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Abstract: Medicinal plants have garnered attention for their potential in combating
ESKAPE pathogens (Enterococcus faecium, Staphylococcus aureus, Klebsiella
pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa, and Enterobacter
species), a group of six multidrug-resistant bacteria that pose a severe threat to
global health. Current antibacterial research has focused on the natural bioactive
compounds including terpenoids, alkaloids, flavonoids, and phenolic compounds
found in various medicinal plants, which exhibit a promising inhibitory effect
against ESKAPE pathogens. These ESKAPE pathogens have the potential to “escape”
from antibiotics and other conventional treatments through mechanisms including
biofilm formation, target site modification efflux pump activation, and degradation
of enzymatic antibiotics. These natural bioactive compounds target the cell walls,
their membranes, intracellular components and the biofilm formation in bacteria,
often increasing the bacterial susceptibility to antibiotics. This current review
explores the most recent advancements in the antibacterial properties of medicinal
plants and their potential to function as alternative or adjunctive treatments against
ESKAPE pathogens and also genes enable various mechanisms, including
degradation of antibiotic, activation of efflux pump, modification of target site, and
biofilm formation. The continued exploration of naturally occurring bioactive
compounds in medicinal plants is crucial for developing sustainable and effective
strategies against growing threat of ESKAPE pathogens amid enhancing antibiotic
resistance.
Keywords: Antimicrobial resistance, Antibiotics, Multidrug-resistance, ESKAPE
pathogen, Bioactive compounds
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Introduction

The search for alternative therapies for bacterial infections, especially those caused
on by ESKAPE pathogens (Enterococcus faecium, Staphylococcus aureus, Klebsiella
pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa, and Enterobacter
species), has become more intense due to the growing threat of antimicrobial
resistance (AMR) worldwide. Because of their well-known tendency to "escape" the
effects of traditional antibiotics, these opportunistic microorganisms pose serious
therapeutic problems and required the development of innovative approaches to
treatment. AMR has become as one of the 21st century's most urgent concerns to
public health challenges globally. AMR arises from the evolution of
microorganisms, such as bacteria, fungi, parasites, viruses, and to resistance to
antimicrobial drugs, such as antibiotics, which are commonly used to treat these
infections. Projections indicate that, in the absence of preventive actions, AMR
may surpass all other global causes of mortality by 2050. Global, estimations
indicate that the number of direct mortalities is associated with AMR surpassed 1.2
million in 2019. If suitable action is not taken to mitigate AMR, it is anticipated
that this figure could rise to approximately 10 million deaths annually by 2050. [1]
AMR is a public health issue that has made the treatment of multiple diseases
more challenging, due to multidrug-resistance (MDR) gram -ve and gram +ve
bacteria. Antimicrobial agents possess significant potential in controlling
infectious diseases in animals and humans caused by microbial growth. [4] The
improper use of antibiotics is the main cause of AMR, which has developed as a
public health problem for health of animals and humans globally. Antimicrobials
have significantly decreased mortality and morbidity rates because of their
bactericidal and bacteriostatic actions and have saved millions of lives throughout
human history. For 70 years, antimicrobials have reduced the mortality rate due to
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infectious diseases. [21] AMR has become a major global environmental and public
health concern, and more than two lakh people die from AMR each year, which is
considered severely life-threatening and poses a severe risk to life. AMR is caused
by five main factors that spread the disease: misuse and excess use of antimicrobial
drugs, overuse of antimicrobials in agriculture, worldwide travel and trade, lack of
development of new antimicrobial drugs, improper sanitation, and use of clean
water. The WHO, in 2021 stated in a study that widespread antibiotic misuse and
overuse contribute to AMR, which indicates that AMR is making COVID-19
patients’ outcomes more challenging because of excessive overuse and abuse of
antibiotics. AMR is one of the biggest challenges, a hidden threat for the future,
and a global pandemic [2].A promising way to combat these infections is through
medicinal plants,that contain an abundance of bioactive compounds like alkaloids,
flavonoids, terpenoids etc. Compared to manufactured medications, numerous
people think natural substances are less expensive and have less adverse effects.
The combination of compounds with antibacterial and antioxidant properties will
enhance the effectiveness of treatment. [38] Recent research has shown that
medicinal plants are effective against ESKAPE pathogen that are resistant to drugs.
The present investigation intends to examine the most recent studies on medicinal
plants and assess how well they may work against ESKAPE infections. By
comprehending how plant-derived antimicrobials help combat bacterial
resistance, we may contribute to toward the development of novel, persistent, and
effective medicinal approaches.

