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Antibiotic resistance is now considered a worldwide problem that puts public health at risk. The onset of bacterial strains
resistant to conventional antibiotics and the scarcity of new drugs have prompted scientific research to re-evaluate natural
products as molecules with high biological and chemical potential. A class of natural compounds of significant importance
is represented by alkaloids derived from higher plants.

| 1. Introduction

The discovery and the advent of penicillin in clinical practice have led to the subsequent discovery of numerous new
antibiotics to be used as an invaluable weapon against bacterial infections. However, the beginning of the antibiotic era
coincided with the onset and characterization of antibiotic-resistant strains. This triggered the entrance into our current
post-antibiotic era in which fewer and fewer antibiotics are discovered at the expense of a high occurrence of multidrug
resistant (MDR) infections @ Currently in Europe, the number of MDR infections accounts to 700 thousand and provokes
33,000 deaths every year, resulting in an estimated cost of above €1.5 billion for their treatment [&. These infections are a
real threat to global public health and numerous efforts are underway to contain the spread of MDR strains, particularly in
hospital settings and cities with high population Bl. A very recent example of a pandemic threat is represented by
infections caused by Gram-positive methicillin resistant Staphylococcus aureus (MRSA) strains and vancomycin resistant
enterococci (VRE). The first case of MRSA was identified in the early 60s and currently this infection appears at high
incidence in Europe, Asia and America ¥l In the latter, MRSA infections provoke more deaths annually than AIDS,
emphysema and homicides 2. MRSA strains can be classified into hospital-acquired MRSA (HA-MRSA) and community-
acquired MRSA (CA-MRSA), according to their original sources, but more recently, several MRSA strains resulted to be
not strictly related to health care-associated infections, e.g., MRSA associated to livestock (LA-MRSA) EILZE] The other
challenge of public health is given by VRE infections. These are commonly caused by Enterococcus faecium and
Enterococcus faecalis and provoke surgical-site, urinary tract and bloodstream infections &, Although with a lower
incidence than MRSA, VRE cause about 66,000 infectious cases in the U.S. annually. Another example of dangerous
infections is represented by carbapenem-resistant Enterobacteriaceae (CRE), a group of bacteria such as Klebsiella
pneumoniae and Escherichia coli, which produce enzymes (e.g., New Delhi metallo-beta-lactamase, NMD-1) able to
make them resistant to virtually all beta-lactams. As of February 2019, the US Food and Drug Administration (FDA)
approved some antibiotic drugs i.e., ceftazidime-avibactam, meropenem-vaborbactam, plazomicin and eravacycline for
treatment of some CRE-related infections 4. In light of these difficult resistant infections and the scarcity of new
approved antibiotics, it is now evident that research must open the horizons to new therapeutic strategies, new
combinatorial therapies of drugs and to the discovery of new antimicrobials L1[221113],

The Need for New Antimicrobials

Antibiotics have drastically changed people’s lives: in America, in 1920, life expectancy was 56 years while in 2020 it was
around 80; indeed, in developing countries, antibiotics have reduced the morbidity and mortality caused by food-borne
and poverty-related diseases [&!.

However, large pharmaceutical companies averaged a drastic decline in the production of new antibiotics 41, This is
because the economic crisis at the beginning of the century has led to substantial cuts in academic research and health
care spending; in addition, pharmaceutical industries have been more oriented towards investment of drugs capable of
curing chronic diseases, which translate into greater economic revenues. It is worthwhile noting that in America a
chemotherapy treatment can cost tens of thousands of dollars, compared to about 3,000 of an antibiotic therapy 12, In



addition, the easy availability of antibiotics and the relatively low costs make them of little value to consumers. It follows
that a new antibiotic drug should not cost much more, to be purchased. Finally, regulation for clinical trials has become
much more complex: studies with antibiotics and placebo are now considered unethical, so trials can only be conducted to
demonstrate better drug activity than an existing antibiotic. This results in longer and more expensive clinical trials L2,
Moreover, once on the market, the antibiotic may become useless by the appearance of resistance. As a consequence,
new strategies and new sources of antimicrobial molecules are highly demanded.

Nature is undoubtedly the richest source of molecules with the most varied biological features. Due to its biodiversity not
only between animal and plant kingdoms, but also among the various species, nature represents the largest library of
compounds that has ever existed [LEI[171118]

