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Abstract

The rapid emergence and global dissemination of colistin resistance pose a critical threat
to public health by limiting therapeutic options against Gram-negative infections. In
this study, we report that bakuchiol (BAK), a natural antioxidant meroterpenoid, signifi-
cantly restores colistin (COL) efficacy against a range of clinically relevant Gram-negative
pathogens, including colistin-resistant strains. The combination of BAK and COL reduced
the minimum inhibitory concentrations (MICs) of colistin by 8- to 32-fold, indicating strong
synergistic antibacterial activity. Mechanistic studies revealed that BAK disrupts bacterial
iron homeostasis via chelation-mediated intracellular iron depletion and concurrently com-
promises membrane integrity through interaction with phospholipids. This dual action
induces collapse of the proton motive force and severe metabolic dysfunction. Importantly,
the BAK-COL combination exhibited no detectable toxicity and demonstrated potent
in vivo efficacy in a Galleria mellonella infection model. Furthermore, formulation with
polyvinylpyrrolidone (PVP) markedly improved the solubility and sustained the synergis-
tic effects of BAK over a broad concentration range. Our findings highlight the potential of
bakuchiol as a novel antioxidant adjuvant and provide a promising combinatory strategy
for overcoming multidrug-resistant bacterial infections.
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1. Introduction

Polymyxins, including colistin (polymyxin E), were historically restricted in clinical
use due primarily to nephrotoxicity concerns [1]. However, the relentless rise of extensively
antimicrobial-resistant (AMR) Gram-negative bacteria, such as carbapenem-resistant Enter-
obacteriaceae (CRE) and Acinetobacter baumannii, has necessitated the critical reintroduction
of this antibiotic class [2,3]. Consequently, polymyxins have regained status as a vital
“last-line” defense against these formidable pathogens when other therapeutic options
are exhausted. Colistin exerts its bactericidal effect primarily by binding to lipid A, a
component of lipopolysaccharide (LPS) in the bacterial outer membrane. This binding
disrupts membrane integrity, leading ultimately to cell lysis and death. Unfortunately,
this critical reliance on polymyxins has been severely compromised by the emergence
and global dissemination of the mobile colistin resistance (imcr) genes [4]. Plasmid-borne
mcr genes encode phosphoethanolamine transferases that modify lipid A, significantly
reducing its affinity for polymyxins. The rapid horizontal spread of mcr genes across
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diverse bacterial species, including Enterobacterales, Klebsiella pneumoniae, Acinetobacter
baumannii, and Pseudomonas aeruginosa, and geographical regions has alarmingly eroded
colistin’s clinical efficacy [5]. Therefore, novel therapeutic strategies are urgently needed to
overcome mcr-mediated resistance, preserve the utility of existing polymyxins, and combat
infections caused by these pan-resistant pathogens.

A numerous of synthetic compounds have demonstrated the ability to enhance the
antibacterial activity of colistin against resistant strains by circumventing resistance mech-
anisms or synergistically targeting bacterial vulnerabilities [6—8]. Notably, natural com-
pounds represent a particularly promising and underexplored class of potentiators. De-
rived from diverse biological sources such as plants, fungi, and microorganisms, these
naturally occurring molecules offer a rich reservoir of novel chemical scaffolds with inher-
ent antibacterial or resistance-modifying properties [9-12]. Natural flavonoids, such as
a-mangostin, isobavachalcone [13], glabrol [14], myricetin, or luteolin [15], not only exhibit
rapid bactericidal effects against Gram-positive bacteria but also reverse colistin resistance
in Gram-negative bacteria by disrupting bacterial iron homeostasis. Bakuchiol (BAK) is a
naturally derived prenylated phenolic meroterpenoid, primarily isolated from the seeds of
Psoralea corylifolia (commonly known as “Bu-gu-zhi” in Chinese) [16]. This le-guminous
plant is widely used in traditional Chinese medicine and is predominantly cultivated in
several Chinese provinces such as Henan, Yunnan, and Guizhou. The extraction of BAK is
commonly performed using organic solvents like ethanol [17]. Due to its promising biologi-
cal properties, BAK has gained growing interest in scientific research. Traditionally used in
Ayurvedic and Chinese medicine, BAK exhibits a broad spectrum of pharmacological prop-
erties, including potent antioxidant, anti-inflammatory, and antimicrobial activities [18-21].
Its antioxidant capacity, in particular, is linked to its ability to modulate cellular redox
states, a property that may be exploited to disrupt the delicate physiological balance in
bacterial cells. Recently, it has demonstrated that BAK potentiate colistin efficacy against
Acinetobacter baumannii persisters [22]. However, the underlying molecular mechanism of
action remains poorly understood.

Here, we investigated the potent synergistic activity between BAK and COL against
diverse AMR Gram-negative pathogens. Mechanistically, this synergy requires BAK-
induced metabolic perturbation, increased membrane permeability, and iron homeostasis
dysregulation. Critically, the translational relevance of this combination is substantiated
through Galleria mellonella infection studies, confirming enhanced survival rates in treated
larvae without observable toxicity, thereby supporting its therapeutic feasibility.

2. Materials and Methods

2.1. Bacterial Strains and Chemicals

The following strains were used: Escherichia coli (E. coli) ATCC25922 (Standard
strain), E. coli B2 (multidrug-resistant), Uro-pathogenic E. coli (UPEC) strains CFT675
and ]96, E. coli Nissle1917 (type strain), E. coli CMCC44102 (Standard strain), Klebsiella
pneumoniae CAU1595 (carbapenem-resistant), Pseudomonas aeruginosa PA14 (wild type),
Salmonella typhimurium CAU2005 (carbapenem-resistant), Acinetobacter baumannii (A. bau-
mannii) ATCC17978 (Standard strain), A. baumannii AB34 (carbapenem-resistant), Salmonella
enterica CAU193 (carbapenem-resistant). The multidrug-resistant E. coli B2, carrying 25 an-
tibiotic resistance genes [23], was selected as a representative model for further mechanistic
investigation. All strains were cultured in Luria—Bertani (LB) broth (Land Bridge, Beijing,
China) at 37 °C with 220 rpm shaking. Unless otherwise indicated, bacterial cultures
should be grown to logarithmic phase under shaking conditions prior to use. Bakuchiol
(BAK; CAS:10309-37-2, purity > 98%, Aikon, Nanjing, China) was dissolved in DMSO to
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prepare stock solutions (10 mg/mL or 100 mM). Colistin (COL; Bide, Shanghai, China) was
prepared in sterilized distilled water.

2.2. Antimicrobial Susceptibility Testing

Minimum inhibitory concentrations (MICs) were determined by the broth microdilu-
tion method in cation-adjusted Mueller-Hinton broth (CAMHB, Solarbio, Beijing, China)
following CLSI (Clinical and Laboratory Standards Institute) recommendations [24]. Fol-
lowing inoculation, each well was sealed with a layer of sterile mineral oil to create a
physical barrier against air and establish an oxygen-restricted environment (denoted as
anaerobic condition) according to previous studies [25]. As indicated, metal compounds
were supplemented into Mueller-Hinton broth (MHB; non-cation-adjusted, SanYao, Bei-
jing, China) to achieve a final concentration of 100 uM according to a previous study [26].
Polyvinylpyrrolidone K30 (PVP, D&B Biological Science and Technology Co., Ltd., Shang-
hai, China; 10 mM in sterile water,) was also supplemented to promote the combined
antibacterial activity in different sequence and heat treatment.