2. Rise of multidrug-resistant bacteria (MDR) and the need for new
antimicrobials

The emergence of multidrug-resistant (MDR) bacteria is becoming more prevalent, a
major universal health crisis. [29] These bacteria have evolved to resist multiple
antibiotics, once highly effective at treating infections. The development of resistance is
enhanced by the overuse and abuse of antibiotics, such as their prescription for viral
diseases or usage in agriculture. MDR bacterial infections, such as those from Klebsiella
pneumoniae or Staphylococcus aureus, result in more extended hospital stays, higher
healthcare expenses, and higher death rates. So, there is an urgent demand for novel
antimicrobials. Traditional antibiotics' efficacy is declining, and the pipeline for
developing new drugs has slowed down due to expensive development costs, lengthy
approval processes, and declining profits for pharmaceutical companies. The
development of new antimicrobials and alternative therapies necessary to keep up with
the rapid bacterial evolution and guarantee the efficacious treatment of infections in the
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future. The development of antimicrobial drugs has long been the aim of research by
medicinal chemists to minimize the death rate from diseases caused by microorganisms
[28].

3. ESKAPE Pathogens

The ESKAPE pathogens are a group of six nosocomial pathogens: Enterococcus faecium,
Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter baumannii. [34]ESKAPE
pathogens include gram +ve and gram-ve bacterial species. [5] These pathogens can
"escape” from the antimicrobials through different mechanisms. Globally, 1.30 million
AMR-related deaths are reported per year, and around 80% of deaths are due to ESKAPE
pathogens (including Escherichia coli). [11] The Centers for Disease Control (CDC), and
Prevention categorizes the ESKAPE pathogens as urgent or significant threats to public
health, while the World Health Organization (WHO) classified as high-priority or
important pathogens.

Among ESKAPE organisms, P. aeruginosa and A. baumannii were categorized as critical
priority organisms, whereas E. faecium and S. aureus were classified as high priority
groups. The bacteria may develop multiple drug resistance by several mechanisms,
including chemical alteration or breakdown of the drug, interfering with the antibiotic
influx and efflux, modifications of drug targets, and more. In Table 1, we have discussed
the antibiotic resistance mechanisms by ESKAPE pathogens and the genes involved in
drug resistance of a particular ESKAPE pathogen.
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Figurei: The ESKAPE multiple drug-resistantbacteria groups, responsible for a

different infection

Table 1: Genes involved in drug resistance of ESKAPE pathogen group

S1 Pathogen Resistance to a different | Genes involved in drug | References
no antibiotic resistance
1 Enterobacter spp. Cephalosporin, ampC, NDM-1, orqep, qnr,gyrA, | [23], [51]
Aztreonam, Carbapenem, | gyrB, parC, Imp-1 aac (6)1,
Imipenem, Etrapenem and | blasyv, blatem, blactx-m, gqnrA,
Meropenem gqnrB and qnrS, blaOXA-48,
ISEcpblaCTX-M-15, blaSHV
blaoxa-1, pbps, rmtE, pbp-3, bla-
shvi2, bla-mir
2 Staphylococcus Methicillin, Penicillin | Pbp2, blaZ, mecA, fexA, Inu(A), | [23], [s1]
aureus Oxacillin, Quinolones, | (F), optrA, ermA, ereA-b, ter(A),
Tetracycline, Vancomycin | aac (3’)-Ia, aadAi, aph(3)-1I,
and Neomycin aph(3)llla, aacA-aphD, aadD,
aac(6’)le+aph(2’, ant(4’)la,
ant(6)-Ia
3 Klebsiella pneumoniae | Amikacin, Cephalosporin | Pbp2 and pbp4, sv-27, tem-u6, | [12], [31], [51]
Ceftotaxime, Meropenem | blaKPC,  blaNDM-1,  blaTEM,
Ciprofloxacin, blaCTX-M-15, blaOXA-4b, Intl,

