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Abstract

Antimicrobial resistance, especially in carbapenem-resistant Gram-negative bacteria, is a
global and urgent threat to public health. Carbapenems, the last line of defense, are now being
challenged by the spread of resistance mechanisms among bacteria, especially the production
of carbapenemases. Infections caused by carbapenem-resistant Gram-negative bacilli are as-
sociated with higher mortality rates and much more severe outcomes than drug-susceptible in-
fections due to the failure of conventional therapies. This growing crisis has led researchers to
urgently search for alternative therapeutic strategies. In the meantime, plant compounds have
shown significant potential in combating these bacteria due to their unique chemical diversity
and multiple mechanisms of action. These compounds exert their antibacterial effects through
mechanisms such as the induction of oxidative stress and cell membrane damage, direct inhi-
bition of carbapenemase enzymes, inhibition of efflux pumps, and inhibition of biofilm forma-
tion. In addition, many of these plant metabolites have shown a synergistic effect in combina-
tion with carbapenem antibiotics, leading to a significant reduction in the minimum inhibitory
concentration (MIC) of these antibiotics. Plant compounds are promising candidates for the
development of new antimicrobial agents or therapeutic adjuvants against carbapenem-resis-
tant bacteria because of their multi-target arsenal, favorable safety profile, and ability to create
synergy with conventional antibiotics. However, a large proportion of the world’s plant species
remain unknown. Extensive research and the use of in silico techniques can be effective in the
discovery and development of plant compounds with antimicrobial activity. Although there are
challenges in the path to the clinical development of these compounds, research in this area

opens a promising path to overcoming antimicrobial resistance.
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Introduction described as a “silent pandemic,” is widely

Antimicrobial resistance (AMR), often recognized as one of the most serious chal-
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lenges to global health. This crisis has ex-
tensive consequences, reaching beyond clin-
ical medicine to affect other critical sectors
such as agriculture, economics, and food se-
curity (Read and Woods, 2014, Tang et al.,
2023, Rafeeq et al., 2025). The proliferation
of multidrug-resistant (MDR) bacteria rep-
resents a central aspect of this global chal-
lenge. Leading health authorities, including
the Centers for Disease Control and Preven-
tion (CDC) and the World Health Organiza-
tion (WHO), have classified AMR among the
most critical threats to human health (Salam
et al., 2023, Rafeeq et al., 2025). According
to estimates in 2021, AMR directly caused
1.5 million deaths and was associated with
4.71 million other deaths (Collaborators,
2024). Projections show that this figure will
increase by 2050, with direct deaths reach-
ing 1.91 million and related deaths reaching
8.22 million (Collaborators, 2024, Cesaro et
al., 2025). The main drivers of this multifac-
eted crisis include the overuse and misuse
of antibiotics in human medicine and agri-
culture, their environmental release, inade-
quate infection control, and a weak pipeline
for new antibiotics. These elements have
collectively accelerated the spread of MDR
bacteria, posing a serious global challenge
(Mancuso et al., 2023, Rafeeq et al., 2025).

Among these, carbapenem-resistant bacte-
ria, particularly Gram-negative ones, repre-
sent the most challenging cases to treat. This
is very important because carbapenems have
long been considered the “last line of de-
fense” and the most reliable weapon against
the most dangerous pathogens (Aurilio et
al., 2022). Infections caused by carbapene-

mase-producing Gram-negative bacilli, due
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to the failure of conventional treatments, are
associated with an alarming mortality rate
and have far more severe outcomes than
drug-sensitive infections (Hu et al., 2020,
Shariati et al., 2024). Given the critical im-
portance of this type of resistance, the WHO
has placed carbapenem-resistant Gram-neg-
ative bacteria, including Acinetobacter
baumannii, (Enterobacteriales) and Pseu-
domonas aeruginosa on its priority list of
pathogens requiring urgent research and de-
velopment of new antimicrobial treatments
(Sati et al., 2025). This growing crisis has
led researchers to urgently search for alter-
native therapeutic strategies. In this regard,
approaches such as the use of natural com-
pounds, bacteriophages, probiotics, mono-
clonal antibodies, and antimicrobial pep-
tides have received attention (Dhanarani et
al., 2017, Shariati et al., 2024). Among these
options, plant compounds have emerged
as very promising candidates. These com-
pounds show tremendous potential due to
their unique chemical diversity, multi-target
mechanisms, and historical safety record
in human consumption (Abdallah et al.,
2023). The exploitation of plants is not only
a leading scientific opportunity but also a
socio-economic necessity in the global fight
against antimicrobial resistance (Rafeeq et
al., 2025). Accordingly, this review aimed
to investigate the potential of plant-derived
compounds as alternative solutions for the
control of carbapenem-resistant bacteria.
Carbapenems and their importance in clin-
ical settings

Carbapenems, along with penicillins, ceph-
alosporins and monobactams, belong to the

diverse and widely used family of B-Lactam
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antibiotics (Figure 1). However, what distin-
guishes carbapenems is their unique chemi-
cal structure, which includes an unsaturated,
sulfur-free beta-lactam ring. This structural
feature gives them two major advantag-
es: higher stability against f-lactamase en-
zymes and a much broader spectrum of ac-
tivity (Tooke et al., 2019).

Well-known examples of this group include
imipenem, meropenem, and ertapenem,
and newer generations such as doripenem,
biapenem, panipenem, razupenem, and to-
mopenem have also been developed (EI-
Gamal et al., 2017).

The mechanism of action of these drugs,
similar to other beta-lactams, is through
the inhibition of penicillin-binding proteins
(PBPs) and the disruption of bacterial cell
wall synthesis.
targets, PBPs 1a, 1b, 2, and 3 serve as the
primary sites of inhibition, with PBPs 2 and

Among these molecular

3 being particularly specific to Gram-nega-
tive bacteria (Aurilio et al., 2022). Over the

past decade, the use of carbapenems in clin-
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ical settings has increased dramatically, by
45%. This trend has been a response to the
spread of strains producing extended-spec-
trum [B-lactamases (ESBLs), as carbapen-
ems serve as the last line of defense in the
treatment of serious infections caused by re-
sistant pathogens(Blair et al., 2015, Patrier
and Timsit, 2020).

These drugs are used to treat several infec-
tions, including those of the lower respira-
tory tract, skin and soft tissue, urinary tract,
central nervous system, abdomen, and pel-
vis. They are also used in managing complex
conditions such as febrile neutropenia and
complications arising from cystic fibrosis
(Lo et al., 2008, Nguyen and Joshi, 2021).
Carbapenems possess a broad antibacte-
rial spectrum and are primarily employed
to treat infections caused by highly resis-
tant Gram-negative bacteria, including
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ily and non-fermentative bacteria. They
also demonstrated efficacy against certain
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Fig. 1. Chemical structure of the main classes of B-lactam antibiotics (Terico and

Gallagher, 2014, Lee et al., 2016)
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rilio et al., 2022).

Furthermore, due to their more favorable
safety profile and fewer side effects com-
pared with other last-line agents such as
polymyxins, carbapenems are regarded as
one of the safest and most reliable classes
of antibiotics in modern medicine (Meletis,
2016). However, their excessive and irratio-
nal use has led to resistance to carbapenems.
Carbapenem resistance and its underlying
mechanisms

Carbapenem resistance has emerged as a
critical and growing threat to global public
health. Over the past decade, the global dis-
semination of carbapenem-resistant patho-
gens has reached alarming levels, particu-
larly in certain European and Asian nations
where the resistance rates have surpassed
50% (Hansen, 2021).

The magnitude of this threat is clearly illus-
trated by data from the United States, where
an estimated 13.100 infections and 1.100
deaths were attributed to carbapenem-resis-
tant pathogens in 2017 alone (Livorsi et al.,
2018, Dong et al., 2020).

Patients with compromised immune sys-
tems, complex underlying diseases, or those
using invasive medical devices such as in-
dwelling catheters are among the groups at
the highest risk for these infections (Martin
etal., 2018).

This resistance is mediated through diverse
molecular mechanisms, broadly categorized
into enzymatic and non-enzymatic path-
ways. Non-enzymatic mechanisms include
reduced permeability of the bacterial outer
membrane (primarily through the loss or de-
creased expression of porins) and the acti-

vation of efflux pumps that expel the antibi-

89

otic from the cell (Tompkins and van Duin,
2021).

In contrast, the primary enzymatic mecha-
nism involves the production of hydrolyz-
ing enzymes called carbapenemases. These
enzymes, which belong to a diverse family
of B-lactamases, are capable of inactivating
a wide range of antibiotics, including car-
bapenems, cephalosporins, penicillins, and
monobactams, and are recognized as the key
factor in the global spread of this resistance
in Gram-negative bacteria (Suay-Garcia
and Pérez-Gracia, 2019, Tompkins and van
Duin, 2021).

Currently, the link between specific resis-
tance mechanisms and particular geographic
regions is constantly evolving with exten-
sive international travel and widespread ex-
posure to healthcare systems (Bonomo et
al., 2018).

Molecular classification of carbapenemases
Based on the Ambler classification system
(Table 1), which relies on conserved and
variable amino acid motifs in the protein
structure, carbapenemases are categorized
into three main classes: A, B, and D (Ham-
moudi Halat and Ayoub Moubareck, 2020,
Sawa et al., 2020).

Class A carbapenemases are characterized
by a serine residue at their active catalytic
site. The genes encoding these enzymes can
be chromosomal, plasmid-borne, or both
(Aurilio et al., 2022). These carbapenemas-
es hydrolyze a broad spectrum of B-lactam
antibiotics, including carbapenems. The
most clinically significant member, Klebsi-
ella pneumoniae carbapenemase (KPC), has
been identified worldwide, while Imipen-

em-hydrolyzing B-lactamase (IMI) and Guy-
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ana extended-spectrum [-lactamase (GES)
represent less common variants (Hammoudi
Halat and Ayoub Moubareck, 2020, Man-
cuso et al., 2023). A key therapeutic fea-
ture is their susceptibility to conventional
B-lactamase inhibitors such as clavulanate,
sulbactam, tazobactam, and avibactam (Teh-
rani and Martin, 2018).