2.3. Bacterial Growth Curves and Time—Kill Curves

E. coli B2 was cultured in fresh LB broth at 37 °C with shaking at 220 rpm until
the mid-logarithmic phase was reached. The bacterial suspension was then adjusted
to 1 x 10° CFU/mL using CAMHB. Subsequently, bacterial suspensions were combined
1:1 with either BAK (8 pg/mL), COL (1 nug/mL), or their combination in a 96-well plate.
Growth curves were generated by measuring the OD600 at specified time intervals.
Time-kill kinetics were assessed by quantifying viable bacteria at 0, 0.5, 1, 2, 4, and 8 h. At
each time point, cultures were serially diluted 10-fold in sterile phosphate-buffered saline
(PBS, pH 7.4), and 100 uL aliquots were spread onto Plate Count Agar (PCA). For spotting
assays, 5 puL of each dilution was spotted onto Mueller-Hinton Agar (MHA, SanYao, Beijing,
China). All plates were incubated overnight at 37 °C, and time-kill curves were plotted
based on colony counts.

2.4. Checkerboard Assays

Synergistic interactions were quantified via checkerboard microdilution assays,
with the Fractional Inhibitory Concentration Index (FICI) calculated as follows:
FICI = FICI, + FICI, = MIC,,/MIC; + MICy,,/MICy,. MIC; is the MIC of compound
A alone; MIC,, is the MIC of compound A in combination with compound B; MIC,, is
the MIC of compound B alone; MICy,, is the MIC of compound B in combination with
compound A. FICI values were interpreted as follows: <0.5, synergy; >2, antagonism. All
assays were performed in triplicate unless specified otherwise.

2.5. Lipid Competitive Assays

Supplemental phospholipids (32 pg/mL each) were incorporated into MHB (non-
cation-adjusted) as follows: phosphorylethanolamine (Pro-PE; Adamas, Shanghai, China,
10 mg/mL in sterile water), phosphatidylethanolamine (PE, Solarbio, Beijing, China;
10 mg/mL in ethanol), lysophosphatidylcholine (Lyso-PC, Rhawn, Shanghai, China;
10 mg/mL in sterile water), 18:1 cardiolipin disodium salt (CL, Macklin, Shanghai, China;
25 mg/mL in methanol), phosphatidylcholine (PC, Rhawn, Shanghai, China; 25 mg/mL in
ethanol), L-a-phosphatidylglycerol (PG, Aladdin, Shanghai, China; 25 mg/mL in DMSO),
and lecithin (Polyene-PC, Macklin, Shanghai, China; 10 mg/mL in DMSO).

2.6. Osmotic Stress Testing

Antimicrobial susceptibility under osmotic stress was assessed using modified MHB
formulated with 17.5 g/L tryptone, 2.5 g/L beef extract, and graded NaCl concentrations:
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hypotonic (1.0 g/L), isotonic (5.0 g/L), or hypertonic (15.0 g/L). After autoclaving, the pH
was adjusted to 7.4 using a pH meter.

2.7. ROS Accumulation and Lipid Peroxidation Assay

Intracellular reactive oxygen species (ROS) accumulation was measured using
2/,7'-dichlorodihydrofluorescein diacetate (DCFH-DA; 10 uM, excitation/emission wave-
lengths (Ex/Em) = 480/530 nm, Beyotime, Shanghai, China). Nitric oxide production was
assessed using diaminofluorescein-2 diacetate (DAF-2DA; Ex/Em = 480/530 nm, Aladdin,
Shanghai, China). Lipid peroxidation was detected with diphenyl-1-pyrenylphosphine
(DPPP; 10 pM, Ex/Em = 351/380 nm, Rhawn, Shanghai, China), while neutral lipids were
stained with BODIPY 493/503 (10 uM, Ex/Em = 473/513 nm, Bide, Shanghai, China),
which readily crosses cell membranes.

2.8. ATP Quantification

ATP levels were measured using an enhanced ATP assay kit (Beyotime, Shanghai,
China). E. coli B2 was treated with PBS (control), BAK (8 ng/mL), COL (1 ug/mL), or the
combination. After 30 min incubation, samples were centrifuged (8000 rpm, 5 min, 25 °C)
to collect supernatant for extracellular ATP measurement. Intracellular ATP was quantified
from the lysed cell pellets. Luminescence was measured using a microplate reader.

2.9. PMF Measurement

The proton motive force (PMF), an essential electrochemical gradient for bacterial
energy transduction, consists of both the electrical potential (A{) and the transmembrane
pH gradient (ApH). Membrane potential (A) was assessed with tetramethylrhodamine
ethyl ester (TMRE, TargetMol, Boston, MA, USA; 10 uM, Ex/Em = 543 /576 nm) in HEPES
buffer (5 mM, pH 7.0) containing 20 mM glucose. The proton gradient (ApH) was measured
using 2’,7’-bis-(2-carboxyethyl)-5(6)-carboxyfluorescein acetoxymethyl ester (BCECF-AM,
5 uM, Beyotime, Shanghai, China; Ex/Em = 490/535 nm), an intracellular pH-sensitive
fluorescent probe.

2.10. EB Assay

Ethidium bromide (EB), a nucleic acid fluorescent dye, was employed to simulta-
neously assess alterations in bacterial membrane permeability and efflux pump activ-
ity [27]. Cells were incubated with EB (Macklin, Shanghai, China; 10 pM) in PBS containing
BAK (8 pg/mL), COL (1 pg/mL), or the combination. Fluorescence was measured at
Ex/Em = 530/590 nm using a microplate reader for 120 min.

2.11. Membrane Permeability

Bacterial membrane integrity was assessed by the uptake of 1-N-phenylnaphthylamine
(NPN; Macklin, Shanghai, China) and propidium iodide (PL; Macklin, Shanghai, China) [28].
Fluorescence was measured at Ex/Em = 355/405 nm for NPN and 530/590 nm for PI.

2.12. Biofilm Inhibition Assay

Biofilm inhibition was quantified by crystal violet staining. Biofilms were formed by
co-incubating late-logarithmic phase E. coli B2 cultures with various drug combinations
in 96-well plates at 37 °C for 36 h. After removing planktonic cells, biofilms were gently
washed twice with PBS, air-dried, stained with 200 puL 0.1% crystal violet for 20 min, and
then washed three times with PBS. Following dissolution of the bound dyes in 33% (v/7v)
acetic acid, the absorbance was measured at a wavelength of 595 nm.
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2.13. UV-Vis Spectroscopy

A working solution of BAK was prepared and combined with Fe?* /Fe®* solutions
(derived from 100 mM stock solutions of FeSO, /FeCl; prepared in sterile water) to achieve
final concentrations of 100 phM BAK and 100 uM of each iron ion. Serial dilutions of BAK
were also mixed with PVP (7.8 uM). The interactions among BAK, Fe%* /Fe3*, and PVP
were analyzed by UV-Vis spectroscopy, with scans performed from 230 to 450 nm at a
resolution of 2 nm. All measurements were carried out in triplicate.

