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Abstract

The escalating incidence of drug-resistant pathogens underscores the urgent necessity to
discover and isolate novel bioactive compounds from medicinal plants, utilizing standardized,
contemporary analytical procedures. Medicinal plant-derived compounds hold the promise of
offering innovative strategies against pathogenic bacteria. This comprehensive review delves
into the antimicrobial properties of components derived from plants, elucidates their potential
mechanisms of action, and examines their chemical attributes. Emphasis is placed on the
present challenges and future prospects in the realm of medicinal plant-derived

antimicrobials.

Challenges inherent to medicinal plant extracts and their antimicrobial efficacy need to be
addressed. The effectiveness of extraction methodologies is influenced by the specific plant
species, leading to enhanced and selectively isolated compounds. Variability in the results of
antimicrobial susceptibility tests for plant extracts can complicate the assessment of their

antimicrobial activity. Furthermore, there exist a multitude of obstacles that must be
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surmounted to harness the full potential of plant extracts as sources of new antimicrobials,
even as efforts are ongoing to augment the antimicrobial potential of chemical compounds.
Research focusing on understanding the mechanisms of action, interactions with other
substances, and the pharmacokinetic and pharmacodynamic profiles of medicinal plant
extracts should be accorded high priority to establish their credentials as prospective

antimicrobial agents.

Keywords: Medicinal plants, bioactive compounds, antimicrobial activity, new

antimicrobials, challenges, future perspectives.
1. Introduction

The World Health Organization (WHO) reports that a significant proportion of the
developing world continues to derive therapeutic benefits from traditional medicines sourced
from medicinal plants. The global inventory of medicinal plant species stands at an estimated
374,000, with a comparatively smaller count of 28,187 species recognized for human
medicinal use. WHO has meticulously documented and cataloged the names of over 20,000
species of medicinal plants, acknowledging their potential as a source for innovative drug

development.

Notably, more than 100 nations have established regulatory frameworks to govern the
utilization of medicinal plants, demonstrating their commitment to harnessing the therapeutic
potential of these resources. Within the realm of medicinal plants, over 1,340 species have
demonstrated well-defined antimicrobial properties, contributing to the arsenal of natural
remedies. Furthermore, researchers have successfully isolated and identified over 30,000

antimicrobial compounds originating from plants.

It is intriguing to note that a substantial percentage of higher plant species, ranging from 14%
to 28%, are believed to possess medicinal properties. What's more, a remarkable 74% of
bioactive plant-derived compounds have been uncovered by drawing insights from the
practices of ethnobotanical medicine, underlining the enduring relevance of traditional

knowledge in advancing the field of modern pharmacology.

The extensive, improper, sporadic, and indiscriminate utilization of antibiotics has given rise

to the emergence of antimicrobial resistance, rendering many currently available medications
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ineffective. This escalating trend is a matter of grave concern and has been identified by the
World Health Organization (WHO) as one of the most pressing issues in the field of medical
science. Consequently, there is a growing need to develop novel antimicrobial agents that can
reduce reliance on antibiotics and counteract the development of resistance. This has
prompted researchers to isolate and identify novel bioactive compounds from plants that can
combat microbial resistance, recognizing that roughly 50% of existing pharmaceuticals and
nutraceuticals are derived from natural sources. Medicinal plants offer an almost limitless
reservoir of bioactive compounds, and their potential as antimicrobial agents has been
explored in various ways. However, these compounds remain largely underinvestigated.
Natural antimicrobial agents can operate independently or in conjunction with antibiotics to
augment their effectiveness against a broad spectrum of microorganisms. Given that the
antimicrobial properties of many medicinal plants are still untapped, researchers are

increasingly focused on the quest for rapid, innovative, and potent treatments.

In order to assess the effectiveness of potentially significant medicinal plants and substantiate
their antimicrobial properties, it is imperative to establish a robust and validated framework.
Hence, to gain a more holistic understanding of the potential application of medicinal plant
extracts as viable alternatives in addressing drug resistance, this review critically examines
key studies concerning the validation of antimicrobial properties in medicinal plants. It delves
into the underlying mechanisms of action, the mechanisms by which bacteria develop
resistance, the plant-derived chemical compounds that may account for these antimicrobial
activities, and also scrutinizes the challenges and future prospects associated with the

utilization of medicinal plants in combating antimicrobial resistance.
2. Antimicrobial Activity of Medicinal Plant Extracts

Extracts derived from medicinal plants have been documented for their diverse biological
activities, encompassing antimicrobial, anti-inflammatory, and antioxidant properties. The
antimicrobial constituents found in medicinal plants can impede the proliferation of various
microorganisms, including bacteria, fungi, viruses, and protozoa, employing mechanisms
distinct from those of conventional antimicrobial agents. This presents substantial potential in

addressing the treatment of drug-resistant microbial strains. Some of these bioactive
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compounds exhibit dual functionality, possessing both intrinsic antibacterial properties and
the ability to modify antibiotic resistance. Additionally, certain compounds, though not
individually effective as antibiotics, demonstrate the capability to augment the efficacy of

antibiotics, thereby surmounting bacterial resistance.

