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a b s t r a c t 

The escalating crisis of antimicrobial resistance, particularly driven by ESKAPE pathogens, poses a serious threat 

to global public health. With the stagnant pipeline of novel antibiotic discovery, repurposing herbal extracts as 

antibiotic adjuvants to revive existing therapies is a promising strategy. This review systematically elaborates the 

multi-faceted mechanisms by which herbal extracts and their bioactive constituents counteract multi-drug resis- 

tance in ESKAPE pathogens. These mechanisms include the inhibition of antibiotic-degrading enzymes, alteration 

of bacterial membrane permeability to facilitate antibiotic uptake, blockade of major efflux pumps that expel mul- 

tiple drug classes, and counteraction of antibiotic target modification. Furthermore, the roles of phytochemicals in 

inhibiting and dispersing biofilms, attenuating virulence factors, disrupting quorum sensing, and promoting reac- 

tive oxygen species accumulation are discussed. Despite the potent synergistic potential demonstrated by various 

lead compounds (such as andrographolide, quercetin, berberine, thymol, curcumin, eugenol, and oleanolic acid) 

in preclinical models, their progression through the translational pipeline is frequently hindered by inconsistent 

manufacturing standards and the inherent complexity of elucidating their polypharmacological mechanisms. Ad- 

vancing the clinical utility of these herbal adjuvants necessitates a multidimensional approach, including artificial 

intelligence-driven screening, in-depth mechanistic studies of multi-component synergy, and comprehensive clin- 

ical assessments. Accordingly, this review aimed to establish a rigorous foundation for designing next-generation 

anti-infective therapies based on herb–antibiotic synergy. 
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. Introduction 

The escalating and frequently inappropriate global use of antibiotics

as fueled an unprecedented surge in multi-drug resistant (MDR) and

an-drug resistant (PDR) bacterial strains, posing a formidable challenge

or conventional antimicrobial therapies [ 1 ]. Among these, ESKAPE

athogens, including Enterococcus faecium, Staphylococcus aureus, Kleb-

iella pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa , and

nterobacter spp., have been designated as critical priorities by global

ealth agencies owing to their extensive resistance repertoires and ca-

acity to “escape ” both front-line antibiotics and infection-control mea-

ures. These microorganisms orchestrate diverse molecular mechanisms

o evade antibiotic action ( Fig. 1 ), including enzymatic drug inactiva-

ion, decreased membrane permeability, active efflux, target modifica-

ion, and biofilm formation [ 2 , 3 ]. Collectively, these adaptations erode

herapeutic options, prolong hospitalization, and drive treatment failure

nd mortality [ 4 ]. 

A dominant resistance mechanism involves the enzymatic mod-

fication of antibiotics via acetylation, phosphorylation, or adenyly-
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ation, which chemically neutralizes antibiotics such as aminoglyco-

ides, chloramphenicol, and macrolides [ 5 ]. Similarly, hydrolytic en-

ymes —most notably 𝛽-lactamases —cleave the 𝛽-lactam ring of peni-

illins, cephalosporins, and carbapenems, instantly abolishing their ac-

ivity [ 6 ]. In gram-negative bacteria, antibiotic entry is largely restricted

y porin-mediated diffusion across the outer membrane, and alterations

n porin expression or structure can limit intracellular drug accumula-

ion [ 7 , 8 ]. Many pathogens express efflux pumps that expel structurally

iverse antibiotics before they reach their targets, further lowering in-

racellular exposure [ 9–11 ]. Target-based resistance arises from muta-

ions that lower antibiotic affinity, enzymatic alteration of binding sites,

r bypass pathway activation [ 12 , 13 ]. Finally, biofilms create a physical

nd metabolic fortress; bacteria within the matrix benefit from stress re-

ponses, limited antibiotic penetration, quorum sensing-mediated gene

egulation, and phenotypic heterogeneity [ 14 , 15 ]. Therefore, biofilm-

ssociated infections, such as endocarditis, cystic fibrosis pneumonia,

nd osteomyelitis, are notoriously chronic and refractory to standard

ntibiotic courses [ 16 , 17 ]. 
ng) . 
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Fig. 1. Molecular mechanisms of herbal extracts acting as antibiotic adjuvants against multi-drug resistant (MDR) pathogens. 
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Despite worldwide antibiotic stewardship campaigns, the incidence

f resistant infections continues to increase, underscoring the frailty

f current countermeasures. Existing strategies for combating bacte-

ial antimicrobial resistance (AMR) are clustered into three pillars: dis-

overy of novel antibiotics or structural optimization of existing scaf-

olds, engineering of drug delivery systems (such as nanoparticles) to

nhance pharmacokinetic/pharmacodynamic (PK/PD) profiles, and de-

elopment of non-antibiotic alternatives, including resistance-breaking

djuvants [ 18 ]. Although the antibiotic pipeline has stagnated, no major

ew class has reached clinical use since daptomycin and linezolid were

ntroduced in the 1980s, and numerous candidate antimicrobial pep-

ides from various sources have failed to transition into approved ther-

pies [ 19 ]. Nanoengineered carriers promise targeted delivery and im-

roved bioavailability; however, unresolved safety concerns and physi-

logical instability continue to impede clinical translation [ 20 , 21 ]. 

Therefore, bioactive phytochemicals derived from medicinal plants

re promising alternatives to antibiotic adjuvants. Although botanical

xtracts often display inferior direct antimicrobial activity than conven-

ional antibiotics, they target distinct molecular pathways and can re-

tore antibiotic susceptibility when administered in combination ( Fig. 1 )

 22 ]. This synergy can reduce the required antibiotic doses and coun-

eract resistance, spurring a growing interest in plant-derived adju-

ants against MDR pathogens. This review systematically summarizes

he current evidence regarding the mechanisms and therapeutic poten-

ial of herbal extracts in combination with antibiotics against ESKAPE

athogens ( Table 1 ). We aimed to provide a foundation for future re-

earch on synergistic plant-antibiotic regimens as a pragmatic and im-

ediately deployable strategy to mitigate the AMR crisis. 

. Antibiotic-degrading enzyme inhibition 

Antibiotic-degrading enzymes produced by pathogenic bacteria con-

er resistance by inactivating antibiotics via hydrolysis or chemical mod-

fication. Among these, 𝛽-lactamases are the most clinically significant

nd prevalent class. In S. aureus , BlaZ is a commonly encountered 𝛽-

actamase, whereas in gram-negative bacteria, temoniera (TEM) and

efotaxime-munich (CTX-M) are among the most widespread [ 23 ]. Par-

icularly concerning are carbapenemases, such as K. pneumoniae car-

apenemase (KPC), New Delhi metallo- 𝛽-lactamase (NDM), and imipen-

mase (IMP), which hydrolyze carbapenem antibiotics and are often

ssociated with severe, drug-resistant infections requiring heightened

linical vigilance [ 24 ]. 
2

Although both CTX-M and KPC possess serine active sites, their func-

ion and epidemiology differ. CTX-M, an extended-spectrum 𝛽-lactamase

ESBL) predominantly found in Enterobacteriaceae, preferentially hy-

rolyzes cefotaxime with high efficiency. In contrast, KPC, a key car-

apenemase first identified in K. pneumoniae , spreads via horizontal

ene transfer to other species, such as Escherichia coli . In contrast, NDM

nd IMP are zinc-dependent metallo- 𝛽-lactamases (MBL) that confer re-

istance by cleaving the 𝛽-lactam ring. NDM exhibits a broad host range,

rimarily colonizing K. pneumoniae and E. coli and successfully spread-

ng to Acinetobacter baumannii and Pseudomonas aeruginosa . However,

MP has a more restricted distribution and is mainly found in Acineto-

acter baumannii and Pseudomonas aeruginosa , with only sporadic oc-

urrences in Enterobacteriaceae [ 6 ]. Beyond 𝛽-lactams, the degrada-

ion of other antibiotic classes is also problematic. Tet (X) is a critical

nzyme that inactivates tetracycline antibiotics, including tigecycline,

s a last-line agent against carbapenem-resistant pathogens. The strong

ross-species transmission capabilities between Enterobacteriaceae and

cinetobacter spp. warrants significant concern [ 25 ]. 