Class B carbapenemases, known as metal-
lo-B-lactamases (MBLs), require a metal ion
(Zn**) as a cofactor for nucleophilic attack on
the B-lactam ring and demonstrate the high-
est carbapenem-hydrolyzing activity. A criti-
cal distinction from Class A enzymes (serine
B-lactamases) is their resistance to conven-
tional B-lactamase inhibitors. MBLs confer
resistance to almost all B-lactam drugs, with
the major exception being aztreonam (Ham-
moudi Halat and Ayoub Moubareck, 2020,
Sawa et al., 2020, Ortega-Balleza et al.,
2024). The most clinically prevalent MBLs

include the Verona integron-encoded MBL

(VIM), Imipenemase (IMP), and New Delhi
MBL (NDM) (Hammoudi Halat and Ayoub
Moubareck, 2020). The number of reported
alleles for IMP and VIM carbapenemases is
increasing at a remarkable rate, with more
than 100 variants of IMP-like enzymes now
identified in many parts of the world and in
many Gram-negative species (Le Terrier et
al., 2025). These figures indicate the contin-
uous and dynamic spread of these resistance
mechanisms (Sawa et al., 2020).

MBL genes are frequently located on mo-
bile genetic elements, such as class 1 inte-
grons, which facilitates their rapid dissem-
ination among bacterial species (Aurilio et
al., 2022, Behboudipour et al., 2025). While
MBL enzymatic activity can be inhibited in
laboratory settings by metal chelators (e.g.,
EDTA) or specific compounds such as so-
dium mercaptoacetate, the toxicity of these
agents prevents their clinical application

(Doi and Paterson, 2015). There are current-

Table 1. Ambler classification of carbapenemases.

Class Active Common enzymes  Gene Substrate Organism Reference
site Location
A Serine KPC (Klebsiella Plasmid Carbapenems (Lee and
pneumoniae Penicillins Doi, 2014,
carbapenemase) Cephalosporins Rabaan et
GES  (Guiana Aztreonam al., 2022,
extended Mo and da
spectrum) Silva, 2024)
B Metal IMP Plasmid Most P-lactam
ion (Imipenemase) antibiotics, Enterobacteriaceae
(zinc) VIM  (Verona except P. aeruginosa
integron- aztreonam A. baumannii
encoded
metallo-f3-
lactamase)
NDM (New
Delhi metallo-f3-
lactamase)
D Serine OXA (Oxacillin- Plasmid Ozxacillin
hydrolyzing Third-
carbapenemases) generation
cephalosporins
Carbapenems
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ly no approved inhibitors for therapeutic use
against MBLs. Given their importance, the
development of new anti-MBL agents is a
high priority (Ortega-Balleza et al., 2024).
Class D carbapenemases, known as oxacil-
linases, include OXA-type enzymes such as
OXA-48, OXA-72, and OXA-244 (Mancu-
so et al., 2023). It should be noted, however,
that oxacillin hydrolysis is not a universal
characteristic of all class D enzymes, as the
hundreds of known OXA variants exhibit
substantial diversity in their substrate pro-
files (Bahr et al., 2021). OXA-48 and its
variants are the most clinically significant
Class D carbapenemases. These enzymes
demonstrate hydrolytic capacity against
various [-lactams, including carbapenems
and third-generation cephalosporins (Pitout
et al., 2019).They are resistant to classical
B-lactamase inhibitors (Kyriakidis et al.,
2021). These enzymes present significant
diagnostic challenges as they often exhibit
only low-level in vitro resistance to carbap-
enems. Nevertheless, their clinical impact
remains substantial (Boyd et al., 2022).
Plants natural reservoirs of antimicrobial
compounds

Plants have been an indispensable source of
medicine for thousands of years. This role is
so undeniable that today more than a quarter
of modern drugs are either directly extracted
from or inspired by natural compounds. This
long history of use affirms their effective-
ness and safety in human health (Khameneh
et al., 2015, Rafeeq et al., 2025). Plants are
estimated to account for a large proportion
of the total biomass on Earth, accounting for
~450 gigatonnes of carbon (Bar-On et al.,
2018).
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Estimates indicate that there are between
250.000 and 500.000 species of angiosperms
in the world. Interestingly, less than 10% of
these plants are consumed as a food source
by humans and other animals, and many
of them also have medicinal uses (Cowan,
1999, Abdallah et al., 2023). Phytochemi-
cals are a broad range of bioactive molecules
of natural origin (Harvey et al., 2015). Some
of these compounds are secondary metabo-
lites of small organic compounds that, al-
though not essential for the initial growth of
the plant, play a vital role in its survival and
reproduction (Muthamilarasan and Prasad,
2013). Because plants are stationary organ-
isms and cannot escape threats, they have
evolved a complex defense system based on
these metabolites. This powerful chemical
arsenal has enabled them to resist a variety
of pathogens (such as viruses, bacteria, and
fungi), predators, and adverse environmen-
tal conditions and to survive in diverse eco-
systems (Mawalagedera et al., 2019, Alva-
rez-Martinez et al., 2020b). These valuable
metabolites are scattered throughout the
plant structure, from the roots and stems to
the leaves, flowers, fruits, and seeds (Li et
al., 2024). Secondary metabolites are ex-
tremely diverse in terms of their chemical
structure, composition, solubility and bio-
synthetic pathways, and this characteristic
has led to the creation of an amazing range
of these compounds with specific defensive
functions (Tiwari and Rana, 2015, Anjali et
al., 2023).

It is estimated that approximately 200.000
plant secondary metabolites (PSM) have
been identified and isolated. Any plant spe-

cies is capable of producing a complex chem-
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ical arsenal of 500-800 different secondary
metabolites, many of which have antimicro-
bial properties. These compounds are main-
ly classified into four main groups: terpenes,
phenols, and nitrogen- and sulfur-containing
compounds (Figure 2) (Satish et al., 2020,
Yadav et al., 2020, Yeshi et al., 2022, Lorca
et al., 2024).

Studies have focused primarily on complex
plant extracts (which have been studied the
most), pure compounds, and essential oils
(which rank fifth among the studied agents).
Among the pure isolated compounds, ter-
penes are the most studied antimicrobial
compounds, while polyphenols and alka-
loids, and other categories, have also ac-
counted for a significant portion of this re-
search (Alvarez—Martinez etal., 2020a, Li et
al., 2024). The recent increase in the num-
ber of scientific papers on the potentiation
of antibiotic effects by plant agents confirms
the importance of this area of research in the

modern battle against antimicrobial resis-
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tance. According to reports, the global herbal
medicine market was estimated to be worth
$170 billion in 2022 and is expected to grow
significantly to $600 billion by 2033 (Sarkar
et al., 2024, Zouine et al., 2024). However,
most plant species remain unknown, and
plants serve as a promising and unexplored
frontier for the discovery of new therapeutic
agents against drug-resistant bacteria.
Herbal compounds effective against car-
bapenem-resistant bacteria (CRB)

Terpenes and terpenoids

Terpenes are the key constituents of essential
oils. These compounds, which are among the
most diverse plant secondary metabolites,
are formed by connecting isoprene (C5)
units. These compounds include the main
classes of monoterpenes, sesquiterpenes,
diterpenes, and triterpenes. From a chemi-
cal perspective, terpenes have a remarkable
structural diversity, with prominent exam-
ples including linalool, geraniol, menthol,

citral, thymol, carvacrol, carotenoid, cam-
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Fig. 2. Structure of plant secondary metabolites (Wang et al., 2019, Al-Khayri et al., 2023,

Upadhyay et al., 2024, Sana et al., 2025).
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phor, eucalyptol, cymene, pinene, and lim-
onene (Guimaraes et al., 2019).

Studies have shown that both the chemical
structure and the kinetics of the antibacte-
rial effect of these compounds differ from
each other. On the one hand, the presence of
polar functional groups such as hydroxyl in
phenolic (such as thymol and carvacrol) and
alcoholic (such as geraniol and terpineol)
compounds is associated with stronger anti-
microbial activity (Guimaraes et al., 2019).
On the other hand, compounds such as ter-
pineol, geraniol, carotenol and citronellol
are known as fast-acting agents that are able
to inactivate bacteria such as Escherichia
coli and Salmonella Typhimurium in a short
time (Friedman et al., 2004, Guimaraes et
al., 2019).

Accordingly, screening terpenes and ter-
penoids based on the structure-activity re-
lationship as well as the kinetics of their
antibacterial effect can provide a valuable
criterion for identifying promising candi-
dates against carbapenem-resistant bacteria.
In vitro evidence has shown that 1,8-cineole
(CN) as a monoterpene exhibits signifi-
cant bactericidal activity against carbapen-
emase-producing Klebsiella pneumoniae
(KPC-KP) (Moo et al., 2021).

Similarly, paeoniflorin (C,,H,,O, ), a mono-
terpene bicyclic glycoside derived primarily
from the roots of the peony plant (Paeonia
lactiflora), has shown promising activity
against carbapenem-resistant K. pneumoni-
ae (CRKP) with a reported MIC of 1.2 mg/
mL (Qian et al., 2020). Although paeoni-
florin is traditionally known for its anti-in-
flammatory and neuroprotective properties

in traditional medicine, recent research has
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revealed significant antimicrobial potential,
indicating its effective antibacterial activity
(Hou et al., 2025).

Phenolic compounds

Phenolic compounds (PCs) are key second-
ary metabolites in horticultural plants that
contain one or more hydroxyl groups at-
tached to aromatic rings. Structurally, they
are classified into major groups such as sim-
ple phenols, flavonoids, stilbenes, and tan-
nins. These compounds are not only respon-
sible for the attractive colors and unique
flavors of fruits and flowers but also play vi-
tal ecological roles (Rafeeq et al., 2025, Xu
and Wang, 2025).

Notably, their biological significance also
extends to good antimicrobial activity,
showing promising potential against carbap-
enem-resistant bacteria. For example, tannic
acid, epigallocatechin gallate, quercetin, and
epicatechin have shown significant inhibito-
ry effects on B-lactamases in both in vitro
and in silico analyses (Mandal et al., 2017).
A prominent example is eugenol, a major
phenolic compound found in the extracts of
cloves (Syzygium aromaticum) and cinna-
mon, which exhibits broad-spectrum effica-
cy, including against carbapenem-resistant
bacteria (Liu et al., 2023a).

According to Liu et al. (2023), eugenol ex-
erted significant and dose-dependent inhib-
itory effects on planktonic CRKP bacteria.
At a concentration of 0.5 mg/mL, the com-
pound killed more than 85% of the bacterial
population, and when the concentration was
increased to 1.0 mg/mL, almost complete
(100%) eradication of bacteria was observed
(Liu et al., 2023a).

Quercetin is a common flavonoid of the fla-
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vonol type in nature, which is of plant origin
and is widely found in fruits (such as berries,
apples and grapes), vegetables (especially
the cabbage family), seeds, nuts and various
flowers (Yang et al., 2020a). This compound
has been studied as an effective agent in
inhibiting carbapenem-resistant Gram-neg-
ative bacteria (Blair et al., 2014, Pal and
Tripathi, 2020). Quercetin has also shown
significant synergistic interactions with anti-
biotics such as colistin and amikacin against
the resistant bacterium 4. baumannii in vitro
(Pal and Tripathi, 2020, Odabas Kose et al.,
2023).