Chemically complex compounds sourced from medicinal plants offer promising therapeutic
prospects. They are associated with fewer side effects compared to synthetic drugs and a
reduced likelihood of resistance development. Nevertheless, it is pertinent to note that, akin to
antibiotics, bacteria may develop resistance to medicinal plant treatments if they target a
specific active ingredient. Consequently, further research is warranted to elucidate the

mechanisms underpinning resistance in the context of medicinal plants.

Moreover, the effectiveness of medicinal plant extracts in restraining bacterial growth is
closely tied to the synergistic interactions among the active compounds within the extracts.
This synergy arises from diverse effects, including the concurrent engagement of multi-target
mechanisms, the presence of compounds capable of suppressing bacterial resistance
mechanisms, as well as pharmacokinetic and physicochemical effects that enhance
bioavailability, solubility, and absorption rates. Furthermore, these interactions can neutralize

adverse effects and reduce toxicity.

Medicinal plants are known for their rich array of chemical compounds, many of which
exhibit in vitro antimicrobial properties. Given the vast diversity of such plants and their
associated bioactive compounds, it is not feasible to encompass all of them in this review.

Nonetheless, this section highlights some compounds of significant interest:

e Caper (Capparis sp.) Compounds: Phytochemical investigations have identified
several compounds, including spermidine, rutin, quercetin, tocopherol, and
carotenoids derived from caper. These compounds are responsible for a range of
activities, such as antimicrobial, antioxidative, anti-inflammatory, and antiviral
effects. For instance, seed extracts of Capparis decidua have demonstrated
antibacterial, antifungal, and antileishmanial activities, likely attributed to the

presence of quaternary ammonium and glucosinolate.
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e Urinary Tract Infections Remedies: The use of bearberry (Arctostaphylos ura-ursi)
and cranberry juice (Vaccinium macrocarpon) for treating urinary tract infections is
well-documented. Other plant species, such as lemon balm (Melissa officinalis),
garlic (Allium sativum), and tea tree (Melaleuca alternifolia), are recognized for their
broad-spectrum antimicrobial properties.

e Cameroonian Plant Compounds: Phenolics, alkaloids, flavonoids, triterpenes, and
steroids extracted from Cameroonian plants are known for their potent antimicrobial
activity.

e Fulyzaq's Active Ingredient: Fulyzaq, which contains crofelemer (a
proanthocyanidin oligomer), 1is isolated from the plant Croton lechleri
(Euphorbiaceae) found in the Western Amazonian regions of South America.

e Antibacterial Activity in Leaf Extracts: The leaf extracts of Myrtus communis and
Verbena officinalis have exhibited significant antibacterial activity against various
bacteria, including Staphylococcus aureus, Escherichia coli, Salmonella typhi, and
Pseudomonas aeruginosa. Carrot (Daucus carota) seed oil and tea tree (Melaleuca
alternifolia) oil have also shown antimicrobial activity against specific bacteria.

e Antimicrobial Activities in Methanol Extracts: Methanol extracts of Oxalis
corniculata, Artemisia vulgaris, Cinnamomum tamala, and Ageratina adenophora
have demonstrated antimicrobial activities against Escherichia coli, Salmonella Typhi,
Klebsiella pneumoniae, Staphylococcus aureus, and Citrobacter koseri.

e Hydromethanolic Extracts: Hydromethanolic extracts of Berberis vulgaris, Cistus
monspeliensis, and Punica granatum have shown strong activity against
Staphylococcus aureus, Enterococcus faecalis, and Enterobacter cloacae.

e Fungal Compounds from Hypericum acmosepalum: Compounds isolated from an
endophytic fungus found in the medicinal plant Hypericum acmosepalum, such as
hyperenone A, hypercalin B, hyperphorin, and emodin, exhibit antibacterial properties
against resistant Staphylococcus aureus, Klebsiella pneumoniae, Pseudomonas
aeruginosa, Salmonella enterica, Escherichia coli, and Mycobacterium tuberculosis,

along with fungal strains like Aspergillus niger and Candida albicans.
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e Hypericum olympicum's Antimicrobial Activity: Hypericum olympicum contains
various essential oil compounds, with key components like E-anethole, B-farnesene,
and spathulenol. It exhibits a broad spectrum of potent antimicrobial activity, with a
notable effect against Klebsiella pneumoniae and Salmonella enteritidis.