Numerous plant-derived compounds have demonstrated potential to

nhibit these enzymes and restore antibiotic efficacy ( Fig. S1 ). Andro-

rapholide, a diterpenoid lactone isolated from Andrographis paniculata ,

estores 𝛽-lactam susceptibility in methicillin-resistant S. aureus (MRSA)

y downregulating resistance genes ( mecA, blaZ , and sarA ), thereby sup-

ressing 𝛽-lactamase BlaZ expression [ 26 ]. Galangin, a flavonoid iso-

ated from Alpinia officinarum Hance, directly inhibits penicillinase and

everses penicillin resistance in S. aureus [ 27 ]. Cranberry-derived proan-

hocyanidins exhibit broad-spectrum inhibition against both CTX-M-3

SBL and IMP-1 MBL, re-sensitizing MRSA to oxacillin and carbenicillin

 28 ]. Despite exhibiting no intrinsic antibacterial activity, theaflavin-

,3 ′ -digallate (TFDG), a predominant theaflavin in black tea, demon-

trates synergistic effects with 𝛽-lactam antibiotics against S. aureus .

inding to the Gln242 and Ser369 residues of MBL, as predicted by

olecular docking, inhibited enzymatic hydrolysis, thereby enhancing

he antibacterial activity of 𝛽-lactams against S. aureus . Consequently,

his mechanism effectively reduces mortality in murine models [ 29 ]. 

Similar synergistic effects have been observed in gram-negative

acteria. When cinnamaldehyde from Cinnamomum cassia acts syn-

rgistically with cefotaxime against E. coli , it downregulates blaTEM

nd blaCTX-M expression, effectively inhibiting bacterial growth [ 30 ].

roanthocyanidins enhance the efficacy of cefotaxime against TEM-

0/CTX-M-producing E. coli and meropenem against MBL-positive

arbapenem-resistant E. coli [ 28 ]. Corosolic acid derived from Lager-
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Table 1 

Synergistic effects of herbal extracts and antibiotics against pathogenic bacteria. 

Compound type Compound name CAS number Biological activity Combined antibiotic 

Targeted 

pathogen Reference 

Evidence 

strength 

acetylenic 

spiroketal enol 

ethers 

rupesdiynes A n.a. inhibition of antibiotic target modification oxacillin MRSA [ 12 ] in vitro 

rupesdiynes B n.a. inhibition of antibiotic target modification oxacillin MRSA in vitro 

aldehyde cinnamaldehyde 104–55–2 inhibition of antibiotic-degrading enzymes cefotaxime E. coli [ 31 ] in vitro 

alteration of bacterial membrane 

permeability 

doxycycline A. baumannii [ 55 ] in vitro 

inhibition of efflux pumps cefotaxime and ciprofloxacin K. pneumoniae [ 73 ] in vitro 

inhibition of quorum sensing ciprofloxacin P. aeruginosa [ 120 ] in vitro 

cuminaldehyde 122–03–2 inhibition and dispersion of biofilms tobramycin S. aureus [ 91 ] in vitro 

inhibition of virulence factors 

inhibition of virulence factors gentamicin P. aeruginosa [ 113 ] in vitro 

accumulate of reactive oxygen species 

vanillin 121–33–5 inhibition of quorum sensing colistin P. aeruginosa [ 105 ] in 

vitro→in 

silico 

alkaloid berberine 

hydrochloride 

633–65–8 inhibition of efflux pumps tigecycline, sulbactam, 

meropenem, and ciprofloxacin 

A. baumannii [ 75 , 76 ] in vitro 

jatrorrhizine 3621–38–3 inhibition of efflux pumps fluoroquinolone S. aureus [ 64 ] in vivo 

sanguinarine 2447–54–3 accumulate of reactive oxygen species kanamycin A. baumannii [ 128 ] in vivo 

anthraquinone aloe emodin 1026,799-32–5 accumulate of reactive oxygen species polymyxin A. baumannii [ 127 ] in vivo 

emodin 518–82–1 accumulate of reactive oxygen species polymyxin A. baumannii 

rhein 478–43–3 accumulate of reactive oxygen species polymyxin A. baumannii 

coumaric acid p-coumaric acid 501–98–4 inhibition of efflux pumps ciprofloxacin S. aureus [ 59 ] in 

silico→in 

vitro 

depsidones pannarin 55,609-84–2 alteration of bacterial membrane 

permeability 

𝛽-Lactams MRSA [ 45 ] in vitro 

fatty acids 

(linolenic acid) 

linolenic acid 463–40–1 inhibition of quorum sensing gentamicin, tobramycin, and 

azithromycin 

S. aureus [ 116 ] in vitro 

fatty amide pellitorine 18,836-52–7 inhibition of efflux pumps erythromycin MRSA [ 69 ] in vitro 

ferulic acids ferulic acid 1135–24–6 inhibition of antibiotic target modification oxacillin MRSA [ 80 ] in vitro 

flavonoid 7,8- 

dihydroxyflavone 

38,183-03–8 inhibition of quorum sensing vancomycin S. aureus [ 118 ] in vivo 

apigenin 520–36–5 alteration of bacterial membrane 

permeability 

𝛽-Lactams MRSA [ 42 ] in vitro 

inhibition of virulence factors penicillin and streptomycin P. aeruginosa [ 112 ] in vitro 

artonin I 144,923-70–6 alteration of bacterial membrane 

permeability 

𝛽-Lactams MRSA [ 43 ] in vitro 

accumulate of reactive oxygen species amikacin, ciprofloxacin, and 

gentamicin 

baicalein 491–67–8 inhibition of virulence factors penicillin and streptomycin P. aeruginosa [ 112 ] in vitro 

baicalin 21,967-41–9 inhibition of quorum sensing levofloxacin, amikacin, and 

ceftazidime 

P. aeruginosa [ 121 ] in vitro 

brachydins BR-B n.a. inhibition of efflux pumps fluoroquinolone S. aureus [ 63 ] in vivo 

chrysin 480–40–0 inhibition of virulence factors penicillin and streptomycin P. aeruginosa [ 112 ] in vitro 

EGCg 989–51–5 alteration of bacterial membrane 

permeability 

𝛽-Lactams MRSA [ 47 ] in vitro 

galangin 548–83–4 inhibition of antibiotic-degrading enzymes 𝛽-Lactams S. aureus [ 28 ] in vitro 

alteration of bacterial membrane 

permeability 

vancomycin E. faecium [ 39 ] in vitro 

amoxicillin AREC [ 50 ] in vitro 

hibifolin 55,366-56–8 inhibition of virulence factors cefotaxime MRSA [ 104 ] in vivo 

hinokiflavone 19,202-36–9 inhibition of virulence factors vancomycin MRSA [ 108 ] in 

vitro→in 

silico 

kaempferol 520–18–3 inhibition and dispersion of biofilms penicillin G S. aureus [ 90 ] in vitro 

kuwanon G 75,629-19–5 alteration of bacterial membrane 

permeability 

𝛽-Lactams MRSA [ 44 ] in vitro 

luteolin 491–70–3 alteration of bacterial membrane 

permeability 

amoxicillin AREC [ 49 ] in vitro 

morusin 62,596-29–6 alteration of bacterial membrane 

permeability 

𝛽-Lactams and gentamicin MRSA [ 44 ] in vitro 

proanthocyanidins 4852–22–6 inhibition of antibiotic-degrading enzymes oxacillin and carbenicillin MRSA [ 29 ] in vitro 

cefotaxime and meropenem E. coli 

quercetin 117–39–5 inhibition and dispersion of biofilms penicillin G S. aureus [ 90 ] in vitro 

gentamicin P. aeruginosa [ 99 ] in vitro 

rhamnosides 22,007-72–3 inhibition and dispersion of biofilms penicillin G S. aureus [ 90 ] in vitro 

scutellarin 27,740-01–8 inhibition of virulence factors vancomycin MRSA [ 107 ] in vitro 

sophoraflavanone 

G 

97,938-30–2 inhibition of efflux pumps fluoroquinolone S. aureus [ 66 ] in vivo 

taxifolin 480–18–2 inhibition of antibiotic-degrading enzymes amoxicillin P. aeruginosa [ 35 ] in vivo 

hydroxybenzoic 

acid 

merulinic acid C 69,506-63–4 alteration of bacterial membrane 

permeability 

gentamicin E. faecium [ 40 ] in vitro 

( continued on next page ) 
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Table 1 ( continued ) 