Carbapenems, Ertapenem,
Chloramphenicol, Mucins,
Tigecycline, Ceftazidime-
avibactam,Ampicillin,
Cefepime, Cefoperazone,
Ceftazidime, Gentamicin,
Netilmicin,  Piperacillin-
tazobactam, Carbapenems,
Penicillins, Monobactams,
B-lactams, Lincosamide,
Aminoglycosides,

Streptogramins,

Quinolones, Tetracyclines,

IntIl, Intlll, aac(3)-II, aac(6')-Ib,
AcrAB, KdeA, CepA, OmpK3s,
OmpK36, AmpR, Tem-116, ArmA,
RmtB, RmtC, AcrAB, KdeA, CepA,
OmpK35, OmpK36, blaOXA-48,
ISEcpblaCtx-m  -15, CTX-M-15,
blaSHV  blaoxa-1, blaOXA-48,
blaSHVogxA, ogxB, TEM-1, Shv -1,
Shv -11, Shv-27, Shv-28, Shv -32,
NDM-1, NDM-4, NDM-5, Oxa-1o0,
Oxa-232, armaA, aph(6)Id,
aph(3*)Ib, aac(6')-1b-cr, aph(3")-
Ib, aph(6)-1d, aac(3)-lid, armaA,
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Fluoroquinolones, aadz, arr-2, arr-3, qnrBi, qnrBé6,
Nitrofurantoin, qnrSi, tetA, tetD, suli, sulz,
Polymicxins, Macrolids, | catB3, ant(3”)-I, ant(2”)-1 dfrA, ,
Chlorhexidine, Rifampin, | dfrAs, dfrAi4
Colistin, Nalidixic acid and
Tetracycline
Acinetobacter Norfloxacin , Ofloxacin | Pon A, mrcB, pbp4, fsti, tem, shv, | 5], [51]
baumannii Ciprofloxacin, Imipenem | GES, AdeA, tet(A), carO, omp22-
Chloramphenicol and | 23, ompA, Oxa-51, KPC, CarB,
Nalidixic acid oprD, ctx-M, ade gene cluster,
ant(3”)-1, aac(3)i, aac(3’)vi,
ABUW _0982 of CHL gene cluster
Pseudomonas Cefoxitin, Imipenem, | mexR, nfxB, cmrA, fstl, opB, glpT, | [26], [51]
aeruginosa Polymyxins, Piperacillin- | fusai, ampD, parS, gryA, gyrB,
tazobartum, Meropenem, | parC and parE, OprD, OprH,
Carbapenem, PolymyxinB, | MexAB-OprM, MexCD-OprJ,
Gentamycin , | MexEF-OprN,MexXY-OprM, pslA,
Chloramphenicol and | psiD, pbp2, pbp3, aac(6’)lb, ,
Quinolones aadB, catBy, aphAi1
Enterococcus faecium | Penicillin, aac (6’)-li, , aph(2”)Ic, aph (3))- | [26], [51]

Cephalosporin,Vancomyci
n, Tobramycin,
Kanamycin, Gentamycin,

and Chloramphenicol

llla,aph(2”)Ib, aph(2”)Id, msrc,
efmA, tet(m), pbps, ant (6)-la,
Van A to E, Van-G, ermB, catAy,
catA8, catAg

4. Resistance mechanism in ESKAPE Pathogens

Antimicrobial resistance is mainly mediated by antimicrobial-resistant genes (ARGs)

inherited in plasmids, chromosomal DNA, and transposons. Bacteria can also become

resistant to various cellular gene alterations and mechanisms, like the alteration or

deactivation of drugs, changes in drug binding sites, permeability changes in cells, and

biofilm production.
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4.1 Alteration or deactivation of antibiotics

The development of enzymes that degrade or neutralize antibiotics is a standard method
by which ESKAPE bacteria exhibit drug resistance. These enzymes are categorized into
two: one deactivates the active site of the antibiotic, and the other covalently alters the
structural components of the drug or antibiotics to prevent interaction with target site of
bacterial pathogen[20].