Fisetin, which belongs to the flavonoid
group, is a naturally occurring chemical
compound in several fruits and vegetables,
including strawberries, apples, and grapes.
Its amount in plant foods varies from 2 to
160 pg/g. This compound is known as a
health-promoting agent because of its anti-
oxidant, anti-inflammatory, and anticancer
properties and is even found in some dietary
supplements (Kubina et al., 2021, Cordaro
et al., 2022, Dong et al., 2025).
Interestingly, in one study, fisetin, with the
lowest MIC (0.0625 mg/mL) among the
compounds tested, showed significant an-
tibacterial activity against CRKP (ATCC
BAA-1705) (Adeosun et al., 2022).

A study on the bark extract of Matayba op-
positifolia showed specific efficacy against
CRKP (MIC = 31.25-500 pg/mL) and A.
baumannii (MIC = 125-250 pg/mL). GC-
MS analysis identified several bioactive
compounds in the extract, with palmitic acid,
friedelan-3-one and 7-dehydrodiosgenin as
the main components (de Jests Dzul-Beh et
al., 2023).
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A study by Uc-Cachon et al. showed that
Schoepfia schreberi extracts containing gal-
lic acid (GA) and ellagic acid (EA) deriv-
atives showed significant growth inhibition
against carbapenem-resistant 4. baumannii
(CRAB). Furthermore, S. schreberi exhibits
broad anti-infective properties against differ-
ent A. baumannii strains by simultaneously
targeting multiple pathogenic mechanisms,
including biofilm formation, efflux pump
activity, motility, and resistance to cata-
lase-mediated oxidative stress(Uc-Cachon
et al., 2024).

The pentagalloyl glucose (PGG) compound
obtained from the Schinus terebinthifolia
extract showed broad-spectrum antimicro-
bial activity against CRAB (MIC 64-256
pg/mL) and P. aeruginosa (MIC 16 pg/mL).
Mechanistic studies showed that PGG acts
through iron chelation and, remarkably, no
resistant mutants emerged after 21 days of
passage (Dettweiler et al., 2020).
Nowadays, molecular docking studies pro-
vide valuable insights into the mechanism
of action of phenolic compounds. For ex-
ample, a study on mangiferin revealed that
this compound interacts with the NDM-1
enzyme through the formation of hydrogen
bonds and hydrophobic interactions. Inter-
estingly, the Glide docking score of man-
giferin (-9.12 kcal/mol) was even negative
than that of the antibiotic meropenem (-8.77
kcal/mol), indicating a more stable binding
and higher potential for this plant compound
to inhibit the NDM-1 enzyme. This finding
makes mangiferin a promising candidate for
inhibiting carbapenemases (Vasudevan et
al., 2022).

Alkaloids compounds
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Alkaloids are a large class of natural sec-
ondary metabolites characterized by a basic
nitrogen atom in their structure. More than
18.000 distinct alkaloids have been identi-
fied from diverse sources(Gutiérrez-Grijal-
va et al., 2020, Heinrich et al., 2021, Tha-
wabteh et al., 2021).

These compounds have attracted much
attention due to their broad spectrum of
pharmacological activities, including anti-
bacterial, anticancer, antiviral, and central
nervous system depressant effects. In partic-
ular, the antimicrobial potential of alkaloids
has been promising in combating infections
caused by multidrug-resistant (MDR) patho-
gens. Well-known alkaloids such as berber-
ine, sanguinarine, and piperine have shown
potent antibacterial activity against several
microorganisms (Horani et al., 2015, Tha-
wabteh et al., 2021, Plazas et al., 2022).
Mechanisms of action of plant compounds
against CRB

Induction of oxidative stress and cell mem-
brane damage

The induction of oxidative stress is one of
the key mechanisms of plant compounds in
combating resistant bacteria. A review by
Itri et al. (2014) documented the role of this
mechanism in the killing of bacteria. Ac-
cording to this study, oxidative stress leads
to bacterial cell death by destroying the in-
tegrity of the plasma membrane and causing
the leakage of intracellular contents (Itri et
al., 2014).

Considerable evidence supports the role of
this mechanism in the activity of various
plant extracts and compounds. Proteomic
analyses have shown that cinnamon bark

essential oil (Cinnamomum verum) disrupts
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the membrane of KPC-KP by inducing ox-
idative stress, which is characterized by an
increase in oxidative stress-regulating pro-
teins such as glycyl radical cofactor, cata-
lase peroxidase, and DNA mismatch repair
protein. This oxidative attack damages the
cell membrane, facilitates the penetration of
reactive oxygen species (ROS), and disrupts
the DNA and membrane repair systems
(Yang et al., 2019).

Similarly, lavender essential oil (LVO) ex-
erts its antibacterial effect against KPC-KP
by increasing ROS levels, lipid peroxida-
tion, and increasing membrane permeability,
which not only causes content leakage but
also enhances the uptake of other antimicro-
bial agents (Yang et al., 2020b).

In addition, certain phytochemicals have
been identified as oxidative stress-inducing
agents. Notable examples include eugenol,
which significantly increases ROS and de-
creases glutathione (GSH) in CRKP, leading
to membrane disruption and leakage of cyto-
plasmic components such as DNA, proteins,
and P-galactosidase (Liu et al., 2023a).
Other compounds such as acetic acid, gera-
nyl acetate, linalool, and various pyrrolidine
derivatives are also capable of inducing ox-
idative stress, highlighting the broad appli-
cability of this mechanism among diverse
plant metabolites (Tafazoli and O’Brien P,
2004, Quintans-Junior et al., 2013, Riera et
al., 2015).

Carbapenemase inhibition

The search for antimicrobial compounds
that are safe against carbapenemase-pro-
ducing bacteria, especially NDM-1 strains,
remains an ongoing priority. While some

compounds from fungi have been investi-
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gated for this purpose, the main source of
drugs in the plant kingdom remains largely
unexplored (King et al., 2014).

A comprehensive study by Chandar et al.
(2017) screened ethanolic leaf extracts of
240 diverse medicinal plant species for
antibacterial activity against NDM-1-pro-
ducing E. coli. Extracts of six plants, in-
cluding Combretum albidum and Hibiscus
acetosella Welw. ex Hiern, showed signif-
icant antibacterial activity (MICs ranging
from 2.56 to 5.12 mg/mL) and effectively
inhibited NDM-1 enzyme activity in vitro.
IC50 values ranged from 0.50 to 1.2

uL. Phytochemical analysis of these extracts

ng/

revealed a diverse profile of secondary me-
tabolites with steroids and saponins being
the least abundant. Interestingly, flavonoids
and phenolic compounds were identified as
the dominant metabolites in several extracts.
A notable finding was that Tamarindus in-
dica L. extract, despite showing a low MIC
of 2.56 mg/ml, contained the lowest over-
all concentration of secondary metabolites.
The inhibitory mechanism against NDM-1
is proposed to involve the direct inactivation
of the enzyme or chelation of zinc ions es-
sential for catalytic activity (Chandar et al.,
2017).

In the direction of discovering natural ad-
juvants, quercetin acts as a potent dual
inhibitor  against carbapenem-resistant
Gram-negative bacteria. Evidence suggests
that quercetin (at a concentration of 64 pg/
mL) significantly inhibits carbapenemase
enzyme activity in the resistant strains of £.
coli, K. pneumoniae, P. aeruginosa, and A.
baumannii. The stability of quercetin-car-
bapenemase confirmed

complexes was

96

in molecular docking studies, and it was
shown that this compound binds directly
to the active site of carbapenem enzymes
by a competitive mechanism and prevents
the hydrolysis of the carbapenem antibiotic
(meropenem) in the periplasmic space (Pal
and Tripathi, 2020).

A recent study on coumarin showed that
this compound significantly inhibited the
activity of carbapenemase enzymes in
CRKP. In addition, coumarin reduced the
expression of the carbapenemase-encoding
genes. Molecular docking revealed signif-
icant binding free energies ranging from
-7.8757 to -6.2064 kcal/mol for coumarin
binding to NDM1, VIM-2, OXA-48 and
OXA-9 enzymes. These effects resulted in
the restoration of the susceptibility of mero-
penem-resistant bacteria, with the couma-
rin-meropenem combination exhibiting a
strong synergistic effect (fractional inhibito-
ry concentration index (FICI) < 0.5). These
findings suggest that coumarin is a promis-
ing candidate for overcoming carbapenem
resistance (Abdel-Halim et al., 2024).

In the study by Shi et al. (2019) baicalin
was identified as a novel NDM-1 inhibitor,
which showed effective inhibition of the en-
zyme with an IC50 of about 3.8 uM. Dock-
ing and molecular dynamics studies showed
that the carboxyl group of baicalin directly
interacts with the zinc ion (Zn?*") in the ac-
tive site of the enzyme, and hydrogen bonds
with key amino acid residues stabilize the
complex (Shi et al., 2019).

In the context of the discovery of natural car-
bapenem inhibitors, embelin has also been
identified as a potent and selective inhibitor

of the NDM-1 enzyme. A screening study
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showed that embelin has a significant abil-
ity to inhibit the activity of the NDM-1 en-
zyme compared to other natural compounds,
inhibiting it by more than 50%. Analyses
confirmed its outstanding inhibitory poten-
cy with an IC50 value of 2.1 = 0.2 uM and
a Ki value of 0.19 = 0.02 uM (using mero-
penem as a substrate). Interestingly, embelin
had a weak effect on other carbapenemases
such as VIM-1 and IMP-1, which makes its
selectivity for NDM-1 outstanding. Molec-
ular modeling studies indicate that this sta-
bility and selectivity are most likely due to
an extensive van der Waals contact between
NDM-1 and the embelin (Ning et al., 2018).
Efflux pump inhibition

Given that the active efflux of antibacterial
agents plays an important role in the de-
velopment of drug resistance in carbapen-
em-resistant bacteria, inhibition of the efflux
pump has emerged as a promising strategy
to restore antibacterial efficacy (Liu et al.,
2023b). Plant-derived compounds can com-
bat carbapenem-resistant bacteria through
this mechanism. Studies have shown that
some plant compounds such as a-terpinene,
a-pinene, catechol and eugenol acetate fight
antibiotic resistance by inhibiting the efflux
pump (Prasch and Bucar, 2015, Limaverde
etal., 2017).

