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Pseudomonas aeruginosa infections are difficult to treat due to rapid
development of antibiotic drug resistance. The synergistic combination

of already-in-use drugs is an alternative to developing new antibiotics

to combat antibiotic-resistant bacteria. Here we demonstrate that
bismuth-based drugs (bismuth subsalicylate, colloidal bismuth

subcitrate) in combination with different classes of antibiotics
(tetracyclines, macrolides, quinolones, rifamycins and so on) can eliminate
multidrug-resistant P. aeruginosa and do not induce development of
antibiotic resistance. Bismuth disrupts iron homeostasis by binding to
P.aeruginosa siderophores. Inside cells, bismuth inhibits the electron
transport chain, dissipates the proton motive force and impairs efflux
pump activity by disrupting iron-sulfur cluster-containing enzymes,
including respiration complexes. As a result, bismuth facilitates antibiotic
accumulation inside bacteria, enhancing their efficacy. The combination
therapy shows potent antibacterial efficacy and low toxicity in an ex

vivo bacteraemia model and increases the survival rate of mice inin vivo
mouse lung-infection models. Our findings highlight the potential of
bismuth-based drugs to be repurposed to combat P. aeruginosa infections in
combination with clinically used antibiotics.

Rising antimicrobial resistance (AMR) in community-acquired and
intrinsic drug-resistant pathogens poses a major challenge to global
healthcare systems' . This is particularly evident in drug-resistant
Gram-negative bacterial infections. Pseudomonas aeruginosa, a ubiq-
uitous opportunistic pathogen, is notably resistant to antibiotics®,
causing severe infections in vulnerable patients such as those who
areimmunocompromised, in intensive care unit, with burn wounds
or with cystic fibrosis®. Resistance in P. aeruginosa is primarily due

toitsrestricted outer membrane permeability, multiple drug efflux
pumps and antibiotic-inactivating enzymes®. The clinical challenge
is worsened by chronic biofilm infections and the bacterium’s ability
to adapt its metabolism to the local microenvironment, leading to
infection relapses and recurrent antibiotics resistance’.

Despite notable efforts being made, few new antibiotics for
Gram-negative bacterial infections have been approved in recent
decades® . This creates an urgent need for novel antimicrobials or
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alternative strategies. Repurposing existing drugs to enhance the
efficacy of current antibiotics is a promising and economic approach
to address the AMR crisis'2. Combinatory therapy with antibiotics
and adjuvants is an effective strategy to enhance antibiotic efficacy,
prolong the utility of current antibiotics and delay the emergence of
drug-resistant strains”. These synergistic therapies can also reduce
antibiotic toxicity, duration of treatment and dosage requirements™.

Historically, bismuth compounds have treated ailments such
as syphilis, malaria and wound infections and are currently used for
peptic ulcers linked to Helicobacter pylori®™. It is worth noting that
combining bismuth with antibiotics is an effective clinical therapy for
eradicating H. pylori, including resistant strains'®, by inhibiting multiple
proteins/enzymes, cell wall synthesis, adenosine triphosphate (ATP)
synthesis and bacterial adhesion to the gastric mucosa'. However, the
use of bismuth compounds for H. pyloritreatmentis mostly empirical.
Recent studies show that bismuth drugs can be repurposed to treat
metallo-f-lactamase-positive or tigecycline-resistant bacterial infec-
tions by inhibiting metallo-3-lactamases and tetracyclineinactivation
enzyme®*?, This suggests that bismuth-antibiotic combinations could
addressresistanceinbacteriabeyond H. pylori.Inthis Article, we dem-
onstrate that bismuth drugs synergize with various antibiotics against
P. aeruginosa by targeting iron homeostasis.

