [122].
This is a powerful CNS stimulant, which increases activity in various neurotrans-
mitters and neurohormonal systems. This powerful neurobiological activation can
be strongly euphoric, encompassing feelings of intimacy and closeness, and this
state of humor is the main motivation of use by recreational users [123] Ecstasy
causes dependence, although research suggests that this may be a less potent booster
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than other drugs. Although less frequent the phenomenon of tolerance in chronic
users may occur [124, 125], being the main withdrawal symptoms such as increased
appetite, tiredness and drowsiness, bad mood, paranoia and irritability [126].

5 Symptomatology of Withdrawal Syndrome

Abstinence syndrome is the set of signs and symptoms that generate feelings of
discomfort and varying degrees of mental and physical suffering [127] that occurs
when there is a voluntary or non-voluntary removal of drug use [128]. In general
terms, the withdrawal syndrome presents symptoms such as dysphoria, insomnia,
anxiety, irritability, nausea, agitation, tachycardia and hypertension. In correct treat-
ment, the initial identification of the type of drug used is important because the
complications differ according to the substance [129].

5.1 Cannabis

The effects of acute Cannabis intoxication appear after a few minutes of use with
motor and cognitive deficits, such as short-term memory loss, impulsivity, and diffi-
culty remembering events that occurred immediately after use [130]. There are also
loss of activities that require coordination and attention, such as driving, as well as
reducing the ability to solve problems [131, 132].

Inrecent years a steady increase in epidemiological studies on the use of Cannabis
and psychosis (or schizophrenia) has suggested that chronic use of Cannabis
probably precipitates or worsens schizophrenia in individuals susceptible to this
pathology [133], and may trigger anxiety attacks, with panic and depression reac-
tions [134]. Some examples of psychic effects are: depersonalization; altered state
of consciouness; lethargy; depression; psychomotor excitation; hallucinations and
illusions; panic attacks; somnolence; self-referral and paranoia; anxiety; prejudice
of the judgment; irritability and concentration problems [132, 135].

The chronic use of marijuana is capable of causing cognitive impairment in the
organization and integration of complex information, so that chronic users have lower
verbal memory, reduced processing speed, and executive functioning [136]. Physi-
cally, chronic use may cause symptoms of chronic bronchitis induced by respiratory
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infections [137] while immunohistotopathological and epidemiological evidences
suggest the influence of Cannabis on the risk of developing lung cancer [91, 138];
reduction in the number of spermatozoa [139], besides influencing the induction of
genes linked to the onset of breast cancer [139]. Recent research suggests the influ-
ence of Cannabis in triggering intracranial arterial stenoses mainly in young users
[140].

It is important to mention that the use of Cannabis during adolescence can cause
lasting effects on brain functions that can compromise the performance of users in
adult life in different sectors, whether personal or professional [141].

5.2 Cocaine

Cocaine abuse is related to many physical, psychiatric, and social problems [142].
Although some neurological complications may occur in association with cocaine
use, there appears to be no consensus among researchers about cognitive deficits
arising from drug use [143].

The chronic use of cocaine is related to the vasoactive effects of the substance.
There is evidence that abnormalities of cerebral blood flow frequently occur in users
even in the absence of evidence of neurological symptoms [144]. Multiple episodes
of substance abuse produce a cumulative effect and there is an increased incidence of
stroke even in relatively young individuals, so it is suggested that cocaine use should
be classified as a risk factor for cardiovascular and cerebrovascular diseases [145].

Among the classic physiological responses to cocaine use are increased blood
pressure, heart and respiratory rates, body temperature, pupil dilation, high alertness
and increased motor activity [146]. There are numerous and serious cardiovascular
consequences for cocaine users with exclusive mechanisms of cardiotoxicity that
include sympathomimetic effects, sodium and potassium channel blockade, oxidative
stress, mitochondrial damage and consequent rupture of the excitation—contraction
coupling [64], in addition to hypertension, tachycardia, seizures and persecutory
delirium, characterized by severe cardiopulmonary dysfunction, hyperthermia and
acute neurological alterations that frequently lead the user to death [147].

Some cases, probably caused by lack of dopaminergic control, extreme
psychomotor agitation, hyperthermia, aggressiveness and hostility, have been
described after cocaine use and require intensive care [148].