2.14. Intracellular Fe** Quantification

RhoNox-1 (MedChemExpress, Shanghai, China; 10 mM stock in DMSO), a cell-
permeable probe that reacts irreversibly with ferrous iron (Fe?*) to generate fluores-
cent products, was used to quantify labile Fe?* pools [29]. Fluorescence intensity
(Ex/Em = 540/575 nm) was monitored at indicated time points using a microplate reader.

2.15. Hemolysis Assay

An 8% erythrocyte suspension was prepared in PBS using fresh sterile defibrinated
sheep blood (Pingrui Technology, Zhengzhou, China). Test compounds, including two-fold
serial dilutions of BAK alone (ranging from 8 to 128 ng/mL), BAK alone at 8 pg/mL, COL
alone at 1 ug/mL, BAK-COL combinations, were mixed at a 1:1 ratio with the erythrocyte
suspension in 1.5 mL tubes. After incubation at room temperature for 1 h, the supernatant was
collected to measure the absorbance at 576 nm (OD576). PBS and 0.2% Triton X-100 served
as the negative and positive controls, respectively. Hemolysis percentage was calculated as:
Hemolysis (%) = (OD576 sample — OD576 sz)/ (OD576 0.2% Triton X-100 — OD576 sz) x 100%.
All treatments were performed in triplicate.

2.16. In Vivo Therapeutic Evaluation

Galleria mellonella larvae (=400 mg) were randomly divided into 4 groups (1 = 10 per
group). E. coli B2 was adjusted to 1 x 108 CFU/mL in PBS, and 10 uL (1 x 10° CFUs/larva)
was injected into the last left proleg. After 1 h, treatments (10 puL) were administered
into the last right proleg: (control, PBS, BAK (8 mg/kg), COL (1 mg/kg), or BAK + COL
combination (8 + 1 mg/kg). Survival was monitored at 12 h intervals for 72 h.

2.17. Statistical Analysis

All statistical analyses were performed using GraphPad Prism 9.5.0. Biological repli-
cates were included for all experiments. Unless otherwise specified. Data are presented as
mean = standard deviation (SD) unless otherwise specified. p-values were determined by
one-way ANOVA, with *, p < 0.05 considered statistically significant.

3. Results
3.1. Synergistic Antibacterial Effects of BAK-COL Combination

To evaluate BAK therapeutic potential, checkerboard assays revealed that BAK alone
(up to 128 pg/mL) showed no bactericidal activity (Figure 1A-C). However, BAK at low
concentrations synergized with COL against E. coli ATCC 25922 (FICI = 0.16), clinical isolate
E. coli CFT675 (FICI = 0.10).and MDR E. coli B2 (mcr-1-positive; FICI = 0.09), indicating
an mcr independent mechanism. BAK decreased the MIC of COL against E. coli B2 from
4 ng/mkL to 0.125 ng/mL. Growth curve analysis (Figure 1D), spot assays (Figure 1E) and
time-kill curves (Figure 1F) confirmed the potent bactericidal synergy of the BAK-COL
combination (8 + 1 pug/mL) against E. coli B2. However, at elevated concentrations ex-
ceeding 32 pg/mL, BAK exhibited attenuated or abolished synergistic enhancement of
COL activity. The broad-spectrum applicability of this synergy was evidenced in mul-
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Salmonella enterica, and Acinetobacter baumannii (Figure S1). The inverted U-shaped synergy
profile likely stems from BAK self-assembly into hydrophobic aggregates, mediated by 7-7t
stacking of phenolic rings.
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Figure 1. Bakuchiol (BAK) potentiates colistin (COL) activity. (A—C) Checkerboard broth microdilu-
tion assays evaluating BAK-COL combinations. (D) Growth kinetics of E. coli B2. (E) Spot assays of
serial dilutions after 2 h treatment. (F) Time-kill curves of E. coli B2. In panels (A-C), darker green
indicates higher bacterial density (OD600 values from two biological replicates). Concentrations in
(D-F): BAK (8 ng/mL), COL (1 ug/mL), or combination.

3.2. BAK Induces Redox Imbalance and Metabolic Dysregulation

Bacterial metabolic states intricately modulate antibacterial efficacy through multiple
interconnected pathways [30]. COL at subinhibitory concentration (1 ug/mL) provoked
significant reactive oxygen species (ROS) and nitric oxide (NO) generation in E. coli B2,
as quantified by DCFH fluorescence and DAF-2D assays, respectively (Figure 2A,B). In
stark contrast, BAK (8 ng/mL) suppressed both ROS and NO production, consistent with
its documented antioxidant capacity [18]. Consequently, BAK counteracted COL-induced
oxidative/nitrosative stress, a critical distinction from conventional adjuvants that amplify
ROS for lethality [31]. In addition, DPPP and BODIPY 493 /503 fluorescence staining further
confirmed that the BAK-COL combination did not induce lipid peroxidation (Figure 2C,D).
Critically, both COL and BAK monotherapies significantly inhibited intracellular ATP
synthesis in E. coli B2 (Figure 2E). Concurrently, BAK-COL combination triggered massive
ATP leakage (Figure 2F), indicating synergistic membrane poration may via dual-targeted
damage to LPS and phospholipid bilayers.
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Figure 2. The BAK-COL combination induces metabolic dysregulation in E. coli B2. (A) DCFH-DA
fluorescence (intracellular ROS). (B) DAF-2DA fluorescence (NO). (C) DPPP fluorescence (lipid
peroxidation). (D) BODIPY 493/503 fluorescence (lipid droplets). (E) Intracellular ATP levels.
(F) Extracellular ATP leakage. Treatments: Control (solvent vehicle), BAK (8 pg/mL), COL (1 ug/mL),
or combination. Data represent mean =+ SD. In (E,F), statistical differences were analyzed by ordinary
one-way ANOVA Dunnett’s multiple comparisons to the DMSO groups. Significance levels were
defined as: * p < 0.05.

3.3. BAK Disrupts Membrane Integrity and Function

Given the observed ATP leakage signifying the membrane integrity loss, we next in-
vestigated whether BAK-COL synergy directly disrupts the proton motive force (PMF), the
electrochemical gradient essential for bacterial energy transduction [32]. PMF, composed
of electrical potential (Ay) and the transmembrane pH gradient (ApH), were assessed by
TMRE and BCECF-AM, respectively. As shown in Figure 3A, both BAK-alone and BAK-
COL combination treatments induced membrane potential dissipation. In addition, BAK
suppressed pH elevation, impairing proton gradient maintenance (Figure 3B). The rapid
and profound PMF dissipation suggested catastrophic membrane dysfunction extending
beyond bioenergetic collapse [33]. To directly probe structural membrane integrity, we
quantified membrane permeability using EtBr (EB), 1-N-phenylnaphthylamine (NPN), and
PI uptake assays. As expected, the BAK-COL combination treatment led to a rapid increase
in fluorescence, indicating significant disruption of membrane integrity (Figure 3C-F).