Results

Bismuth drugs show synergy with antibiotics against

P. aeruginosa

Inspired by the success of bismuth and antibiotic-based triple or quad-
ruple therapies for H. pylori®, we investigated a similar combination
for other bacterial infections. We tested the minimal inhibitory con-
centration (MIC) of bismuth subsalicylate (BSS) against World Health
Organization priority pathogens®, including Gram-negative patho-
gens P. aeruginosa, Klebsiella pneumoniae, Acinetobacter baumannii,
Escherichia coli, Salmonella enterica and Shigella flexneri and the
Gram-positive pathogens Mycobacterium marinum, Streptococcus
pneumoniae and Staphylococcus aureus. The results showed that all
bacteria were highly resistant to BSS (MIC > 1,024 uM). We then
screened for potential synergy of BSS (16 uM) with 30 antibiotics.
Surprisingly, BSS showed good to excellent synergy with all anti-
biotic classes against P. aeruginosa (PAO1), with afractional inhibitory
concentration (FIC) index (FICI) ranging from 0.018 to 0.256 and MIC
reductions of 4-to 256-fold (Fig.1and Supplementary Table1). BSS also
showed modest synergy against some other Gram-negative bacteria
(Fig.1). The synergy was confirmed in three other P. aeruginosa strains.
We further examined the synergy of four other bismuth drugs (bismuth
citrate, colloidal bismuth subcitrate (CBS), bismuth gallate, bismuth
nitrate) and five metal compounds with 55 antimicrobial agents against
PAOL1. Theresults showed that all bismuth drugs had strong synergistic
effects with tetracyclines, macrolides, quinolones, rifamycins, chlo-
ramphenicol, certain -lactams and other antibiotics. These effects
were specific to bismuth ions, as they were absent with ligands alone.
By contrast, silver and indium compounds showed limited synergy, pri-
marily with aminoglycoside and tetracycline antibiotics, respectively
(Extended Data Fig.1and Supplementary Table 2).

Using a checkerboard microdilution test, we found that a low
concentration (4-8 pM) of BSS reduced the MICs of various antibiot-
ics by 8- to 128-fold against PAO1, despite that BSS alone had an MIC
above1 mM (Extended DataFig.2). Weaker synergy was observed with
tobramycin, cefepime or aztreonam (Extended DataFig. 2). Given the
primarily bacteriostatic nature of the synergistic drugs, we examined
the biocidal action by time-killing assay. Most antibiotics alone could
not kill the bacteria at the plateau phase, except for azithromycin
(Extended Data Fig. 3)**. When combined with BSS, azithromycin rap-
idly killed bacteria even in the logarithmic growth phase (Extended
Data Fig. 3a). Similar effects were observed with chloramphenicol,
clarithromycinand telithromycin (Extended Data Fig. 3b-d). Although
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Fig.1| Bismuth enhances the antimicrobial activity of multiple antibiotics
against P. aeruginosa. The heat map of the FICIs for the synergistic effects of BSS
and antibiotics against P. aeruginosa (PAO1, PAK, PA14, ATCC27853) and other
pathogens. Asynergyis definedasaFICI<0.5.

P. aeruginosais resistant to tetracycline antibiotics, including tigecy-
cline and eravacycline (ERV), combining these antibiotics with BSS
produced effective bactericidal effects (Extended Data Fig. 3e-i).
BSS combined with rifampicin reduced cell viability by -8 log,, units
(Extended Data Fig. 3j). BSS also notably enhanced the bactericidal
activity of low concentrations of tobramycin, aztreonam and quinolo-
nes (ofloxacin, ciprofloxacin and moxifloxacin), reducing the bacterial
population by over 8 log,, units after 24 h (Extended Data Fig. 3k-0).

BSS disrupts iron homeostasis in P. aeruginosa
Tounderstand the synergy of BSS with antibiotics, we conducted tran-
scriptome analyses of PAO1 exposed to BSS (16 uM) for 30 min. BSS
notably downregulated genes related to P. aeruginosa siderophore
synthesis (pvdA, pchABCD), iron uptake receptor (fpvA, chtA, fptA, piuA,
fecA)and theiron uptake central regulator pvdS (Fig. 2a, Supplementary
Table 3). Reverse transcription-quantitative polymerase chain reaction
(RT-qPCR) confirmed these results (Extended Data Fig. 4a).Inaccord-
ance, BSS reduced pyoverdine (PVD) production without affecting
bacterial growth (Fig. 2b), suggesting it disrupts iron homeostasis. To
prove this, we quantitatively assessed the overallintracellulariron con-
centration upon the treatment with BSS by inductively coupled plasma
mass spectrometry (ICP-MS). ICP-MS analysis showed BSS decreased
intracellularironandincreased bismuth levels, indicating interference
with iron uptake (Fig. 2c). Supplementing iron (FeCl,) counteracted
BSS’s synergistic effects with ERV and other antibiotics, preventing
P.aeruginosakilling (Extended Data Fig. 4b,c and Supplementary Fig.1).
The host defends against pathogens by depriving them of iron®.
P. aeruginosa uses siderophores such as PVD and pyochelin (PCH) to
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Fig.2|Bismuth disrupts the iron homeostasis of P. aeruginosa. a, Volcano
plot analysis of the differential expressed genes in PAO1 after exposure to BSS for
30 min. The significantly changed iron uptake-related genes are showninred.
The dataare presented as the mean of two biological replicates; two-sided ¢-test
was used, and multiple testing correction was done using Benjamini-Hochberg
procedure and given as adjusted Pvalue. Plots in the shading indicate genes that
are notsignificantly expressed. b, The relative amounts of PVD produced in PAO1
treated with different concentrations of BSS at different time points (OD o5/
ODy0)- ¢, Total iron and bismuth concentrations in the PAO1 cells treated with
BSSfor 4 h.d, Different UV-vis spectra of PVD upon addition 0of 0.125-2.000