Production of - Lactamases

Among the most prevalent mechanisms antimicrobial resistance gained by ESKAPE
pathogen is the synthesis of enzymes that neutralizes or inactivates antibiotics. -
lactamases are from the o/f-hydrolase family. B-lactamases are classified into two
categories based on the general features of the catalytic site and are separated. Serine (3--
lactamases use a serine in the active site to accomplish hydrolysis, whereas metallo- (-
lactamases use 10r 2 divalent zinc atoms. [14] B-lactamases are the most common culprits
among gram -ve bacteria responsible for cleaving B-lactam antibiotic rings. ESKAPE
pathogens break down the B-lactam ring before targeting the penicillin-binding protein

[5].

Aminoglycoside modifying enzymes (AMEs)

In ESKAPE pathogens, aminoglycoside resistance occurs through aminoglycoside-
modifying enzymes. [5] Resistance is based on the generation of AMEs, which are further
classified as aminoglycoside phosphor transferases, aminoglycoside
nucleotidyltransferases, and aminoglycoside acetyltransferases. Resistance to
aminoglycosides in the bacteria known as ESKAPE[52].

4.2 Modification of drug-binding sites

Resistant bacteria evade the effects of antibacterial drugs by altering their target sites
through mechanisms like target enzyme modification, ribosome target site modification,
and cell wall precursor alteration [23].

4.2.1. Target enzyme modification

Modifications in the target sites of the ESKAPE pathogen impede antibiotic binding,
resulting in resistance to the respective drugs. [32] B-Lactam antibiotics inhibit the
binding to PBP enzymes of bacteria that are present in the cell wall.
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4.2.2. Ribosomal target site alterations

Many antibiotics exert antibacterial effects by targeting small and large ribosomal
subunits (30S and 50S). Aminoglycoside antibiotics binds with a 16S rRNA component of
the 30S subunit, which hinders the aminoacyl-tRNA association with the anticodon,
eventually abrogating translation and its bactericidal effects. To resist most
aminoglycosides, the 16S rRNA methyltransferases methylate either N7 of guanine (1405)
or N1 of adenine (1408) of 16S rRNA. rRNAs (5S and 23S rRNA), as well as50S subunit of
ribosomal proteins, are targeted by lincosamides, ketolides, streptogramin, and
macrolides. Identical to 16S rRNAmethyltransferases, 23S rRNAmethyltransferases
methylate antibiotics binding site resulting in elimination of antibiotic action. The
methylation of 16S rRNA in gram -ve bacteria has developed as an innovative mechanism
of resistance to aminoglycoside antibiotics described in Pseudomonas aeruginosa and
Acinetobacter baumannii. To date, ten classes of 16S rRNA methyltransferases have been
reported globally (like RmfA to RmfH, ArnA, and NmpA) [13].

4.3. Cell wall precursor alterations

The cell wall precursors of bacteria may get altered, giving rise to resistant strains. The
gram -ve bacteria have produced enzymes known as Lipid A-modification enzymes,
which change the lipid A region of lipopolysaccharide(LPS) and enable the bacterial
pathogen to elude host immune responses. The introduction of positively charged sugar
groups such as N-AragN and phosoethanolamine (pETtN) is one form of alteration that
can be caused by lipid A-modifying enzymes.