Similarly, quercetin inhibited the activity
of the AcrB efflux pump in enterobacterial
strains overexpressing this pump (Pal and
Tripathi, 2020).

Consistent with these findings, molecular
docking studies have identified a-bisabolol
as an inhibitor of the MexB efflux pump in
P. aeruginosa. a-bisabolol showed a higher

affinity for MexB than meropenem. The re-
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sults of the determination of the MIC showed
that the simultaneous application of a-bis-
abolol and meropenem significantly reduced
the MIC by 6.24 pg/mL compared with the
application of meropenem alone (12.5 pg/
mL) in the resistant strains. These observa-
tions indicate the high potential of a-bisab-
olol in restoring the efficacy of antibiotics
through efflux inhibition and providing an
adjunct strategy for treating multidrug-re-
sistant infections (Nanjan and Bose, 2025).
Furthermore, several studies have confirmed
that ellagic acid (EA) functions as an efflux
pump inhibitor, enhancing the in vitro effi-
cacy of various antibiotics against resistant
pathogens including A. baumannii and E.
coli (Chusri et al., 2009, Jenic et al., 2021,
Uc-Cachon et al., 2024).

Alkaloids can increase the effectiveness of
common antibiotics through mechanisms
such as the inhibition of efflux pumps and
can thus be used as valuable supplements in
antimicrobial treatment regimens (Sireesha
et al., 2019, Faisal et al., 2023). A notable
example of this mechanism is the synergis-
tic effect between imipenem (IMP) and the
herbal compound berberine against imipe-
nem-resistant P. aeruginosa. Although ber-
berine alone had relatively weak anti-pseu-
domonal activity (MIC = 512 pg/mL), it
showed a strong synergistic effect when
combined with IMP. Evidence suggests
that the restoration of IMP susceptibility by
berberine is likely due to the inhibition of
the MexXY-OprM efflux pump. The results
confirmed that the combination of berberine
with IMP resulted in a significant reduction
in the expression levels of the genes encod-
ing MexZ, MexX, MexY, and OprM. Impor-
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tantly, no significant change was observed in
OprD mRNA expression in clinical isolates
after treatment with berberine and/or imipe-
nem (Su and Wang, 2018).

Another example involves piperine (PIP),
which shows antibacterial activity against
CRPA and targets the MexAB-OprM ef-
flux pump. Molecular docking studies re-
vealed a strong affinity of piperine for efflux
pump proteins with a binding affinity of
-9.1 kcal/mol. A synergistic effect between
PIP and imipenem (IPM) against CRPA
was observed. Importantly, PIP effectively
inhibited IPM efflux by upregulating mexR
gene expression and downregulating mexA4,
mexB, and oprM. In conclusion, PIP enhanc-
es the antibacterial activity of IPM by inhib-
iting the MexAB-OprM efflux pump (Liu et
al., 2023D).

However, not all bioactive plant compounds
act through this mechanism. Lavender es-
sential oil, despite its strong antimicrobial
effect, lacks efflux pump inhibitory activi-
ty, and analysis of its composition has not
confirmed the presence of any known efflux
pump inhibitors (Yang et al., 2020b).
Inhibition of biofilm formation
Plant-derived compounds have shown sig-
nificant efficacy in disrupting biofilm forma-
tion and inactivating cells in the biofilms of
carbapenem-resistant bacteria.

The importance of these findings is high-
lighted by the critical role of biofilms in the
pathogenesis of CRKP, where biofilms act
as a key factor that protects bacteria from
antimicrobial agents and promotes microbi-
al persistence and proliferation (Ernst et al.,
2020).

Given that achieving effective antibiotic
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concentrations to eradicate biofilms in vivo
is often impossible due to drug toxicity, the
search for alternative therapeutic strategies
is increasingly urgent. In this regard, the
antibiofilm activity of plant compounds is
considered a promising therapeutic alterna-
tive (Ciofu et al., 2015, Di Domenico et al.,
2020).

For example, Adeosan et al. (2022) showed
that phytol significantly altered the biofilm
structure in CRKP strains and exhibited sig-
nificant antibiofilm potential. Their findings
showed that phytol and glycitein inhibit-
ed the pre-formed biofilm by 43.81% and
39.61%, respectively, against K. pneumoni-
ae ATCC BAA-1705 (Adeosun et al., 2022).
In a similar vein, another study reported that
phytol at concentrations ranging from 5 to
640 pg/mL exhibited significant antibiofilm
activity with a maximum of 60% biofilm
inhibition against another biofilm-forming
pathogen, A. baumannii (Ramanathan et al.,
2018).

Taken together, these findings position
phytol as a promising lead compound for
managing carbapenem-resistant bacterial
infections. Consequently, targeting biofilm
formation with such natural compounds is a
critical strategy for developing optimal ther-
apeutic interventions in the future (Adeosun
et al., 2022).

Similarly, paeoniflorin showed significant
inhibitory effects on CRKP biofilm for-
mation and effectively inactivated CRKP
cells in the established biofilms (Qian et al.,
2020).

Synergistic Strategies: Plant Compounds
and Carbapenems

A promising strategy to restore the efficacy
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of carbapenem antibiotics is to use them in
combination with herbal adjuvants. There is
a growing body of scientific evidence that
combining herbal extracts with convention-
al antibiotics not only reduces the effective
dose of antibiotics required but also signifi-
cantly reduces the associated side effects.
Such synergistic interactions are now con-
sidered a promising strategy to address the
growing challenge of antimicrobial resis-
tance (Stefanovic, 2018).

In support of this approach, Chandar et al.
(2017) showed that the plant extracts studied
by them, when combined with meropenem,
reduced the MIC of this antibiotic by 4- to
16-fold against NDM-1-producing E. coli,
producing a strong synergistic effect (XFIC
= 0.313-0.09). The restoration of bacterial
sensitivity to this antibiotic was attributed
to the dual ability of the extracts to inhibit
the NDM-1 enzyme and disrupt the bacte-
rial cell membrane. This dramatic reduction
in MIC highlights the great potential for re-
ducing antibiotic doses in combination treat-
ment regimens. However, it is worth noting
that the antimicrobial activity in the crude
extracts is usually the result of the combined
effect of several substances, and the poten-
cy of individual components after isolation
may be less than the overall effect of the ex-
tract (Chandar et al., 2017).

In this regard, another study also showed
that the combination of LVO with meropen-
em has a strong synergistic effect, reduc-
ing the effective concentration of LVO and
meropenem by 15-fold and 4-fold, respec-
tively. This synergistic effect was confirmed
by a FICI of 0.3125. Notably, the rapid kill-

ing kinetics of this combination resulted in
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the complete killing of KPC-KP bacteria
in only 1.5 h. However, the use of each of
these agents separately at similar concentra-
tions did not affect the viability of KPC-KP
cells. This strategy is a practical strategy to
overcome bacterial resistance and reduce
the dosage of last-line antibiotics (Yang et
al., 2020D).

Research data also show that quercetin, fise-
tin, luteolin, and 3',4',7-trihydroxyflavone,
by exerting a synergistic effect, restore the
antibacterial activity of piperacillin and imi-
penem against OXA-48-producing E. coli
and cause a 2- to 8-fold reduction in their
MIC. Compared with previously reported
inhibitors, quercetin and its analogs have
significant advantages: they are inexpensive,
readily available, and can be extracted and
purified in large quantities from plant sourc-
es. Furthermore, they do not exhibit any cy-
totoxicity, increasing their potential as safe
therapeutic adjuvants (Hytti et al., 2015, Ha-
tahet et al., 2018, Zhang et al., 2022).
Similarly, the combination of embelin, a
plant benzoquinone found in the fruits of
Embelia ribes Burm (E. ribes) (Ali et al.,
2024), with carbapenems also showed a po-
tent synergistic effect against NDM-1-pro-
ducing pathogens. Studies have shown that
embelin effectively inhibits the activity of
the NDM-1 enzyme, thereby restoring bac-
terial susceptibility to B-Lactam antibiotics.
When embelin (at a concentration of 32 pg/
mL) was combined with meropenem, a 512-
fold reduction in the MIC of this antibiotic
was observed against an NDM-1-producing
strain (ATCC BAA-2146). This synergistic
effect was confirmed with FIC values be-

tween 0.05 and 0.15 on various clinical iso-
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lates (including E. coli, K. pneumoniae and
A. baumannii), indicating a strong synergy. It
is noteworthy that embelin alone lacked sig-
nificant antibacterial activity, emphasizing
its role as an “adjuvant” focused on inhib-
iting resistance, rather than as a standalone
antimicrobial agent. Therefore, embelin can
be considered a promising lead compound
for the development of safer and more ef-
ficient adjuvants alongside carbapenems to

combat these superbugs (Ning et al., 2018).

Conclusion

The growing crisis of antimicrobial resis-
tance in the present era, especially with the
emergence of carbapenem-resistant bacte-
ria, has assumed alarming dimensions. This
situation makes the urgent attention to find-
ing inhibitors of resistance not only a prior-
ity but also an inevitable action. However,
the pharmaceutical industry has gradually
reduced its investment in this field due to
economic challenges such as low financial
returns, short antibiotic use periods and high
R&D costs. This gap has made the focus on
cost-effective strategies such as the use of
natural plant compounds as pristine reser-
voirs of bioactive compounds more prom-
inent than ever. With several advantages
such as broad chemical diversity, multi-tar-
geting of resistance mechanisms (including
inhibition of carbapenemase enzymes), and
favorable safety profile, these compounds
have become promising candidates for the
development of antimicrobial agents or
adjuvants. Furthermore, their potential for
synergy with antibiotics, including carbap-
enems, could lead to the restoration of the

efficacy of these drugs, which in turn reduc-
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es the need for alternative antibiotics with
more side effects, such as colistin.
Although there is a wealth of in vitro data
on the efficacy of plant metabolites, translat-
ing these findings into commercial products
faces obstacles, including the lack of large-
scale clinical studies, bioavailability chal-
lenges, and the absence of clear regulatory
frameworks. However, continued investiga-
tion of these compounds paves a promising
path toward the discovery of new therapeu-
tic agents against carbapenem-resistant bac-
teria

Finally, the present study only examined a
small subset of the thousands of plant metab-
olites identified and their potential to combat
carbapenem resistance. The potential effects
of these compounds on other mechanisms
involved in carbapenem resistance, such as
porin proteins (e.g., OprD in P. aeruginosa)
or additional efflux pumps, were not investi-
gated. Future studies should therefore more
broadly address these limitations, as well as
research into clinical validation and formu-
lation of plant metabolites to bridge the gap
between laboratory discovery and therapeu-

tic application.