molar equivalents of Bi(NTA). The inset shows the changes in absorbance at
425nm (AA,;;). e, The scheme shows the location of the DNA fragments by
arrows. Binding of Fur to the P. aeruginosa Fur box (P ;s and P,,..,, promoter

of pvdS and pchR) depends on the presence of Bi or Fe. f-h, Heat maps show
that overexpression of fpvA (g) or pvdS (h) antagonizes the synergy of bismuth
with ERV, while the empty vector (f) does not affect the synergy. The data are
presented as mean + s.d. of three biological replicates for b and ¢; ****P < 0.0001
versus untreated sample by two-sided unpaired ¢-test. Pvalues are 0.0000098,
0.0000001, 0.0000054 and 0.0000033.

acquire iron. Despite their high affinity for iron®®, our results show
that bismuth interferes with these iron acquisition systems. Next,
we explored whether bismuth directly interacts with these sidero-
phoresandentersthe cells. Ultraviolet-visible (UV-vis) spectroscopy
revealed that adding Bi(lll) (as bismuth nitrilotriacetate, Bi(NTA)) to
PVDresulted in absorption bands at 325 and 425 nm, characteristic of
bismuth ligand-to-metal charge transfer bands. The intensities of these
bandsincreased and levelled off at amolar ratio of [Bi]/[PVD] =1, sug-
gesting each PVD binds one Bi(lll) (Fig. 2d). By fitting the titration curve
with the Ryan-Weber nonlinear equation, the dissociation constant
(Ky) was calculated tobe 0.52 + 0.15 pM, and the apparent dissociation
constant (K,") was 1.45 (+0.43) x 108 uM, considering Bi(lll) and NTA
binding affinity (log K, =17.55)”. MS confirmed this binding withanew
peak at m/z 770.7782 (calculated mass-to-charge ratio 770.7779 for
PVD1-Bi) (Extended Data Fig. 4d). Despite PVD having lower affinity
for bismuth thaniron (K =102 uM)*, considering the extremely low
level of free iron in the physiological environment, bismuth can still

bind effectively to PVD, interfering with iron acquisition. Similarly,
the binding of Bi to PCH was also confirmed by UV-vis spectroscopy
(Extended DataFig. 4e), withK;and K calculated tobe 1.15 + 0.43 uM
and 3.24 (x1.20) x 1078 pM, respectively.

The binding affinities of bismuth to these siderophores
suggest bismuth might use P. aeruginosa’s iron acquisition system
for internalization and accumulation. However, deleting the PVD
synthesis gene (pvdA), the PCH synthesis gene (pchD) or ferripyover-
dine primary receptor gene (fpvA) did not affect the synergy between
BSS and ERV (Supplementary Fig. 2). Although intracellular bismuth
decreased in the ApvdA/ApchD strain, a notable amount of bismuth
stillaccumulated, indicating alternative uptake pathways (Extended
Data Fig. 4f). It is worth noting that adding exogenous PVD antago-
nized the BSS-ERV synergy, while PCH supplementation enhanced it
(Supplementary Fig. 3).

In iron-limited conditions typical in infections sites, ferripyo-
verdine uptake is facilitated by FpvA receptor, activating the sigma
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factor PvdS and upregulating siderophore biosynthesis and receptor
genes”. This processis repressed by the ferric uptake regulator (Fur)
whentheintracellularironissufficient. Under these conditions, Fe is
bound to Fur, and the Fur-Fe complex can bind specific DNA motifs
(Fur boxes) in the promoter region of target genes, repressing their
expression. The repressed puvdS, involved in siderophore synthesis
and receptor genes, suggests that bismuth mimics iron by binding
to the Fur protein®, thus inhibiting the expression of these genes. To
test this hypothesis, we determined the binding capacity of Fur with
its targets at different bismuth/iron concentrations via an electro-
phoretic mobility shift assay using the Fur box DNA sequence from
the pchR and pvdS promoters. As shown in Fig. 2e, bismuth promoted
Fur binding to its target DNA with higher affinity than iron (Fig. 2e
and Supplementary Fig. 4). Furthermore, bismuth’s synergy with ERV
was reduced in bacteria overexpressing fpvA or pvdS but not with an
empty vector (Fig.2f-h). Collectively, our results indicate that bismuth
impairsiron uptake by interacting with siderophores and Fur, leading
tointracellulariron deprivation.