To investigate membrane-targeting mechanisms, E. coli B2 cultures were supplemented
with various phospholipids (PE, Pro-PE, Lyso-PC, CL, PC, PG, or Polyene-PC at 32 pg/mL)
prior to BAK-COL treatment (Figure 3G). Critically, supplementation with exogenous phos-
pholipids, specifically CL, PC, and PG, significantly attenuated the antibacterial efficacy
of the BAK-COL combination. (Figure 3H). This competitive inhibition provides direct
evidence that the BAK-COL synergy is primarily associated with membrane phospholipids.
Since these phospholipids organize the hydrophobic scaffold of Gram-negative biofilms,
providing structural cohesion and limiting antibiotic penetration [34], we hypothesized
superior biofilm inhibition by BAK-COL versus planktonic cells. As shown in Figure 31,
COL inhibited biofilm formation in a dose-dependent manner, while BAK (8 ng/mL) alone
also significantly reduced biofilm formation. Collectively, these results establish BAK as
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a novel membrane-targeting adjuvant enhancing COL activity by specifically exploiting
lipid vulnerabilities in multidrug-resistant Gram-negative pathogens.
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Figure 3. Effects of BAK and COL on membrane function and integrity in E. coli B2. (A) Membrane
potential (A) detected by TMRE staining. CCCP (25 uM; positive control for membrane potential
inhibition). (B) Intracellular pH changes measured using BCECF-AM. (C) Membrane integrity
and efflux pump activity monitored by EtBr (EB) uptake. (D) Schematic illustration of NPN/PI
mechanisms. (E) Outer membrane permeability assessed by NPN uptake. (F) Membrane integrity
evaluated by PI staining. (G) Competitive assays. Growth inhibition (OD600) of E. coli B2 treated
with BAK (8 ug/mL) combined with varying COL concentrations in the presence of 32 pug/mL
phospholipid components (Control, Pro-PE, PE, Lyso-PC, CL, PC, PG, and Polyene-PC) after 16 h
incubation at 37 °C. (H) Growth inhibition (OD600) of E. coli B2 treated with COL (0.13 ug/mL) and
BAK (8 ug/mL) combination supplemented with 32 pug/mL different phospholipids. (I) Biofilm
formation assessed by crystal violet staining (OD595) under different COL concentrations (0-1 ug/mL)
with or without BAK (8 pug/mL); Statistical differences were analyzed by two-way ANOVA. Treatment
groups: BAK (8 ug/mL), COL (1 pg/mL), and combination treatment. Data represent mean =+ SD.
In (E,F,H,I), statistical differences were analyzed by ordinary one-way ANOVA Dunnett’s multiple
comparisons to the DMSO groups. Significance levels were defined as: * p < 0.05.

3.4. BAK Disrupts Iron Homeostasis

Since PMF generation requires terminal electron acceptors unavailable in anaerobiosis,
we hypothesized strict oxygen dependence for synergistic killing. As expected, the syner-
gistic antibacterial activity of BAK-COL significantly attenuated under anaerobic conditions
(Figure 4A). Moreover, hyperosmotic stress compromised the antibacterial activity of COL
but preserved the synergistic potentiation of BAK, reducing the MICs of COL by 8-fold
against E. coli B2 (Figure 4B). Notably, among various divalent cations tested, only iron ions
(Fe* /Fe®*) at 100 uM significantly reduced the antibacterial activity of the combination
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(Figure 4C). Iron is a critical component of bacterial respiratory Fe-S clusters and heme
groups, explaining the oxygen-dependent synergy [35,36]. Specifically, to clarify the role
of iron ions in the enhanced efficacy of BAK in combination with COL, we determined
the binding between BAK and iron ions using spectral scanning. The results revealed
that the absorbance of BAK at Apax = 262 nm increased upon of Fe?* or Fe3* addition,
indicating BAK-Fe complex formation (Figure 4E, Supplementary Figure S2). Consis-
tent with prior studies on iron-targeting adjuvants [15,37,38], BAK also enhances COL
efficacy by disrupting bacterial iron homeostasis. RhoNox-1 fluorescence confirmed that
BAK alone and in combination with COL significantly reduced intracellular free Fe?* lev-
els (Figure 4F). Hemolysis assays demonstrated dose-dependent erythrocyte lysis with
an HC50 of 20.46 ug/mL for BAK (Figure 4G). Notably, neither BAK (8 ug/mL), COL
(1 ug/mL), nor their combination exhibited hemolytic activity at therapeutic concentrations
(Figure 4H). In the E. coli B2 infected Galleria mellonella model (Figure 41I), the BAK-COL
combination significantly enhanced 72 h larval survival compared to monotherapies. Col-
lectively, these data demonstrate that the adjuvant activity of BAK is oxygen-dependent
but osmotolerant, with iron chelation serving as the non-redundant mechanism for

COL synergy.
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Figure 4. BAK disrupts iron homeostasis. (A) BAK (8 ng/mL) combined with varying COL concen-
trations against E. coli B2 under aerobic and anaerobic conditions (n = 3). (B) Antibacterial activity
under different osmotic pressures (hypotonic, isotonic, and hypertonic MHB; n = 2). (C) Growth
inhibition (OD600) of E. coli B2 treated with BAK (8 pg/mL) + COL (0.25 ng/mL) supplemented with
100 uM divalent cations (Cu®*, Zn2*, CaZt, Mn%*, Mg2+, Fe?*, or Fe3*) after 18 h incubation (1 = 4).
(D) Dose-dependent effects of Fe* on BAK-COL activity (n = 3). (E) UV-Vis absorption spectra of
BAK-Fe?* interactions in PBS (1 = 3). (F) Intracellular free Fe?* levels (RhoNox-1 fluorescence) in
E. coli B2 treated with BAK (8 pg/mL), COL (1 pg/mL), or their combination (1 = 4). Data represent
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mean + SD. (G) Hemolysis percentage of erythrocytes exposed to increasing BAK concentrations
(8-128 ug/mL), with HC50 determination (n = 3). (H) Hemolytic percentage of erythrocytes treated
with positive control (0.2% Triton X-100), PBS, BAK (8 ng/mL), COL (1 ng/mL), or their combination
(n = 3). (I) Survival rates of E. coli B2-infected Galleria mellonella larvae (1 x 10° CFUs) treated with
BAK (8 mg/kg), COL (1 mg/kg), or their combination (1 = 10), negative control (NC), positive
control (PC).