e Natural Resins: Resins derived from medicinal plants have demonstrated
antibacterial and antiprotozoal activity. Propolis, rich in flavonoids like pinocembrin
and galangin, is particularly active against Streptococcus pyogenes strains.

e Diaporthalasin from Marine Sponge Fungus: The compound diaporthalasin,
derived from the fungus Diaporthaceae sp. found in a marine sponge, exhibits strong
antibacterial activity against both Staphylococcus aureus and methicillin-resistant
Staphylococcus aureus (MRSA).

e Essential Oils from Aromatic Medicinal Plants: Essential oils from aromatic
medicinal plants like fennel, peppermint, thyme, lavender, containing a mixture of
volatile substances such as monoterpenes, sesquiterpenes, and phenylpropanoids,
have been reported for their efficacy against a wide range of microorganisms,

including Gram-positive and Gram-negative bacteria, fungi, and viruses.
3. Mechanisms of Resistance to Antimicrobial Agents

The extensive use and, unfortunately, the misuse of antibiotics have given rise to the
emergence of multidrug resistance (MDR) in numerous pathogenic bacteria. Antimicrobial
resistance represents a complex and pressing global public health challenge, primarily
stemming from the presence of resistance genes and their downstream consequences. These
resistance traits can be either inherited, acquired from other pathogenic sources, or may even
arise due to spontaneous mutations in bacterial DNA. It's important to recognize that there is
no one-size-fits-all or simple strategy to completely curb the emergence and dissemination of
infection-causing organisms that develop resistance to existing antimicrobial drugs. The
current scarcity of new antimicrobial agents to replace those that have lost their effectiveness
has created an urgent need to preserve the efficacy of the drugs currently available. Bacteria

employ a variety of mechanisms to exhibit resistance to antibacterial agents.

3.1 Efflux Pump
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Efflux pumps (EPs) play a crucial role in the bacterial defense against antibacterial
agents. These pumps expel antibacterial agents from bacterial cells at a rate faster than the
agents can diffuse within the cells. This rapid expulsion results in a significant reduction

in the intrabacterial concentration of these agents, rendering them less effective.

EPs primarily impact inhibitors of protein synthesis systems within bacterial cells, like
ribosomes. By reducing the intrabacterial concentration of these inhibitors, EPs allow
bacterial protein synthesis to continue without interruption. This mechanism of antibiotic
resistance through EPs is widespread and can be observed in various pathogenic
microorganisms, including Gram-positive and Gram-negative bacteria and fungi such as
Staphylococcus aureus, Pseudomonas aeruginosa, Acinetobacter baumannii, and Candida

albicans.

In Gram-negative bacteria, the combined action of EPs and the presence of multiple
membrane layers that hinder drug uptake are responsible for the high levels of intrinsic
and acquired antibiotic resistance associated with this group of microorganisms.
Consequently, researchers often explore the use of EP inhibitors in combination with

antibacterial agents as an effective strategy to combat microbial infections.
3.2 Structural Modification of Porins

The primary regulation of antibiotic entry occurs through porins, which are proteins
capable of creating water-filled channels, facilitating the passive transport of molecules
across lipid bilayer membranes. Changes in the structure of porins can lead to
modifications in membrane permeability, allowing bacteria to evade the effects of
antibacterial agents. This form of antibacterial resistance is commonly observed in Gram-

negative pathogens like Acinetobacter spp. and Pseudomonas spp.
3.3 Enzymatic Inactivation

Enzymatic inactivation is a common mechanism of resistance to aminoglycosides in
Gram-negative bacteria. This resistance is primarily achieved through the action of three
types of modifying enzymes. These enzymes alter specific functional groups on

aminoglycoside molecules, leading to modified products with significantly reduced
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affinity for RNA. Consequently, these modified products are unable to bind effectively to

ribosomes, thereby impeding the process of protein synthesis.
3.4 Breakdown of Antibacterial Agents

Another strategy employed by bacteria to develop resistance involves the chemical
degradation of antibiotics or antibacterial agents through alterations in their chemical
structure. This degradation is facilitated by the action of hydrolytic enzymes, such as B-
lactamase, which bind to the P-lactam ring found in antibiotics like penicillin,

cephalosporins, and carbapenems.
3.5 Modification of Target Sites

Another mechanism of resistance involves altering the drug-binding sites, rendering the
antibacterial agent ineffective in interacting with the intended bacterial targets. This leads
to a significant reduction in the antibacterial potency of the agent. An illustrative example
of this resistance mechanism is seen in vancomycin-resistant enterococci species, where
van HAX genes encode a novel pathway of enzymes responsible for inducing structural
changes. These changes shift the peptidoglycan structure from the amide linkage in D-
Ala-D-Ala to the ester linkage in D-Ala-D-Lac, resulting in a reduced affinity for

antibiotic binding.

