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Abstract Antibiotic resistance is a critical global

health concern and one of the most serious threats to

public health worldwide today. In recent decades,

resistant pathogenic bacteria have increased signifi-

cantly, making infections harder to treat. The intra-

bacterial generation of ROS (reactive oxygen species),

especially under antibiotic stress, plays a crucial role

in modulating gene networks that drive bacterial

resistance. The ROS-responsive regulons and cellular

machinery activate defence responses that promote

resistance. Recent studies emphasize the pivotal role

of ROS-mediated signalling in activating alternative

pathways that enhance bacterial survival under antibi-

otic pressure. As central mediators of stress perception

and adaptation, ROS accelerate the evolution of

resistance. Amid growing toxicity and reduced

efficacy of current antibiotics, natural dual-active

compounds such as berberine, caffeic acid, cannabid-

iol, curcumin, eugenol, luteolin, menadione, querce-

tin, and ursolic acid offer promising solutions to

overcome the limitations of conventional antibiotics.

These compounds possess both antibacterial and

antioxidant properties, and can scavenge ROS while

simultaneously inhibiting bacterial growth, providing

a novel therapeutic approach that effectively bypasses

ROS-mediated defence mechanisms in pathogens and

enhances antimicrobial potential. The objective of this

review is to explore recent advances in ROS-mediated

signalling pathways that contribute to antibiotic resis-

tance and to propose a novel strategy for overcoming

this challenge by targeting ROS-driven defence

mechanisms with natural antioxidant-based
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antibacterials. Recent literature has highlighted sev-

eral promising examples of dual-active antibacterial–

antioxidant molecules, offering potential break-

throughs in addressing antibiotic resistance. The dual

capacity of these compounds to target pathogens and

reduce oxidative stress positions them as promising

foundations for next-generation antimicrobial

therapies.

Keywords Antibiotic resistance �Antioxidant-based

antibiotics � Antibiotic stress � Natural compounds �
ROS-mediated defence

Introduction

In the unabating battle for human health, the prolif-

eration of antibiotic-resistant bacteria (ARB) has

emerged as an impending catastrophe of unprece-

dented magnitude, potentially driving mankind toward

the brink of an unparalleled healthcare crisis (Salam

et al. 2023). Based on the 2019 report by the United

States Centres for Disease Control and Prevention,

35,000 people died from drug-resistant bacteria

(DRB) infections every year in the United States

(Centre for Disease Control and Prevention (U.S.)

2019). European Centre for Disease Prevention and

Control stated that infections caused by drug-resistant

Salmonella spp., Mycobacterium tuberculosis, and

Neisseria gonorrhoeae dramatically increased the

expenses of the treatment and threatened lives, health,

and safety of people (Antimicrobial resistance in the

EU/EEA 2020). Meanwhile, Asia faces greater dev-

astation caused by carbapenem-resistant Enterobac-

teriaceae and carbapenem-resistant Acinetobacter

baumannii (Mendes et al. 2013). Prolonged antibiotic

use can result in allergic reactions, poisoning, coma,

shock, and even death (Yang et al. 2022). The

emergence of resistant infections has rendered many

existing antibacterial drugs less effective or even

obsolete, necessitating the development of new antibi-

otics (Chinemerem Nwobodo et al. 2022). Many

antibiotics such as ampicillin, gentamicin, nor-

floxacin, nitrofurantoin, and polymyxin B, etc. induce

ROS in bacteria, which causes substantial cellular

damage by modifying the target of the cell structure by

oxidizing nucleotide pools, leading to DNA damage,

lipid peroxidation, and protein carbonylation (Qi et al.

2023). In bacterial cells, ROS induces significant

damage to cellular components, including the cell

wall, which plays a crucial role in maintaining cellular

integrity and protecting against environmental stress

(Kohanski et al. 2010). Cell morphology can be

damaged in several ways: (i) disruption of cell wall

integrity, which makes bacteria more susceptible to

osmotic stress and lysis, as ROS directly oxidize

structural proteins, lipids, and peptidoglycan; (ii)

degradation of peptidoglycan (essential for cell wall

structure, especially in Gram-positive bacteria), as

ROS can lead to the breakdown of peptidoglycan by

oxidizing critical enzymes like transpeptidases and

carboxypeptidases involved in its synthesis; (iii) lipid

peroxidation, as ROS can oxidize lipid components of

the cell membrane (especially in Gram-negative

bacteria), causing changes in membrane fluidity,

permeability, and structural stability and disrupting

the outer membrane, an additional layer of defence in

these bacteria; (iv) formation of pores and leakage

produced by ROS in the cell membrane and wall,

causing leakage of cellular contents and leading to cell

death (Hengge-Aronis 2000; van Duijkeren et al.

2018). Moreover, ROS induces genetic damage in

bacterial wall synthesis. ROS can induce mutations in

genes coding for enzymes involved in peptidoglycan

synthesis and maintenance, weakening cell walls or

altering cell wall synthesis pathways, impacting

bacterial survival (Imlay 2013). This ROS-mediated

damage and mutagenesis can promote adaptive

responses for bacterial survival, contributing to the

emergence and persistence of antibiotic resistance.

Therefore, a thorough understanding of bacterial

resistance mechanisms, especially ROS-mediated

defence mechanisms is essential for developing

effective therapeutic strategies (Kvist et al. 2008).

Antibiotic-induced ROS production acts as a sec-

ondary effect, which leads to DNA damage and

activates the SOS response, resulting in the upregu-

lation of error-prone DNA polymerase genes involved

in DNA repair and mutagenesis (Zhao and Drlica

2014; Maslowska et al. 2019). Antibiotic-resistant

bacteria employ complex regulatory mechanisms to

modulate ROS signalling pathways (Dawan and Ahn

2022). These strategies include enhancing antioxidant

enzyme activity, regulating the production rates of O2

and H2O2-dependent respiratory chains and terminal

oxidases, activating the efflux pump, metal homeosta-

sis, and adjusting the sensitivities of signal
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transduction pathways (Singh 2003). Bacteria activate

these defence mechanisms to mitigate the harmful

effects of ROS for their survival against antibiotics.

These ROS-mediated defence mechanisms in bacteria

play a significant role in the development of resistance

to antibiotics such as methicillin, vancomycin, tetra-

cycline, daptomycin, and linezolid, leading to more

challenging infections, treatment failures, and

increased mortality (Alfei et al. 2024). Therefore,

targeting ROS and inhibiting ROS-mediated defence

pathways is a critical approach in the development of

therapeutic strategies against multidrug-resistant

(MDR) bacteria.

Plant-derived antioxidants present a promising

avenue for novel antimicrobial therapeutics due to

their dual roles in antimicrobial and antioxidant

activities (Kumar et al. 2020). Many phytochemicals

such as berberine, betulinic acid, cannabinol, cur-

cumin, eugenol, menadione, quercetin, ursolic acid,

xanthohumol, etc., have been reported to have dual

activities. These compounds exhibit diverse complex

chemical structures that make it difficult for bacteria to

develop resistance. At the same time, they can disrupt

ROS generation, scavenge oxidative stress, and inhibit

bacterial defence mechanisms, thereby reducing the

likelihood of resistance development. These phyto-

chemicals exert potent antibacterial effects through

impairing bacterial cell membrane functions, inter-

rupting nucleic acid synthesis, and inhibiting respira-

tory metabolism (Naqvi et al. 2019). Moreover, the

continuous release and overuse of antibiotics have led

to adverse effects on human health and the environ-

ment, highlighting the urgency of identifying effective

alternatives (Chaturvedi et al. 2021).

