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Abstract

N

Alkaloids are low-molecular-weight nitrogen-containing compounds. It is widely accepted that the main role of alkaloids in plants is
toxicity against predators and pathogens. Plant alkaloid toxicity can be quite diversified, but often involves neurotoxicity or cell sig-
naling disruption. The same toxic properties observed in the plant defense scenario can often be used in prospection for new drugs.
A very specific toxicity may be used to fight certain tumor cell types, or also be used to control specific microorganisms or pests.
Alkaloid papain is also used in topical formulations as a proteolytic debriding agent for the treatment of open, extensive wounds
and burnings. Toxicity may arise by enzymatic alterations affecting physiological processes, inhibition of DNA synthesis and repair
mechanisms by intercalating with nucleic acids, or affecting the nervous system. This alkaloid inhibits choline acetyltransferase, af-

fecting neurotransmission. It also affects several other neuroreceptors and DNA synthesis.
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Introduction

Alkaloids are among the most important drugs in human history
and contain the largest groups of secondary metabolites, being
extremely diverse in terms of structure and biosynthetic path-
ways, including more than 20,000 different molecules distributed
throughout in known vascular plants [1]. Dey et al. [2] reported
that alkaloids are low-molecular-weight nitrogen-containing com-
pounds and, due to the presence of a heterocyclic ring containing
a nitrogen atom, are typically alkaline. Matsuura and Neto [3] re-
ported that alkaloids are known by their numerous pharmacologi-
cal effects on vertebrates. These metabolites can be divided into
different classes according to their precursor (e.g., indole alkaloids
are alkaloids derived from tryptophan), encompassing more than

20 different classes (e.g., pyrrolidine alkaloids, tropane alkaloids,

piperidine alkaloids, pyridine alkaloids, quinolizidine alkaloids, and

indole alkaloids, among others).

The presence of alkaloids and other secondary metabolites in
plants enhances plant reproductive rates, either by improving de-
fenses against biotic and abiotic stresses or by affecting pollinators
and seed/fruit disperser visitation [4]. It is widely accepted that
the main role of alkaloids in plants is toxicity against predators
and pathogens. The same toxic properties observed in the plant
defense scenario can often be used in prospection for new drugs.
For example, a very specific toxicity may be used to fight certain
tumor cell types, or also be used to control specific microorganisms
or pests [5]. There is also evidence for allelopathic activity of some

plant alkaloids against target species mostly in laboratory assays
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[6]. Demasi et al. [7] reported the Inhibition of Lactuca sativa and
Lepidium sativum seedling growth by berberine, sanguinarine, and
gramine, among other alkaloids, has been recorded. Somanah et al.
[8] tested papaya leaf extracts (alkaloids) against human pathogenic
microbes. Bacteria such as Bacillus subtilis, Clostridium tetanus, Es-
cherichia coli, Proteus vulgaris, Stapylococcus aureus and fungi such
as Aspergillus conicus, spergillus flavus, Aspergillus niger, Aspergillus
sulphureus and Rhizopus by agar well diffusion method. All the leaf
extracts of Carica papaya L. exhibited greater activity towards bac-
teria and fungi. The extract demonstrated higher activities against
all the bacteria and fungi tested, with the highest activity (acetone
extract of 13 mm zone of inhibition) demonstrated against Saphy-
lococcus aureus and (ethanol extract of 18 mm zone of inhibition)
demonstrated against Aspergillus flavus. Carica papaya may be used
for the treatment of gastroenteritis, uretritis, otitis media, dengue
fever, typhoid fever and wound infections. Pinto et al. [9] reported
that alkaloid papain is also used in topical formulations as a prote-
olytic debriding agent for the treatment of open, extensive wounds
and burnings. It is also employed as an enhancer for cutaneous per-
meation of active compounds, chemical peeling and as a progres-

sive depilatory agent.