BSS inhibits the electron transport chain

As BSS caused iron deprivation in bacterial cells, we investigated its
effect onthe electrontransport chain (ETC), whereiron-sulfur cluster
enzymesare essential. In aerobiosis, oxygen acts as the electron accep-
tor in the final ETC step, and the oxygen consumption rate reflects
electrontransportandrespirationrates™. Toassess BSS’simpact on ETC
activity in PAO1, we measured the time-dependent oxygen consump-
tionrate using an oxygen-quenched fluorescent probe in PAO1 as well
asinnuoBmutantstrain. BSS treatment resulted in adose-dependent
reduction in fluorescent signal increase, indicating diminished ETC
activity and reduced respiration. At 64 uM, BSS slowed down ETC activ-
ity similar to the nuoB mutant (Extended Data Fig. 5a). We observed a
dose-dependentincreaseinintracellular reduced nicotinamide adenine
dinucleotide (NADH) levels (Fig. 3a and Supplementary Fig. 5a), which
should be oxidized to nicotinamide adenine dinucleotide (oxidized
form) (NAD") in the ETC’s first step by the NADH dehydrogenases, the
richest Fe-S cluster enzymes in the ETC*. This suggests that BSS may
interfere with this enzyme’s function, possibly by disrupting the Fe-S
cluster. To validate this hypothesis, we purified the P. aeruginosa mem-
brane fractions containing NADH dehydrogenases before and after
bismuth treatment. We observed adose-dependent inhibition of NADH
dehydrogenase by BSS (Fig. 3b and Extended DataFig. 5b). P. aeruginosa
has three NADH dehydrogenases: Nuo (high-iron complex), Nqr (sin-
gle [2Fe-2S] cluster) and Ndhll (no iron atoms). To investigate which
enzyme was inhibited by BSS, we purified the membrane fractions
fromspecific NADH dehydrogenase mutant strains and examined their
NADH dehydrogenase activity in the presence of BSS. The nuoB mutant
was not sensitive to BSS, while the nqrA and ndh mutants showed similar
sensitivity to the wild-type strain (Extended Data Fig. 5c-f), although
other NADH dehydrogenases might contribute to rapid NADH con-
sumption in the nuoB mutant (Supplementary Fig. 5b). BSS lost its
activity withthe Nuo inhibitor rotenone but not with the Nqrinhibitor
2-heptyl-4-hydroxyquinoline-N-oxide (Supplementary Fig. 5c-e). This
suggests that BSS likely inhibits Nuo NADH dehydrogenase activity
by targeting the Fe-S cluster. Other Fe-S cluster enzymesin the ETC,
suchas succinate dehydrogenase (Sdh), might also be targeted by BSS.
Attempts to study BSS’s effect on Sdh using a sdh mutant strain were
unsuccessful due to the enzyme essentiality®. However, a Sdh assay
showed that BSS did not affect Sdh activity (Supplementary Fig. 5f).
Compounds disrupting Fe-S clusters typically target proteins with
exposed Fe-S clusters, such as aconitase in the 4Fe-4S dehydratase
family. We tested aconitase activity after BSS treatment and found it
wasinhibited (Supplementary Fig. 5g). Consistently, bacteria cultured
in M9 medium without isoleucine, leucine and valine did not grow
under high BSS concentrations, but growth was improved with the
addition of these amino acids (Supplementary Fig. 5h,i). This suggests

BSS might affect the Fe-S proteins involved in branched chain amino
acids biosynthesis.

Transcriptomic analyses showed that the Fe-S biogenesis sys-
tem Isc (PA3809-PA3815) is not upregulated, indicating that Bi(IlI)
likely targets Fe-S cluster enzymes directly rather than affecting their
biogenesis. This aligns with previous metalloproteomic studies that
showed Bi(lll) binds to Fe-S cluster enzymesin H. pyloriincluding isoci-
trate dehydrogenase®. To verify that BSS disrupts Fe-S clusters and
releasesironin Pseudomonas, we measured intracellular iron contents
viathe calcein-acetoxymethylester (calcein-AM) fluorescent probe™.
The green fluorescence of calcein-AM is quenched by low-mass labile
iron but not iron in large protein complexes. BSS treatment of PAO1
resulted in a dose-dependent increase in Fe release (Extended Data
Fig. 5g). In M9 medium without iron, BSS treatment did not change
fluorescence, but fluorescence was quenched withiron and PVD treat-
ment (Extended Data Fig. 5h,i). Collectively, we demonstrate that
BSSinhibits ETC activity, likely by specifically inhibiting Fe-S cluster
enzymessuch as Nuo NADH dehydrogenasein P. aeruginosa, disrupt-
ingiron-sulfur systems.