Compound type Compound name CAS number Biological activity Combined antibiotic Targeted 

pathogen 

Reference 

Evidence 

strength 

lignans magnolol 528–43–8 inhibition of antibiotic target modification polymyxin E. coli [ 83 ] in vivo 

schisandrone 98,619-25–1 inhibition of quorum sensing ceftiofur S. aureus [ 118 ] in vivo 

naphthalenes 

isovalerylshikonin 

52,387-14–1 inhibition of efflux pumps streptomycin MRSA [ 69 ] in vitro 

naphthalenes 

(naphthol) 

6 ‑bromo-2- 

naphthol 

15,231-91–1 alteration of bacterial membrane 

permeability 

polymyxin A. baumannii [ 56 ] in vivo 

naphthalenes 

(naphthoquinone) 

plumbagin 481–42–5 inhibition of antibiotic-degrading enzymes tetracycline E. coli [ 36 ] in vivo 

inhibition and dispersion of biofilms chlorhexidine K. pneumoniae [ 95 ] in vitro 

phenolic 4-Shogaol 211,176-76–0 inhibition of efflux pumps ciprofloxacin, cefoperazone, 

amoxicillin, imipenem, 

gentamicin, tetracycline, and 

chloramphenicol 

P. aeruginosa [ 70 ] in vivo 

inhibition of quorum sensing 

cucullatosides B n.a. inhibition of virulence factors ceftiofur MRSA [ 105 ] in 

vitro→in 

silico 

cucullatosides D n.a. inhibition of virulence factors ceftiofur MRSA 

cucullatosides H n.a. inhibition of virulence factors ceftiofur MRSA 

curcumin 458–37–7 alteration of bacterial membrane 

permeability 

methicillin MRSA [ 46 ] in vitro 

alteration of bacterial membrane 

permeability 

colistin E. coli [ 51 ] in vitro 

inhibition and dispersion of biofilms 2-aminobenzimidazole S. aureus [ 97 ] in vitro 

inhibition of virulence factors norfloxacin P. aeruginosa [ 94 ] in vitro 

inhibition of quorum sensing ciprofloxacin P. aeruginosa [ 120 ] in vitro 

eugenol 97–53–0 alteration of bacterial membrane 

permeability 

cefotaxime and ciprofloxacin E. coli [ 31 ] in vitro 

alteration of bacterial membrane 

permeability 

doxycycline A. baumannii [ 55 ] in vitro 

inhibition of efflux pumps cefotaxime and ciprofloxacin E. coli [ 31 ] in vitro 

O-eugenol 579–60–2 inhibition of efflux pumps fluoroquinolone S. aureus [ 62 ] in vivo 

thymol 89–83–8 inhibition of efflux pumps amoxicillin and ampicillin S. aureus [ 60 ] in vitro 

inhibition of antibiotic target modification 

inhibition of antibiotic target modification polymyxin E. coli [ 84 ] in vivo 

inhibition and dispersion of biofilms streptomycin, amikacin, and 

kanamycin 

K. pneumoniae [ 98 ] in vitro 

inhibition of virulence factors ceftazidime P. aeruginosa [ 94 ] in vitro 

phenolic 

(phenolic acid) 

sinapic acid 530–59–6 inhibition of efflux pumps ciprofloxacin S. aureus [ 59 ] in 

silico→in 

vitro 

inhibition and dispersion of biofilms amikacin P. aeruginosa [ 94 ] in vitro 

inhibition of virulence factors 

polyphenolic punicalagin 65,995-63–3 inhibition of virulence factors cefotaxime MRSA [ 106 ] in vivo 

steroid tomatidine 77–59–8 inhibition of quorum sensing aminoglycoside S. aureus [ 117 ] in vitro 

withaferin A 5119–48–2 inhibition of antibiotic-degrading enzymes imipenem A. baumannii [ 37 ] in 

silico→in 

vitro 

stilbenol pterostilbene 537–42–8 inhibition of antibiotic-degrading enzymes meropenem E. coli and K. 

pneumoniae 

[ 34 ] in 

vivo→in 

silico 

inhibition of antibiotic target modification polymyxin K. pneumoniae [ 13 ] in vivo 

terpenoids 15-copaenol 115,728-41–1 inhibition of efflux pumps fluoroquinolone S. aureus [ 62 ] in vivo 

andrographolide 5508–58–7 inhibition of antibiotic-degrading enzymes 𝛽-Lactams MRSA [ 27 ] in vitro 

alteration of bacterial membrane 

permeability 

𝛽-Lactams MRSA [ 48 ] in vitro 

terpenoids 

(monoterpene) 

carvacrol 499–75–2 alteration of bacterial membrane 

permeability 

doxycycline A. baumannii [ 55 ] in vitro 

inhibition and dispersion of biofilms cefixime S. aureus [ 93 ] in vitro 

terpenoids 

(pentacyclic 

triterpenoid) 

asiatic acid 464–92–6 inhibition and dispersion of biofilms ciprofloxacin E. coli [ 100 ] in vitro 

corosolic acid 4547–24–4 inhibition of antibiotic-degrading enzymes carbapenems 

(imipenem/meropenem) 

E. coli [ 32 ] in vivo 

ESTK 35,790-95–5 inhibition of antibiotic target modification oxacillin S. aureus [ 79 ] in vitro 

oleanolic acid 508–02–1 inhibition of antibiotic-degrading enzymes meropenem E. coli [ 33 ] in vivo 

alteration of bacterial membrane 

permeability 

aminoglycoside A. baumannii [ 54 ] in vitro 

accumulate of reactive oxygen species 

terpenoids 

(sesquiterpenoid) 

epi-cubenol 19,912-67–5 inhibition of efflux pumps fluoroquinolone S. aureus [ 61 ] in vivo 

theaflavins TFDG 30,462-35–2 inhibition of antibiotic-degrading enzymes 𝛽-Lactams S. aureus [ 30 ] in vivo 

trihydroxybenzoic 

acid 

gallic acid 149–91–7 inhibition and dispersion of biofilms azithromycin S. aureus [ 92 ] in vitro 

triterpenoid ursolic acid 77–52–1 inhibition of efflux pumps tetracycline E. coli [ 72 ] in vitro 

inhibition and dispersion of biofilms ciprofloxacin E. coli [ 100 ] in vitro 

xanthones mangiferin 4773–96–0 inhibition of antibiotic-degrading enzymes imipenem A. baumannii [ 37 ] in 

silico→in 

vitro 

n.a.: not available; MRSA: multidrug-resistant S. aureus ; EGCG: epigallocatechin gallate; AREC: amoxicillin resistance E. coli ; ESTK: eleutheroside K; TFDG: theaflavin- 