Amri and Mamboya [10] reported that papain (alkaloids) preferen-
tially cleaves peptide bonds involving basic amino acids, particular-
ly arginine, lysine and residues following phenylalanine. The unique
structure of papain gives its functionality that helps to understand
how this proteolytic enzyme works and it’s useful for a variety of
purposes [11] Srivastava and Singh [12] reported that papain is
bactericidal, bacteriostatic, anti-inflammatory and debridement
material and shows a broad proteolytic activity against the protein,
short chain peptides, amino acid ester and amid. Caffeine found in
C. Arabica (Rubiaceae) and various other plant species is often toxic
and paralyzes insects feeding on the plant. Invertebrates, the inter-
action of the alkaloid with adenosine receptors of the nervous sys-
tem is responsible for stimulating effects [13]. Nicotine effect lies
on the ability of some alkaloids to bind various neuroreceptors and
block or displace endogenous neurotransmitters. Nicotine acts as
an agonist or antagonist targeting nicotinic acetylcholine receptors
in insects, which are the most abundant excitatory postsynaptic
receptors, causing continual neuronal excitation, leading to insect
paralysis and death [13]. In this review, we will systematically sum-
marize the chemistry, identification techniques and their biological

activities along with potential applications in a single platform.

Sources of Alkaloids

The presence of plant alkaloids chimonanthine, calycanthine, and
nicotine, or its enantiomers, has been reported in the skin of Den-
drobatidae frogs [14]. Native Indians from the Amazon use the se-
cretion of poison frogs to contaminate the point of darts used in
hunting and rapidly kill or impair birds and little mammals. Bufo-
nidae frogs were believed to produce alkaloids instead of accumu-
lating them from a food source, but recent studies showed that Bu-
fonidae frogs also obtain alkaloids from the diet [15]. Some species
of Phyllobates (Dendrobatidae) can secrete batrachotoxins, which
are the most potent known non-peptide neurotoxins [16]. Pyrroliz-
idine alkaloids of species of Crotalaria (rattlebox), which serve as
hosts to the moth Utetheisa ornatrix (bella moth), can be stored by
larvae, making them poisonous and frequently repellent to preda-
tors, a feature that remains through the pupae and adult stages.
In addition, the alkaloids and biotransformation products of these
are given to females as a nuptial gift, which is transferred to eggs,

presumably making these protected against predators [3].

Johannsen and Kayser [17] reported that the Plants containing tro-
pane alkaloids (TAs) are found in numerous and important plant
families such as Solanaceae, Brassicaceae, Erythroxylaceae, Con-
volvulaceae, and Euphorbiaceae. TAs are alkaloids derived from
ornithine, and in many parts of the world, TA-containing plants
have been used for folkloric and medicinal purposes due to their
powerful anticholinergic (e.g., scopolamine) and hallucinogenic ef-
fects (e.g., hyoscyamine and atropine), causing constipation, photo-
phobia, pupil dilatation, vision disturbance, and dryness of upper
digestive and respiratory tract mucosa. Contaminations with TAs
often occur via ingestion of food containing Datura, which accumu-
lates high concentrations of scopolamine and hyoscyamine [18].
Vasquez et al. [19] reported that in Solanum plants (Solanaceae),
the commonly present glycoalkaloids, solanine and chaconine,
can be found in species such as nightshades (S. nigrum), potato
(S. tuberosum), tomato (S. lycopersicum), eggplant (S. melongena),
pepper (Capsicum annuum), and petunia (Petunia sp.), carrying
fungicidal and pesticidal properties participating in plant defense

mechanisms.