Acknowledgments

The authors would like to thank the Mi-
crobiology Department of Shahid Beheshti
University of Tehran and the Organ Trans-
plant Research Center of Shiraz University
of Medical Sciences. It should be noted that
this research did not receive any specific fi-

nancial support.

References
Abdallah, E:M., Alhatlani, B.Y., De Paula



Plant, Algae, and Environment, Vol. 10, Issue 1, March 2026

Menezes, R. and Martins, C.H.G., 2023.
Back to Nature: Medicinal Plants as
Promising Sources for Antibacterial
Drugs in the Post-Antibiotic Era. Plants,
12(17),  p.3077. doi: 10.3390/
plants12173077.

Abdel-Halim, M.S., El-Ganiny, A.M.,

Mansour, B., Yahya, G., Latif, H.
and Askoura, M., 2024. Phenotypic,
molecular, and in silico characterization
of coumarin as carbapenemase inhibitor
to fight carbapenem-resistant Klebsiella
pneumoniae. BMC Microbiology, 24(1),
p. 67. doi: 10.1186/s12866-024-03214-7.

Adeosun, 1.J., Baloyi, I.T. and Cosa, S.,

2022. Anti-Biofilm and Associated
Anti-Virulence Activities of Selected
Phytochemical Compounds against

Klebsiella pneumoniae. Plants, 11(11),
p.1429. doi: 10.3390/plants11111429.

Al-Khayri, J.M., Rashmi, R., Toppo, V.,

Chole, P.B., Banadka, A., Sudheer, W.N.,
Nagella, P., Shehata, W.F., Al-Mssallem,
M.Q., Alessa, FM., Almghasla, M.L
and Rezk, A.A., 2023. Plant Secondary
Metabolites: The Weapons for Biotic

Stress Management. Metabolites, 13(6),

p.716. doi: 10.3390/metabo13060716.

Ali, A., Emad, N.A., Sultana, N., Ali, H.,

Jahan, S., Aqil, M., Mujeeb, M. and
Sultana, Y., 2024. Medicinal potential
of embelin and its nanoformulations:
An update on the molecular mechanism
and various applications. [Iranian
Journal of Basic Medical Sciences,
27(10), pp. 1228-1242. doi: 10.22038/
1jbms.2024.77888.16850.

Alvarez-Martinez, F.J., Barrajon-Catalan, E.,

Encinar, J.A., Rodriguez-Diaz, J.C. and

Micol, V.,2020a. Antimicrobial Capacity
of Plant Polyphenols against Gram-
positive Bacteria: A Comprehensive
Review. Current Medicinal Chemistry,
27(15), pp. 2576-2606. doi: 10.2174/09
29867325666181008115650.

Alvarez-Martinez, F.J., Barrajon-Catalan,

E. and Micol, V., 2020b. Tackling
Antibiotic Resistance with Compounds
of Natural Origin: A Comprehensive
Review. Biomedicines, 8(10), p.405. doi:
10.3390/biomedicines8100405.

Anjali, Kumar, S., Korra, T., Thakur, R., R,

A., Kashyap, A., Nehela, Y., Chapligin,
V., Minkina, T. and Keswarni, C., 2023.
Role of Plant Secondary Metabolites in
Defence and Transcriptional Regulation
in Response to Biotic Stress. Plant
Stress, p.100154. doi:  10.1016/j.
stress.2023.100154

Aurilio, C., Sansone, P., Barbarisi, M.,

Pota, V., Giaccari, L.G., Coppolino, F.,
Barbarisi, A., Passavanti, M.B. and Pace,
M.C., 2022. Mechanisms of Action of
Carbapenem Resistance. Antibiotics
(Basel), 11(3), p.421. doi: 10.3390/
antibiotics11030421.

Bahr, G., Gonzalez, L.J. and Vila, A.l.,,

2021. Metallo-B-lactamases in the Age of
Multidrug Resistance: From Structure and
Mechanism to Evolution, Dissemination,
and Inhibitor Design. Chemical Reviews,
121(13), pp.7957-8094. doi: 10.1021/

acs.chemrev.1c00138.

Bar-On, Y.M., Phillips, R. and Milo, R.,

2018. The biomass distribution on Earth.
Proceedings of the National Academy of
Sciences of the United States of America,
115(25), pp.6506-6511. doi: 10.1073/



Plant, Algae, and Environment, Vol. 10, Issue 1, March 2026

pnas.1711842115.

Behboudipour, M., Soleimani, N., Azarpira,
N. and Soleimani, N., 2025. Prevalence
of Antibiotic Resistance Determinants
in Carbapenem-Resistant Pseudomonas
aeruginosa: Focus on Class 1 and 2
Integrons and blaIMP Gene. International
journal of molecular and cellular
medicine, 14(3), p.886. doi: 10.22088/
ijmcm.Bums.14.3.886. _

Blair, J.M., Richmond, G.E. and Piddock,
L.J., 2014. Multidrug efflux pumps
in Gram-negative bacteria and their
role in antibiotic resistance. Future
Microbiology, 9(10), pp.1165-1177. doi:
10.2217/fmb.14.66.

Blair, J.M., Webber, M.A., Baylay, A.J.,
Ogbolu, D.O. and Piddock, L.J., 2015.
Molecular mechanisms of antibiotic
resistance. Nature Reviews Microbiology,
13(1), pp.42-51.  doi: 10.1038/
nrmicro3380.

Bonomo, R.A., Burd, E.M., Conly, J.,
Limbago, B.M., Poirel, L., Segre, J.A.and
Westblade, L.F., 2018. Carbapenemase-
Producing Organisms: A Global Scourge.
Clinical Infectious Diseases, 66 (8),
pp-1290-1297. doi: 10.1093/cid/cix893.

Boyd, S.E., Holmes, A., Peck, R., Livermore,
D.M. and Hope, W., 2022. OXA-48-Like
B-Lactamases: Global Epidemiology,
Treatment Options, and Development
Pipeline. Antimicrobial Agents and
Chemotherapy, 66(8), p.e0021622. doi:
10.1128/aac.00216-22.

Cesaro, A., Hoffman, S.C., Das, P. and De
La Fuente-Nunez, C., 2025. Challenges
and applications of artificial intelligence

in infectious diseases and antimicrobial

102

resistance. NP.J Antimicrobials and
Resistance, 3(1), p.2. doi: 10.1038/
s44259-024-00068-x.

Chandar, B., Poovitha, S., Ilango, K.,

Mohankumar, R. and Parani, M., 2017.
Inhibition of New Delhi Metallo-B-
Lactamase 1 (NDM-1) Producing
Escherichia coli IR-6 by Selected
Plant Extracts and Their Synergistic
Actions with Antibiotics. Frontiers in
Microbiology, 8, p.1580. doi: 10.3389/
fmicb.2017.01580.

Chusri, S., Villanueva, 1., Voravuthikunchai,

S.P. and Davies, J., 2009. Enhancing
antibiotic activity: a strategy to control
Acinetobacter infections. Journal of
Antimicrobial ~Chemotherapy, 64(6),
pp-1203-1211. doi: 10.1093/jac/dkp381.

Ciofu, O., Tolker-Nielsen, T., Jensen,

P., Wang, H. and Heiby, N., 2015.
Antimicrobial resistance, respiratory
tract infections and role of biofilms
in lung infections in cystic fibrosis
patients. Advanced Drug Delivery
Reviews, 85, pp.7-23. doi: 10.1016/].
addr.2014.11.017.

Collaborators, A.R., 2024. Global burden of

bacterial antimicrobial resistance 1990-
2021: a systematic analysis with forecasts
to 2050. The Lancet, 404(10459),
pp.1199-1226. doi:  10.1016/S0140-
6736(24)01867-1.

Cordaro, M., D’Amico, R., Fusco, R.,

Peritore, A.F., Genovese, T., Interdonato,
L., Franco, G., Arangia, A., Gugliandolo,
E., Crupi, R., Siracusa, R., Di Paola, R.,
Cuzzocrea, S. and Impellizzeri, D., 2022.
Discovering the Effects of Fisetin on NF-
kB/NLRP-3/NRF-2 Molecular Pathways



Plant, Algae, and Environment, Vol. 10, Issue 1, March 2026

in a Mouse Model of Vascular Dementia
Induced by Repeated Bilateral Carotid
Occlusion. Biomedicines, 10(6), p.1448.
doi: 10.3390/biomedicines10061448.

Cowan, M.M., 1999. Plant products

as antimicrobial agents. Clinical
Microbiology Reviews, 12 (4), p.p564-
82. doi: 10.1128/CMR.12.4.564.

De Jesus Dzul-Beh, A., Uc-Cachoén, A.H.,

Gonzalez-Sanchez, A.A., Dzib-Baak,
H.E., Ortiz-Andrade, R., Barrios-
Garcia, H.B., Jiménez-Delgadillo,
B. and Molina-Salinas, G.M., 2023.
Antimicrobial potential of the Mayan
medicine plant Matayba oppositifolia
(A. Rich.) Britton against antibiotic-
resistant priority pathogens. Journal of
Ethnopharmacology, 300, p.115738. doi:
10.1016/j.jep.2022.115738.

Dettweiler, M., Marquez, L., Lin, M.,

Sweeney-Jones, A., Chhetri, B.,
Zurawski, D., Kubanek, J. and Quave,
C., 2020. Pentagalloyl glucose from
Schinus terebinthifolia inhibits growth
of carbapenem-resistant Acinetobacter

baumannii.  Scientific  Reports, 10,

p.15340. doi:10.1038/s41598-020-
72331-w.
Dhanarani, S., Congeevaram, S.,

Piruthiviraj, P., Park, J.H. and Kaliannan,
T., 2017. Inhibitory effects of reserpine
against efflux pump activity of antibiotic
resistance bacteria. Chemical Biology
Letters, 4(2), p.69-72.

Di Domenico, E.G., Cavallo, 1., Sivori, F.,

Marchesi, F., Prignano, G., Pimpinelli,
F., Sperduti, 1., Pelagalli, L., Di Salvo,
F., Celesti, 1., Paluzzi, S., Pronesti,

C., Koudriavtseva, T., Ascenzioni, F.,

103

Toma, L., De Luca, A., Mengarelli, A.
and Ensoli, F., 2020. Biofilm Production
by Carbapenem-Resistant Klebsiella
pneumoniae  Significantly  Increases
the Risk of Death in Oncological
Patients. Frontiers in Cellular and
Infection Microbiology, 10, p.561741.
doi:10.3389/fcimb.2020.561741.