3,3 ′ -digallate; in vitro→in silico : molecular docking elucidates mechanisms following in vitro studies; in vivo→in silico : molecular docking elucidates mechanisms 

following in vivo studies; in silico→in vitro : molecular docking guides in vitro experiments. 
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M  

c  
troemia speciosa (L.) Pers. exhibits synergistic activity with carbapen-

ms, specifically against KPC-2-positive E. coli , thus reducing the bacte-

ial load in murine organs [ 31 ]. As an Food and Drug Administration-

pproved dietary supplement, it has promising translational potential

s an antibiotic adjuvant. Oleanolic acid, a common triterpenoid, kills

DM-1-positive E. coli when combined with meropenem by binding di-

ectly to the NDM-1 enzyme, significantly enhancing the survival rate

f mice [ 32 ]. Pterostilbene from Pterocarpus spp . similarly resensitizes

DM-1-producing E. coli and K. pneumoniae to meropenem. Pterostil-

ene was initially identified based on its inhibitory effect on enzy-

atic activity and the reversal of meropenem resistance in K. pneu-

oniae in vitro . Subsequent validation in mouse models confirmed that

terostilbene reduced bacterial burden in vivo . Molecular docking sim-

lations further suggested that this mechanism involves binding to the

atalytic pocket of NDM-1 [ 33 ]. The flavonoid taxifolin from Pseudot-

uga menziesii , in combination with amoxicillin and clavulanic acid, is

ffective against Pseudomonas aeruginosa in murine models, highlight-

ng the potential of quercetin derivatives as MBL inhibitor candidates

 34 ]. Plumbagin from Plumbago spp. synergizes with tetracycline against

et(X3)/Tet(X4)-positive E. coli by inhibiting the degradation activity of

et(X) enzymes. This combination alleviates the inflammatory responses

nd pathological damage in mice intraperitoneally injected with E. coli

 35 ]. This finding aligns with the traditional use of Plumbago spp. in

hinese medicine for treating local bacterial infections and reducing in-

ammation. 

Computational screening has facilitated the discovery of novel nat-

ral inhibitors. In silico studies have identified withaferin A (from With-

nia somnifera ) and mangiferin (from Anemarrhena asphodeloides ) as

DM-1 inhibitors. In vitro experiments have demonstrated that they syn-

rgize with imipenem to inhibit NDM-1-producing Acinetobacter bau-

annii , thereby validating the accuracy of computational predictions

 36 ]. 

. Alteration of bacterial membrane permeability 

The bacterial cytoplasmic membrane constitutes the primary inter-

ace between the cell and its environment, serving as a critical barrier

hat most antibiotics must cross to reach their intracellular targets. Bac-

eria can modulate membrane permeability to limit antibiotic influx,

hile preserving the integrity necessary for efflux pumps and other re-

istance mechanisms [ 7 ]. Gram-negative bacteria present an additional

hallenge because of their outer membrane, a lipopolysaccharide (LPS)-

ich structure that selectively excludes many antibiotics, which explains

he intrinsic resistance of these pathogens to numerous drugs effective

gainst gram-positive bacteria [ 8 ]. Strategies that compromise bacterial

embrane integrity can facilitate intracellular antibiotic accumulation,

epresenting a key mechanism of synergistic antibiotic–herb combina-

ions [ 37 ]. 

Several plant-derived compounds ( Fig. S2 ) enhance the antibiotic

ctivity against gram-positive pathogens by disrupting membrane in-

egrity. The combination of galangin (from Alpinia officinarum Hance,

ig. S1 ) and vancomycin reverses vancomycin resistance in Enterococ-

us faecium by compromising cell envelope integrity, inducing peptido-

lycan damage, increasing membrane permeability, and promoting in-

racellular content leakage [ 38 ]. Merulinic acid C, isolated from Anac-

rdium occidentale (L.), selectively disrupts cell membranes in Enterococ-

us faecium without affecting peptidoglycan synthesis, leading to rapid

TP depletion and synergism with gentamicin [ 39 ]. In MRSA, multiple

ompounds alter membrane permeability. Essential oils from Melaleuca

lternifolia and Eucalyptus globulus potentiate oxacillin activity by en-

ancing membrane permeability in diverse MRSA strains [ 40 ]. Other

hytochemicals, including apigenin [ 41 ], artonin I [ 42 ], kuwanon G,

orusin [ 43 ], and the lichen-derived pannarin [ 44 ], increase MRSA

embrane permeability, thereby restoring susceptibility to 𝛽-lactams

such as ampicillin and oxacillin) and aminoglycosides (such as gen-

amicin). Curcumin from Curcuma longa reverses methicillin resistance
5

n MRSA by compromising membrane integrity and peptidoglycan ar-

hitecture [ 45 ]. Some compounds mediate synergy with antibiotics by

argeting the bacterial cell wall rather than by disrupting the cell mem-

rane. Epigallocatechin gallate (EGCg), the major catechin in green tea,

otentiates 𝛽-lactam activity against MRSA. Its effect is attenuated by

eptidoglycan supplementation, and its synergy with the peptidogly-

an inhibitor DL-cycloserine suggests primary action on the cell wall

 46 ]. Andrographolide ( Fig. S1 ) from Andrographis paniculata disrupts

RSA cell wall integrity by destabilizing peptidoglycan cross-linking,

nd when combined with penicillin G, increases cell wall surface rough-

ess and induces lysis [ 26 , 47 ]. 

In gram-negative bacteria, membrane-targeting compounds ( Fig.

2 ), which facilitate antibiotic penetration. Luteolin, a flavonoid abun-

ant in many plants, reverses amoxicillin resistance E. coli (AREC)

y altering outer/inner membrane permeability and inhibiting pro-

ein/peptidoglycan synthesis [ 48 ], whereas galangin specifically in-

reases outer membrane permeability without affecting the cytoplasmic

embrane [ 49 ]. Liposomal co-delivery of curcumin and colistin induces

ltrastructural damage and increases membrane permeability in E. coli

 50 ]. Eugenol combined with cefotaxime or ciprofloxacin causes cellu-

ar elongation and surface invagination in ESBL-producing quinolone-

esistant E. coli [ 30 ]. Cymbopogon khasianus essential oil (CKEO) alone

nduces shrinkage and wrinkling in E. coli , but causes severe morpho-

ogical disruption and membrane damage when combined with strepto-

ycin [ 51 ]. Vaccinium myrtillus extract enhances kanamycin uptake in

. coli by modulating membrane permeability, as indicated by altered

roton flux, despite lacking intrinsic antibacterial activity [ 52 ]. 

In Acinetobacter baumannii , membrane permeabilization also un-

erlies this synergy. Oleanolic acid ( Fig. S1 ) potentiates aminoglyco-

ide uptake by altering membrane permeability and impairing energy

etabolism, mediated by adk (adenylate kinase) and des6 (linoleoyl-

oA desaturase) genes, which reduce membrane fluidity and diminish

roton motive force [ 53 ]. Lipid nanocapsules encapsulating carvacrol

oregano oil), cinnamaldehyde (cinnamon oil), and eugenol (clove oil)

xhibit synergistic bactericidal effects with doxycycline against Acine-

obacter baumannii by forming membrane pores and inducing cellular

ontent leakage [ 54 ]. 6-Bromo-2-naphthol from Silene armeria sensitizes

cinetobacter baumannii to polymyxin B by enhancing membrane leak-

ge and permeability, thereby improving the survival rate of Acineto-

acter baumannii -infected Galleria mellonella larvae [ 55 ]. Many extracts

nown to alter bacterial membrane permeability and disrupt membrane

ntegrity are derived from essential oils, likely because of their high con-

ent of lipophilic compounds, which exhibit a strong affinity for cell

embranes. 

. Efflux pump inhibition 

Efflux pump systems, which are ubiquitously expressed in AMR bac-

eria, contribute significantly to broad-spectrum resistance by actively

xpelling antimicrobial agents from the cells. These systems are clas-

ified into five major families based on their structure and energy-

oupling mechanism: the major facilitator superfamily (MFS), small

ulti-drug resistance family (SMR), resistance–nodulation–division

RND) family, ATP-binding cassette (ABC) family, and multi-drug and

oxic compound extrusion (MATE) family [ 56 ]. The structural archi-

ecture, substrate specificity, and distribution of these families differ

mong the ESKAPE pathogens ( Fig. 2 ). In gram-positive bacteria, such

s Enterococcus faecium and S. aureus , efflux-mediated resistance primar-

ly involves transporters from the MFS [ 9 ]. In contrast, gram-negative

athogens such as K. pneumoniae, Acinetobacter baumannii, Pseudomonas

eruginosa , and Enterobacter species predominantly utilize RND-type ef-

ux pumps, which are particularly effective because of their tripartite

tructure spanning the inner and outer membranes [ 3 , 10 , 11 ]. 