Natural antioxidant-based antibacterial agents offer

a viable solution, providing therapeutic efficacy while

mitigating the side effects associated with conven-

tional antibiotic use and preventing the emergence of

antibiotic-resistant bacteria. Hence, this study inves-

tigates the role of ROS in bacterial defence mecha-

nisms that drive antibiotic resistance, while also

exploring the promising potential of natural antioxi-

dants as innovative antibacterial agents. The aim is to

shed light on how these processes contribute to

resistance development by unravelling the complex

interplay between antibiotic-induced ROS generation

and bacterial adaptive responses. This review will also

explore the mechanisms by which natural antioxidants

can neutralize ROS, offering a cutting-edge approach

to combat MDR bacteria. The following section will

provide a detailed analysis of ROS dynamics in

bacterial resistance and highlight natural antioxidants

as a compelling avenue for next-generation antibac-

terial therapies.

Development of antibiotic resistance: ROS-

mediated defence and navigating antibiotic stress

Antibiotic resistance is a growing concern in the

healthcare system, posing significant global chal-

lenges in managing resistant bacteria (Chinemerem

Nwobodo et al. 2022). Bacteria develop antibiotic

resistance through genetic alterations, including plas-

mid conjugation, phage-based transduction, horizontal

transformation, activation of mobile genetic elements,

and DNA mutagenesis (Dwyer et al. 2009). These

changes enable bacterial survival under antibiotic

exposure by metabolic pathways and regulatory

mechanisms that influence the interplay between

multiple gene families. These regulons along with

other components of the cellular machinery, may

confer resistance against a wide variety of antibiotics,

including some that are yet to be discovered. The gene

networks are complex, adaptable systems that regulate

cellular processes, including antibiotic resistance.

These networks maintain essential gene functions

despite mutations or environmental stress, often

through redundant or compensatory pathways (Dwyer

et al. 2009). Recent findings suggest that these

networks play a crucial role in the evolution of

resistance by activating alternative pathways under

antibiotic exposure (Harms et al. 2016). However,

detailed mechanistic insights are limited, with much of

the current understanding remaining speculative. The

signalling pathways within these networks mediate

gene expression changes in response to external

stimuli like antibiotics. The ROS-mediated signalling

pathways play a critical role in the evolution of

antibiotic resistance by acting as key mediators in

stress perception and cellular responses. The accumu-

lation of ROS in bacterial cells, often due to host

immune responses or antimicrobial treatment, can

overwhelm their detoxification systems. Oxidative

stress in bacteria can originate exogenously from

host–pathogen interactions or endogenously through

intracellular processes such as aerobic respiration,

antibiotic action, and redox reactions (Li et al. 2021).
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During aerobic respiration, incomplete reduction of

oxygen by flavoenzymes like oxidases and monooxy-

genases leads to the formation of ROS, including

superoxide anions (O2
-) and hydrogen peroxide

(H2O2), instead of water (Dwyer et al. 2009).

These ROS cause significant cellular damage by

oxidising nucleotide pools, leading to DNA damage,

peroxidising lipids, and carbonylating proteins. Such

damage can drive mutagenesis and other adaptive

responses, contributing to the development and per-

sistence of antibiotic resistance (Kaushik et al. 2022).

Moreover, understanding these ROS-driven processes

is vital for developing strategies to counteract resis-

tance mechanisms. Several antibiotics cause ROS

induction. Antibiotics primarily target bacterial cell

walls (e.g., ampicillin), protein synthesis (e.g., kana-

mycin), DNA replication (e.g., norfloxacin), and

others such as nitrofurantoin, b-Lactams, and fluoro-

quinolones (Alfei et al. 2024). However, studies have

shown that antibiotics can also induce ROS production

by overstimulating electron flow through the tricar-

boxylic acid cycle and releasing iron from iron-

sulphur clusters, activating Fenton chemistry (Dwyer

et al. 2009). Thus, antibiotics with different primary

mechanisms of action share a common secondary

effect of ROS generation.

In antibiotic-resistant bacteria, the ROS signalling

pathways are intricately regulated through a multi-

faceted approach involving enhancement of antioxi-

dant enzyme activities, modulation of H2O2 and O2
-

production rates, and fine-tuning of pathway sensitiv-

ities. This precise control enables these bacteria to

mitigate antibiotic and ROS damage while activating

their defence systems. Furthermore, the crosstalk

between ROS and other signalling pathways may

enhance adaptive responses to antibiotic exposure

(Vaishampayan and Grohmann 2022). The ROS-

mediated signalling response and antibiotic-induced

stress in bacteria are driven by four core mechanisms

i.e. activation of detoxification enzymes, initiation of

the SOS response, regulation of metal homeostasis,

and the action of efflux pumps (Fig. 1). In addition,

two other mechanisms such as modification of the

bacterial cell wall and alterations in membrane

proteins are indirectly associated with bacterial ROS

signalling pathways and contribute to antibiotic

resistance.

Activation of detoxification enzymes

In antibiotic-resistant microbes, ROS influence certain

gene families like superoxide dismutase, catalase,

thioredoxins, haem biosynthesis machinery, glu-

tathione reductases, ferric uptake regulators, and

bacterioferritin to mitigate harmful oxidants and

convert them to harmless products by neutralising

them to prevent oxidative damage (Vaishampayan and

Grohmann 2022). The ROS signalling in these resis-

tant bacteria activates important detoxification

enzymes, boosting the bacteria’s defence against

antibiotics. The effects of ROS extend to post-

transcriptional and post-translational modifications in

bacteria under antibiotic stress. For instance, mul-

tidrug resistance in Enterococcus faecalis to penicillin

and vancomycin is linked with superoxide dismutase

and oxidative stress response enzymes (Bizzini et al.

2009). Similarly, it has been observed that oxidative

stress-responsive genes and pathways inPseudomonas

aeruginosa influence its virulence (Goldová et al.

2011). Martins et al. 2019 identified the upregulation

of the catalase gene (Ctt1) in Saccharomyces cere-

visiae, conferring resistance to antifungals fluconazole

and miconazole. Sun et al. 2016 reported the role of

the catalase gene (KatG) in Acinetobacter species,

conferring resistance to H2O2.

In this perspective, bacterial exposure to antibiotics

triggers cellular stress responses that increase ROS

production. The elevated ROS level can activate

specific redox-sensitive transcription factors (TFs)

such as OxyR, PerR, OhrR, and SoxRS, which

regulate detoxification genes by binding to their

promoter regions and boosting enzyme synthesis.

These factors coordinate the expression of genes

encoding antioxidant and detoxification enzymes,

enabling the bacterial cell to neutralize oxidative

stress (Ezraty et al. 2017). For instance, exposure to

H2O2.activates the OxyR regulon, which in turn

regulates the expression of protective genes, including

katG and ahpC (Drlica and Zhao 2021). The discovery

of the oxidative stress-responsive transcription factor

OxyR marked a significant advancement. In Escher-

ichia coli, oxidation of Cys199 to sulphonic acid

enables disulphide bond formation with Cys208,

leading to conformational changes that activate OxyR

for DNA binding. Glutaredoxin 1 (Grx1) reduces the

Cys199–Cys208 disulphide bond, deactivating OxyR

and establishing a negative feedback loop during
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oxidative stress (Ezraty et al. 2017). This ROS

induction also influences TF binding and serves as a

regulatory switch for gene expression (Green et al.