Acylation, fatty acyl chain deacylation, and hydroxylation are other different types of
modification. [20] The development of modified peptidoglycan precursors (D-Ala-D-Ala
termini are transformed to either D-Ala-D-lactate or D-Ala-D-Seine) displays subdued
glycopeptide binding. By producing natural D-Ala-D-Ala precursors, D-
carboxypeptidases, are removed from the host cell. [3] Pseudomonas aeruginosa,
Klebsiella pneumoniae, and Acinetobacter baumannii, have shown resistance to polymyxin
through the remodeling of the lipid A structure's outer membrane lipopolysaccharide.
[37]

4-4. Changes in cell permeability and drug efflux

ESKAPE pathogens exhibit significant modifications in cell permeability and drug efflux
mechanisms as major factors contributing to their antibiotic resistance. The leading
causes of antibiotic resistance exhibited by ESKAPE pathogens are substantial alterations
in cell permeability and drug efflux mechanisms. These adaptations include decreased
cell wall permeability, loss of porins, and overexpression of different efflux pumps, which
collectively hinders the therapeutic efficiency of antibiotics. Developing effective
strategies to tackle infections caused by these resistant pathogens needs an
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understanding of mechanisms. Porins are a protein found in the gram -ve bacteria’s outer
membranes. Efflux pumps are bacterial membrane proteins that release antibiotics from
intracellular compartments. The majority of efflux pumps act as multidrug transporters,
increasing multidrug resistance and also releasing a variety of drugs. The efflux pump
family has five members: the major facilitator superfamily, ATP binding cassette family,
multidrug and toxic chemical extrusion family, resistance nodulation division family, and
the small multidrug resistance family. [22] Efflux pumps perform on identifying and
eliminating antibiotics, such as -lactams, fluoroquinolones, and aminoglycosides.

4.5. Biofilm formation
Another massive challenge in the inhibition of ESKAPE pathogen growth is their rapid
tendency to form biofilms. In the ESKAPE pathogen, biofilm formation is an outcome
of bacterial cells adhering to surfaces, proliferating, and producing an extracellular
matrix that serves as protection. Biofilm-forming bacteria have shown a greater
resistance to antibiotics than their planktonic state. [23]
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Figurez: The antibiotic resistance mechanism in ESKAPE pathogen

5. Role of medicinal plants in combating antimicrobial resistance of ESKAPE
pathogen

Medicinal plants are used as the primary form of traditional medical practice, especially
in the developing world. [33] Herbal remedies have been used since ancient times, as
identified by archeological discoveries suggesting medicinal herbs as early as the
Paleolithic era, approximately 60,000 years ago.[9] According to a World Health
Organization (WHO) statistics analysis, around 80% of the world's population uses

1746 | www.scope-journal.com



Scope

Volume 14 Number o4 December 2024

traditional medicine for major healthcare by utilizing plants. The WHO classifies a

medicinal plant as a species that exerts a pharmacological effect when applied to

humans.[8]Exploring novel antibiotics derived from natural sources is essential for

addressing the socio-economic and health impacts of multidrug-resistant microbes.

Table 2. Anti-bacterial activity of selected medicinal plants against ESKAPE
pathogen
SI Medicinal Plants | Parts Extract prepared | Anti-bacterial activity against | Reference
No used in ESKAPE Pathogen
1 Moringaoleifera and | Leaves | Water, Ethanol and Escherichia  coli,  Staphylococcus| [25]
Metricariarecutita and Methanol aureus, Pseudomonas aeruginosa,
Flowers Klebsiella spp.
2 Vernoniaauriculifer | Aerial Ethanol Escherichia coli,| [24]
aHiern parts Enterbacteraerogenes,
Klebsiellapneumoniae, Pseudomonas|
aeruginosa, Staphylococcus aureus
3 Bergenia ligulate Rhizom | Methanol Staphylococcus aureus, Escherichia) [41]
e coli
4 Newbouldialaevis Leaves | Methanol Staphylococcus aureus, Pseudomonas| [49]
and aeruginosa, Klebsiella pneumonia
Dracaena arborea
5 CameliasinensisL., | Leaves | Methanol, Escherichia coli, Pseudomonas| [38]
Aloe Petroleum  ether, aeruginosa, = Methicillin  Resistant]
secundifloraEngl.an Dichloromethane | Staphylococcus aureus, Klebsiella
dSennadidymobotry and Water pneumoniae, Staphylococcus aureus,
a(Fres.) Irwin
&Barneby
6 Punica granatum L. | Peel Hydro-alcoholic Enterococcus faecium,| [44]
Staphylococcus  aureus, Klebsiellq