3.5. PVP Promotes the Synergistic Activity of BAK-COL Combination

The therapeutic potential of BAK is limited by its poor aqueous solubility at high con-
centrations. To address these limitations, we incorporated polyvinylpyrrolidone (PVP), an
FDA-approved hydrophilic polymer that it demonstrates versatile applications in wound
healing dressings, nano-delivery systems for enhanced bioavailability, and biofilm for-
mation inhibition [39]. Notably, PVP supplementation significantly potentiated BAK-
COL activity against AMR Gram-negative pathogens (E. coli B2, P. aeruginosa PA14, and
S. typhimurium CAU2005) while extending the therapeutic window to 128 pug/mL, overcom-
ing concentration-dependent limitations (Figure 5A-C and Figure 52B,C). UV-Vis spectral
analysis confirmed the direct molecular interactions between BAK and PVP (Figure 5D). The
sequence-independent (Figure 5E) and thermostable (<60 °C) nature (Figure 5F) of BAK-COL
synergy eliminates administration timing constraints and allows lyophilized storage, critical
advantages for resource-limited settings. Collectively, PVP emerges as a formulation essential
for BAK-COL translation, preventing concentration-dependent attenuation.
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Figure 5. Influence of PVP on the antibacterial efficacy of BAK-COL combination. (A-C) Inhibitory
effects against E. coli B2, P. aeruginosa PA14, and S. typhimurium CAU2005 by BAK-COL combina-
tions in MHB containing 7.8 uM PVP. Darker green indicates greater bacterial growth. (D) UV-Vis
absorption spectra (230-450 nm) of BAK with or without 7.8 uM PVP. (E) Experimental workflow for
sequential treatment with BAK (8 ug/mL), COL (1 pg/mL), and PVP (7.8 uM), and its impact on
MICs of COL against E. coli B2. (F) Thermal stability assessment: workflow for heat-treated BAK-PVP
(31.2 + 7.8 uM) and subsequent MIC determination with COL against E. coli B2.
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4. Discussion

The escalating crisis of antimicrobial resistance, particularly among Gram-negative
pathogens, represents a critical challenge to public health. It is essential to develop innova-
tive strategies to extend the efficacy of last-resort antibiotics such as colistin. In this study,
we identify the natural meroterpenoid bakuchiol—recognized for its notable antioxidant
properties—as a highly effective adjuvant that synergistically enhances colistin activity
against a panel of MDR Gram-negative clinical isolates.

Notably, the synergy observed is not merely additive but stems from a compelling dual
mechanism that disrupts two fundamental pillars of bacterial physiology: iron homeostasis
and membrane integrity. While several previous studies have reported membrane-targeting
activities of natural compounds [13,15], the capacity of BAK to concurrently chelate in-
tracellular iron represents a distinct and underappreciated mode of action. BAK disrupts
bacterial iron homeostasis leading to iron depletion, a critical factor for bacterial survival
and virulence. This iron depletion likely induces a state of iron starvation, disrupting
iron-dependent metabolic pathways and potentially generating iron-mediated oxidative
stress [40]. Subsequently, BAK uniquely suppresses rather than accumulates ROS levels.
When co-administered with COL, BAK also significantly reduces COL-induced ROS gen-
eration, consistent with BAK’s antioxidant properties. It is plausible that the inherent
antioxidant nature of BAK contributes to its own stability and may modulate the redox
environment within the bacterial cell, further exacerbating metabolic dysfunction. The
consequential collapse of the proton motive force, essential for ATP production and nutrient
transport, appears to be a terminal event resulting from this multipronged assault [32].
Concurrently, BAK interacts directly with membrane phospholipids, compromising mem-
brane integrity (Figure 6). The critical next steps involve resolving temporal iron-membrane
interactions using in situ cryo-electron tomography to visualize pore formation in Fe?*
depleted bacteria. Thus, the ROS-independent bactericidal mechanism of BAK distinctly
differs from that of conventional antibiotics [40].

ATPE, leakage
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4
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Figure 6. A schematic model illustrating the mechanism of BAK in synergy with COL. The BAK-COL
combination interacts with both outer membrane (OM) Lipid A of LPS and phospholipids (PC, PE,
CL, PG) in OM, disrupting membrane integrity and causing massive ATP leakage. This triggers
membrane depolarization, ATP synthesis inhibition, and bacterial iron homeostasis disruption,
collectively inducing membrane dysfunction and ultimately leading to metabolic collapse.

Given its ability to compromise membrane integrity and disrupt iron homeostasis, it
is plausible that BAK also interferes with the assembly and stability of the outer membrane
in Gram-negative bacteria. Specifically, BAK may perturb the transport or assembly of
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lipopolysaccharide (LPS), a critical component for outer membrane impermeability. By
interacting with membrane phospholipids and potentially with proteins involved in the
LPS transport machinery (such as the Lpt system) [41], BAK could induce mislocalization
or defective insertion of LPS, thereby weakening membrane integrity and enhancing
permeability to COL and other antibiotics.

In addition, the BAK-COL combination showed no detectable cytotoxicity and ex-
hibited significant in vivo efficacy in a Galleria mellonella infection model, supporting its
potential therapeutic utility. Here, we addressed a common hurdle in the therapeutic
application of lipophilic natural compounds—poor aqueous solubility—by employing PVP
as a dispersant. PVP has been demonstrated to enhance the solubility of hydrophobic
compounds via hydrogen bonding and hydrophobic interactions, while also improving
drug stability through the protection of phenolic hydroxyl groups [42,43]. The successful
stabilization of BAK's synergistic activity across a wide concentration range through PVP
formulation provides a practical pharmaceutical strategy to enhance its bioavailability and
efficacy, moving the combination closer to potential clinical application. Formulation inno-
vations should prioritize nanoparticle engineering [42,43] for targeted biofilm penetration
in device-associated infections.

However, the findings of this study must be interpreted within its limitations. The ex-
act contribution of its antioxidant property versus its pro-oxidant potential in the bacterial
context warrants deeper investigation. While we established a clear role for iron dysreg-
ulation, the precise molecular targets of BAK, especially concerning its interaction with
bacterial iron acquisition, storage, and regulatory systems, remain to be fully elucidated.
Transcriptomic and proteomic analyses may reveal global changes in gene expression
upon BAK exposure. Finally, the in vivo infection model (Galleria mellonella) only provides
valuable insights into efficacy and toxicity; but does not fully recapitulate the complex im-
mune responses and pharmacokinetic profiles of mammalian systems. Despite the current
limitations, we provide a strong foundation for further exploration of natural antioxidants
as multifunctional agents in the relentless battle against multidrug-resistant infections.

5. Conclusions

This study demonstrates that the BAK-COL combination exhibits potent synergistic
antimicrobial activity against multidrug-resistant Gram-negative strains. BAK disrupts iron
homeostasis and simultaneously compromises membrane integrity through phospholipid
binding. Furthermore, formulation with water-insoluble BAK and PVP carrier not only
enhanced the antibacterial efficacy but also expanded the effective concentration range of
BAK-COL. These findings establish a novel therapeutic strategy of antioxidants against
MDR bacterial infections.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/antiox14101178/s1, Figure S1: Checkerboard assays of BAK-COL
against Gram-negative bacterial; Figure S2: Effects of Fe3* on BAK-COL activity.

Author Contributions: Formal analysis, Q.L.; Funding acquisition, J.C. and X.H.; Investigation,
Q.L.; Supervision, J.C. and X.H.; Validation, S.Y., X.R. and S.W.; Writing—original draft, Q.L.;
Writing—review and editing, X.H. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded by the Basic Research Program of Shanxi Province for the Youth
Science and Technology Research grant number 202203021212430; Project of Scientific Research for
Excel-lent Doctors of Shanxi Province grant number SXBYKY2022007; Doctorate Research Starting
Foundation of Shanxi Agricultural University grant number 2022BQ01; and Shanxi Province Agricul-


https://www.mdpi.com/article/10.3390/antiox14101178/s1
https://www.mdpi.com/article/10.3390/antiox14101178/s1

Antioxidants 2025, 14, 1178 13 of 15

tural Major Technology Cooperative Extension Project for Model Application of Antibiotic Reduction
and Alternative Technology in Healthy Breeding grant number 2023XTTGO01-3.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data that support the findings of this study are available from the
corresponding authors upon reasonable request.