2014).

ROS-mediated Save Our Soul (SOS) response

The SOS response is a critical bacterial stress response

mechanism that is primarily activated by DNA

damage and mutagenesis, with central regulation by

the LexA and RecA proteins. Under non-stress

conditions, LexA represses the transcription of SOS

genes (Vaishampayan and Grohmann 2022). How-

ever, upon DNA damage, RecA binds to single-

stranded DNA (ssDNA), forming nucleoprotein fila-

ments. This activated RecA acts as a co-protease that

catalyses the autoproteolysis of LexA. This proteolytic

event leads to the derepression of over 50 SOS-

regulated genes, initiating a comprehensive and

dynamic DNA repair process. Initially, the SOS

response activates high-fidelity DNA repair pathways,

yet sustained activation induces the expression of

error-prone translesion synthesis (TLS) DNA poly-

merases, specifically Pol II, Pol IV, and Pol V. These

Fig. 1 An illustrative diagram depicting the potential molec-

ular mechanism of the ROS-mediated defence of bacteria

contributing to antibiotic resistance. The ROS-mediated

response operates through four tightly linked mechanisms:

activation of detoxification enzymes, induction of the SOS

response, stimulation of multidrug efflux systems, and regula-

tion of metal homeostasis. Upon ROS accumulation, it activates

redox-sensitive transcription factors (TFs) such as OxyR, PerR,

OhrR, and SoxRS, which further upregulate genes encoding

detoxifying enzymes, which are later involved in the ROS-

induced stress response. Concurrently, DNA damage and

mutagenesis caused by ROS initiate SOS signalling via RecA-

mediated autoproteolysis of the LexA repressor, leading to the

expression of error-prone translesion synthesis (TLS) DNA

polymerases (Pol II, Pol IV, and Pol V). ROS also disrupts metal

homeostasis. ROS-induced iron dysregulation further exacer-

bates oxidative stress, activating Fur and PerR regulatory

systems to restore iron homeostasis and regulate detoxification

gene expression. Additionally, ROS-induced oxidation of the

[2Fe–2S] cluster activates the SoxR/SoxS system, enhancing the

expression of efflux pumps and oxidative stress response

proteins
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TLS polymerases are crucial for bypassing unrepaired

DNA lesions that would otherwise stall replication

(Dwyer et al. 2009). However, their reduced replica-

tion fidelity leads to elevated mutation rates, a

phenomenon that can drive the emergence of antibi-

otic resistance, particularly under prolonged or sub-

inhibitory antibiotic exposure (Kaushik et al. 2022).

Studies by Händel et al. 2016 demonstrated that RecA,

a pivotal factor in the SOS response, plays a crucial

role in developing antibiotic resistance in E. coli.

Fluoroquinolones are potent inducers of the SOS

response due to their direct ability to inflict DNA

damage (Baharoglu and Mazel 2011). Non-genotoxic

antibiotics, including b-lactams and trimethoprim, can

also induce the SOS response through indirect mech-

anisms, such as ROS generation and activation of two-

component signalling systems like DpiAB (Dwyer

et al. 2009). The resulting ROS not only sustains the

SOS response but also exacerbates DNA damage,

creating a feedback loop that drives mutagenesis and

promotes resistance development. Beyond its role in

DNA repair, the SOS response influences horizontal

gene transfer, biofilm formation, and antibiotic resis-

tance (Perez-Capilla et al. 2005). Experimental studies

in E. coli, Vibrio cholerae, P. aeruginosa, and M.

tuberculosis reveal species-specific differences in

SOS response induction by various antibiotics (Alfei

et al. 2024). For instance, E. coli strongly induces the

SOS response in response to fluoroquinolones,

whereas aminoglycosides do not. Conversely, V.

cholerae exhibits a broader SOS response to multiple

antibiotic classes (Baharoglu and Mazel 2011). The

potential to reduce mutation rates and resensitise

bacteria to antibiotics lies in targeting the SOS

response, particularly through the inhibition of RecA.

In E. coli, RecA inactivation has been shown to

significantly reduce mutation rates and lower the

minimum inhibitory concentrations (MICs) for fluo-

roquinolones, suggesting a promising strategy for

mitigating antibiotic resistance (Machuca et al. 2021).

Moreover, the combination of RecA inhibition with

approaches that elevate ROS production synergisti-

cally enhances the efficacy of bactericidal antibiotics,

highlighting the importance of concurrently targeting

DNA repair mechanisms and oxidative stress

responses in antibacterial therapy (Kaushik et al.

2022).

Metal homeostasis

Studies show that metal homeostasis in bacteria is

closely linked to their response to ROS, with iron,

copper, and manganese playing crucial roles as

cofactors for enzymes involved in ROS detoxification.

However, iron can also exacerbate oxidative stress by

catalysing the formation of harmful hydroxyl radicals

through Fenton chemistry. To manage oxidative

damage, bacteria regulate metal uptake, storage, and

efflux. During oxidative stress, the uptake of iron is

reduced, and the upregulation of iron storage proteins

such as ferritins occurs to prevent free iron from

participating in damaging reactions. In contrast,

manganese is accumulated to scavenge ROS directly

or replace iron in enzymes, thus protecting against

ROS-induced inactivation (Vaishampayan and Groh-

mann 2022).

Research identified the HssRS/HrtAB haem detox-

ification system as crucial for bacterial survival in

haem-rich environments, such as those encountered in

vertebrate hosts (Stauff et al. 2007). The ferric uptake

regulator enhances the expression of genes involved in

oxidative stress resistance, pH homeostasis, quorum

sensing, and other processes in pathogens such as N.

gonorrhoeae and E. coli (Yu and Genco 2012;

Carpenter et al. 2009). Studies describe BfrB as the

primary iron storage protein in P. aeruginosa, which,

along with Bfd, facilitates iron mobilization (Punchi

Hewage et al. 2020; Yao et al. 2012). The PerR protein

senses metal-dependent and H2O2-induced oxidative

stress in Bacillus subtilis, regulating the adaptive

response (Duarte and Latour 2010). Similarly, aconi-

tases (AcnA and AcnB) regulate gene expression in

response to iron levels and oxidative stress in E. coli.

Bacteria utilize regulatory systems such as Fur and

PerR to maintain metal homeostasis under oxidative

stress. Fur controls the expression of genes involved in

iron uptake and metabolism, balancing the need for

iron as a cofactor against the risks posed by oxidative

damage. Fur functions as a transcriptional repressor by

binding to specific DNA sequences known as ‘‘Fur

boxes’’ to regulate genes involved in iron acquisition

from the environment. Under low iron conditions, Fur

dissociates from DNA, which permits the expression

of iron acquisition genes to facilitate environmental

iron uptake. Conversely, during iron overaccumula-

tion, Fur remains active and represses these genes to

maintain metal homeostasis (Troxell and Hassan
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2013). Similarly, PerR modulates gene expression in

response to oxidative stress. Binding with ferrous iron,

PerR regulates oxidative stress defence genes such as

katA, ahpCF, and sod, as well as iron homeostasis

genes like hemAXCDBL and mrgA (Zhang et al.