Among the best-characterized efflux pumps in S. aureus is NorA, an

FS transporter that confers resistance to fluoroquinolones and other

ompounds [ 57 ]. Several plant-derived phenolic compounds ( Fig. S3 )
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Fig. 2. Distribution and substrate classification of major efflux pump families in ESKAPE pathogens, along with the inhibitory effects of herbal extracts (illustrated 

using RND-type efflux pumps as an example). 
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e  
ere identified as norA inhibitors. Sinapic acid (common in Brassi-

aceae ) and p-coumaric acid ( Lamiaceae ) suppress NorA activity by

orming stable hydrogen bonds with a key residue (TYR76) in the

ump, thereby reducing the minimum inhibitory concentration (MIC)

f ciprofloxacin against S. aureus [ 58 ]. Thymol also binds to NorA and

nhances the efficacy of amoxicillin and ampicillin [ 59 ]. A diverse ar-

ay of other natural products, including 15-copaenol and epi ‑cubenol

rom Pilgerodendron uviferum [ 60 ], O-eugenol from Eugenia caryophyl-

ata [ 61 ], brachydins BR-B from Arrabidaea brachypoda [ 62 ], jatror-

hizine from Mahonia and Berberis species [ 63 ], neolignans from Piper

etle [ 64 ], and sophoraflavanone G from Sophora alopecuroides L . [ 65 ],

lso inhibit NorA and synergize with fluoroquinolones. Jatrorrhizine

nd sophoraflavanone G have demonstrated synergistic antibacterial ef-

ects with antibiotics in a mouse infection model. In addition to MFS

fflux pumps, ABC transporters play an important role in antibiotic resis-

ance. A well-known example is MsrA, which confers specific resistance

o macrolide antibiotics to S. aureus [ 66 ]. Notably, herbal extracts have

hown promising potential in counteracting resistance mechanisms. For

nstance, isovalerylshikonin (from Arnebia euchroma ) [ 67 ] and pelli-

orine (from Piper cubeba ) [ 68 ] exhibit synergistic effects with strep-

omycin and erythromycin against MRSA strains overexpressing msrA . 

In gram-negative bacteria, RND-type efflux pump inhibition is a key

trategy to overcome resistance. 4-Shogaol from Aframomum melegueta

otentiates a broad spectrum of antibiotics (such as ciprofloxacin,

mipenem, and tetracycline) against Pseudomonas aeruginosa . By inhibit-

ng the RND efflux system, this compound attenuates the virulence of

seudomonas aeruginosa in vivo and reduces mortality in mice infected

ith this pathogen. This mechanism of action is similar to that of its

nalog 6-shogaol on CDR1 pumps in Candida auris [ 69 ]. Notably, both 4-
6

hogaol and 6-shogaol can be isolated from ginger, a plant traditionally

sed in Chinese medicine to treat symptoms such as fever and cough.

hese symptoms are clinically analogous to respiratory manifestations

ommonly associated with Pseudomonas aeruginosa infections. 

The AcrAB–TolC system, particularly its central component, AcrB, is

ne of the most clinically significant RND efflux pumps in Enterobacteri-

ceae [ 70 ]. Eugenol ( Fig. S2 ) markedly downregulated acrB expression

n E. coli when combined with cefotaxime or ciprofloxacin [ 30 ]. Ursolic

cid, a common triterpenoid, synergizes with nalidixic acid and tetracy-

line against E. coli by suppressing the expression of the key AcrAB–TolC

enes ( acrA, acrB , and tolC ) [ 71 ]. Cinnamaldehyde ( Fig. S1 ) inhibited

he expression of the acrB efflux pump-related gene in K. pneumonia e

 72 ]. In Acinetobacter baumannii , the AdeABC efflux pump (RND fam-

ly) is a major mediator of MDR, with the adeB gene encoding its crit-

cal transmembrane component [ 73 ]. The Berberidaceae plant alkaloids

erberine and jatrorrhizine can reverse resistance to tigecycline, sul-

actam, meropenem, and ciprofloxacin despite their limited intrinsic

ctivity against MDR Acinetobacter baumannii . Berberine hydrochloride

unctions as an effective adjuvant by significantly downregulating adeB

xpression, thereby inhibiting antibiotic efflux via the AdeABC system

 74 , 75 ]. Furthermore, plasmid-encoded efflux pumps, such as those in-

olving the oqxA gene, can readily spread through horizontal gene trans-

er. The essential oil from Mentha longifolia downregulates oqxA expres-

ion in K. pneumoniae , restoring its susceptibility to ciprofloxacin [ 76 ]. 

. Antibiotic target modification inhibition 

Bacterial resistance to target modifications is a major challenge, as

xemplified by MRSA resistance. The staphylococcal cassette chromo-
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ome (SCC) carrying mecA can be integrated into the chromosomes

f susceptible strains, leading to penicillin-binding protein 2a (PBP2a)

roduction. This alternative protein exhibits low affinity for 𝛽-lactam

ntibiotics, conferring broad resistance to this drug class [ 77 ]. Conse-

uently, identifying the compounds ( Fig. S4 ) that suppress PBP2a ex-

ression or function is a critical strategy for restoring 𝛽-lactam efficacy

gainst MRSA. Eleutheroside K (ESTK), isolated from Acanthopanax hen-

yi (Oliv.) Harms synergize with oxacillin against S. aureus by down-

egulating PBP2a expression, and their activity is further enhanced by

djuvants, such as Triton X-100 [ 78 ]. Similarly, a ferulic acid–chitosan

omplex suppresses mecA gene expression, reversing oxacillin resistance

n MRSA [ 79 ]. Rupesdiynes A and B from Artemisia rupestris exhibit

irect binding affinity for PBP2a, reversing oxacillin resistance in re-

istant strains [ 12 ]. An ethyl acetate extract from Acalypha wilkesiana

uppresses the ampicillin-induced PBP2a overproduction [ 80 ], whereas

irtual screening has identified thymol as a PBP2a-targeting compound

hat synergizes with amoxicillin and ampicillin against S. aureus [ 59 ]. 

In addition to MRSA, plasmid-encoded resistance to last-resort

olymyxins poses a severe threat. The MCR-1 protein, which modifies

he lipid A component of LPS in the bacterial outer membrane, con-

ers polymyxin resistance. Critically, the horizontal transfer of mcr-1 via

lasmids facilitates rapid dissemination across bacterial species, greatly

mplifying the risk of widespread resistance [ 81 ]. 

Natural products have shown promise for countering MCR-1-

ediated resistance. Magnolol, a key component of Magnolia officinalis

ark, was predicted to bind to the active site of MCR-1 through hydrogen

onding and hydrophobic interactions via molecular docking, thereby

nhibiting its activity and restoring polymyxin sensitivity in E. coli . This

ffect has been validated in vivo , as magnolol reduced the bacterial load

n a murine thigh infection model [ 82 ]. In traditional Chinese medicine,

he bark of Magnolia officinalis is commonly used to alleviate diarrhea

nd abdominal pain, which are typical clinical manifestations of E. coli

nfections. Thymol ( Fig. S3 ), is computationally predicted to form a sta-

le complex with MCR-1, thereby blocking its function. In vitro experi-

ents have shown that thymol reduces the MIC of polymyxins against

CR-1-positive E. coli by 16-fold [ 83 ]. Correspondingly, thyme, which

ields abundant thymol, has been traditionally used to treat symptoms

ncluding diarrhea, abdominal pain, and low-grade fever. Furthermore,

terostilbene ( Fig. S1 ) effectively restores polymyxin susceptibility in

linically isolated MCR-1-positive K. pneumoniae and significantly im-

roves survival in a lethal murine infection model [ 13 ]. 