4. Examining the Mechanisms of Antimicrobial Activity in Chemical Compounds

Derived from Medicinal Plants

While synthetic antimicrobial agents have gained approval in numerous countries, the
exploration of natural compounds derived from medicinal plants continues to captivate the
interest of researchers. Medicinal plants hold immense potential for the discovery of novel
bioactive compounds with the ability to combat resistant microorganisms. These natural
compounds represent a diverse array of chemical constituents found in plants, with the

potential to enhance the efficacy of established antibiotics and mitigate issues of resistance.

Bioactive compounds sourced from medicinal plants, often referred to as phytochemicals, are
primarily secondary metabolites employed for medicinal applications. Secondary metabolites

arise from the secondary metabolic processes in plants and can function as intermediates or
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end products. Their antimicrobial effectiveness varies significantly based on factors such as
their chemical structure, the presence of substituent groups, glycosidic linkages, alkylation of
hydroxyl (OH) groups, and the geographical and climatic conditions of the plant's origin. The
quality and quantity of these bioactive secondary metabolites can profoundly affect their

antimicrobial potency against various strains of microorganisms.

Bioactive plant extracts frequently comprise complex mixtures of compounds, and their
combined action can result in enhanced effects. These compounds can impact microbial cells
through various mechanisms. Generally, the primary target of bioactive compounds is the
cytoplasmic membrane, influencing its structure, integrity, permeability, or functionality in
diverse ways. Some plant extracts may contain elements that act as inhibitors of efflux pumps
(EP). Furthermore, interference with the normal communication of microbial cells, known as
quorum sensing (QS), has been recognized as a promising mechanism of action against
multidrug-resistant (MDR) pathogens. QS inhibitors need to possess stability to withstand the
host organism's metabolic and disposal processes and have the capacity to reduce the
expression of QS-regulated genes. Specific compounds can also alter or inhibit protein-
protein interactions, making them effective modulators of immune responses, mitosis, and
apoptosis. They may interfere with intermediary metabolism, induce cytoplasmic
coagulation, and disrupt or inhibit the formation of biofilms, which confer protective
advantages to pathogens during infections. Medicinal plant extracts often contain multiple
antiviral components that interact with various viral proteins at different stages of viral

replication.

Despite the abundance of these compounds, they can be categorized into several main groups
based on their chemical structures, composition, biosynthetic pathways, and solubility. These
groups include alkaloids, phenolic compounds, sulfur-containing compounds, coumarins,
terpenes/essential oils, and lectins and polypeptides. The mechanisms of action and
antimicrobial activities of the most significant compounds from these chemical groups are

described below and listed as follows
TABLE:

Some important medicinal plants extract compounds with antimicrobial activity.
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Plant Susceptible
Class of Compound Compound Mechanisms
Sources Microorganism
Staphylococcus
sp.,
Rauwolfia Streptococcus
Reserpine EP inhibitor
serpentine sp.,
Micrococcus
sp-
‘ MRSA,
Piper . N
' Piperine EP inhibitor | Staphylococcus
nigrum
aureus
Alkaloid Pseudomonas
Conessine EP inhibitor '
aeruginosa
Protein and Escherichia
DNA coli,
Berberine ' _
synthesis Candida
inhibitor albicans
Listeria,
. ATP ‘
Berberis o Bacillus
. Tomatidine synthetase
vulgaris S Staphylococcus
inhibitor
spp.
Staphylococcus
. Rhamentin EP inhibitor
Phenolic aureus
compound/polyphenols
Camellia Epigallocatechin Beta- Escherichia coli
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Plant Susceptible
Class of Compound Compound Mechanisms
Sources Microorganism
sinensis gallate ketoacyl-
reductase
o Mycobactrium
Chebulinic acid | DNA gyrase )
tuberculosis
3-p-Trans-
P Cell
coumaroyl-2- Staphylococcus
membrane
hydroxyquinic aureus
_ damage
acid
d-Alanine:d- | Helicobacter
Cedrus o . .
Apigenin alanine pylori,
deodara ' o .
ligase Escherichia coli
Staphylococcus
Protein and epidermidis,
Allium o DNA Pseudomonas
_ Allicin _ .
sativum synthesis aeruginosa,
inhibitor Streptococcus
Sulfur-containing agalactiae
compounds
Sulphydryl- | Cambylobacter
depe jejuni,
Rubus '
Ajoene endent Streptococcus,
ulmifolius
enzyme Staphylococcus
inhibitor Escherichia coli
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Plant Susceptible
Class of Compound Compound Mechanisms
Sources Microorganism
Destruction
of
bacterial
membrane,
Protein and
Sulforaphane DNA Escherichia coli
synthesis
inhbitor,
ATP
synthase
inhibitor
Helicobacter
Alyssin
pylori
Bacillus
subtilis,
Staphylococcus
Allyl aureus,
isothiocyanate Staphylococcus
Raphanus Benzyl epidermidis,
sativus isothiocyanate Enterococcus
Phenethyl faecalis,
isothiocyanate Salmonella
typhimurium,
Enterobacter
cloacae,
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Plant Susceptible
Class of Compound Compound Mechanisms
Sources Microorganism