1747
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pneumoniae, Acinetobacten

baumannii, Pseudomonas aeruginosa,

Enterobacter spp.
7 Abelmoschus Fruit Hexane, Staphylococcus aureus, Escherichia [10]
esculentus Chloroform, coll, Klebsiella pneumoniae,
Ethyacetate and Pseudomonas aeruginosa
Ethanol
8 Mangifera indica Leaves , | Methanol Staphylococcus aureu, Methicillin| [17]
Stem Resistant Staphylococcus aureus
and
Barks
9 Peganumharmala Seed n-Butanol Multidrug- [27]
resistantPseudomonasaeruginosastrai
n (P1and P2)
10 Thalictrumrhynchoc | Root Crude extract, n- Klebsiella pneumoniae, Pseudomonas| [16]
arpum Hexane  Fraction, aeruginosa, Staphylococcus aureus,
Chloroform Escherichia coli
Fraction and
Methanol Fraction
1 Terminaliachebula | Seed Aqueous, Alcohol | Staphylococcus aureus, Klebsiella | [35]
and Acetone pneumoniae, Pseudomonas
aeruginosa
12 | Azadirachtaindica | Leaves | Ethanol Staphylococcus aureus [45]
and Carica papaya
13 Syncarpiahillii Leaf Methanol Enterococcus  faecalis (QUT  codel [40]
1105), Pseudomonas
aeruginosa (ATCC 27853)
14 | Kitaibeliavitifolia Aerial Ethanol Klebsiella spp., [30]
part Escherichia coli (ATCC 25922), MRSA
(1726, 1063), Acinetobacter spp. strain
1578
15 Gymnemainodorum | Leaf Distilled water Vancomycin-resistant Enterococcus | [39]
faecium
16 Cassia alata L. Root, Ethyl acetate Staphylococcus aureus (48]
leaf

1748
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17 Hibiscus Flower | Methanol Staphylococcus aureus | [35]
sabdariffa L. (ATCC 25923), Pseudomonas
aeruginosa (RCMBoo08001),
Escherichia coli (RCMBoo4001)
18 Terminaliaphanerop | Leaf Methanol and| Staphylococcus. aureus, Escherichial [19]
hlebia Engl. & Diels Aqueous coli , Klebsiellapneumoniae
and
Terminaliasambesia
ca Engl. & Diels
19 Lanneacoromandeli | Bark Methanol, Ethanol Methicillin-resistant Staphylococcus| [18]
ca and Aqueous aureus
20 | Skimmiaanquetilia | Root n-Hexane, Ethyl Pseudomonas aeruginosdal [36]
acetate, and (MTCC424), Klebsiella pneumonia
Methanol (MTCCi139), Staphylococcus aureus
(MTCCg6), E. coli (MTCC739)
21 Paederiafoetida L. Leaf Ethanol Methicillin-resistant ~ Staphylococcus| [43]
aureus and Staphylococcus aureus,
22 | Epilobium Aerial Aqueous Staphylococcus aureus , Acinetobacter [15]
angustifolium L. parts baumannii, Escherichia coli, Klebsiella
pneumoniae, Pseudomonas|
aeruginosa,
23 Curcuma longa Rhizom | Ethanol Staphylococcus aureus [47]
e
24 | Indigoferaheteranth | Root, Methanol and| Escherichia coli (MTCC | [6]
a Flower, | Aqueous 739), Staphylococcus aureus (MTCC
Leaves 96), Pseudomonas
and aeruginosa (MTCC1688), Klebsiella
Bark pneumoniae (MTCC 432)
25 | Ailanthus altissima | Leaf Methanol Escherichia coli (ATCC 25922),| [7]

aeruginosa (ATCC
27853), Staphylococcus aureus (ATCC

Pseudomonas

25923)