Mechanisms of Action of Alkaloids

Thawabteh et al. [20] reported that alkaloids affect different meta-
bolic systems in animals, and the toxic mechanism of action of al-
kaloids may vary considerably. Torgovnick and Schumacher [21]
reported that Toxicity may arise by enzymatic alterations affect-

ing physiological processes, inhibition of DNA synthesis and repair
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mechanisms by intercalating with nucleic acids, or affecting the
nervous system. Several alkaloids may affect multiple functions.
Taxines are calcium channel antagonists, increasing cytoplasmic
calcium [22]. Pyrrolizidine alkaloid toxic effects are mainly due to
their biotransformation into strong reactive pyrrole structures by
oxidases from the mammalian liver. The reactive pyrroles act by al-
kylating nucleic acids and proteins [23]. Alkaloid mechanisms of
action as antibacterial agents differ among alkaloid classes. Syn-
thetic quinolone alkaloids may have respiratory inhibition effects;
isoquinolines, such as berberine, sanguinarine, protoberberine,
and benzophenanthridine, inhibit cell division by perturbing the
Z-ring; the phenanthridine isoquinoline alkaloid ungeremine acts
by inhibiting nucleic acid synthesis; pergularinine and tylophorini-
dine, which are indolizidine alkaloids, inhibit nucleic acid synthesis

as well, by targeting dihydrofolate reductase [24].

Molluscicidal Activity

Jaiswal et al., [25] reported that lyophilized latex from the skin of
unripe fruits and pure papain show about similar toxicity against L.
acuminata at all exposure period whereas column purified fraction
of C. papaya seed shows lower toxicity than lyophilized latex. It is
due to the presence of high concentration of papain in C. papaya la-
tex than seed. Srivastava et al. [26] tested sublethal treatment (40%
and 80% of 24h LC, ) of alkaloid piperine (Piper nigrum) on level of
different biochemical parameters viz. protein, amino acid, nucleic
acids and phospholipids and rate of lipid peroxidation in nervous
tissue of L. acuminata. and found that treatment of 80% of 24h
LC,, of piperine caused maximum reduction in protein, DNA, RNA
and phospholipids in the nervous tissue of L. acuminata and con-
cluded that the alkaloid, piperine, found in P. nigrum destroys the
cytochrom P-450 and inhibits monooxygenase activity [27]. Phos-
pholipids are needed for the growth of endoplasmic reticulum or
other cellular membranes [28]. It has been reported that all classes
of phospholipids decrease markedly following high dose piperine
treatment [29]. The enhancement of lipid peroxidation might be
due to oxidative degradation of polyunsaturated fatty acids of the

biomembrane leading to pathological infestation [30].

Formation of activated oxygen can have extremely detrimental con-
sequence not only for phospholipids but also protein, nucleic acids,
polysaccharides and inhibition of vital enzymes [31]. Srivastava and
Singh [32] reported that feeding of snail attractant pellets contain-
ing alkaloid papain (40% of 24 h LC, ) caused significant reduction
in the level of protein, amino acids, DNA, RNA and AChE activity

in the gonadal/nervous tissue of Lymnaea acuminata. Jaiswal and

and Singh [33] reported that Carica. Papaya seed and latex are
potential source of botanical molluscicides. C. papaya lyophilized
latex is more effective than seeds against L. acuminata. The mollus-
cicidal activity of C. papaya seed and latex may be due to the pres-
ence of papain (Srivastava et al. [34]. Srivstava et al. [34] reported
that sub-lethal treatment of papain in bait formulation (24hLC50)
caused a significant inhibition of AChE activity in the nervous tis-
sue of L. acuminata. Jaiswal et al. [35] noted that papain is uncom-
petitive inhibition of AChE. AChE inhibition result in accumulation
of acetylcholinesterase at the nerve synapses so that the post syn-
aptic membrane is in a state of permanent stimulation producing
paralysis, ataxia and general lack of coordination in neuromuscular

system and eventual death.