Escherichia coli

Salmonella
enterica serovar
Typhi,
Enterobacter
Ferulago . DNA gyrase
. Aegelinol o aerogenes,
campestris inhibitor
Enterobacter
cloacae,
Staphylococcus

aurcus

Salmonella
enterica serovar
) Typhi,
Coumarin M
Enterobacter
aerogenes,
] DNA gyrase
Agasyllin o Enterobacter
inhibitor

cloacae,
Staphylococcus

aureus,

Helicobacter

pylori

Prangos 4'- DNA gyrase
.. .. o Bacillus subtilis
hulusii senecioiloxyosthol |  inhibitor

Osthole DNA gyrase Bacillus
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Plant Susceptible
Class of Compound Compound Mechanisms
Sources Microorganism
inhibitor subtilis,
Staphylococcus
aureus,
Klebsiella
pneumoniae,
MRSA
Mesua Bergamottin o
. EB inhibitor MRSA
ferrea epoxide
Cell
Staphylococcus
Furnesol membrane
‘ aureus
disturbance
Cambylobacter
Cell jejuni,
(4R)-carbone membrane Enterococcus
disturbance faecalis,
Thymus Escherichia coli
) Terpene
vulgaris
Cell Candida
membrane albicans,
(H+)- Candida
Thymol ATPase glabrata,
inhibition, | Candida crusei,
Cell Escherichia
membrane coli,
disturbance, | Staphylococcus
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Plant Susceptible

Class of Compound Compound Mechanisms
Sources Microorganism

EP inhibitor aureus,
Pseudomonas
aeruginosa,
Aspergillus
niger,
Aspergillus
flavus,
Fusarium

oxysporum

Escherichia
coli,
Enterobacter
aerogenes,
Staphylococcus
aureus,
Pseudomonas
Cell .
aeruginosa,
membrane
Carvacrol ) Salmonella
disturbance,

typhimarium.
EP inhibitor P

Aspergillus
niger,
Aspergillus
fumigatus,
Epadosporium
spp., Rhizopus

oryzae

Volume 9, Special Issue 1, October 2023

National Conference on Page No. 278
Research Area of Multidisciplinary Project Contemporary Era




Vidhyayana - ISSN 2454-8596

TR

[ An International Multidisciplinary Peer-Reviewed E-Journal
_ __-' '___ 4 www.vidhyayanaejournal.org
rm'l Indexed in: Crossref, ROAD & Google Scholar
Plant Susceptible
Class of Compound Compound Mechanisms
Sources Microorganism
Cell
Helicobacter
Cinnamaldehyde | membrane )
) pylori
disturbance

4.1 Alkaloids

Alkaloids are a chemically diverse group of nitrogen-containing heterocyclic compounds
known for their analgesic, antispasmodic, and antimicrobial properties. Numerous studies
have demonstrated their significant role in treating various infections. For instance,
indoquinoline alkaloids have shown activity against Gram-negative bacteria and yeast,
while the alkaloid quinine is renowned for its effectiveness against the malarial parasite
as an antiprotozoal agent. Many alkaloids exert their effects through the inhibition of
essential cellular processes, such as EP inhibition. Berberine, an isoquinoline alkaloid,
accumulates within cells due to membrane potential, and it serves as an effective DNA
intercalator in numerous microorganisms. It also targets key cellular components like
RNA polymerase, gyrase, topoisomerase IV, and nucleic acids. Consequently, berberine

disrupts bacterial membrane integrity by increasing membrane permeability.
4.2 Phenolic Compounds/Polyphenols