2012). Notably, crosstalk between Fur and PerR

allows coordinated regulation of iron metabolism

and oxidative stress responses. Bacterial metabolism

also adapts to counteract ROS damage. The glyoxylate

shunt reduces endogenous ROS production, while the

pentose phosphate pathway is enhanced to increase

NADH levels and replenish antioxidants. Moreover,

ketoacids are utilized to neutralize ROS, though this

process can lead to the production of toxic by-

products. Iron remains essential for bacterial growth,

but it also contributes to the generation of ROS. Under

iron-limiting conditions, bacteria produce sidero-

phores to enhance iron uptake and combat oxidative

stress (Li et al. 2021). Siderophores such as staphylo-

ferrin in Staphylococcus aureus and enterobactin in

E. coli can reduce sensitivity to ROS, likely by

neutralizing these reactive species (Peralta et al.

2016).

Oxidative stress can trigger an upregulation of

siderophore production, as observed in methicillin-

resistant S. aureus (MRSA) when exposed to ROS-

generating antimicrobial treatments like AGXX�
(Vaishampayan and Grohmann 2021). Overall, this

intricate regulation of metal homeostasis and meta-

bolic adaptation plays a vital role in bacterial survival

under oxidative stress, contributing to their resistance

against ROS-generating antimicrobial treatments.

Efflux pump activation

Induced ROS can significantly impact bacterial efflux

pumps, which play a crucial role in expelling toxic

substances, including antibiotics. Oxidation of key

amino acids in efflux pump proteins occurs due to

ROS, leading to structural alterations that impair their

function. Oxidative stress can also upregulate the

expression of efflux pump-associated genes, enhance

the removal of ROS-damaged molecules and ulti-

mately reduce oxidative damage (Grant and Hung

2013). The ROS-induced lipid peroxidation may

damage the bacterial membrane, and bacteria respond

to it by activating efflux pumps (Wang et al. 2017).

Global regulatory systems, such as SoxRS in

E. coli, are activated by oxidative stress, resulting in

increased expression of efflux pumps that aid bacteria

in resisting both oxidative stress and antibiotics

(Watanabe et al. 2008; Pomposiello et al. 2001).

Several antibiotic-resistance genes have been identi-

fied in MDR P. aeruginosa, including blaampC and

genes encoding the RND superfamily efflux pumps

MexXY, MexAB-OprM, MexCD-OprJ, and MexEF-

OprN (Valot et al. 2015; Lorusso et al. 2022). The

oxidative stress response in bacteria can protect them

from host immune systems and antibiotics, contribut-

ing to persistent infections. Persister cells, which exist

in a dormant state with low metabolic activity, display

high tolerance to antibiotics and possess the ability to

recolonize after treatment. These cells are less sensi-

tive to ROS, likely due to the increased activity of

efflux pumps that assist in removing ROS-damaged

proteins. Moreover, ROS may promote the formation

of persister cells by decreasing membrane potential

and metabolism. Therefore, monitoring and control-

ling ROS level is crucial for preventing the formation

of persister cells and ensuring the resolution of

persistent infections.

Antibiotic resistance and bacterial cell wall

modification

Bacteria have evolved a variety of defence mecha-

nisms to counteract antibiotic and ROS-induced

damage, which helps preserve cell wall integrity and

promotes survival, adaptation, and antibiotic resis-

tance (Fig. 2) (Kohanski et al. 2010). DNA damage

induced by ROS triggers the bacterial SOS response,

activating repair enzymes and stress-response genes to

mitigate such damage; however, this response can also

raise mutation rates that potentially alter genes

involved in cell wall synthesis (Imlay 2013). To

detoxify ROS, bacteria often regulate enzymes like

superoxide dismutase and catalase, which indirectly

protect the cell wall by limiting intracellular ROS

levels. Some bacterial species upregulate stress pro-

teins and repair enzymes in response to ROS-induced

stress. Oxidative stress can activate specific sigma

factors, enhancing the synthesis of cell wall mainte-

nance proteins and other protective elements (Wein-

zierl et al. 2002). The bacterial cell wall is crucial for

maintaining structural integrity, providing osmotic

protection, and acting as a defence barrier. To preserve

this structure, bacteria activate several defence mech-

anisms that enable them to withstand environmental
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stresses, including infection-related oxidative damage

and structural challenges (Imlay 2013; Fang 2004).

Many bacteria reinforce their cell walls during stress;

for example, Gram-positive bacteria add peptide

cross-links for increased rigidity, while Gram-nega-

tive bacteria modify lipopolysaccharides (LPS) in the

outer membrane to resist host antimicrobial peptides

(Poole 2012). Bacteria may also alter antibiotic

targets; for example, MRSA modifies penicillin-bind-

ing proteins to evade beta-lactam antibiotics (Wright

2005).

In response to stress, bacteria utilise enzymes such

as autolysins, transpeptidases, and transglucosylases

to remodel and repair the peptidoglycan layer, adjust-

ing the cell wall structure and repairing damage from

external factors. The activity of controlled autolysins

cleaves peptidoglycan bonds, allowing for wall

remodelling without compromising structural integ-

rity. In addition, LD-transpeptidase modifies

peptidoglycan cross-links, enhancing resistance to

cell wall-targeting antibiotics, particularly in Gram-

positive bacteria (Silhavy et al. 2010). Under stress

conditions, bacteria also enhance protection by form-

ing capsules or biofilms around the cell wall, which

serve as barriers against ROS, host immune defences,

dehydration, and antibiotics. Regulatory pathways,

such as the Cpx, Rcs, Psp, and Bae systems in Gram-

negative bacteria, detect damage and activate

responses for cell wall repair (Poole 2012). In Gram-

positive bacteria, teichoic and lipoteichoic acids

support cell shape, division, and protection against

stress; modifications such as the addition of D-alanine

can reduce the negative charge, thereby enhancing

resistance to cationic antimicrobials. Glycosylation

also assists in evading immune recognition (Silhavy

et al. 2010; Peschel 2002). In Gram-negative bacteria,

the outer membrane’s LPS provides an additional

barrier, with structural alterations reducing

Fig. 2 Detailed scientific illustration demonstrating the strate-

gic remodelling mechanisms of bacterial cell wall and

membrane proteins to develop antibiotic resistance. In response

to antibiotic pressure and ROS-induced stress, bacteria initiate a

robust defence involving multifaceted structural and biochem-

ical adaptations. These include significant alterations of outer

membrane proteins (OMPs), porin channel modification,

lipopolysaccharide (LPS) restructuring, and extensive post-

translational modifications that enhance membrane resilience.

Concurrently, cell wall integrity is fortified through the

activation of sigma factors, driving the upregulation of genes

responsible for peptidoglycan synthesis and repair. This

includes enhanced peptide cross-linking, modification of

peptidoglycan precursors, and the strategic incorporation of

D-alanine into teichoic and lipoteichoic acids, effectively

reducing surface charge and increasing resistance to cationic

antimicrobial agents. Collectively, these complex and coordi-

nated modifications form a powerful bacterial survival strategy,

contributing significantly to the challenge of antibiotic

resistance

123

Phytochem Rev



permeability to antimicrobials and ROS. Outer mem-

brane proteins (OMPs) also adjust in response to stress

to maintain structural integrity (Seaver and Imlay

2001). Modifications to lipid A in LPS can reduce

antibiotic binding, lowering permeability and restrict-

ing antibiotic entry (Nikaido 2003). Certain bacteria

modify their cell wall precursors to prevent antibiotic

binding. A notable example is vancomycin-resistant

Enterococcus (VRE) exemplifies this, as it alters

peptidoglycan precursor structures to reduce van-

comycin’s binding ability, thereby protecting cell wall

synthesis from disruption (Vollmer et al. 2008).