Doi, Y. and Paterson, D.L., 2015.
Carbapenemase-producing
Enterobacteriaceae. Seminars in
Respiratory and Critical Care Medicine,
36(1), pp.74-84. doi: 10.1055/s-0035-
1544208.

Dong, J., Ma, X., Li, S., Zhou, S., Yang, Q.
and Ai, X.,2025. Transcriptomic Analysis
Reveals the Inhibitory Mechanism of
Fisetin Against the Pathogenicity of
Aeromonas hydrophila. Animals, 15,
p.2415. do0i:10.3390/ani15162415.

Dong, L.T., Espinoza, H.V. and Espinoza,
J.L.,  2020. Emerging superbugs:
The threat of Carbapenem Resistant
Enterobacteriaceae. AIMS Microbiology,
6(3), pp.176-182. doi:  10.3934/
microbiol.2020012.

El-Gamal, M.., Brahim, 1., Hisham,
N., Aladdin, R., Mohammed, H. and
Bahaaeldin, A., 2017. Recent updates
of carbapenem antibiotics. European
Journal of Medicinal  Chemistry,
131, pp.185-195. doi: 10.1016/.
ejmech.2017.03.022.

Ernst, C.M., Braxton, J.R., Rodriguez-
Osorio, C.A., Zagieboylo, A.P., Li, L.,
Pironti, A., Manson, A.L., Nair, A.V,,
Benson, M., Cummins, K., Clatworthy,
A.E., Earl, AM., Cosimi, L.A. and
Hung, D.T., 2020. Adaptive evolution of



virulence and persistence in carbapenem-
resistant Klebsiella pneumoniae. Nature
Medicine, 26(5), pp.705-711. doi:
10.1038/s41591-020-0825-4.

Faisal, S., Badshah, S.L., Kubra, B., Emwas,

A.H. and Jaremko, M., 2023. Alkaloids
as potential antivirals. A comprehensive
review. Natural  Products
Bioprospecting, 13(1), p.4. doi: 10.1007/
s13659-022-00366-9.

and

Friedman, M., Henika, P.R., Levin, C.E.

and Mandrell, R.E., 2004. Antibacterial
activities of plant essential oils and their
components against Escherichia coli
O157:H7
apple juice. Journal of Agricultural and
Food Chemistry, 52(19), pp.6042-6048.
doi: 10.1021/jf0495340.

and Salmonella enterica in

Plant, Algae, and Environment, Vol. 10, Issue 1, March 2026

Perspective on the Epidemiology of
Resistance
and Other
Negative Bacteria. Infectious Diseases
and Therapy, 10(1), pp.75-92. doi:
10.1007/s40121-020-00395-2.

Carbapenemase Among

Enterobacterales Gram-

Harvey, A.L., Edrada-Ebel, R. and Quinn,

R.J., 2015. The re-emergence of natural
products for drug discovery in the
genomics era. Nature Reviews Drug
Discovery, 14(2), pp.111-129. doi:
10.1038/nrd4510.

Hatahet, T., Morille, M., Hommoss, A.,

Devoisselle, J.M., Miiller, R.H. and Bégu,
S., 2018. Liposomes, lipid nanocapsules
and smartCrystals®: A comparative
study for an effective quercetin delivery

to the skin. International Journal of

Pharmaceutics, 542 (1-2), pp.176-185.
doi: 10.1016/j.ijpharm.2018.03.019.

Heinrich, M., Mah, J. and Amirkia, V.,
2021. Alkaloids Used as Medicines:
Structural Meets
Biodiversity-An Update and Forward
Look. Molecules, 26 (7):1836. doi:
10.3390/molecules26071836.

Horani, W., Thawabteh, A., Scrano, L., Bufo,

Guimardes, A.C., Meireles, L. M., Lemos,
M.F., Guimardes, M.C.C., Endringer,
D.C., Fronza, M. and Scherer, R., 2019.
Antibacterial

Activity of Terpenes

and Terpenoids Present in Essential Phytochemistry
Oils. Molecules, 24(13), p.2471. doi:
10.3390/molecules24132471.

Gutiérrez-Grijalva, E., Lopez-Martinez, L.,

Contreras, L., Romero, C.A. and Heredia,

J.B., 2020. Plant Alkaloids: Structures
and Bioactive Properties. Plant-derived
Bioactives, pp 85-117. doi: 10.1007/978-
981-15-2361-8 5.

Hammoudi Halat, D. and Ayoub Moubareck,

C., 2020. The

Carbapenemases: Review of Significant

Current Burden of

Properties and Dissemination among

Gram-Negative Bacteria. Antibiotics,
9(4), p.186. doi: 10.3390/
antibiotics9040186.

Hansen, G.T., 2021. Continuous Evolution:

104

S., Mecca, G. and Karaman, R., 2015.
Anticancer prodrugs - three decades of
design. World Journal of Pharmacy and

Pharmaceutical Sciences, 4, pp.1751-
1779. doi: 10.20959/wjpps20157-4678.

Hou, Y., Li, H., Zhu, L., Quan, T., Feng,

X., Li, Y., Bian, Y. and Wei, Y., 2025.
Advances of paeoniflorin in depression:
the molecular mechanism and formula
application. Frontiers in Pharmacology,
16, p.1614429. doi: 10.3389/
fphar.2025.1614429.



Plant, Algae, and Environment, Vol. 10, Issue 1, March 2026

10.3109/03639045.2014.920025.
King, A.M., Reid-Yu, S.A., Wang, W., King,

Hu, W., Li, M., Lu, W., Guo, S. and Li,
J., 2020. Evaluation of MASTDISCS

Hytti,

combi Carba plus for the identification

of metallo-B-lactamases, KPC and
OXA-48 carbapenemase genes
in Enterobacteriaceae clinical

isolates. Letters in Applied Microbiology,
70(1), pp.42-47. doi: 10.1111/lam.13240.

M., Piippo, N., Korhonen, E.,
Honkakoski, P., Kaarniranta, K. and
Kauppinen, A., 2015. Fisetin and

luteolin protect human retinal pigment
epithelial cells from oxidative stress-
death

inflammation. Scientific
p.17645. doi: 10.1038/srep17645.

induced cell and regulate

Reports, 3,

Itri, R., Junqueira, H.C., Mertins, O. and

Baptista, M.S., 2014. Membrane changes
under oxidative stress: the impact of
oxidized lipids. Biophysical Reviews,
6(1), pp.47-61. doi: 10.1007/s12551-
013-0128-9.

Jenic, D., Waller, H., Collins, H. and Erridge,

C., 2021.

Resistance by

Reversal of Tetracycline
Cepharanthine,
Cinchonidine, Ellagic Acid and Propyl
Gallate in a Multi-drug Resistant
Escherichia coli. Natural Products and
Bioprospecting, 11(3), pp.345-355. doi:

10.1007/s13659-020-00280-y.

Khameneh, B., Iranshahy, M., Ghandadi, M.,

Ghoochi Atashbeyk, D., Fazly Bazzaz,
B.S.andIranshahi,M.,2015.Investigation
of the antibacterial activity and efflux
pump inhibitory effect of co-loaded
piperine and gentamicin nanoliposomes
in methicillin-resistant Staphylococcus
aureus. Drug Development and Industrial

Pharmacy, 41(6), pp.989-994. doi:

105

D.T., De Pascale, G., Strynadka, N.C.,
Walsh, T.R., Coombes, B.K. and Wright,
G.D., 2014.
A overcomes
antibiotic resistance. Nature, 510(7506),
pp.503-506. doi: 10.1038/nature13445.

Aspergillomarasmine

metallo-B-lactamase

Kubina, R., Iriti, M. and Kabala-Dzik, A.,

2021. Anticancer Potential of Selected

Flavonols: Fisetin, Kaempferol,
and Quercetin on Head and Neck
Cancers. Nutrients, 13(3). doi: 10.3390/

nul3030845.

Kyriakidis, I., Vasileiou, E., Pana, Z.D. and

Tragiannidis, A., 2021. Acinetobacter
baumannii Antibiotic
Mechanisms. Pathogens, 10(3): p.373.
doi: 10.3390/pathogens10030373.

Resistance

Le Terrier, C., Drusin, S.I., Nordmann, P.,

Pitout, J., Peirano, G., Vila, A.J., Moreno,
D.M. and Poirel, L., 2025. The emerging
concern of IMP variants being resistant to
the only IMP-type metallo-B-lactamase
inhibitor, xeruborbactam. Antimicrobial
Agents 69(7),
p.€0029725. doi: 10.1128/aac.00297-25.

and  Chemotherapy,

Lee, C.-S. and Doi, Y., 2014. Therapy of

Infections due to Carbapenem-Resistant
Gram-Negative Pathogens. [Infection
and Chemotherapy, 46, pp.149-164. doi:
10.3947/ic.2014.46.3.149.

Lee, D., Das, S., Dawson, N., Dobrijev, D.,

Ward, J. and Orengo, C., 2016. Novel
Computational Protocols for Functionally
Classifying and Characterising Serine
Beta-Lactamases. PLoS Computational
Biology, 12, p.e1004926. doi: 10.1371/
journal.pcbi.1004926.



Li, S., Jiang, S., Jia, W., Guo, T., Wang,

F., Li, J. and Yao, Z., 2024. Natural

antimicrobials from plants: Recent
advances and future prospects. Food
Chemistry,432,p.137231. doi: 10.1016/j.

foodchem.2023.137231.

Limaverde, P.W., Campina, F.F., Da Cunha,

F.A.B., Crispim, F.D., Figueredo,
F.G., Lima, L.F., Datiane De, M.O.-
T.C., De Matos, Y. Morais-Braga,
M.F.B., Menezes, I.R.A., Balbino, V.Q.,
Coutinho, H.D.M., Siqueira-Junior, J.P.,
Almeida, J. and Tintino, S.R., 2017.
Inhibition of the TetK efflux-pump
by the essential oil of Chenopodium
ambrosioides L. and a-terpinene against
Staphylococcus aureus IS-58. Food and
Chemical Toxicology, 109 (Pt 2), pp.957-
961. doi: 10.1016/j.fct.2017.02.031.

Liu, W., Chen, G., Dou, K., Yi, B., Wang,

D., Zhou, Q. and Sun, Y. 2023a.
Eugenol eliminates carbapenem-resistant
Klebsiella pneumoniae via reactive
oxygen species mechanism. Frontiers
in Microbiology, 14, p.1090787. doi:

10.3389/fmicb.2023.1090787.