1749
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6. Challenges and considerations of medicinal plants against ESKAPE pathogens
Medicinal plants are being explored increasingly for their significant potential to combat
ESKAPE pathogens, but several are fraught with challenges and considerations. Antibiotic
resistance in high levels among ESKAPE pathogens complicates the treatment efforts,
which results in the need for effective alternate treatments. The medicinal plant use has
been related to poor cultivation, collection practices, poor storage facilities, lack of
standardization during preparation, and adulteration of essential compounds, ultimately
affecting the development of novel antimicrobials. Factors like the harvesting season,
plant sections used, cultivation area, and processing type can affect the concentrations
and mechanisms of different compounds in plant extracts. Therefore, comparing the
many research data on the antimicrobial activity of medicinal plant extracts may be
challenging due to the plant extract's composition varying on the basis of regional climate
and ecological conditions. The complete information on the composition of plant extracts
is also an inherent difficulty, as these plant extracts contain several complex components
to interpret. The isolation of a particular compound with the appropriate antimicrobial
activity can take a long period and may require many plant samples.

Scientific research of novel extracts from plants is challenging because of their variability
and vast complexity. Plant extracts might contain 100 or even 1000 different compounds
in variable amounts, and it is essential to identify the compounds responsible for a
particular biological action. One of the biggest obstacles in developing novel
antimicrobials has been translating in vitro research to in vivo tests and human medical
trials. Only the medicinal plant extracts that inhibit the growth of microbes at low or
moderate minimum inhibitory concentration values deserve the ultimate attention, and
further investigation in this area can help to understand the process. Although extracts
from various medicinal plants have shown inhibitory effects against these pathogens,
ensuring these natural products' safety, effectiveness, and appropriate use are crucial.
Another challenge in developing antimicrobials derived from medicinal plants is
inadequate funding for research, which results in a lack of high-quality research on
understanding the structure-activity relationship with particular compounds[so].
Therefore, further investigation is essential to address these challenges and enhance the
therapeutic application of medicinal plants.

7. Conclusion and Future Aspects

The need for novel therapeutic strategies has been highlighted by the rising incidence of
antibiotic resistance, especially in ESKAPE pathogen. With their wide range of bioactive
compounds, including terpenoids, alkaloids, flavonoids, and phenolics, medicinal plants
present a promising way to address this global issue. These natural substances have a
variety of antibacterial properties, including as altering efflux pumps, preventing biofilm
formation, disrupting bacterial cell membranes, and interfering with quorum sensing. By
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reducing the chance of resistance development, phytochemicals' capacity to target several
resistance pathways at once positions medicinal plants as effective substitutes or
supplementary drugs to traditional antibiotics. While medicinal plants hold considerable
promise in the fight against ESKAPE pathogens, several challenges associated with their
use must be carefully addressed to ensure they can effectively contribute to combating
the rising antibiotic resistance issues. With the increasing risk posed by multidrug-
resistant ESKAPE pathogens, investment in exploring and developing novel plant anti-
infectives is critical. Current studies are often limited to in vitro experiments, with
insufficient validation in animal models and clinical trials. To harness the full potential of
medicinal plants, future research must focus on: isolation and characterization of
bioactive compounds, molecular mechanisms through which plant compounds interact
with ESKAPE pathogens, synergistic approaches, in vivo and clinical validation and
creation of stable, bioavailable, and cost-effective formulations (e.g., nano-drug delivery
systems). In summary, medicinal plants offer an enormous and mainly unexplored
resource for antimicrobial compounds that could help combat the escalating threat posed
by ESKAPE bacteria. Plant-based medicines have the potential to become a key
component of future antimicrobial efforts by bridging the gap between traditional
knowledge, contemporary science, and technological innovation. In order to turn this
promise into practical therapeutic treatments and ultimately support international efforts
to fight antibiotic resistance and protect public health, cooperation between researchers,
the pharmaceutical industry, and policymakers will be essential.
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