Antibiotic resistance and membrane protein

modification

Bacteria can dynamically modify both their cell wall

and membrane to adapt to environmental stresses,

including immune attacks and antibiotic treatment

(Fig. 2). In Gram-negative bacteria, a key survival

strategy involves the modification of membrane

proteins to reduce antibiotic uptake, which subse-

quently decreases drug efficacy (Nikaido 2003). For

instance, alterations in porins, outer membrane chan-

nels that typically allow small molecules, including

antibiotics, to enter the cell, enable bacteria to limit the

penetration of antibiotics such as beta-lactams and

carbapenems. Bacteria can achieve low internal drug

concentrations by reducing the size of porins or

altering their charge, which limits the penetration of

antibiotics (Blair et al. 2015).

Bacteria also modify membrane proteins involved

in signalling and environmental interactions to

enhance membrane stability and evade antibiotic

action (Silhavy et al. 2010; Peschel 2002). These

modifications can include the addition of lipid groups

(lipoproteins) to anchor proteins, phosphorylation to

regulate protein activity, methylation for chemotaxis,

and N-acylation to integrate proteins into the lipid

bilayer. Understanding the mechanisms of antibiotic

resistance, particularly concerning bacterial envelopes

and the role of ROS, is essential for developing

effective strategies to combat resistant infections. The

interaction between these factors highlights both

challenges and opportunities in addressing the global

health crisis of antibiotic resistance.

Bacteria resistant to conventional antibiotics

but sensitive to antioxidant-based approaches

Bacterial antibiotic resistance occurs when bacteria

adapt to survive treatments that are meant to kill them,

rendering standard therapies ineffective. This growing

public health crisis prolongs infections, increases

complications, and leads to higher healthcare costs

and mortality rates. The challenge of addressing

antibiotic resistance necessitates a comprehensive

approach that includes responsible antibiotic use,

strict infection control measures, the development of

new drugs, and ongoing public health surveillance to

monitor resistance ends (Ventola 2015; World Health

Organization 2014).

One innovative approach to combatting antibiotic

resistance involves the use of antioxidant-based

antibiotics, designed to disrupt bacterial oxidative

stress pathways. Oxidative stress, often triggered by

ROS, can be utilized against bacteria, as it disrupts

cellular functions and can lead to cell death. Antiox-

idant-based antibiotics aim to selectively amplify

oxidative damage in bacterial cells or inhibit bacterial

antioxidant defences, thereby rendering resistant

strains more susceptible to treatment. Research indi-

cates that antioxidants can modulate bacterial stress

responses and have shown potential to enhance

antimicrobial effects against specific resistant strains.

However, the efficacy of these compounds varies

widely, influenced by bacterial species, resistance

mechanisms, and metabolic pathways involved,

necessitating targeted studies for each pathogen

(Majtan et al. 2014).

Several notable antibiotic-resistant bacteria may be

susceptible to antioxidant-based antibiotic treatments.

Methicillin-resistant MRSA, which is resistant to

multiple b-lactam antibiotics such as methicillin and

oxacillin, has shown vulnerability to antioxidant

therapies that utilize flavonoids, curcumin, and other

polyphenols. These compounds disrupt bacterial

membranes and oxidative stress pathways, potentially

enhancing antimicrobial effects (Majtan et al. 2014).

Vancomycin-resistant Enterococcus (VRE) is known

for its resistance to vancomycin through target mod-

ifications but can regain susceptibility when antioxi-

dants, such as epigallocatechin gallate (derived from

green tea), are combined with conventional antibiotics

(Ahmad et al. 2023).
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Carbapenem-resistant Enterobacteriaceae (CRE)

produce enzymes that degrade carbapenems, creating

significant challenges for treatment. However, antiox-

idant-based therapies can impair CRE’s metabolic

defences and oxidative resistance (Centers for Disease

Control and Prevention (U.S.) 2019). Pseudomonas

aeruginosa, notorious for its natural resistance mech-

anisms such as efflux pumps, biofilm formation, and

low membrane permeability, responds positively to

treatments that include antioxidant-based inhibitors of

pyocyanin or nitric oxide donors. These approaches

reduce biofilm formation and virulence, thereby

increasing the bacterium’s susceptibility to other

antibiotics (Abdelraheem et al. 2022).

Escherichia coli strains that produce Extended-

Spectrum Beta-Lactamases (ESBLs) to degrade b-

lactam antibiotics show sensitivity to antioxidants

such as vitamin C and tannins, which reduce oxidative

damage and improve antibiotic effectiveness (Munita

and Arias 2016). Acinetobacter baumannii, an oppor-

tunistic pathogen exhibiting high resistance due to

modifications in antibiotic targets, efflux mechanisms,

and biofilm production, shows decreased virulence

and membrane stability in response to plant-derived

antioxidants like quercetin and resveratrol (Mumtaz

et al. 2023). These antioxidant-based strategies offer

promising adjunctive therapies in the fight against

antibiotic-resistant infections. A thorough understand-

ing of how antioxidant-based antibiotics affect differ-

ent bacterial strains is crucial for the development of

targeted therapies.

Natural antioxidant as potential antibiotics:

targeting ROS-mediated defence to overcome

bacterial resistance

The increasing prevalence of antibiotic resistance,

along with the systemic toxicity associated with

conventional antibiotics, underscores the urgent need

for novel antibacterial agents. The preceding discus-

sion highlighted the role of antibiotic-induced ROS

generation in facilitating bacterial resistance by acti-

vating alternative survival pathways during antibiotic

exposure. In this context, plant-derived natural com-

pounds such as baicalein, berberine, betulinic acid,

caffeic acid, cannabinol, chelerythrine, curcumin,

fangchinoline, piperine, and a-mangostin represent a

promising and sustainable approach to counteracting

bacterial resistance by modulating ROS-mediated

defence pathways. These bioactive compounds exhibit

dual functionalities, combining both antimicrobial and

antioxidant properties. This combination offers a

multifaceted strategy to address the limitations of

traditional antibiotics and effectively mitigate the

challenge of antimicrobial resistance (Adesanwo et al.

2013; Appendino et al. 2008; Chung et al. 2014; Felix

et al. 2022; Jain et al. 2023; Khameneh et al. 2015; Liu

et al. 2020; Luis et al. 2014; Mun et al. 2014; Rivero-

Cruz et al. 2020; Stasilowicz-Krzemien et al. 2023; Yu

et al. 2005).

The precise mechanisms by which plant-derived

compounds mitigate bacterial ROS-mediated defences

remain incompletely understood. The compounds

discussed disrupt bacterial processes by enhancing

membrane permeability, leading to cytoplasmic leak-

age and inhibiting essential functions such as nucleic

acid synthesis, cell wall formation, and respiratory

metabolism (Pancu et al. 2021). Figure 3 illustrates

the probable mechanisms of dual-active phytochem-

icals in counteracting antibiotic-resistant bacteria.

However, these mechanisms remain partially under-

stood and require further elucidation. The inherent

structural complexity of these phytochemicals poses a

significant challenge for bacterial adaptation, offering

a strategic advantage in preventing the development of

resistance (Simoes et al. 2009). The following sections

will provide a detailed exploration of these dual-active

compounds.