Liu, Y., Zhu, R., Liu, X., Li, D., Guo,

M., Fei, B., Ren, Y., You, X. and Li,
Y., 2023b. Effect of piperine on the
inhibitory potential of MexAB-OprM
efflux pump and imipenem resistance
in carbapenem-resistant Pseudomonas
Microbial

doi:

aeruginosa.
185, p.106397.
micpath.2023.106397.

Pathogenesis,

10.1016/;.

Livorsi, D.J., Chorazy, M.L., Schweizer,

M.L., Balkenende, E.C., Blevins, A.E.,
Nair, R., Samore, M.H., Nelson, R.E.,
Khader, K. and Perencevich, ENN.,2018. A

106

Martin,

Plant, Algae, and Environment, Vol. 10, Issue 1, March 2026

systematic review of the epidemiology of
carbapenem-resistant Enterobacteriaceae
in the United States. Antimicrobial
Resistance and Infection Control, 7, p.

55. doi: 10.1186/s13756-018-0346-9.

Lo, T.S., Welch, J.M., Alonto, A.M. and

Vicaldo-Alonto, E.A., 2008. A review
of the carbapenems in clinical use and
clinical trials. Recent Patents on Anti-
Infective Drug Discovery, 3(2), pp. 123-
131.doi: 10.2174/157489108784746588.

Lorca, G., Ballestero, D., Langa, E. and

Pino-Otin, M.R., 2024. Enhancing
Antibiotic  Efficacy with  Natural
Compounds: Synergistic Activity of

Tannic Acid and Nerol with Commercial
Antibiotics against Pathogenic
Bacteria. Plants, 13(19), p.2717. doi:
10.3390/plants13192717.

Mancuso, G., De Gaetano, S., Midiri, A.,

Zummo, S. and Biondo, C., 2023. The
Challenge of Overcoming Antibiotic
Resistance in Carbapenem-Resistant
“Attack on
Titan”. Microorganisms, 11(8), p.1912.

doi: 10.3390/microorganisms11081912.

Gram-Negative Bacteria:

Mandal, S.M., Dias, R.O. and Franco,

O.L., 2017. Phenolic Compounds in
Antimicrobial Therapy. Journal of
Medicinal Food, 20(10), pp.1031-1038.
doi: 10.1089/jmf.2017.0017.
A., Fahrbach, K.,
and Lodise, T., 2018.

Between Carbapenem Resistance and
Mortality Among Adult, Hospitalized
Patients With Serious Infections Due

Results

Zhao, Q.

Association

to Enterobacteriaceae: of a

Systematic  Literature Review and

Meta-analysis. Open Forum Infectious



Plant, Algae, and Environment, Vol. 10, Issue 1, March 2026

Diseases, 5(7), p.ofy150. doi: 10.1093/
ofid/ofy150.

Mawalagedera, S.M.U.P., Callahan, D.L.,

Gaskett, A.C., Ronsted, N. and Symonds,
M.R.E., 2019. Combining Evolutionary
Inference and Metabolomics to Identify
Plants With Medicinal Potential.

Frontiers in Ecology and Evolution, 7.
doi: 10.3389/fevo.2019.00267.

Meletis, G., 2016. Carbapenem resistance:

overview of the problem and future
perspectives. Therapeutic Advances in
Infectious Disease, 3(1), pp.15-21. doi:
10.1177/2049936115621709.

Mo, I. and Da Silva, G.J., 2024. Tackling

Carbapenem  Resistance and  the
Imperative for One Health Strategies-
Insights from the
Perspective. Antibiotics, 13(6), p. 557.
doi: 10.3390/antibiotics13060557.

Portuguese

Moo, C.L., Osman, M.A., Yang, S.K., Yap,

W.S., Ismail, S., Lim, S.H., Chong,
C.M. and Lai, K.S., 2021. Antimicrobial
activity and mode of action of 1,8-cineol
against carbapenemase-producing
Klebsiella ~ pneumoniae.  Scientific
Reports, 11(1), p.20824. doi: 10.1038/
s41598-021-00249-y.

Muthamilarsan, M. and Prasad, M., 2013.

Plant innate immunity: an updated
insight into defense mechanism. Journal
of Biosciences, 38(2), pp.433-449. doi:
10.1007/s12038-013-9302-2.

Nanjam, P. and Bose, B., 2025. In silico

Screening of Plant Compounds to
Inhibit MexB Efflux Protein for the
Enhancement of Meropenem Resistance
against Pseudomonas aeruginosa MDR

Infections. Recent Advances in Anti-

Infective Drug Discovery, 20. doi: 10.2
174/0127724344343717250404114236.

Nguyen, M. and Joshi, S.G., 202I.

Carbapenem resistance in Acinetobacter
baumannii, and their importance in
hospital-acquired infections: a scientific
review. Journal of Applied Microbiology,
131(6), pp.2715-2738. doi: 10.1111/
jam.15130.

Ning, N.Z., Liu, X., Chen, F., Zhou, P,

Hu, L., Huang, J., Li, Z., Huang, J.,
Li, T. and Wang, H., 2018. Embelin
Restores Carbapenem Efficacy against
NDM-1-Positive Pathogens. Frontiers
in Microbiology, 9, p.71. doi: 10.3389/
fmicb.2018.00071.

Odabas Kose, E., Koyuncu Ozyurt, O.,

Bilmen, S., Er, H., Kilit, C. and Aydemir,
E., 2023. Quercetin:  Synergistic
Interaction with Antibiotics against
Colistin-Resistant Acinetobacter
baumannii. Antibiotics, 12(4). p.739. doi:

10.3390/antibiotics12040739.

Ortega-Balleza, J.L., Vdazquez-Jiménez,

L.K., Ortiz-Pérez, E., Avalos-Navarro,
G., Paz-Gonzalez, A.D., Lara-Ramirez,
E.E. and Rivera, G., 2024. Current
Strategy for Targeting Metallo-f3-
Lactamase with  Metal-lon-Binding
Inhibitors. Molecules, 29(16), p.3944.
doi: 10.3390/molecules29163944.

Pal, A. and Tripathi, A., 2020. Quercetin

inhibits carbapenemase and efflux pump
activities among carbapenem-resistant
Gram-negative bacteria. APMIS, 128(3) ,
pp.251-259. doi: 10.1111/apm.13015.

Patrier, J. and Timsit, J.F, 2020.

Carbapenem use in critically ill

patients. Current Opinion in Infectious



Plant, Algae, and Environment, Vol. 10, Issue 1, March 2026

Diseases, 33(1), pp.86-91. doi: 10.1097/
QCO0.0000000000000622.

Pitout, J.D.D., Peirano, G., Kock, M.M.,
Strydom, K.A. and Matsumura, Y., 2019.
The Global Ascendency of OXA-48-Type
Carbapenemases. Clinical Microbiology
Reviews, 33(1),e00102-19. doi: 10.1128/
CMR.00102-19.

Plazas, E., Avila, M.M., Munoz, D.R. and
Cuca, S.L., 2022. Natural isoquinoline
alkaloids:  Pharmacological features
and multi-target potential for complex
diseases. Pharmacological Research,
177,  p.106126.  doi: 10.1016/;.
phrs.2022.106126.

Prasch, S. and Bucar, F., 2015. Plant derived
inhibitors of bacterial efflux pumps: an
update. Phytochemistry Reviews, 14,
pp.961-974. doi: 10.1007/s11101-015-
9436-y.

Qian, W., Zhang, J., Wang, W., Wang,
T., Liu, M., Yang, M., Sun, Z., Li, X.
and Li, Y., 2020. Antimicrobial and
antibiofilm activities of paeoniflorin
against carbapenem-resistant Klebsiella
pneumoniae. Journal of  Applied
Microbiology, 128(2), pp.401-413. doi:
10.1111/jam.14480.

Quintans-Junior, L., Moreira, J.C.,
Pasquali, M.A., Rabie, S.M., Pires, A.S.,
Schroder, R., Rabelo, T.K., Santos, J.P.,
Lima, P.S., Cavalcanti, S.C., Araijo,
A.A., Quintans, J.S. and Gelain, D.P,,
2013. Antinociceptive Activity and
Redox Profile of the Monoterpenes
(+)-Camphene, p-Cymene, and Geranyl
Acetate in Experimental Models. ISRN
Toxicology, 2013, p.459530. doi:
10.1155/2013/459530.

Rabaan, A.A., Eljaaly, K., Alhumaid, S.,

Albayat, H., Al-Adsani, W., Sabour,
A.A., Alshiekheid, M.A., Al-Jishi, J.M.,
Khamis, F., Alwarthan, S., Alhajri, M.,
Alfaraj, A.H., Tombuloglu, H., Garout,
M., Alabdullah, D.M., Mohammed,
E.A., Yami, F.S.A., Almuthareb, H.A.,
Livias, K.A., Mutair, A.A., Almushrif,
S.A., Abusalah, M.A.H.A. and Ahmed,
N., 2022. An Overview on Phenotypic
and Genotypic Characterisation
of Carbapenem-Resistant
Enterobacterales. Medicina, 58(11), p.
1675. doi:10.3390/medicina58111675.

Rafeeq, A., Arshad, S., Sajjad, M.,

Shahzad, M., Qadir, M., Safdar, Z.
and Majid, B., 2025. Potential of
Plant-Derived Phytochemicals in
Combating Antimicrobial Resistance:
A Comprehensive Review.  Journal
of Health, Wellness and Community
Research, 3(14), €762. doi: 10.61919/
ff2¢s629.

Ramanathan, S., Arunachalam, K.,

Chandran, S., Selvaraj, R., Shunmugiah,
K.P. and Arumugam, V.R., 2018.
Biofilm inhibitory efficiency of phytol
in combination with cefotaxime against
nosocomial pathogen Acinetobacter
baumannii.  Journal  of  Applied
Microbiology, 125(1), pp.56-71. doi:
10.1111/jam.13741.

Read, A.F. and Woods, R.J., 2014. Antibiotic

resistance  management.  Evolution,
Medicine, and Public Health, 2014(1),
pp.147-147. doi: 10.1093/emph/eou024.

Riera, H., Afonso, V., Collin, P. and Lomri,

A., 2015. A Central Role for JNK/
AP-1 Pathway in the Pro-Oxidant



Plant, Algae, and Environment, Vol. 10, Issue 1, March 2026

Effect of Pyrrolidine Dithiocarbamate
through Superoxide Dismutase 1 Gene
Repression and Reactive Oxygen Species
Generation in Hematopoietic Human
Cancer Cell Line U937. PLoS One,
10(5), p.e0127571. doi: 10.1371/journal.
pone.0127571.