Acknowledgments: We are grateful to Kui Zhu from the National Center for Veterinary Drug Safety
Evaluation, College of Veterinary Medicine, China Agricultural University for generously providing
us with bacterial strains.

Conflicts of Interest: The authors declare that the research was conducted in the absence of any
commercial or financial relationships that could be construed as a potential conflict of interest.

Abbreviations

BAK: bakuchiol; COL, colistin; AMR, antimicrobial-resistant; MDR, multidrug-resistant; WHO,
World Health Organization; LPS, lipopolysaccharides; PVP, polyvinylpyrrolidone K30; LB, Luria—
Bertani; DMSO, Dimethyl sulfoxide; MIC, minimal inhibit concentration; CLSI, Clinical and Labora-
tory Standards Institute; FICI, Fractional Inhibitory Concentration Index; CAMHB, cation-adjusted
Mueller-Hinton broth; MHB, Mueller-Hinton broth; CFU, colony-forming unit; Pro-PE, phospho-
rylethanolamine; PE, phosphatidylethanolamine; Lyso-PC, lysophosphatidylcholine; CL, 18:1 cardi-
olipin disodium salt; PC, phosphatidylcholine; PG, L-x-phosphatidylglycerol; Polyene-PC, lecithin;
ROS, reactive oxygen species; NO, nitric oxide; PBS, phosphate-buffered saline; MHA, Mueller-
Hinton; PCA, plate count agar; ATP, adenosine triphosphate; Ex/Em, excitation/emission wave-
lengths; DCFH-DA, 27! -dichlorodihydrofluorescein diacetate; DAF-2DA, diaminofluorescein-2
diacetate; DPPP, diphenyl-1-pyrenylphosphine; PMEF, proton motive force; ApH, pH gradient; A1,
electrical potential; BCECF-AM, 2’,7’-bis-(2-carboxyethyl)-5(6)-carboxyfluorescein acetoxymethyl es-
ter; TMRE, tetramethylrhodamine ethyl ester; CCCP, Carbonyl cyanide 3-chlorophenylhydrazone; EB,
Ethidium bromide; NPN, 1-N-phenylnaphthylamine; PI, Propidium iodide; SD, Standard deviation;
ANOVA, Analysis of Variance; FDA, Food and Drug Administration.

References

1. Dai, C.;LiJ.; Tang, S.; Li, J.; Xiao, X. Colistin-induced nephrotoxicity in mice involves the mitochondrial, death receptor, and
endoplasmic reticulum pathways. Antimicrob. Agents Chemother. 2014, 58, 4075-4085. [CrossRef] [PubMed]

2. Li, J.; Nation, R.L.; Turnidge, ].D.; Milne, R W.; Coulthard, K.; Rayner, C.R.; Paterson, D.L. Colistin: The re-emerging antibiotic for
multidrug-resistant Gram-negative bacterial infections. Lancet Infect. Dis. 2006, 6, 589-601. [CrossRef]

3. Nang, S.C.; Azad, M.A.K.; Velkov, T.; Zhou, Q.T.; Li, J. Rescuing the Last-Line Polymyxins: Achievements and Challenges.
Pharmacol. Rev. 2021, 73, 679-728. [CrossRef]

4. Liu, Y.Y.; Wang, Y,; Walsh, T.R.; Yi, LX,; Zhang, R.; Spencer, J.; Doi, Y.; Tian, G.; Dong, B.; Huang, X.; et al. Emergence of
plasmid-mediated colistin resistance mechanism MCR-1 in animals and human beings in China: A microbiological and molecular
biological study. Lancet Infect. Dis. 2016, 16, 161-168. [CrossRef]

5. Liu, J.H.; Liu, Y.Y,; Shen, Y.B.; Yang, J.; Walsh, T.R.; Wang, Y.; Shen, J. Plasmid-mediated colistin-resistance genes: Mcr. Trends
Microbiol. 2024, 32, 365-378. [CrossRef]

6. Liu, Y; Jia, Y;; Yang, K.; Tong, Z.; Shi, J.; Li, R.; Xiao, X.; Ren, W.; Hardeland, R.; Reiter, R.J.; et al. Melatonin overcomes
MCR-mediated colistin resistance in Gram-negative pathogens. Theranostics 2020, 10, 10697-10711. [CrossRef]

7. Zhang, Q.; Wang, R.; Wang, M.; Liu, C.; Koohi-Moghadam, M.; Wang, H.; Ho, P.L.; Li, H.; Sun, H. Re-sensitization of mcr carrying
multidrug resistant bacteria to colistin by silver. Proc. Natl. Acad. Sci. USA 2022, 119, €2119417119. [CrossRef]

8.  Cai,].; Shi, J.; Chen, C.; He, M.; Wang, Z.; Liu, Y. Structural-Activity Relationship-Inspired the Discovery of Saturated Fatty Acids
as Novel Colistin Enhancers. Adv. Sci. 2023, 10, €2302182. [CrossRef] [PubMed]

9. Lewis, K.; Lee, R.E.; Brotz-Oesterhelt, H.; Hiller, S.; Rodnina, M. V.; Schneider, T.; Weingarth, M.; Wohlgemuth, I. Sophisticated

natural products as antibiotics. Nature 2024, 632, 39-49. [CrossRef] [PubMed]


https://doi.org/10.1128/aac.00070-14
https://www.ncbi.nlm.nih.gov/pubmed/24798292
https://doi.org/10.1016/S1473-3099(06)70580-1
https://doi.org/10.1124/pharmrev.120.000020
https://doi.org/10.1016/S1473-3099(15)00424-7
https://doi.org/10.1016/j.tim.2023.10.006
https://doi.org/10.7150/thno.45951
https://doi.org/10.1073/pnas.2119417119
https://doi.org/10.1002/advs.202302182
https://www.ncbi.nlm.nih.gov/pubmed/37552809
https://doi.org/10.1038/s41586-024-07530-w
https://www.ncbi.nlm.nih.gov/pubmed/39085542

Antioxidants 2025, 14, 1178 14 of 15

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Liu, X;; Song, M,; Liu, Y.; Yang, S.; Chen, S.; Kang, J.; Shen, J.; Zhu, K. Rational Design of Natural Xanthones Against Gram-negative
Bacteria. Adv. Sci. 2025, 12, 2411923. [CrossRef]

Deschner, E; Mostert, D.; Daniel, ].M.; Voltz, A.; Schneider, D.C.; Khangholi, N.; Bartel, J.; Pessanha de Carvalho, L.; Brauer, M,;
Gorelik, T.E.; et al. Natural products chlorotonils exert a complex antibacterial mechanism and address multiple targets. Cell
Chem. Biol. 2025, 32, 586—602.e515. [CrossRef] [PubMed]