Anti-Reproductive Activity

Plant alkaloid toxicity can be quite diversified, but often involves
neurotoxicity or cell signaling disruption [36]. Croaker et al. [37]
reported that alkaloid sanguinarine from Sanguinaria canadensis
(Papaveraceae) presents multiple toxic effects. This alkaloid inhib-
its choline acetyltransferase, affecting neurotransmission and also
affects several other neuroreceptors and DNA synthesis. Srivastava
[38] reported that sub-lethal (40% and 80% of 24h LC, ) of feeding
of bait containing plant alkaloid papain and piperine, significantly
reduced the fecundity of the snail L. acuminata. Because the caudo
dorsal cells in the brain of the snail L. acuminata release ovulation
hormone. The cerebral neurosecretory caudo dorsal cells of the
fresh water pulmonates snail Lymnaea stagnalis control egg laying,
an event that involves a pattern of stereotyped behaviour [39]. The
CDCS synthesize and release multiple peptides, among which is the
ovulation hormone (CDCH). It is thought that each peptide controls
a specific aspect of the processes involved in egg laying [38]. It is
also noted that after sublethal treatment of alkaloid papain caused
the decrease the level of serotonin and inhibits prostaglandins
synthesis by inhibiting 5-lipoxygenase and leukotriene directly or
indirectly CDCs. Possibly, the alkaloid papain affect the CDCs and
reduce the release of ovulation hormone, resulting a decrease in
the fecundity of treated snail [39].

Other Function
Senchina et al. [40] reported that Alkaloids consumed to improve

immune functions, nutrition, and physical performance, being
present in daily foods, beverages, and supplements. Azam et al.
[41] reported that some alkaloids include the caffeine from cof-
fee (or guaranine and mateine from other plants) with antioxi-

dant, anti-inflammatory, and stimulatory properties; theobromine
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and paraxanthine from cocoa as antioxidants; and gingerol and
shogaols (phenolic alkanones) present in ginger bearing antioxi-
dant, anti-inflammatory, antimicrobial, and antitumoral properties.
Mitochondria are the major intracellular sources of reactive oxy-
gen species (ROS) in animal cells. Conjugates of the plant alkaloids
berberine and palmatine with the antioxidant plastoquinone can
be used as a strategy in therapies focusing mitochondria-targeted
antioxidant activity [42]. Baracchi et al. [43] reported that various
alkaloids display antioxidant properties, some of which being effec-
tive skin sunscreens, some negative consequences, such as reduced
ovary development, mobility, and survivorship, are documented for
several pollinators visiting alkaloid-containing plants, but, in some
cases, secondary compounds present in nectar can be beneficial to

the pollinator, reducing gut pathogens.

Toxicity to Humans and Other Vertebrates

Adibah and Azzreena, [44] reported that animal intoxication by al-
kaloids is mostly caused by accidental ingestion of food contaminat-
ed with alkaloid-containing plants, Clearly, the amount of ingested
alkaloid and the sensitivity of the target animal are key factors lead-
ing to intoxication. James et al. [45] reported that some alkaloids
can be extremely harmful to mammals, which is the case of the ste-
roidal alkaloid cyclopamine in lambs, identified as the compound in
Veratrum californicum (Liliaceae) responsible for teratogen effects
resulting in craniofacial birth defects causing a cyclops aspect in off-
spring of sheep grazing V. californicum. The mechanism of action can
be due to inhibition of acetyl cholinesterase and calcium transport,
which occur in micromolar range. The plant families Asteraceae,
Boraginaceae, and Fabaceae often produce pyrrolizidine alkaloids,
which are also ornithine-derived alkaloids, estimated to be present
in more than 6,000 plants and known to be efficient against preda-
tors, including human and livestock [46]. Pyrrolizidine alkaloids
acute and chronic liver toxicity in humans and other animals is well
known, and some symptoms of acute poisoning are abdominal pain,
nausea, vomiting, diarrhea, and edema [44]. Highly toxic carcino-
genic and genotoxic effects are reported as the main mechanism of
action of pyrrolizidine alkaloids [47]. Some quinolizidine alkaloids,
as the case of lupin alkaloids, are toxic to humans in acute doses,
which may occur when consuming lupin beans that were not previ-
ously debittered, causing dry mouth, blurry vision, facial flushing,
and confusion [48]. Cortinovis and Caloni [49] reported that adult
livestock animals, piperidine alkaloids (derived from lysine) can be
acutely toxic causing musculoskeletal deformities in neonatal indi-