Alkaloids

Alkaloids represent one of the major groups of

bioactive compounds found in many medicinal and

aromatic plants, possessing both antibacterial and

antioxidant activities. These organic nitrogenous

compounds exhibit substantial structural diversity,

which contributes to their potential bioactivity, par-

ticularly due to the presence of nitrogen atoms

(Martelli and Giacomini 2018). The antibacterial

activity of alkaloids is closely tied to their structural

diversity, with key mechanisms including the disrup-

tion of cell division, respiration, membrane integrity,

and virulence gene expression. In addition, alkaloids

effectively inhibit bacterial efflux pumps, a crucial

resistance mechanism in MDR bacteria (Radulovic

et al. 2013).
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Recent studies highlight the multifaceted activity of

various alkaloids, positioning them as promising

agents for treating infectious diseases and addressing

antibiotic resistance. Berberine exhibits significant

activity against MRSA with MICs ranging from 32 to

128 lg/mL and shows strong antioxidant effects by

effectively scavenging DPPH, NO, and superoxide

radicals at 320 lg/mL (Jain et al. 2023; Yu et al.

2005). Chelerythrine similarly inhibits MRSA growth

at MICs of 2–4 lg/mL while demonstrating high

antioxidant activity in vivo at 100 mg/kg (Wang et al.

2021; Wu et al. 2022). Fangchinoline has demon-

strated antibacterial efficacy with MIC of 160 lg/mL

alongside 93.3% inhibition of lipid peroxidation at

30 lg/mL (Gülçin 2010; Fu et al. 2017). Harmaline

has reported activity against MRSA strain N441 with a

MIC of 125 lg/mL and offers free radical scavenging

at a concentration of 10 lM (Javeed et al. 2018;

Mohtar et al. 2009).

Other alkaloids, for example, piperine and reser-

pine, have also been reported to be effective against

MRSA, with MICs of 100 lg/mL and 1–270 lg/mL,

respectively (Khameneh et al. 2015; Sridevi et al.

2017). For ciprofloxacin-resistant S. aureus, indirubin

exhibits antimicrobial activity with a MIC as low as

12.5 mg/L and also displays significant DPPH and

superoxide radical scavenging activity (Ponnusamy

et al. 2010; Zhao et al. 2017). Tetrandrine, with a MIC

of 80 lg/mL, and tomatidine, with MICs ranging from

0.06 to 1 lg/mL, further demonstrate robust antibac-

terial and antioxidant properties, particularly against

MDR strains (Bhagya and Chandrashekar 2016; Silva-

Belan et al. 2015). These antioxidant-rich alkaloidal

compounds contribute to mitigating bacterial resis-

tance by alleviating oxidative stress and disrupting

essential bacterial defence mechanisms (Gangwar

et al. 2023). By netrualizing ROS, these compounds

interfere with bacterial survival strategies, including

the upregulation of efflux pump activity and the

activation of stress response pathways, both of which

are crucial for bacterial resilience. This dual function-

ality not only attenuates ROS-induced cellular damage

but also simultaneously impairs bacterial defence

mechanisms, thereby enhancing the efficacy of

antioxidant-based antibacterials. This presents a

potent strategy for counteracting bacterial resistance.

Fig. 3 A visual representation showing a probable antibacterial

mechanism of dual-active phytochemicals in combating antibi-

otic resistance. These compounds act through multifactorial

pathways, directly targeting bacterial cells with a general

antibacterial mode of action while simultaneously exhibiting

antioxidant properties. Their dual functionality provides an

added advantage by modulating intracellular ROS and ROS-

mediated defence mechanisms in bacteria, thereby enhancing

their ability to overcome resistance
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Phenolics

Flavonoids

Flavonoids represent another important class of

bioactive compounds with notable antibacterial activ-

ity, functioning through diverse mechanisms such as

the inhibition of nucleic acid synthesis, disruption of

cell wall biosynthesis, modulation of membrane

fluidity, suppression of respiratory metabolism, and

impairment of critical membrane functions (Naqvi

et al. 2019). Their dual function as potent antioxidants

and antibacterial agents makes flavonoids compelling

candidates for combating MDR bacterial infections.

The antioxidant properties of flavonoids arise from

their hydroxyl groups and aromatic ring structures,

which enable them to neutralize ROS and interfere

with oxidative pathways integral to bacterial energy

metabolism (Heim et al. 2002). This antioxidant

capacity plays a critical role in mitigating ROS-

mediated stress responses, such as the SOS response,

while inhibiting the activation of efflux pumps and

detoxifying enzymes, which are key mechanisms

through which bacteria acquire MDR phenotypes

(Naqvi et al. 2019).

Several flavonoids have demonstrated potent

antibacterial activity against MDR pathogens. For

instance, baicalein exhibits effective inhibition of

ciprofloxacin-resistant S. aureus, with a MIC ranging

from 64 to 256 lg/mL. Additionally, baicalein has

been reported to enhance the efficacy of linezolid

against MRSA biofilms while providing substantial

antioxidant benefits (Chan et al. 2011; Liu et al. 2020;

Wang et al. 2011). Caffeic acid also shows broad-

spectrum MRSA activity, with MIC between 62.5 and

250 lg/mL, along with robust radical scavenging,

which aids in oxidative stress reduction (Luis et al.

2014; Rivero-Cruz et al. 2020). Catechin exhibits

strong antibacterial activity against MRSA, with a

reported MIC of 78.1 lg/mL. In combination with

epicatechin gallate, catechin significantly reduces

bacterial loads in MRSA-infected models, highlight-

ing a promising synergistic effect (Sinsinwar and

Vadivel 2020). Epigallocatechin gallate (EGCG), a

major flavonoid compound derived from green tea,

further supports these findings, showing potent

antibacterial efficacy against various MRSA strains

with MIC values ranging from 50 to 180 lg/mL (Cho

et al. 2008). This evidence underscores the potential of

catechins and their derivatives as effective agents

against resistant MRSA infections. Several other

flavonoids have demonstrated notable antibacterial

activities against drug-resistant S. aureus and M.

tuberculosis strains. Galangin was tested against

various penicillin-resistant S. aureus strains, showing

MIC values ranging from 100 to 300 lg/mL, indicat-

ing moderate antibacterial potential (Eumkeb et al.

2010). Glabridin also exhibited promising activity,

with MICs between 3.12 and 25 lg/mL against MDR

clinical isolates of S. aureus (Singh et al. 2015).

Similarly, kaempferol was reported to inhibit MRSA

with a MIC of 250 lg/mL (Al-Ghanayem et al. 2024).

Notably, plumbagin demonstrated strong antimy-

cobacterial activity, with MICs ranging from 0.25 to

4 lg/mL against both MDR and extensively drug-

resistant M. tuberculosis strains, highlighting its

potential as a lead compound against resistant tuber-

culosis (Dey et al. 2014).

Studies have reported that licochalcones A, C, and

E possess a low MIC of 4 lg/mL and enhance the

Keap1-Nrf2 pathway while inhibiting NF-jB-medi-

ated inducible nitric oxide synthase (iNOS) expres-

sion, effectively combating the MRSA T144 strain

(Franceschelli et al. 2011; Mittal and Kakkar 2021;

Wu et al. 2019). Strong anti-MRSA activity has been

reported for luteolin (MIC at 512 lg/mL), myricetin

(MIC at 128 lg/mL), quercetin (MIC at 256 lg/mL),

rutin (MIC at 32 lg/mL), and xanthohumol (MIC at

4 lg/mL) (Bogdanova et al. 2018; Xu and Lee 2001;

Yang et al. 2008). An interesting study conducted by

Pinto et al. 2020 demonstrated that combining

oxacillin with myricetin improved survival rates in

MRSA-infected Galleria mellonella larvae by 20%

compared to control groups, highlighting a promising

synergistic effect in enhancing host survival. Several

studies have also reported the antioxidant potential of

these compounds, effectively disrupting oxidative

stress through multiple mechanisms (Lang et al.