Phenolic compounds, a highly diverse group of bioactive secondary metabolites found in
medicinal plants, have been extensively employed in combating pathogenic bacteria.
However, their antimicrobial activity is generally characterized by its weakness and lack
of specificity. Phenolic compounds encompass a wide range of subclasses, such as
flavones, flavanols, flavonoids, quinones, and tannins, each exhibiting varied mechanisms
of action against different microbial strains. These mechanisms include inhibiting the
electron transport chain, altering cell membrane permeability, affecting intracellular

processes through enzyme binding, or causing disruptions to cell wall integrity due to
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interactions with the cell membrane. Notably, flavones serve as effective antimicrobial
agents by disrupting microbial cell envelopes. Flavanols form complexes with microbial
cell walls and deactivate specific microbial enzymes, potentially by interacting with
sulthydryl groups or through less specific protein interactions. Flavonoids, recognized for
their antimicrobial, antiviral, and anti-inflammatory properties, demonstrate promising
activity against bacteria like Escherichia coli, Pseudomonas aeruginosa, Klebsiella
pneumoniae, and Mycobacterium tuberculosis. Flavonoids primarily exert their
antimicrobial effects by forming complexes with extracellular proteins and bacterial
membranes. As a result, their antimicrobial activity hinges on inhibiting bacterial
virulence factors such as quorum sensing signal receptors and enzymes, disrupting and
permeabilizing the cytoplasmic membrane, inhibiting extracellular microbial enzymes,
and depriving microbes of essential growth substrates like iron and zinc. Quinones, apart
from serving as a source of stable free radicals, are known to interact with nucleophilic
amino acids in microbial proteins, often rendering these proteins non-functional. Tannins,
characterized by their antibacterial properties against both Gram-negative and Gram-
positive bacteria, operate through diverse mechanisms, including disrupting cell walls and
membranes, inhibiting oxidative phosphorylation, intercalating into DNA base pairs, and
inhibiting microbial enzymes, which collectively impact microbial metabolism,

transcription, gene expression, and ultimately lead to cell death.
4.3 Sulfur-Containing Compounds

Extensive literature exists on the antimicrobial properties of sulfur-containing compounds
derived from plants with high concentrations of polysulfides. Notable compounds in this
category include allicin, ajoene, and isothiocyanates. These compounds have
demonstrated efficacy against a wide range of bacteria, encompassing both Gram-positive

and Gram-negative species, including the notorious Helicobacter pylori.

The mechanisms underlying the antimicrobial effects of sulfur-containing compounds
may involve the inhibition of sulfhydryl-dependent enzymes and partial interference with

DNA and protein synthesis. Some compounds have also been observed to compromise
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the structural integrity of bacterial cell walls, leading to the leakage of cellular

metabolites.

In the context of antifungal activity, these compounds appear to reduce oxygen
consumption rates, promote the intracellular accumulation of reactive oxygen species, and

induce the depolarization of mitochondrial membranes.
4.4 Coumarins

Coumarins are phenolic compounds known for their antimicrobial properties, whether in
their natural state or as synthetic derivatives. Extracts from various medicinal plants
contain coumarins that exhibit activity against a range of bacterial strains, including
Salmonella enterica Typhi, Enterobacter aerogenes, Enterobacter cloacae, Bacillus
subtilis, Klebsiella pneumoniae, Staphylococcus aureus, MRSA (Methicillin-Resistant
Staphylococcus aureus), and Helicobacter pylori. Coumarins have the ability to interfere
with bacterial quorum sensing (QS) networks, which regulate the production of signaling
molecules in bacteria, impacting their capacity to form biofilms and produce virulence
factors. Furthermore, specific coumarins have shown the ability to inhibit the EP (efflux
pump) system in MRSA, and some are potent inhibitors of DNA gyrase. Additionally,
coumarins have been found to stimulate macrophages, which may indirectly hinder

infection.
4.5 Terpenes

Terpenes, also referred to as isoprenoids, and their derivatives, often containing additional
elements like oxygen, are known as terpenoids. They represent the most diverse family of
natural compounds with a wide array of functions, from contributing to the structural
composition of cells to influencing cellular functions. Terpenes are the primary
constituents of essential oils found in plants, imparting unique fragrances. Essential oils,
which often consist of a combination of active compounds, exhibit potent antimicrobial
activity. They have demonstrated antibacterial effects against various pathogens,
including Escherichia coli, Enterococcus faecalis, Staphylococcus aureus, Salmonella
species, Vibrio parahaemolyticus, and Helicobacter pylori. Moreover, they exhibit

varying degrees of antimicrobial activity against different pathogenic fungi. Despite
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challenges related to their poor solubility, terpenes are particularly effective against
Gram-positive bacteria. Certain terpenoid derivatives, such as diterpenoids, also possess
antimicrobial properties against bacterial fungi, viruses, and protozoa, with a specific
focus on their effectiveness against Mycobacterium tuberculosis. The mechanisms
underlying the antimicrobial actions of terpenes are closely linked to their lipophilic
characteristics, enabling them to penetrate bacterial cell walls. Monoterpenes, in
particular, influence membrane structures by increasing fluidity and permeability, altering
protein topology, and disrupting the respiratory chain. While the exact mechanisms of
action for terpenoids are not fully understood, it is speculated that they involve membrane
disruption by lipophilic compounds, interference with the protein motive force, and

coagulation of cell contents.
S. Challenges in Utilizing Medicinal Plant Extracts as Antimicrobial Agents