Many of these molecules exhibit antimicrobial activity and have a chemical structure often very different from each other.
Examples are antimicrobial peptides produced by insects, amphibians, mammals and plants 1218120121] These can have
a cyclic or a linear structure, and consist of no more than 50 amino acids and have various biological properties, from an
antimicrobial to an immunomodulatory function (22232411251 Another promising class of natural compounds from the plant
kingdom is given by secondary metabolites. Many of these (e.g., tannins, terpenes, carotenoids, polyphenols and
alkaloids) have already been characterized for their biological properties and relevance as potential new antimicrobials 28!
(27](28][29)30] ' Fyrthermore, these molecules can serve as a chemical scaffold for the synthesis of libraries in order to
identify markers for a specific detection or for the design of lead compounds with a desired biological activity B1[E233],

| 2. Alkaloids

Alkaloids represent a wide and structurally diverse group of secondary metabolites that can be found in 300 plant families,
as well as in bacteria, fungi and animals 4. To date, more than 18,000 different alkaloids have been discovered 32361,
The name ‘alkaloid’ (alkali-like) is due to their basic nature, which allows them to be found as salts of organic acid or free
bases. An individual alkaloid name consists of the permanent suffix “-ine’, linked to their amino origin, and by a more
changeable prefix. This can be named after pharmacological activities (e.g., emetine), their discoverer (e.g., pelletrine)
and the source’s geographic location from which they were isolated (e.g., atropine) B8l Alkaloids are characterized by
great structural diversity; the sole unifying feature is the presence of a basic nitrogen atom that can occur in the form of a
primary amine (RNH,), a secondary amine (R,NH) or a tertiary amine (R3N). They can occur as monomers or they can
form oligomers (homo or hetero-oligomers). Although there is no standard taxonomic classification, alkaloids can
generally be classified according to their chemical structure, biochemical pathway or natural origin B2, From a
biosynthetically point of view, alkaloids can be divided into three major categories: true-, proto- and pseudo-alkaloids
(Figures 1 and 2).
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Figure 1. Schematic representation of true- and proto-alkaloids.

L-tryptophan
(ndale)

HiED I

Hanmine

‘ Ldustidine

Pilocarpine

le
o | N/)

O

N
H

Pailacin

Saxitoxin

The amino acidic skeleton derived from the natural



Alkaloids not derived from amino acids
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Figure 2. Schematic representation of pseudo-alkaloids. The carbon skeleton derived from the natural precursor is in
bold.

True- and proto-alkaloids have an amino acid as a precursor, but they differ for the presence or not of the N-atom in the
heterocycle, respectively. Pseudoalkaloids feature a basic carbon skeleton not deriving from an amino acid #9. Alkaloids
are often classified on the basis of their chemical structure in heterocyclic or typical alkaloids (true alkaloids), containing
nitrogen in the heterocycle, and non-heterocyclic or atypical (proto-alkaloids), containing nitrogen in a side chain. Since
their structural complexity and according to their backbone, heterocyclic alkaloids can be split into 14 subgroups including

indoles, isoquinolines, pyrrolizidines, pyrrolidines, quinolizidines, tropanes, purines, piperidines and imidazoles (Scheme
1)[8],
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Scheme 1. The 14 subgroups of alkaloids.

Alkaloids have been extensively investigated for their biological activity (e.g., anticancer, antibacterial, antiviral and central
nervous depressant activity) in both traditional and modern medicine 1. Notably, their exceptional biological activity is
provided by the ability to form hydrogen bonds with enzymes, receptors and proteins due to the presence of a proton
accepting nitrogen atom and one or more protons donating amine hydrogen atoms. In recent years, the alkaloids’
antibacterial activity played a significant role in the treatment of many infectious diseases reporting MDR phenomena.
This led researchers to direct their attention onto these promising plant secondary metabolites 22, Thus, the development
of different extraction methods to obtain pure alkaloids results to be very important, even if they are often produced in very
small amounts by their natural source and their enantioselective separation is quite difficult, mostly due to the presence of
a large number of chiral centers. In order to overcome these issues, a wide range of synthetic efforts has been recorded
with the aim to achieve enantiomerically pure alkaloids 43l One of the most direct, efficient, and variable synthetic
methods for the construction of privileged pharmacophores (i.e., tetrahydro-isoquinolines, tetrahydro-p-carbolines and
polyheterocyclic frameworks) and for the creation of natural compounds libraries in medicinal chemistry proved to be the
Pictet-Spengler reaction 441451 This reaction, in combination with chiral catalysts, has been reported in the total synthesis



of complex alkaloids [“8l. Another synthetic approach widely employed for the construction of sophisticated
macromolecules architecture, such as alkaloids, is the olefin metathesis reaction, which is one of the most powerful tools
for the formation of challenge polycyclic frameworks and bridged nitrogen heterocycles 47481149 Most of the alkaloids
reported below are known and their multiple chiral centers were assigned according to the literature.

| 3. Conclusions

The drastic drop in the number of new antibiotics on the market has led scientific research to reassess nature as an
invaluable source of biologically active compounds. Among these, alkaloids of plant origin represent an interesting
example of compounds for their biological and chemical properties. In this review we highlighted the potential of these
alkaloids as antimicrobials specifically against strains resistant to conventional antibiotics or as adjuvants to be used in
combination. The various data reported here have clearly shown that alkaloids can also be used as chemical scaffolds for
further structural modifications. Taken all together, the data collected in this manuscript reinforce the idea that alkaloids
can be considered as new alternative antimicrobials.
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