Qu, Q.; Zhao, M.; Peng, H.; Zhu, Z.; Chen, L.; Wu, H.; Liu, X,; Dong, Y.; An, K.; Zheng, Y.; et al. Glabridin restore the sensitivity of
colistin against mcr-1-positive Escherichia coli by polypharmacology mechanism. Microbiol. Res. 2025, 293, 128070. [CrossRef]
Song, M,; Liu, Y.; Li, T.; Liu, X.; Hao, Z.; Ding, S.; Panichayupakaranant, P.; Zhu, K.; Shen, J. Plant Natural Flavonoids Against
Multidrug Resistant Pathogens. Adv. Sci. 2021, 8, €2100749. [CrossRef]

Liu, Y;; Zhang, M.; Cai, Y.; Wu, S.; Mei, C.; Wang, H.; Qu, S. Synergistic antimicrobial efficacy of glabrol and colistin through
micelle-based co-delivery against multidrug-resistant bacterial pathogens. Phytomedicine 2025, 137, 156371. [CrossRef]

Zhong, Z.X.; Zhou, S.; Liang, Y.J.; Wei, Y.Y,; Li, Y.,; Long, T.E; He, Q.; Li, M.Y,; Zhou, Y.F; Yu, Y,; et al. Natural flavonoids disrupt
bacterial iron homeostasis to potentiate colistin efficacy. Sci. Adv. 2023, 9, eadg4205. [CrossRef]

Chen, L,; Chen, S.; Sun, P; Liu, X.; Zhan, Z.; Wang, J. Psoralea corylifolia L.: A comprehensive review of its botany, traditional uses,
phytochemistry, pharmacology, toxicology, quality control and pharmacokinetics. Chin. Med. 2023, 18, 4. [CrossRef]

Lim, SH.; Ha, T.Y.; Ahn, J.; Kim, S. Estrogenic activities of Psoralea corylifolia L. seed extracts and main constituents. Phytomedicine
2011, 18, 425-430. [CrossRef]

Cariola, A.; El Chami, M.; Granatieri, ].; Valgimigli, L. Anti-tyrosinase and antioxidant activity of meroterpene bakuchiol from
Psoralea corylifolia (L.). Food Chem. 2023, 405, 134953. [CrossRef] [PubMed]

Wang, J.; Luo, M,; Shen, J.; Liu, Z.; Chen, Y,; Luo, J.; Zeng, Z.; Deng, D.; Xiao, ]. Bakuchiol from Psoralea corylifolia L. Ameliorates
acute kidney injury and improves survival in experimental polymicrobial sepsis. Int. Immunopharmacol. 2020, 89, 107000.
[CrossRef] [PubMed]

Lim, H.S,; Kim, Y.J.; Kim, B.Y.; Jeong, S.J. Bakuchiol Suppresses Inflammatory Responses Via the Downregulation of the p38
MAPK/ERK Signaling Pathway. Int. ]. Mol. Sci. 2019, 20, 3574. [CrossRef]

Katsura, H.; Tsukiyama, R.I; Suzuki, A.; Kobayashi, M. In vitro antimicrobial activities of bakuchiol against oral microorganisms.
Antimicrob. Agents Chemother. 2001, 45, 3009-3013. [CrossRef]

Suh, K; Lee, Y.; Baek, S.; Kim, J.; Seo, J.; Yang, Y.H.; Kim, J.S.; Lee, W.; Seo, E.K.; Kim, W. Bakuchiol kills Staphylococcus aureus
persisters and potentiates colistin activity against Acinetobacter baumannii persisters. Front. Pharmacol. 2025, 16, 1592183. [CrossRef]
[PubMed]

Song, M.; Liu, Y.; Huang, X,; Ding, S.; Wang, Y.; Shen, J.; Zhu, K. A broad-spectrum antibiotic adjuvant reverses multidrug-resistant
Gram-negative pathogens. Nat. Microbiol. 2020, 5, 1040-1050. [CrossRef]

CLSI. Performance Standards for Antimicrobial Susceptibility Testing, M100, 31st ed.; Clinical and Laboratory Standards Institute:
Wayne, PA, USA, 2021.

Fu, X.; Kato, S.; Long, J.; Mattingly, H.H.; He, C.; Vural, D.C.; Zucker, S.W.; Emonet, T. Spatial self-organization resolves conflicts
between individuality and collective migration. Nat. Commun. 2018, 9, 2177. [CrossRef]

Huang, X,; Li, Q.; Yun, S.; Guo, J.; Yang, H.; Wang, J.; Cheng, J.; Sun, Z. Zn(Il) enhances the antimicrobial effect of chloroxine
and structural analogues against drug-resistant ESKAPE pathogens in vitro. Biochem. Pharmacol. 2024, 229, 116482. [CrossRef]
[PubMed]

Viveiros, M.; Martins, A.; Paixao, L.; Rodrigues, L.; Martins, M.; Couto, I.; Fahnrich, E.; Kern, W.V,; Amaral, L. Demonstration of
intrinsic efflux activity of Escherichia coli K-12 AG100 by an automated ethidium bromide method. Int. J. Antimicrob. Agents 2008,
31, 458-462. [CrossRef] [PubMed]

Huang, X.; Li, Q.; Yan, S.; Wang, C.; Ren, X.; Wang, J.; Cheng, J.; Sun, Z. The antibacterial efficacy of nitroxoline against multidrug
resistant Escherichia coli associated with copper binding. Eur. J. Pharmacol. 2025, 996, 177576. [CrossRef] [PubMed]

Wang, Y.; Wang, M.; Liu, Y.; Tao, H.; Banerjee, S.; Srinivasan, S.; Nemeth, E.; Czaja, M.].; He, P. Integrated regulation of stress
responses, autophagy and survival by altered intracellular iron stores. Redox Biol. 2022, 55, 102407. [CrossRef]

Ahmad, M.; Aduru, S.V,; Smith, R.P; Zhao, Z.; Lopatkin, A.]. The role of bacterial metabolism in antimicrobial resistance. Nat.
Rev. Microbiol. 2025, 23, 439-454. [CrossRef]

Van Acker, H.; Coenye, T. The Role of Reactive Oxygen Species in Antibiotic-Mediated Killing of Bacteria. Trends Microbiol. 2017,
25,456-466. [CrossRef]

Yang, B.; Tong, Z.; Shi, J.; Wang, Z.; Liu, Y. Bacterial proton motive force as an unprecedented target to control antimicrobial
resistance. Med. Res. Rev. 2023, 43, 1068-1090. [CrossRef] [PubMed]