2024; Qu et al. 2006; Radulovic et al. 2013; Traj

et al. 2023; Yamaguchi et al. 2009). This dual action

disrupts oxidative stress induction and inhibits bacte-

rial energy metabolism, which not only weakens

bacterial defences but also enhances the overall

antimicrobial efficacy of these compounds. Given

their multifaceted mechanisms, flavonoids represent a

promising natural alternative to conventional antibi-

otics in the fight against MDR bacteria.

123

Phytochem Rev



Non-flavonoid phenolics

In addition to flavonoids, various other plant-derived

phenolic compounds possess both antibacterial and

antioxidant properties, making them potential candi-

dates for combating MDR bacterial infections (Mar-

telli and Giacomini 2018). The key phenolics,

including a-mangostin, anacardic acid, curcumin,

eugenol, galbanic acid, gambogic acid, menadione,

and methyl gallate, have shown significant antibacte-

rial activity against MDR strains (Table 1). Curcumin

demonstrated an inhibitory efficacy with a MIC

ranging from 125 to 250 lg/mL against MDR S.

aureus in vitro. Its combination with light irradiation

significantly reduced the bacterial load in van-

comycin-resistant S. aureus-infected rat models

(Akhtar et al. 2021; Rivero-Cruz et al. 2020). Simi-

larly, methyl gallate displayed a MIC of 250 lg/mL

against a clinical isolate of MRSA (Chew et al. 2018).

a-Mangostin exhibits potent antibacterial effects

against MRSA, with MICs as low as 1.57 lg/mL, and

has been shown to increase survival rates in MRSA-

infected G. mellonella larvae. It also possesses strong

antioxidant properties, demonstrated by a FRAP value

of 344.60 lM Fe(II)/g and a DPPH IC50 of 20.64 lg/

mL (Felix et al. 2022; Ghasemzadeh et al. 2018;

Iinuma et al. 1996). Anacardic acid, derived from

cashew shells, demonstrated antibacterial effects with

MICs of 6.25 lg/mL and scavenged 82% of superox-

ide anions at a concentration of 30 lg/mL (Kubo et al.

2006; Muroi and Kubo 1996). A study reported that

eugenol reduced MRSA infections by 88% in rat

models (Yadav et al. 2015), with its impressive

antioxidant capacity also being documented (Gülçin

2011). Galbanic acid effectively inhibits tetracycline-

resistant S. aureus, with MICs ranging from 10 to

80 lg/mL (Bazzaz et al. 2010). Methyl gallate was

likewise noted to be effective against MRSA, exhibit-

ing a MIC of 250 lg/mL while also demonstrating

strong antioxidant activity (Chew et al. 2018; Hsieh

et al. 2004). Additionally, resveratrol was found to

exhibit a MIC range of 32–128 lg/mL against MDR

Klebsiella pneumoniae and E. coli (Liu et al. 2020).

The antibacterial action of phenolics involves

multiple mechanisms, including the disruption of the

bacterial cell wall and membrane integrity, leading to

increased permeability and cell lysis. These com-

pounds also inhibit crucial bacterial enzymes involved

in nucleic acid synthesis, energy production, and

protein synthesis, thereby disrupting bacterial meta-

bolic processes (Rempe et al. 2017). Moreover,

phenolic compounds induce oxidative stress by gen-

erating ROS, which damages bacterial proteins, lipids,

and DNA, ultimately leading to cellular dysfunction

and death. A study by Hua et al. 2019 showed that

gambogic acid reduced bacterial growth by generating

ROS, with MICs ranging from 0.5 to 4 lg/mL.

However, the antioxidant properties of phenolic

compounds can mitigate the ROS-mediated defence

mechanisms employed by MDR bacteria. Their ability

to chelate metal ions also disrupts bacterial homeosta-

sis, enhancing antimicrobial efficacy (Martelli and

Giacomini 2018). These multifaceted mechanisms

position phenolic compounds as promising therapeutic

agents in the fight against MDR bacterial infections.

Terpenoids

Terpenoids constitute the major compounds found in

many natural products. Several terpenoids, such as

18b-glycyrrhetinic acid, a-amyrin, betulinic acid,

lupeol, and ursolic acid, act as both antibacterial and

antioxidant agents (Ludwiczuk et al. 2017). Some of

these compounds are under various stages of pre-

clinical and clinical evaluation for development as

antibacterial agents. These compounds primarily

function as enzyme inhibitors that are responsible for

bacterial survival. Several other mechanisms are

involved, including the disruption of bacterial cell

membranes, which leads to increased permeability and

cell lysis. Terpenoids inhibit key enzymes involved in

metabolism and cell wall biosynthesis, interfere with

nucleic acid synthesis, and induce oxidative stress by

generating ROS, causing damage to proteins, lipids,

and DNA (Martelli and Giacomini 2018).

Terpenoids inhibit bacterial efflux pumps, enhanc-

ing the accumulation of antimicrobial agents and

disrupting biofilms, thus increasing bacterial suscep-

tibility to treatments (Jubair et al. 2021). These

multifaceted actions render terpenoids effective

against both susceptible and resistant bacterial strains.

The 18b-glycyrrhetinic acid exhibited a MIC of

60 lg/mL against the MRSA strain USA400 but

showed limited in vivo efficacy over short incubation

periods. This compound also reduced lipid peroxida-

tion and enhanced antioxidant status in rats at a dose of

100 mg/kg (Kalaiarasi and Pugalendi 2011; Wang
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et al. 2015). Similarly, a-amyrin and betulinic acid

demonstrated broad antibacterial efficacy against

MRSA strains, with MICs ranging from 2 to 64 lg/

mL and 4 to 64 lg/mL, respectively (Chung et al.

2014). Ursolic acid exhibited a MIC range of 4–8 lg/

mL against MRSA strains and 0.1 mg/mL against

carbapenem-resistant Enterobacter cloacae (Kim

et al. 2012) The antioxidant activity of these ter-

penoids has been reported by several studies (Ade-

sanwo et al. 2013; do Nascimento et al. 2014; Viet

et al. 2021). A study by Refaat et al. (2022) reported a

moderate antibacterial activity of lupeol against

MRSA with a MIC greater than 128 lg/mL. Emodin

and thymoquinone exhibited strong antibacterial effi-

cacy against MDR and extensively drug-resistant M.

tuberculosis, with MICs ranging from 4 to 16 lg/mL,

along with significant antioxidant activity (Dey et al.

2014; Houdkova et al. 2020; Vargas et al. 2004). These

dual-active terpenoid compounds are capable of

neutralizing ROS, which reduces oxidative damage

to bacterial proteins, lipids, and DNA, thus promoting

bacterial resistance. Terpenoids also inhibit ROS-

induced defence mechanisms, including stress path-

ways and efflux pumps, which increases bacterial

susceptibility to antibiotics. Terpenoids enhance

antibiotic efficacy by reducing oxidative damage and

inhibiting biofilm formation, ultimately boosting

antimicrobial activity (Dias et al. 2023; Pancu et al.