viduals. Signs of acute intoxication by piperidine alkaloids in live-

livestock include frequent urination and defecation, muscle weak-
ness, tachycardia, ataxia, muscle fasciculations, collapse, and death
by respiratory failure. Green et al. [50] reported that the terato-
genic effect of some piperidine alkaloids, such as ammodendrine,
N-acetylhystrine, anabaseine, coniine, and g-coniceine, include
multiple congenital contracture deformities and cleft palate in pigs,

goats, cattle, and sheep.

Poisonous plants containing teratogenic piperidine alkaloids in-
clude some Lupinus sp., Laburnum sp., N. tabacum, N. glauca, and
Conium maculatum [50]. Taxines are a mixture of active alkaloids
from yew trees (Taxus sp., Taxaceae), which have been implicated
in several animal and human poisonings with predominant cardio-
vascular effects. Although some taxines are related to the antitumor
drug Taxol, they are distinct molecules [51]. Willson [52] reported
that excess of daily-consumed metabolites such as caffeine can also
be considerably toxic. Some overdose symptoms include tachycar-
dia, arrhythmia, convulsions, vomiting, and eventually coma and
death. Bonnie et al. [53] reported in his book that ue to stimulatory
and addictive effects of nicotine from tobacco, the popularity of to-
bacco products and their widespread use remain, causing billions
of people around the world to use it, despite the fact that almost all
users are aware of the numerous negative health and economic im-
pacts of smoking. He also reported that nicotine is also important
as a treatment to help quit smoking, in the form of skin patches and

gums.

Rockville [54] reported that cocaine and its derivatives are ex-
tremely addictive and harmful drugs, with devastating effects
in health and behavior of users, carrying economical and social
disorders to society. Iturriaga et al. [55] reported that alkaloid-
mimicking sugars are efficient inhibitors of several sugars and gly-
cosidases metabolizing enzymes by inhibition of trehalase in some
tissues and sucrose in the midgut, leading to toxic effects and af-
fecting growth once the insect becomes disabled to use threalose
or uptake sucrose. Colchicine from Colchicum autumnale (Colchi-
caceae) is toxic to honey bee (Apis mellifera) and inhibits micro-
tubule polymerization by binding to tubulin and inhibiting mitosis
[56]. He also reported that plant alkaloid toxicity can be quite di-
versified, but often involves neurotoxicity or cell signaling disrup-
tion. Caffeine found in C. Arabica (Rubiaceae) and various other
plant species is often toxic and paralyzes insects feeding on the
plant. Caffeine inhibits phosphodiesterase activity and promotes
increase in intracellular cyclic AMP level [57]. Souza and Markou
[58] reported that in vertebrates, the interaction of the alkaloid
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with adenosine receptors of the nervous system is responsible for
stimulating effects. Nicotine effect lies on the ability of some alka-
loids to bind various neuroreceptors and block or displace endog-
enous neurotransmitters. Nicotine acts as an agonist or antagonist
targeting nicotinic acetylcholine receptors in insects, which are
the most abundant excitatory postsynaptic receptors, causing con-

tinual neuronal excitation, leading to insect paralysis and death.

Conclusion

Alkaloids are structurally unique bioactive molecules. They are a
large and diverse group carrying a broad range of physiological ac-
tivities of great importance to plants, animals, and humans, with
highly significant pharmaceutical properties. Alkaloids are often
viewed as “villains,” due to their high toxicity, may be reassessed
as holding the cues for combating specific diseases. New emerging
ecological roles for alkaloids are also surfacing, such as their activi-
ty as antioxidants and general stress protectants. The primary func-
tions of alkaloids may differ in the various plant species, and their
metabolic profiles can be linked to specific environmental factors

and developmental signals, often conferring a clear adaptive value.
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