Salam, M.A., Al-Amin, M.Y., Salam, M.T.,

Pawar, J.S., Akhter, N., Rabaan, A.A. and
Alqumber, M.A.A., 2023. Antimicrobial
Resistance: A Growing Serious Threat
for Global Public Health. Healthcare,
11(13), p.1946. doi: 10.3390/
healthcare11131946.

Sana, Aftab, T., Naeem, M., Jha, PK. and

Prasad, P.V.V., 2025. Production of
secondary metabolites under challenging
environments: understanding functions
and  mechanisms  of  signalling
molecules. Frontiers in  Plant
Science, 16, p.1569014. doi: 10.3389/

pls.2025.1569014.

Sarkar, P., Ahnaf, T., Rouf, R., Shilpi, J. and

Uddin, S., 2024. A Review on Bioactive
Phytochemical Constituents and
Pharmacological Activities of Aegiceras
corniculatum: A Pharmaceutically
Important Mangrove Plant. Journal
of Chemistry, 2024, pp.1-19. doi:

10.1155/2024/9992568.

Sati, H., Carrara, E., Savoldi, A., Hansen, P.,

Garlasco, J., Campagnaro, E., Boccia, S.,
Castillo-Polo, J.A., Magrini, E., Garcia-
Vello, P., Wool, E., Gigante, V., Dufty,
E., Cassini, A., Huttner, B., Pardo, P.R.,
Naghavi, M., Mirzayev, F., Zignol, M.,
Cameron, A. and Tacconelli, E., 2025.
The WHO Bacterial Priority Pathogens
List 2024: a prioritisation study to guide

research, development, and public
health strategies against antimicrobial
resistance. The Lancet Infectious
Diseases, 25(9), pp.1033-1043. doi:
10.1016/S1473-3099(25)00118-5.

Satish, L., Shamil, S., Yolcu, S., Gunamalai,

L.,Hemasundar, A. and Swamy, M., 2020.
Biosynthesis of Secondary Metabolites in
Plants as Influenced by Different Factors.
Plant-derived Bioactives, pp 61-100.
doi:10.1007/978-981-15-1761-7 3

Sawa, T., Kooguchi, K. and Moriyama,

K., 2020. Molecular diversity of
extended-spectrum B-lactamases and
carbapenemases, and antimicrobial

resistance. Journal of Intensive Care, 8,
p.13. doi: 10.1186/s40560-020-0429-6.

Shariati, A., Kashi, M., Chegini, Z. and

Hosseini, S.M., 2024. Antibiotics-free
compounds for managing carbapenem-
resistant bacteria; a narrative
review. Frontiers in Pharmacology,
15, p.1467086. doi: 10.3389/

fphar.2024.1467086.

Shi, C., Bao, J., Sun, Y., Kang, X., Lao,

X. and Zheng, H., 2019. Discovery of
Baicalin as NDM-1 inhibitor: Virtual
screening, biological evaluation and
molecular  simulation.
Chemistry, 88, p.102953. doi: 10.1016/].

bioorg.2019.102953.

Bioorganic

Sireesha, B., Venkateswara Reddy, B.,

Basha, S.K., Chandra, K. and Anasuya,
D., 2019. A Review on Pharmacological
Activities of Alkaloids. World Journal
of Current Medical and Pharmaceutical
Research, 01, pp.230-234. doi:10.37022/
WICMPR.2019.01068.

Stefanovic, O., 2018. Synergistic Activity



Plant, Algae, and Environment, Vol. 10, Issue 1, March 2026

of Antibiotics and Bioactive Plant
Extracts: A Study Against Gram-Positive
and Gram-Negative Bacteria. Bacterial
Pathogenesis and Antibacterial Control.
InTech. Available http://dx.doi.
org/10.5772/intechopen.72026. doi:
10.5772/intechopen.72026.

Su, F. and Wang, J., 2018. Berberine inhibits
the MexXY-OprM

reverse imipenem resistance in a clinical

at:

efflux pump to

carbapenem-resistant Pseudomonas

aeruginosa isolate in a planktonic

state. Experimental and Therapeutic
Medicine, 15(1), pp.467-472. doi:
10.3892/etm.2017.5431.

Suay-Garcia, B. and Pérez-Gracia, M.T.,
2019. Present and Future of Carbapenem-

(CRE)
Infections. Antibiotics, 8(3), p.122. doi:
10.3390/antibiotics8030122.

Tafazoli, S. and O’Brien P, J., 2004.

Prooxidant activity

resistant  Enterobacteriaceae

and cytotoxic
effects of indole-3-acetic acid derivative
radicals.  Chemical
Toxicology, 17(10), pp.1350-1355. doi:
10.1021/tx034217t.

Tang, K.W.K., Millar, B.C. and Moore,
JE.,
(AMR). British Journal of Biomedical
Science, 80, p.11387. doi: 10.3389/
bjbs.2023.11387.

Tehrani, K. and Martin, N.I., 2018. B-lactam/
B-lactamase inhibitor combinations: an
update. MedChemComm, 9(9), pp.1439-
1456. doi: 10.1039/c8md00342d.

Terico, A. and Gallagher, J., 2014. Beta-

Lactam Hypersensitivity and Cross-

Research in

2023. Antimicrobial Resistance

Reactivity. Journal of Pharmacy Practice,
27. doi:10.1177/0897190014546109.

110

Thawabteh, @ A.M., Thawabteh, A.,
Lelario, F., Bufo, S.A. and Scrano,
L., 2021. Classification, Toxicity and

Bioactivity of Natural Diterpenoid
Alkaloids. Molecules, 26(13). doi:
10.3390/molecules26134103.

Tiwari,R.andRana,C.,2015. Plantsecondary
metabolites: a review. [International
Journal of Engineering Research and
General Science, 3, pp.661-670.

Tompkins, K. and Van Duin, D., 2021.
Treatment

for carbapenem-resistant

Enterobacterales  infections:  recent
advances and future directions. European
Journal of Clinical Microbiology &
Infectious Diseases, 40(10), pp.2053-
2068. doi: 10.1007/s10096-021-04296-1.

Tooke, C.L., Hinchliffe, P., Bragginton,
E.C., Colenso, C.K., Hirvonen, VH.A.,
Takebayashi, Y. and Spencer, J., 2019.
B-Lactamases and -Lactamase Inhibitors
in the 21st Century. Journal of Molecular
Biology, 431(18), pp.3472-3500. doi:
10.1016/5.jmb.2019.04.002.

Uc-Cachon, A.H., Dzul-Beh, A., Gonzalez-

M., Zamilpa—Alvarez, A.

and Molina-Salinas, G.M., 2024.

the anti-growth, anti-
resistance, and anti-virulence activities
of  Schoepfia J.F.Gmel.
against the superbug Acinetobacter
baumannii. Heliyon, 10 (10), p.e31420.
doi: 10.1016/j.heliyon.2024.e31420.

Upadhyay, R., Saini, R., Shukla, P. and
Tiwari, K., 2024. Role of secondary

metabolites in plant defense mechanisms:

Cortazar,

Investigating

schreberi

a molecular and biotechnological
insights. Phytochemistry Reviews, 24,

pp-953-983. doi: 10.1007/s11101-024-



Plant, Algae, and Environment, Vol. 10, Issue 1, March 2026

09976-2.

Vasudevan, A., Kesavan, D.K., Wu, L., Su,
Z., Wang, S., Ramasamy, M.K., Hopper,
W. and Xu, H., 2022. In Silico and In
Vitro Screening of Natural Compounds as
Broad-Spectrum B-Lactamase Inhibitors
against Acinetobacter baumannii New
Delhi Metallo-B-lactamase-1 (NDM-
1). BioMed Research International, 2022,
p-4230788. doi: 10.1155/2022/4230788.

Wang, S., Alseekh, S., Fernie, A.R. and
Luo, J., 2019. The Structure and
Function of Major Plant Metabolite
Modifications. Plant,
12(7), pp-899-919. 10.1016/j.
molp.2019.06.001.

Xu, L.and Wang, X.,2025. AComprehensive
Review of Phenolic Compounds
Horticultural ~ Plants.
Journal of Molecular Sciences, 26(12),
p. 5767. doi: 10.3390/ijms26125767.

Yadav, V., Wang, Z., Wei, C., Amo, A.,
Ahmed, B., Yang, X. and Zhang, X., 2020.
Phenylpropanoid Pathway Engineering:

Molecular

doi:

in

International

An Emerging Approach towards Plant
Defense. Pathogens, 9(4), p. 312. doi:
10.3390/pathogens9040312.

Yang,D.,Wang, T.,Long,M.and L1, P.,2020a.
Quercetin: Its Main Pharmacological
Activity and Potential Application in
Clinical Medicine. Oxidative Medicine
and Cellular Longevity,2020,p.8825387.
doi: 10.1155/2020/8825387.

Yang, S.-K., Yusoff, K., Thomas, W.,
Akseer, R., Alhosani, M.S., Abushelaibi,
A., Lim, S.-H.-E. K.-S.,

2020b. Lavender essential oil induces

and Lai,

oxidative stress which modifies the

bacterial membrane permeability of

111

carbapenemase producing Klebsiella
pneumoniae. Scientific Reports, 10(1),
p.819. doi:10.1038/s41598-019-55601-
0.

Yang, S.K., Yusoff, K., Ajat, M., Thomas,
W., Abushelaibi, A., Akseer, R., Lim, E.
and Koksong, L., 2019. Disruption of
KPC-producing Klebsiella pneumoniae
membrane via induction of oxidative
stress by cinnamon bark (Cinnamomum
verum J. Presl) essential oil. PLOS ONE,
14, p.e0214326. doi: 10.1371/journal.
pone.0214326.

Yeshi, K., Crayn, D., Ritmejeryté, E. and
Wangchuk, P., 2022. Plant Secondary
Metabolites Produced in Response
to Abiotic Stresses Has
Application in Pharmaceutical Product
Development. Molecules, 27(1), p. 313.
doi: 10.3390/molecules27010313.

Zhang, Y., Chen, C., Cheng, B., Gao, L., Qin,
C., Zhang, L., Zhang, X., Wang, J. and
Wan, Y., 2022. Discovery of Quercetin
and Its Analogs as Potent OXA-48
Beta-Lactamase Inhibitors.
in Pharmacology, 13, p.926104. doi:
10.3389/fphar.2022.926104.

Zouine, N., El Ghachtouli, N., El Abed, S.
and Saad, I., 2024. A comprehensive

Potential

Frontiers

review on medicinal plant extracts as
antibacterial agents: Factors, mechanism
insights and future prospects. Scientific
African, 26, p.e02395. doi: 10.1016/].
sciaf.2024.e02395.