. Biofilm inhibition and dispersion 

Biofilm formation is initiated by the attachment of planktonic cells

o biotic and abiotic surfaces; bacteria undergo irreversible adhesion

nd secrete an extracellular polymeric substance (EPS) matrix, which

rovides structural stability, facilitates nutrient capture, and creates a

rotected microenvironment for biofilm maturation [ 84 ]. Once estab-

ished, the biofilms confer significant resistance to antibiotics through

ultiple mechanisms: the dense EPS matrix acts as a physical barrier

hat impedes antibiotic diffusion; the close proximity of cells promotes

orizontal gene transfer, including antibiotic resistance genes; the local-

zed bacteria-derived enzyme accumulation can inactivate antibiotics;

nd the metabolic and physiological adaptations of cells within biofilms

an diminish their sensitivity to antibiotics [ 85–87 ]. Furthermore, the

eterogeneity of bacterial physiological states within different biofilm

egions complicates eradication efforts. Therefore, strategies to inhibit

iofilm formation or disrupt mature biofilms may markedly enhance the

fficacy of conventional antibiotics [ 88 ]. 

Several plant-derived compounds effectively inhibit biofilm forma-

ion in gram-positive pathogens ( Fig. S5 ). Chenopodium ambrosioides

. extracts downregulate multiple genes associated with biofilm for-

ation in S. aureus . Notably, although kaempferol rhamnosides and

uercetin, key components of the extract, show activity in combina-

ion with penicillin G, the whole extract demonstrates superior effi-
7

acy, suggesting synergistic interactions between its constituents [ 89 ].

ther compounds also exhibit synergistic antibiofilm activity. Cumi-

aldehyde (a major component of Cuminum cyminum seed oil) enhances

obramycin-mediated suppression of S. aureus biofilm formation [ 90 ]

nd gallic acid synergizes with azithromycin for the same purpose [ 91 ],

lthough the precise mechanisms remain unclear. Similar synergistic in-

ibition of biofilm formation has been observed in gram-negative bac-

eria. Carvacrol ( Fig. S2 ) potentiates the antibiofilm activity of cefixime

gainst E. coli , reducing bacterial viability and aggregate size and caus-

ng significant cellular damage [ 92 ]. Sinapic acid ( Fig. S3 ) combined

ith amikacin effectively suppresses planktonic cells and Pseudomonas

eruginosa biofilms [ 93 ], whereas plumbagin ( Fig. S1 ) enhances the ef-

cacy of chlorhexidine against K. pneumoniae biofilms and reduced the

mergence of resistant mutants [ 94 ]. 

Since established biofilms are common in clinical infections, the abil-

ty to disperse mature biofilms is as critical as preventive inhibition [ 95 ].

he combination of curcumin ( Fig. S2 ) and the synthetic antibiofilm

gent 2-aminobenzimidazole not only inhibits S. aureus biofilm forma-

ion, but also effectively disrupts preformed biofilms. This dual treat-

ent is also effective against mixed-species biofilms of S. aureus and

andida albicans , which are difficult to treat. The proposed mechanism

nvolves a complementary action: 2-aminobenzimidazole compromises

iofilm integrity restores the bactericidal activity of curcumin, whereas

urcumin prevents biofilm reformation by blocking the reattachment

f dispersed cells [ 96 ]. Other compounds have also demonstrated ef-

cacy against mature biofilms of gram-negative pathogens. Thymol

 Fig. S3 ) synergizes with aminoglycosides (streptomycin, amikacin, and

anamycin) to inhibit the formation and eradicate preformed biofilms in

. pneumoniae , significantly reducing the required antibiotic doses [ 97 ].

lthough quercetin alone has limited anti-pseudomonal activity, it syn-

rgizes with gentamicin against Pseudomonas aerugino sa biofilms, caus-

ng substantial architectural disruption and reduced thickness as visual-

zed by electron and confocal microscopy. This synergy may involve the

ron-chelating properties of quercetin (iron is critical for Pseudomonas

eruginosa biofilm development) and quorum-quenching effects of gen-

amicin [ 98 ]. Finally, asiatic and ursolic acids ( Fig. S3 ) enhanced the

iprofloxacin-mediated eradication of mature E. coli biofilms, with asi-

tic acid showing superior efficacy, likely due to its greater hydrophilic-

ty and enhanced biofilm-penetrating ability, possibly via bacterial

embrane proton pump disruption [ 99 ]. 

. Virulence factor inhibition 

Targeting bacterial virulence factors rather than directly inhibiting

rowth is a promising antivirulence strategy that may exert less selec-

ive pressure on resistance [ 100 ]. In S. aureus , sortase A (SrtA) and ca-

einolytic protease P (ClpP) are key virulence determinants of S. aureus.

rtA mediates the anchoring of surface proteins that are critical for ad-

esion and immune evasion [ 101 ], whereas ClpP is a central protease

hat regulates stress adaptation and virulence gene expression [ 102 ],

aking it an attractive target for adjuvant development. 

Several plant-derived compounds inhibit SrtA and attenuate staphy-

ococcal virulence ( Fig. S6 ). Hibifolin, isolated from cottonseed, is pre-

icted to target the SrtA protein via molecular docking and exhibits syn-

rgistic anti-MRSA activity with cefotaxime in vitro . Its mechanism of

ction involves the specific inhibition of SrtA enzymatic activity and re-

uction of surface protein A (SpA) expression. This combination therapy

mproves survival rates and reduces bacterial load in a murine pneu-

onia model [ 103 ]. Similarly, polyphenolic glycosides from Caesalpinia

ucullata (cucullatosides B, D, and H) dose-dependently inhibit SrtA and

otentiate the efficacy of ceftiofur [ 104 ]. Punicalagin, a pomegranate-

erived polyphenol, inhibits SrtA-mediated fibrinogen adhesion and

cts synergistically with cefoxitin against MRSA in vivo . Molecular

ocking and mutagenesis studies have identified key SrtA residues

LYS190, TYR187, ALA104, and GLU106) essential for punicalagin bind-

ng and transpeptidase activity inhibition [ 105 ]. Meanwhile, certain
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ompounds simultaneously target multiple virulence pathways. The

avonoid scutellarin, derived from Scutellaria baicalensis , is predicted to

nhibit both SrtA and ClpP in MRSA. This prediction is corroborated by

n vitro fluorescence quenching assays and hemolytic activity inhibition.

hen combined with vancomycin, scutellarin enhances bacterial killing

hile suppressing the hemolytic activity of S. aureus , thereby improving

urvival and reducing lung pathology in infected mice [ 106 ]. Hinoki-

avone from Garcinia multiflora exhibits low toxicity toward HEK293T

ells (the human embryonic kidney epithelial cell line). Although it does

ot directly inhibit S. aureus , molecular docking predicts its ability to

nhibit ClpP by binding to key residues (SER-22, LYS-26, and ARG-28).

his interaction enhances the efficacy of vancomycin in a murine MRSA

nfection model [ 107 ]. The multiple phenolic hydroxyl groups in hinoki-

avone are likely critical for its binding to amino acid residues, whereas

he two benzene rings of the flavonoid structure provide a foundational

ramework that supports these hydroxyl groups. Furthermore, the com-

ination of cuminaldehyde ( Fig. S5 ) and tobramycin suppresses fibrino-

en aggregation and staphyloxanthin biosynthesis in S. aureus , markedly

educing hemolytic activity [ 90 ]. 

In Pseudomonas aeruginosa , the virulence factor pyocyanin plays a

ulti-faceted role in pathogenesis by inducing cytotoxicity via reactive

xygen species (ROS) and modulating efflux pump expression, thereby

ontributing to antibiotic resistance [ 108 ]. Several natural compounds

ffectively suppress pyocyanin production. Vanillin and thymoquinone

irectly inhibit pyocyanin synthesis [ 109 , 110 ]. Flavonoids including

pigenin ( Fig. S2 ), chrysin and baicalein, when combined with peni-

illin or streptomycin, also significantly reduced pyocyanin levels [ 111 ].

ynergistic suppression of pyocyanin and other virulence traits has been

bserved with multiple combination regimens. Sinapic acid ( Fig. S3 )

ith amikacin, thymol ( Fig. S3 ) with ceftazidime, curcumin ( Fig. S2 )

ith norfloxacin [ 93 ], and cuminaldehyde with gentamicin [ 112 ] in-

ibit the growth, motility, and pyocyanin production in Pseudomonas

eruginosa . 