Antimicrobial agents derived from medicinal plant extracts offer a natural, cost-effective, and
potentially safer alternative to synthetic counterparts. They are readily available in local
communities, relatively affordable, and can provide significant therapeutic benefits.
Additionally, these extracts may serve as an alternative when dealing with issues like side

effects and drug resistance.
5.1 Challenges in Utilizing Medicinal Plant Extracts

While medicinal plant compounds have substantial promise as antimicrobial agents, several

challenges hinder their full realization:

e Insufficient Scientific Validation: The utilization of medicinal plant compounds
necessitates caution due to the limited availability of well-controlled, double-blind
toxicological and clinical studies to establish their efficacy and safety.

e Quality Control and Standardization Issues: Challenges such as adulteration,
suboptimal cultivation and collection practices, and inadequate standardization
during preparation affect the development of new antimicrobials. The composition
of plant extracts can vary depending on factors like the season of harvest,

cultivation region, plant parts used, and processing methods. Geographical
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variations in climate, including rainfall and humidity, further impact compound
composition and production.

e Complex Compound Interactions: The intricate mix of components in medicinal
plant extracts makes it challenging to fully understand their composition. Isolating
single compounds with desired antimicrobial properties can be time-consuming and
resource intensive. The risk of rediscovering the same compounds from different
sources adds to the complexity. Standardization, stability, and quality control, while
possible, are not straightforward tasks. Nevertheless, the exploration of numerous
uncharted compounds in medicinal plants holds promise.

e Synergistic Effects: The interplay among multiple compounds in these complex
mixtures presents unique difficulties, as technology for studying the interactions of
numerous compounds acting on potentially multiple biological targets is still in
development.

e Access Challenges: Acquiring access to medicinal plant species, particularly in an
international context, can be a formidable task. Regulations governing plant

collection and import/export differ based on the research location.
5.2 Innovative Approaches to Extract Medicinal Compounds from Plants

The process of extracting medically active compounds from plant tissues, while separating
them from inert components, requires the use of suitable solvents and extraction methods.
The success and accuracy of these extractions significantly impact the identification of
bioactive compounds. Researchers must specialize in selecting standardized solvent
systems and extraction techniques to reduce variations in antimicrobial susceptibility test
(AST) results. The choice of solvent depends on factors such as the plant type, the specific
part of the plant to be extracted, the nature of the bioactive compounds, and the intended
use of the extract. When screening for antimicrobial compounds, it's essential that the
solvent used doesn't interfere with the bioassay procedure. In most cases, antimicrobial
compounds in plants are aromatic or saturated organic compounds and are initially
extracted using ethanol or methanol. The variation in extraction methods depends on factors

like the extraction duration, solvent-to-sample ratio, temperature, particle size, and pH. The
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suitability of the chosen extraction method must be carefully considered to prevent the loss,

distortion, or destruction of any bioactive compounds during the extraction process.

The resulting extract may either be ready for use or subject to further fractionation and
identification to isolate different compounds. Fractionation involves the separation of plant
extracts into distinct fractions using standardized analytical techniques, primarily centered
around chromatography and hyphenated techniques. Identification includes the detection of
functional groups, the presence of multiple bonds and rings, hydrogen and carbon
arrangement, as well as complete structural elucidation. Established spectrophotometric

techniques are typically used for these purposes.

One significant challenge in this field is the absence of standardized methods for evaluating
the antimicrobial activity of medicinal plants. For instance, the agar diffusion assay is
unsuitable for quantitatively analyzing medicinal plant extracts, as non-polar compounds
may not diffuse effectively, leading to inaccurate results. Instead, quantitative assessment of
the antimicrobial activity of medicinal plant extracts should rely on methods such as broth

microdilution or agar dilution assays.

In recent times, some modern extraction methods offer advantages, including reduced
organic sample consumption, minimized sample degradation, fewer process steps,
enhanced extraction efficiency, improved extraction kinetics, and increased automation
capabilities. These advanced methods are proving to be more efficient compared to

traditional extraction techniques.