2021).

Cannabinoids

Cannabinoids are bioactive compounds mainly

derived from Cannabis sativa, demonstrating signif-

icant antibacterial activity, particularly against gram-

positive pathogens such as S. aureus and Streptococ-

cus pneumoniae (Karas et al. 2020). Their antibacte-

rial action is attributed to several mechanisms,

including disruption of bacterial cell membranes,

inhibition of biofilm formation, interference with

metabolic pathways, specifically those involved in

respiration and nutrient uptake, and potential inhibi-

tion of bacterial efflux pumps, which may enhance the

intracellular retention of antibiotics. Recent evidence

suggests that cannabinoids may also disrupt bacterial

signalling and cell division, although these pathways

remain under investigation (Ribeiro et al. 2024).

Notable cannabinoids such as cannabidiol (CBD),

cannabigerol (CBG), cannabichromene (CBC), and

cannabinol (CBN) have exhibited efficacy against

MDR strains, including MRSA, indicating their

potential as adjuncts in the treatment of antimicro-

bial-resistant infections. A study demonstrated that

CBC possesses significant antibacterial activity

against MRSA clinical isolates, such as strain

XU212, with a MIC in the range of 1–2 lL

(Appendino et al. 2008). This notable efficacy sug-

gests that CBC may serve as a valuable antimicrobial

agent, especially given the challenges of treating

MRSA infections. CBD shows even greater antibac-

terial potency, with MIC range of 0.5–1 lg/mL

against MRSA, highlighting its potential as a powerful

antimicrobial compound. CBG also demonstrates

antibacterial activity along with biofilm inhibition

capability, displaying a MIC range of 1–2 lg/mL

against MRSA isolates. Biofilms pose a considerable

challenge in chronic infections due to their resistance

to conventional antibiotics. Hence, the biofilm-dis-

rupting capacity of CBG highlights its potential utility

against persistent bacterial infections. Finally, CBN

has been found to be effective against MRSA, with

MIC of 1 lg/mL.

The antioxidant activity of these cannabinoids has

also been reported by Stasilowicz-Krzemien et al.

(2023), supporting their therapeutic utility as dual-

active compounds for mitigating ROS-induced

defence systems in bacteria (Pagano et al. 2023).

Cannabinoids disrupt biofilm formation by altering the

redox environment within these protective bacterial

structures, increasing bacterial vulnerability to both

antibiotics and immune responses (Sionov and Stein-

berg 2022). Further research is required to elucidate

their molecular targets and to optimize therapeutic

applications fully. This multifaceted action under-

scores the potential of cannabinoids in enhancing

antibiotic effectiveness against MDR bacteria.

Others

Humulone, an organic acid predominantly found in

mature hop resin, exhibits both antibacterial and

antioxidant properties. The effectiveness of humulone

against MRSA, as well as MDR strains of Staphylo-

coccus epidermidis and Staphylococcus capitis, has

been reported, with MICs of 15 lg/mL, 30 lg/mL,

and 15 lg/mL, respectively (Bogdanova et al. 2018).
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Similarly, lupulone, a beta-acid also found in hops,

showed even greater efficacy against MRSA, S.

epidermidis, and S. capitis, achieving MICs of

0.5 lg/mL, 4 lg/mL, and 0.5 lg/mL, respectively.

In addition, Yamaguchi et al. 2009 documented the

notable antioxidant activity of these hop-derived

compounds, highlighting their high oxygen radical

absorbance capacity. Indole-3-carbinol, primarily

sourced from cruciferous vegetables, is recognized

for its antioxidant properties (Shertzer et al. 1988).

Although its antibacterial effect is more moderate, it

demonstrated efficacy against various MRSA strains,

with MICs ranging from 400 to 800 lg/mL (Monte

et al. 2014). Together, these findings underscore the

potential of humulone, lupulone, and indole-3-carbi-

nol as dual-active agents capable of inhibiting micro-

bial growth while preventing ROS-induced signalling

in bacteria. These compounds represent promising

candidates for treating infections associated with

antibiotic-resistant bacteria. Figure 4 depicts an over-

view of the key antibacterial mechanisms of major

phytochemical classes described in this review based

on previous evidence. A large number of natural

antioxidant compounds have demonstrated effective-

ness against MDR bacteria, and these compounds are

summarized in Table 1.

Conclusion

The evolution of antibiotic resistance is a complex

process driven by intricate gene networks and the

dynamic interplay between genetic variation, molec-

ular mechanisms, and ecological factors. A key

element in this process is the role of ROS, which act

as signalling molecules that activate multiple path-

ways to enhance bacterial resilience to antibiotic

stress. The continued rise of single and MDR bacterial

strains, particularly those that are methicillin, van-

comycin, tetracycline, and carbapenem-resistant,

poses a significant global health threat. This situation

emphasizes the urgent need for the development of

novel antimicrobial agents.

Oxidative stress, driven by ROS, plays a crucial

role in the selection of resistant bacterial strains,

though the exact involvement of oxidative stress in

antibiotic-induced cell death remains a topic of debate.

This scenario highlights the need for innovative

therapies that combine antibacterial and antioxidant

properties within a single structure. Natural products

such as alkaloids, flavonoids, phenolics, and ter-

penoids exemplify this approach due to their direct

antibacterial activity, strong antioxidant effects, anti-

biofilm activity, and ability to synergize with antibi-

otics. These properties could prove valuable not only

in combating bacterial infections but also in reducing

virulence and preventing oxidative damage in various

industries, including medical, food, and cosmetics.

Fig. 4 Overview of the principal antibacterial mechanisms exhibited by major phytochemical classes: alkaloids, flavonoids, non-

flavonoid phenolics, terpenoids, and cannabinoids based on evidence from reported literature
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The development of synthetic molecular hybrids

that combine antioxidant and antibacterial properties

offers a promising strategy for future drug design.

These dual-active molecules have the potential to

enhance efficacy, introduce new mechanisms of

action, and help suppress resistance by maintaining a

single pharmacokinetic profile. This approach pro-

vides a key solution in the fight against drug-resistant

pathogens. Synthetic antibiotics offer rapid therapeu-

tic effects; however, they are increasingly associated

with severe side effects, such as gastrotoxicity and

nephrotoxicity, as well as the acceleration of resis-

tance. In contrast, natural antioxidants, including

baicalein, berberine, betulinic acid, caffeic acid,

cannabinol, chelerythrine, curcumin, fangchinoline,

piperine, a-mangostin, 18b-glycyrrhetinic acid, a-

amyrin, lupeol, and ursolic acid, exhibit significant

antibacterial potential without promoting resistance.

These compounds are positioned as promising candi-

dates for future antimicrobial therapies. While their

antibacterial action may be slower, their prolonged,

non-toxic effects and low propensity for resistance

make them strong alternatives. Continued research

into the antibacterial properties of isolated natural

antioxidants will be essential for optimising their use

and reducing reliance on conventional synthetic

antibiotics. Notably, most existing research has

focused on the antibacterial efficacy of these com-

pounds against MRSA. To fully comprehend their

therapeutic potential, further studies are needed to

elucidate their activity against other resistant

pathogens.
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Gülçin İ (2010) Antioxidant properties of resveratrol: a struc-

ture–activity insight. Innov Food Sci Emerg Technol

11:210–218. https://doi.org/10.1016/j.ifset.2009.07.002
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