5.3 Amphetamines

Amphetamines activate the reward system of the brain producing highly reinforcing
effects, which can lead to abuse and dependence. The recreational use of these
lipophilic compounds generates acute and chronic effects through the release of nora-
drenaline, mainly in the lateral hypothalamic area (LHA) [149], thus activating parts
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of the sympathetic nervous system and also decreasing the gastrointestinal activity
with the consequent inhibition of appetite [150, 151]. Amphetamines and deriva-
tives also cause chills, a climate of confidence and presumption, mydriasis, xeros-
tomia, wheezing, frantic pulsation, hyperexcitation, feeling of power and euphoria
[58, 152]. Consequently the body is agitated with high energy release and increased
sexual desire, also occurring the feeling of well-being, joy and reduced fatigue [153].

Some amphetamines are able to act on the serotonergic system, increasing the
release of the neurotransmitter at the synapse, responsible for the hallucinogenic
effects, so that in removing the drug this system increases anxiety and reduces the
ability to cope with stress, a fact that contributes to relapse of use [154].

The psychiatric impairment associated with the use of amphetamines may be
cognitive, intellectual or affective [155]. These consequences are correlated with the
duration of use as well as the amounts used. Memory, language and attention deficits
are also reported among users [156]. Neurological failure may persist for 9 months
or more after cessation of amphetamine use, but recovery in attention activity and
improvement in cognitive functioning are possible with sustained abstinence [153].

About 40% of chronic users, in addition to developing the phenomenon of toler-
ance, may develop a toxic reaction, known as “Amphetamine Psychosis” [157] char-
acterized by symptoms such as agitation, irritability, insomnia, hallucinations and
delirium. This may require a psychiatric hospitalization because this problem can
lead the user to death [158].

Prolonged or intense use of amphetamines may trigger an abstinence syndrome
characterized by a sudden change in dysphoric disorder, decreased libido, fatigue,
increased appetite, deceleration and sleep disturbances, or accelerated psychomotor
activity [159]. The severity of these symptoms is related to the duration and intensity
of drug use and symptoms last up to 3 weeks [160, 161].

54 LSD

The mental changes produced by LSD are variable and abnormal (although the
sensory changes resulting from the use are not relevant), however, some conse-
quences are considered terror and panic. At low doses it causes hallucinations, delu-
sions, altered perception of time and space, mental confusion, memory lapses and
generalized distortion [162], similar to schizophrenia [163], in addition to undesir-
able physical effects related to autonomic disorders such as nausea, increased blood
pressure and frequency heart failure, body weakness, drowsiness, and increased body
temperature [164].

Psychic effects vary depending on the user’s emotional state, context, quality
and quantity of the product, ranging from extremely pleasant to very unpleasant
[165]. Illusions, auditory and visual hallucinations, great sensory sensitivity with
the glimpse of brighter colors and perception of imperceptible sounds, synesthesia,
mystical experiences, feelings of well-being, ecstatic experiences, and euphoria are
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the most common effects [166]. The less common use of intranasal LSD can cause
coma, hyperthermia, vomiting, mild gastric bleeding, and respiratory problems [167].

6 Pharmacological Treatment for Withdrawal Syndrome

Drug damage can be acute, leading to intoxication or sudden changes called “over-
dose” and chronic, producing longer lasting changes, such as chemical dependency,
and even irreversible changes [168].

One of the first reports on pharmacological treatment for chemical dependence and
symptoms related to withdrawal syndrome was carried out by Sigmund Freud in his
book Uber Coca, where he described the use of cocaine to treat psychic disorders and
dependence on morphine [169]. In the following months, Freud witnessed the “deep
despair” of cocaine-treated patients who had symptoms such as fainting, convulsions,
severe insomnia, and unusual patterns of behavior [170]. At that time, delirium
tremens were reported—a state of temporary confusion leading to dangerous changes
in the regulation of circulation and breathing, leading to the risk of heart attack, stroke
or death [171].

The symptoms of cocaine withdrawal are eminently psychic, with depressive and
anxious disorders being the most common. They usually appear more intense in the
first seven days and appear less intense when the patient is in protected environ-
ments [172]. Currently, cocaine users with agitation and withdrawal syndrome can
be treated with benzodiazepine [173], GABAergic agonists [174], and antipsychotics
or with the combination of drugs [175]. The use of these drugs intramuscular (IM)
or intravenous (IV) is recommended if the patient has intense psychomotor agitation
and heteroaggressivity and should not accept oral medications [176].