Xu, C,; Liu, C.; Chen, K.; Zeng, P.; Chan, EW.C.; Chen, S. Otilonium bromide boosts antimicrobial activities of colistin against
Gram-negative pathogens and their persisters. Commun. Biol. 2022, 5, 613. [CrossRef]


https://doi.org/10.1002/advs.202411923
https://doi.org/10.1016/j.chembiol.2025.03.005
https://www.ncbi.nlm.nih.gov/pubmed/40203831
https://doi.org/10.1016/j.micres.2025.128070
https://doi.org/10.1002/advs.202100749
https://doi.org/10.1016/j.phymed.2025.156371
https://doi.org/10.1126/sciadv.adg4205
https://doi.org/10.1186/s13020-022-00704-6
https://doi.org/10.1016/j.phymed.2011.02.002
https://doi.org/10.1016/j.foodchem.2022.134953
https://www.ncbi.nlm.nih.gov/pubmed/36423556
https://doi.org/10.1016/j.intimp.2020.107000
https://www.ncbi.nlm.nih.gov/pubmed/33039956
https://doi.org/10.3390/ijms20143574
https://doi.org/10.1128/aac.45.11.3009-3013.2001
https://doi.org/10.3389/fphar.2025.1592183
https://www.ncbi.nlm.nih.gov/pubmed/40444041
https://doi.org/10.1038/s41564-020-0723-z
https://doi.org/10.1038/s41467-018-04539-4
https://doi.org/10.1016/j.bcp.2024.116482
https://www.ncbi.nlm.nih.gov/pubmed/39134284
https://doi.org/10.1016/j.ijantimicag.2007.12.015
https://www.ncbi.nlm.nih.gov/pubmed/18343640
https://doi.org/10.1016/j.ejphar.2025.177576
https://www.ncbi.nlm.nih.gov/pubmed/40180272
https://doi.org/10.1016/j.redox.2022.102407
https://doi.org/10.1038/s41579-025-01155-0
https://doi.org/10.1016/j.tim.2016.12.008
https://doi.org/10.1002/med.21946
https://www.ncbi.nlm.nih.gov/pubmed/36896761
https://doi.org/10.1038/s42003-022-03561-z

Antioxidants 2025, 14, 1178 15 of 15

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Szymarnska, M.; Karakulska, J.; Sobolewski, P.; Kowalska, U.; Grygorcewicz, B.; Béttcher, D.; Bornscheuer, U.T.; Drozd, R.
Glycoside hydrolase (PelA(h)) immobilization prevents Pseudomonas aeruginosa biofilm formation on cellulose-based wound
dressing. Carbohydr. Polym. 2020, 246, 116625. [CrossRef]

Pullin, J.; Bradley, ].M.; Moore, G.R.; Le Brun, N.E.; Wilson, M.T.; Svistunenko, D.A. Electron Transfer from Haem to the Di-Iron
Ferroxidase Centre in Bacterioferritin. Angew. Chem. Int. Ed. Engl. 2021, 60, 8376-8379. [CrossRef]

Li, J.; Ren, X,; Fan, B.; Huang, Z.; Wang, W.; Zhou, H.; Lou, Z.; Ding, H.; Lyu, J.; Tan, G. Zinc Toxicity and Iron-Sulfur Cluster
Biogenesis in Escherichia coli. Appl. Environ. Microbiol. 2019, 85, e01967-18. [CrossRef] [PubMed]

Gadar, K.; de Dios, R.; Kadefdbkové, N.; Prescott, T.A.K.; Mavridou, D.A.L; McCarthy, R.R. Disrupting iron homeostasis can
potentiate colistin activity and overcome colistin resistance mechanisms in Gram-Negative Bacteria. Commun. Biol. 2023, 6, 937.
[CrossRef] [PubMed]

Xia, Y.; Wei, X.; Gao, P; Wang, C.; de Jong, A.; Chen, ] HK.; Rodriguez-Sdnchez, M.].; Rodriguez-Nogales, A.; Diez-Echave, P;
Gélvez, ].; et al. Bismuth-based drugs sensitize Pseudomonas aeruginosa to multiple antibiotics by disrupting iron homeostasis. Nat.
Microbiol. 2024, 9, 2600-2613. [CrossRef]

Xu, E; Yang, L.; Qu, A,; Li, D.; Yu, M.; Zheng, S.; Ruan, X.; Wang, Q. A design of Tetrastigma hemsleyanum'’s flavonoid loaded
polyvinylpyrrolidone nanoparticles for improving its bioavailability and biological activities. Food Chem. 2025, 473, 143099.
[CrossRef]

Ezraty, B.; Vergnes, A.; Banzhaf, M.; Duverger, Y.; Huguenot, A.; Brochado, A.R.; Su, S.Y.; Espinosa, L.; Loiseau, L.; Py, B.; et al.
Fe-S cluster biosynthesis controls uptake of aminoglycosides in a ROS-less death pathway. Science 2013, 340, 1583-1587. [CrossRef]
Zampaloni, C.; Mattei, P; Bleicher, K.; Winther, L.; Thite, C.; Bucher, C.; Adam, ].-M.; Alanine, A.; Amrein, K.E.; Baidin, V.; et al.
A novel antibiotic class targeting the lipopolysaccharide transporter. Nature 2024, 625, 566-571. [CrossRef]

Lewinska, A.; Domzal-Kedzia, M.; Maciejczyk, E.; Lukaszewicz, M.; Bazylifiska, U. Design and Engineering of “Green” Na-
noemulsions for Enhanced Topical Delivery of Bakuchiol Achieved in a Sustainable Manner: A Novel Eco-Friendly Approach to
Bioretinol. Int. ]. Mol. Sci. 2021, 22, 10091. [CrossRef] [PubMed]

Kaur, K,; Kant, S.; Chaudary, T.K.; Mehra, A ; Singh, A.; Attri, S.; Gasso, S.; Mahajan, A.; Bedi, N. Bakuchiol nanoemulsion loaded
electrospun nanofibers for the treatment of burn wounds. Naunyn Schmiedeberg’s Arch. Pharmacol. 2024, 397, 6075-6091. [CrossRef]
[PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.carbpol.2020.116625
https://doi.org/10.1002/anie.202015965
https://doi.org/10.1128/AEM.01967-18
https://www.ncbi.nlm.nih.gov/pubmed/30824435
https://doi.org/10.1038/s42003-023-05302-2
https://www.ncbi.nlm.nih.gov/pubmed/37704838
https://doi.org/10.1038/s41564-024-01807-6
https://doi.org/10.1016/j.foodchem.2025.143099
https://doi.org/10.1126/science.1238328
https://doi.org/10.1038/s41586-023-06873-0
https://doi.org/10.3390/ijms221810091
https://www.ncbi.nlm.nih.gov/pubmed/34576253
https://doi.org/10.1007/s00210-024-03011-z
https://www.ncbi.nlm.nih.gov/pubmed/38400898

	Introduction 
	Materials and Methods 
	Bacterial Strains and Chemicals 
	Antimicrobial Susceptibility Testing 
	Bacterial Growth Curves and Time–Kill Curves 
	Checkerboard Assays 
	Lipid Competitive Assays 
	Osmotic Stress Testing 
	ROS Accumulation and Lipid Peroxidation Assay 
	ATP Quantification 
	PMF Measurement 
	EB Assay 
	Membrane Permeability 
	Biofilm Inhibition Assay 
	UV-Vis Spectroscopy 
	Intracellular Fe2+ Quantification 
	Hemolysis Assay 
	In Vivo Therapeutic Evaluation 
	Statistical Analysis 

	Results 
	Synergistic Antibacterial Effects of BAK-COL Combination 
	BAK Induces Redox Imbalance and Metabolic Dysregulation 
	BAK Disrupts Membrane Integrity and Function 
	BAK Disrupts Iron Homeostasis 
	PVP Promotes the Synergistic Activity of BAK-COL Combination 

	Discussion 
	Conclusions 
	References