5.3 [Exploring Medicinal Plants as a Potential Solution to Combat Antimicrobial

Resistance in ESKAPE Pathogens

Antimicrobial resistance has become a global health crisis due to the uncontrolled use of
antibiotics over the last four decades. Bacteria have evolved various mechanisms to resist
antibiotics, including mutations, horizontal gene transfer, toxi-antitoxin systems, and
mobile genetic elements, ultimately leading to the emergence of superbugs that are resistant
to multiple or all available drugs. The Infectious Disease Society of America identifies a
group of particularly dangerous bacteria known as ESKAPE pathogens (Enterococcus

faecium, Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter baumanni,
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Pseudomonas aeruginosa, and Enterobacter species), which are both highly virulent and
prone to antimicrobial resistance. The rise of these opportunistic pathogens necessitates the
discovery of novel therapies to combat life-threatening infections, especially among

immunocompromised and critically ill patients.

Traditionally, many people in developing countries have relied on medicinal plants for
disease management. In some countries, such as Ethiopia, nearly 90% of the population
uses anti-infective medicinal plants as part of the primary healthcare system to treat
inflammatory and infectious ailments. Plants produce a wide range of secondary
metabolites that can prevent diseases and potentially serve as alternatives to antibiotics.
Therefore, phytochemicals found in medicinal plants hold promise as sources of antibiotic

adjuvants against infections caused by ESKAPE pathogens.

Research in this field has primarily focused on the efficacy of plant-derived extracts in
inhibiting bacterial growth, preventing biofilm formation (large microbial communities
resistant to antibiotics), and inhibiting bacterial virulence by targeting quorum sensing

(gene regulation dependent on cell population density).

A notable review by Bhatia et al. highlighted the antimicrobial activity of approximately
100 plants against ESKAPE pathogens, gathered over a fifteen-year period (2006-2020)
from twelve different countries, with the majority of the research originating from India.
The compounds derived from these plants were typically prepared using organic solvents or
deionized water, with alcoholic extracts demonstrating the highest antimicrobial activity.
Minimum inhibitory concentrations were determined using either the Kirby-Bauer disk
diffusion or agar well diffusion methods. While most plant extracts exhibited inhibitory
effects against one or two ESKAPE pathogens, a few displayed broad-spectrum activity,

such as Martynia annua and Cynodon dactylon.

In addition to inhibiting bacterial growth, some plant-derived compounds, including those
from Cynodon dactylon and Aloe vera, have the ability to regulate P-glycoprotein, a protein
found in ESKAPE pathogens' cell membranes responsible for rapid antibiotic efflux. This
regulation of P-glycoprotein has the potential to prevent antimicrobial resistance by

enhancing the intracytoplasmic concentration of antibiotics.
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The emergence of superbugs poses a substantial threat to scientific progress achieved over
the last few decades. To combat antimicrobial resistance and its severe consequences,
medicinal plants offer a valuable addition to traditional medicine as a potential source of
new antibiotics. Numerous studies from different countries have underscored the properties
of plant extracts in treating ESKAPE-caused infections. However, further research is
essential to standardize and consolidate this information for potential commercial antibiotic

development.
6. Conclusions

The emergence of antimicrobial resistance poses a significant threat to public health.
Medicinal plants, with their untapped potential, offer a promising avenue for combating this
challenge. To address this issue effectively, it is crucial to discover and isolate novel

bioactive compounds from these plants.

The diverse array of compounds found in medicinal plants has shown promise as
antimicrobials and as agents that can combat antimicrobial resistance. However, harnessing
the full potential of these bioactive compounds remains a complex task. It is imperative to
conduct extensive in vitro and in vivo testing to identify compounds that are both effective
against microbes and safe for human use. Moreover, it is a significant challenge to explore
potential synergistic or antagonistic effects that may arise from interactions among

compounds within and between different medicinal plant extracts.

Advancements in biotechnology open up new possibilities for a deeper understanding of the
chemical composition of medicinal plants. This, in turn, allows for the development of more
sophisticated techniques for extracting, fractionating, and identifying bioactive compounds.
Standardizing methods for extraction and in vitro testing can bring greater systematic rigor to
the research process, making it easier to interpret results. Furthermore, there is a need to
introduce reference models when studying mixtures of plant extracts, and future research will

demonstrate their relevance in this context.

Prioritizing research into the mechanisms of action, potential interactions with antibiotics,
other medicinal plants, or compounds, and understanding the pharmacokinetics and

pharmacodynamics of these extracts is essential.
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This research aims to shed light on the key challenges in this field, with the hope of guiding
the development of more efficient and successful methods for rapidly harnessing the

therapeutic potential of medicinal plants in the fight against microbial threats.
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