More recently, disulfiram (a substance well known in the treatment of alcohol
dependence) [177] and modafinil are used to control withdrawal symptoms in stabi-
lizing clinical and psychiatric conditions resulting from sympathomimetic and neural
dysregulation caused by cocaine [178]. Disulfiram, at a dose of 250-500 mg daily,
acts in the dopaminergic system, blocking the enzymes DBH [179], MAO inhibits the
conversion of dopamine to noradrenaline and thus causing a reduction of dopamine
in the nucleus accumbens, an integral part of the reward system [180]. Studies with
selective DBH inhibitors are being conducted for use in minimizing the cardiovascular
effects produced by cocaine [181, 182].

Modafinil blocks the reuptake of dopamine and noradrelin, increasing the concen-
tration in the brain, and increases the activity of the glutamate system, which is gener-
ally deficient due to chronic use of cocaine [183]. The dose used is 200 to 400 mg
per day, although it does not offer statistically significant benefits, demonstrates the
tendency of maintenance in the state of abstinence [184].

Cannabinoids are used as therapeutic agents against nausea and vomiting in
terminal patients with cancer and AIDS. Cannabis decreases the intensity of spasms
and tremors in the case of multiple sclerosis and epilepsy [185]. The main problem
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is that chronic use can cause serious side effects on cognitive functions, coordina-
tion, learning disabilities and impairment of memory, dependence, and induction of
suicide attempts [186].

Research is advancing in the search for pharmacological approaches in Cannabis
use disorders, obtaining more substantial data on the clinical efficacy of any specific
drug to be used in the treatment of chronic users of the plant [187]. Buporpione,
a noradrenaline and dopamine reuptake inhibitor, partial serotonin SHT receptor
agonists such as buspirone, are being studied but have reduced effects on Cannabis
removal [188]. The use of cannabinoid receptor CB1 agonists seems to be the most
promising, such as Dronabinol, which is associated with lofexedine, a2 adrenergic
agonist [189]. Naltrexone, an opioid receptor antagonist, may moderate effects and
reduce self-administration, whereas cannabinoid receptor CB1 antagonist, such as
Rimonabant, has a small reduction in use but causes considerable side effects to
psychic changes [190]. In the use of Cannabis derivatives, for example, nabiximol
showed a reduction in most of the symptoms but was not effective in the long term
of abstinence [191].

Initially amphetamines were used for narcolepsy [192] and are currently used for
the treatment of Attention Deficit Hyperactivity Disorder (ADHD) in children and
restricted obesity [193, 194] with its main mechanism of action being the blockade of
neurotransmitter transporters that mediate the reuptake of monoamines potentiating
dopaminergic, adrenergic and serotonergic neurotransmission [195]. The first step
in treating amphetamine dependence is detoxification that aims to lower blood levels
of the drug, but requires prolonged drug treatment. The main symptoms presented
at this stage are anxiety and agitation, energy reduction and depressive mood, so in
these cases benzodiazepines such as diazepam 5 mg are used orally and neuroleptics
such as haloperidol 2 to 5 mg, oral or injectable [196]. It is very important to mention
that psychosocial counseling is a factor that should accompany treatment from the
beginning of detoxification [197].

LSD has analgesic effects in patients with terminal cancer [198], mainly with
improvement of mood and reduction of anxiety [199]. In the mid-last century,
LSD-based drugs indicated mental relaxation, anxiety in psychotic nature studies
and treatment of alcoholism, with 100 ml ampoules of 100 g, orally or subcuta-
neously / intravenously. These were allowed and made available for free to psychiatric
clinics, however, the abuse of products prompted manufacturers to remove supplies
of medicines [150]. LSD acts on several neurotransmitters, but action on serotonin
seems to be the most important, due to the clinical presentation of delusions and
hallucinations [200]. Benzodiazepine medicinal products such as diazepam 10 mg
orally or midazolam 15 mg intramuscularly may be used to control the agitation and
symptoms of schizophrenia caused by drug withdrawal [201]. Research advances in
the use of isoxazol-9 during the removal of methamphetamine, since this molecule
presents preliminary results that contribute directly inhibiting the search behavior of
the drug [202].
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7 Conclusion

This review concludes that drugs, in addition to being included in humanity from
the earliest stages, are also present in society, following their own scientific evolu-
tion. With the development of new synthetic routes, the appearance of new drugs
is not a rare occurrence, which exposes a considerable part of society to chemical
dependence. In general, the treatments developed currently have little efficacy and
act to combat the symptoms triggered by the withdrawal syndrome in users intensely
dependent on Cannabis, cocaine, amphetamines, and LSD. Therefore, itis concluded
that it is necessary to develop drugs that act selectively on biological targets involved
in the process of chemical dependency, as well as those directly involved in the onset
of withdrawal symptoms initiated by each drug of abuse.
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