. Quorum sensing inhibition 

Quorum sensing (QS) is a cell density-dependent regulatory mecha-

ism that coordinates bacterial group behaviors. Through the produc-

ion and detection of signaling molecules called autoinducers, bacteria

ynchronize population-wide activities such as virulence factor secre-

ion and biofilm formation [ 113 ]. As QS inhibition disrupts pathogenic-

ty without directly killing bacteria, it exerts less selective pressure on

esistance than conventional antibiotics, making it a promising antivir-

lence strategy [ 114 ]. 

In S. aureus , QS inhibition attenuates virulence and enhances an-

ibiotic efficacy. Linolenic acid ( Fig. S7 ), which is abundant in lin-

eed and perilla oils, reduces biofilm biomass and potentiates gentam-

cin, tobramycin, and azithromycin, thereby enabling dose reduction

hile maintaining efficacy [ 115 ]. Tomatidine, a steroidal alkaloid from

olanum tuberosum , selectively inhibits the agr- QS system in S. aureus

trains with a functional sigB operon, downregulating key virulence

enes (such as hla, hld , and nuc ) and enhancing aminoglycoside activity

 116 ]. Similarly, schisandrone (from Schisandra sphenanthera ) and 7,8-

ihydroxyflavone (a plant-derived flavone) suppress QS-regulated gene

xpression ( hla, agrA , and RNAIII) in MRSA, mitigate the hemolytic tox-

city of S. aureus , and synergize with ceftiofur or vancomycin in murine

nfection models [ 117 , 118 ]. 

In Pseudomonas aeruginosa , QS inhibition disrupts the complex reg-

latory network that controls virulence and biofilm formation. Cur-

umin ( Fig. S2 ) and cinnamaldehyde ( Fig. S1 ) downregulate QS-

elated genes. Metabolomic analysis revealed that the curcumin–

innamaldehyde combination disrupts biofilm formation by deplet-

ng biogenic amines and indirectly suppressing alginate production by

educing uracil/uridine monophosphate availability [ 119 ]. 4-Shogaol

 Fig. S3 ) suppresses QS by downregulating key genes and is predicted to

orm hydrogen bonds with critical residues in Lux-type receptors (such
8

s SER38/GLY40 in QscR and TYR56/SER129 in LasR) via molecular

ocking [ 69 ]. Although the exact mode of action has not been fully con-

rmed, these findings provide a valuable direction for analyzing syner-

istic mechanisms. In Scutellaria baicalensis , baicalin disrupts QS by in-

ibiting regulatory genes ( las I/R, rhl I/R, pqs R/A) and reducing autoin-

ucer levels, thereby attenuating pathogenicity in vivo and enhancing

he biofilm-disruptive effects of levofloxacin, amikacin, and ceftazidime

 120 ]. Other notable inhibitors include vanillin ( Fig. S6 ), which targets

he pqs -QS system and synergizes with colistin to eradicate planktonic

ells and biofilms [ 104 ]; and thymoquinone, which selectively inhibits

as I expression and exhibits high binding affinity for LasI [ 110 ]. 

QS inhibition also enhances the antibiotic activity against E. coli .

avender [ 121 ] and cinnamon essential oils [ 122 ] work synergistically

ith piperacillin to disrupt membrane permeability and inhibit QS in E.

oli . 

. ROS accumulation promotion 

ROS are generated as byproducts of incomplete oxygen reduction

uring aerobic respiration, primarily via flavoprotein activity (such as

xidases and monooxygenases) [ 123 ]. Although bacteria possess antiox-

dant defense systems to mitigate oxidative damage, excess ROS accu-

ulation can inhibit planktonic growth and biofilm formation by dam-

ging DNA, proteins, and other essential cellular components [ 124 ].

trategies that overwhelm bacterial defenses to induce lethal ROS ac-

umulation can impair bacterial viability and alter antibiotic tolerance,

hereby providing a basis for synergistic combinations [ 125 ]. 

Several plant-derived compounds exert adjuvant effects by promot-

ng intracellular ROS accumulation in drug-resistant pathogens ( Fig.

8 ). Artonin I ( Fig. S2 ), isolated from Morus mesozygia , induces dose-

ependent ROS accumulation in MRSA that exceeds cellular tolerance

hresholds, thereby reversing the phenotypic resistance to amikacin,

iprofloxacin, and gentamicin [ 42 ]. In Acinetobacter baumannii , ROS in-

uction enhances the susceptibility to last-resort antibiotics. A combi-

ation of aloe emodin, emodin, and rhein (from Aloe species), together

ith ethylenediaminetetraacetic acid (EDTA), has restored polymyxin

usceptibility in resistant strains and reduced the emergence of resis-

ance in sensitive strains. This effect is attributed to an overwhelming

umber of bacterial antioxidant defenses that lead to irreversible oxida-

ive damage, although the precise molecular mechanism requires fur-

her elucidation [ 126 ]. These findings provide a mechanistic basis for

he traditional use of Aloe juice to prevent wound infections. Oleano-

ic acid ( Fig. S1 ) and sanguinarine (from Chelidonium majus ) syner-

ize with aminoglycosides against Acinetobacter baumannii by elevat-

ng intracellular ROS levels, enabling dose reduction of aminoglyco-

ides and potentially mitigating their associated ototoxicity and nephro-

oxicity [ 53 , 127 ]. The ROS-mediated synergy is also effective against

seudomonas aeruginosa . Thymoquinone from Nigella damascena induces

OS accumulation and enhances the anti-biofilm activity of triazine-

oated silver nanoparticles and tryptophan against Pseudomonas aerug-

nosa [ 111 ]. Similarly, the cuminaldehyde ( Fig. S6 ), when combined

ith gentamicin, enhances ROS production and increases membrane

ermeability in Pseudomonas aeruginosa , which are not observed with

ither agent alone [ 112 ]. 

0. Future perspectives and challenges 

The global spread of AMR undermines antibiotic efficacy and compli-

ates infection treatment, thereby posing a critical public health threat.

edicinal plants with their vast phytochemical diversity and history of

raditional use offer a valuable reservoir of novel antimicrobial agents

 128 ]. Although herbal extracts generally exhibit weaker direct antimi-

robial activity than conventional antibiotics, their capacity to interfere

ith distinct molecular pathways enables them to re-sensitize resistant

athogens to antibiotic-mediated killing when used as adjunctive thera-

ies [ 22 ]. Furthermore, many medicinal species (such as Acalypha [ 31 ],
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Fig. 3. Chemical structures of representative 

flavonoids exhibiting synergistic effects with 

antibiotics against pathogenic bacteria. The 

C6–C3–C6 skeleton, ortho-position phenolic 

hydroxyl groups, and meta-position phenolic 

hydroxyl groups are highlighted in cyan, green, 

and light green, respectively. 
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agnolia [ 82 ], and Aloe [ 126 ]) demonstrate "medicine-food homology,"

erving dual dietary and therapeutic functions that suggest favorable

afety profiles for their bioactive constituents. 

In the search for antibiotic synergists, herbal extracts with confirmed

ntimicrobial activities are promising. Flavonoids, characterized by a

6–C3–C6 skeleton, are the most frequently reported phytochemicals

ith anti-infective properties. Their bioactivity is largely attributed to

henolic hydroxyl groups, which facilitate strong molecular interac-

ions. Notably, all flavonoids identified with synergistic effects in this

eview contain either ortho- or meta ‑hydroxyl moieties ( Fig. 3 ). These

ompounds act through multiple mechanisms, including protein inhibi-

ion, membrane disruption, efflux pump blockade, and virulence factor

nterference, which is consistent with documented cases of flavonoid-

ediated pathogen suppression, both alone and in combination with an-

ibiotics. Therefore, the current screening methods predominantly em-

hasize the direct in vitro antibacterial effects of herbal extracts. How-

ver, an alternative and increasingly potent strategy involves the pair-

ng of non-bactericidal herbal extracts with antibiotics. This approach

eeks to reduce therapeutic doses, mitigate side effects, re-sensitize re-

istant strains, and delay resistance evolution [ 129 ]. Although this ap-

roach considerably increases the complexity and workload of early

tage screening, the integration of artificial intelligence (AI) technolo-

ies, particularly molecular docking, molecular dynamics simulations,

nd deep learning, provides a transformative solution to this bottleneck.

hese computational methodologies facilitate the high-throughput and

echanism-driven prediction of synergistic candidates. 

Computational approaches have revolutionized antibiotic adjuvant

iscovery by shifting the paradigm from broad screening to rational

nd target-driven processes. Advanced computational methods enable

he high-throughput identification of novel inhibitors from diverse phy-

ochemical libraries. These approaches allow researchers to predict the

nteractions between natural products and target proteins prior to ex-

erimental validation, thereby elucidating the mechanisms of resistance

nhibition and antibiotic synergy. For instance, in silico screening of
9

erbal compounds against target-modifying enzymes can identify candi-

ates capable of restoring efficacy to compromised antibiotics [ 82 , 83 ].

imilarly, computational analysis of transporter proteins offers a pow-

rful means of identifying bacterial efflux pump inhibitors [ 58 ]. The

urrent laboratory workflows have evolved into two complementary

trategies to accelerate the discovery process. The top–down strategy

egins with the selection of a specific bacterial target, followed by the

ystematic screening of compound databases to identify high-affinity

eads. Subsequently, natural plants characterized by an abundance of

hese candidates were selected for focused empirical validation [ 36 , 59 ].

onversely, the bottom–up strategy isolates effective lead compounds

rom herbal extracts, followed by docking analyses against diverse bac-

erial targets to elucidate molecular mechanisms of action [ 33 , 69 , 82 ].

lthough establishing such AI-driven platforms demands substantial in-

estment in specialized databases, computational infrastructure, and al-

orithmic optimization, these upfront costs are offset by significant re-

uctions in the time and labor traditionally required for large-scale em-

irical screening. 

The case studies reviewed here span a hierarchical spectrum of ev-

dential rigor, encompassing in silico simulations, in vitro assays, and

n vivo models, which has distinct implications for clinical translation.

omputational tools are instrumental in hypothesis generation and guid-

ng mechanistic exploration; however, their predictive nature requires

igorous wet-lab validation to establish their biological relevance. In

itro assays provide a foundation for mechanistic dissection, enabling

argeted pathway analysis under controlled conditions. However, owing

o unanticipated cytotoxicity or metabolic interference, in vitro findings

requently fail to translate effectively into living systems. In vivo mod-

ls address this gap by incorporating pharmacokinetics, bioavailability,

nd physiological stability, thereby offering a robust benchmark for pre-

icting therapeutic outcomes in complex human environments. Based

n this evidence hierarchy, our selection criteria prioritized studies in

hich the synergistic efficacy was rigorously validated experimentally.

mphasis was placed on investigations that either demonstrated suc-



H. Ma, J. Wang, F. Zhang et al. Engineering Microbiology 6 (2026) 100273

c  

u  

a  

i  

s

 

d  

h  

i  

a  

s  

c  

t  

a  

b  

i  

m  

s  

i

 

t  

s  

c  

e  

i  

t  

t  

g  

p  

i  

p  

S  

t  

t  

v  

t  

d  

p  

t  

t  

t  

b  

m  

m  

b  

n  

c  

a  

p

 

c  

d  

d  

t  

e  

s  

c  

s  

a  

c  

d  

t  

d  

t  

s  

a  

a  

s  

f

D

 

i  

t

C

 

t  

Z  

W  

i

A

 

m  

N

S

 

t

R

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

essful in vivo outcomes or strategically integrated computational sim-

lations with empirical data to elucidate the complex mechanisms of

ction. We acknowledge that the limited availability of published stud-

es on specific compound classes restricts the diversity of the bacterial

trains and methodologies presented in this review. 

Despite the substantial progress in the identification of herbal-

erived adjuvants against antimicrobial resistance, the translation of

erbal extracts into clinical therapeutics remains challenging. The chem-

cal profiles of these extracts are highly sensitive to environmental vari-

bles, including soil composition, climate, and harvest timing, which re-

ults in batch-to-batch variability in bioactive secondary metabolite con-

entrations. This lack of standardization poses a major hurdle for regula-

ory approval and clinical reliability. Even when potent lead compounds

re isolated and their synergistic targets characterized, the bench-to-

edside pipeline remains arduous. The transformation of botanical leads

nto marketable pharmaceuticals requires rigorous evaluation of phar-

acokinetics, pharmacodynamics, and comprehensive toxicology to en-

ure that the observed synergy translates into safe and effective clinical

nterventions. 

Beyond standardization and safety concerns, insufficient mechanis-

ic insights remain a formidable barrier to clinical translation. Most

tudies have demonstrated efficacy in vitro and in vivo without fully

haracterizing the molecular mechanisms underlying the observed syn-

rgy. This knowledge gap stems from the inherent chemical complex-

ty of herbal extracts, which complicates the precise identification of

heir active constituents. Although compositional diversity may enhance

herapeutic outcomes, it also confounds rigorous mechanistic investi-

ations. A salient example is thymol, which exhibits a multi-faceted

harmacological profile such as inhibiting efflux pumps [ 59 ], disrupt-

ng biofilms and pH homeostasis [ 97 , 130 ], suppressing MCR-1-mediated

olymyxin resistance [ 83 ], and attenuating pyocyanin production [ 93 ].

uch pleiotropic bioactivity underscores the importance of elucidating

he precise molecular pathways, which are essential for fully exploiting

he adjunctive potential of phytochemicals. Notably, therapeutic inter-

entions frequently trigger interconnected molecular cascades in which

he destabilization of a primary pathway disrupts secondary bacterial

efense mechanisms. For instance, ROS-induced oxidative stress com-

romises membrane integrity, consequently suppressing efflux pump ac-

ivity [ 42 , 53 ]. Similarly, QS disruption synergistically suppresses mul-

iple resistance mechanisms [ 104 , 116 ]. This multilevel regulatory in-

erplay complicates the elucidation of precise pharmacodynamic contri-

utions. Addressing this complexity requires integrating network phar-

acology with multi-omics technologies such as transcriptomics and

etabolomics [ 131 ]. By mapping multi-component interactions onto

acterial regulatory networks, researchers can identify key synergistic

odes and pathways, reveal how complex phytochemical mixtures con-

urrently disrupt multiple resistance mechanisms, and establish a mech-

nistic foundation for the rational optimization of combinatorial thera-

ies. 

Although traditional knowledge supports the use of herbal–antibiotic

ombinations, their integration into modern clinical practice is hin-

ered by insufficient safety validation and incomplete mechanistic un-

erstanding. A structured translational pathway is essential to transform

hese remedies into evidence-based therapeutics. Owing to the inher-

nt complexity of the extract, standardized preparation protocols and

tringent quality control are prerequisites for ensuring batch-to-batch

onsistency. Systematic evaluation proceeded through in vitro synergy

creening to define activity spectra, followed by animal models to char-

cterize the pharmacokinetic/pharmacodynamic relationships and effi-

acy in physiological infection contexts. This culminates in the eluci-

ation of molecular mechanisms, along with monitoring for off-target

oxicities and resistance development. Parallel to this framework, can-

idate compounds undergo iterative structural optimization to refine

heir pharmacological profiles and enhance their potency, metabolic

tability, and bioavailability to engineer them as precision antibiotic

djuvants. Although conventional antibiotics remain the cornerstone of
10
nti-infective therapy, strategic herbal–antibiotic combinations repre-

ent a promising frontier in combating AMR, warranting continued and

ocused investigation. 
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