BSS induces the dissipation of the proton motive force

Duringelectron transfer throughthe ETC, protons are pumped across
the membrane, generating a proton gradient for ATP synthesis. Inhib-
iting the ETC dissipates the proton motive force (PMF), impairing
ATP generation and the functionality of multidrug efflux pumps. To
confirm BSS disrupts PMF, we measured changes in the cytosolic
pH of PAOI1 cells with or without BSS treatment using the 2’,7’-Bis-
(2-carboxyethyl)-5-(and-6)-carboxy fluorescein acetoxymethyl ester
(BCECF-AM) probe*. A dose-dependent decrease in BCECF-AM fluo-
rescence indicated a reduction in ApH, showing that BSS disrupts
ApH (Fig. 3¢). Given that PMF is generated by two components,
that is, the membrane potential, AW, and the pH gradient, we also
measured AW directly using the membrane potential indicator dye
3,3’-diethyloxacarbocyanine iodide (DiOC2(3)) and observed the
reduced red/green fluorescence ratios, indicating membrane potential
disruption by BSS (Extended Data Fig. 6a). Consequently, intracellular
ATP levels and efflux pump activity were reduced (Fig. 3d,e). In addi-
tion, we observed asynergistic effect of the efflux pump inhibitor PABN
with BSS (Fig. 3f), suggesting an alternative mechanism of action of
bismuth on the efflux pumps. To further verify the inhibitory effect
of BSS on the efflux pumps, we measured the intracellular bismuth
content in the wild-type PAO1, with and without efflux pumps inhibi-
tor phenylalanine-arginine -naphthylamide (PABN), and in efflux
pumps mutant AoprM/mexCD strain. We found thatintracellular bis-
muth initially accumulated rapidly in the wild-type bacterium and
then gradually decreased (Extended Data Fig. 6b). By contrast, more
bismuth was accumulated in the efflux pumps oprM/mexCD deleted
strain or in PAO1with PABN (Fig. 3g). Theimpairment of the pumps by
BSSresulted in adose-dependent accumulation of antibiotics includ-
ing not only evracycline and azithromycin but also other classes of
antibiotics, for example, ofloxacinand chloramphenicol (Fig. 3hand
Extended Data Fig. 6¢c-e). Furthermore, the inhibitory effect of BSS
on the efflux pumps was also confirmed by neutralizing the effect of
the efflux pump inhibitor PABN (Fig. 3i and Supplementary Fig. 6),
which showed a similar synergy with antibiotics as bismuth against
P. aeruginosa (Supplementary Fig. 7). These results suggest that the
bismuth concentration used is sufficient to block the efflux pumps,
allowing antibiotics to reach bactericidal levels inside the cell. In the
case of the AoprM/AmexCD mutant, this concentration was achieved
evenatlower bismuth concentrations (2 pM), highlighting the role of
efflux pumpsinbismuth detoxification (Extended DataFig. 7). Overall,
we demonstrate that bismuth potentiates antibiotics by inhibiting
ETC activity possibly via targeting key Fe-S cluster enzymes such as
Nuo NADH dehydrogenase. This leads to PMF dissipation and efflux
pumpsimpairment, resulting inintracellular antibiotics accumulation.
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Fig. 3| Bismuth impairs the activity of the ETC, inhibits efflux pumps,

and promotes intracellular antibiotic accumulationin P. aeruginosa.

a, Intracellular NADH concentration in PAO1 cells treated with BSS. b, BSS
dose-dependent inhibition on the activity of NADH dehydrogenase. The bacterial
inner membrane was collected and treated with different concentrations of BSS
(uM) for 2 h, then the membrane-bound NADH-quinone oxidoreductase activity
was measured. ¢, BSS dose-dependent decrease in the fluorescence signals
reflects the increased PMF disruption. CCCP was used as a positive control.
Whisker plots show the ranges from the minimum to the maximum.
Theboundaries of the box indicate the 25th percentile and the 75th percentile.
Within each box, horizontal lines denote median values of six biological

replicates.d, Theintracellular ATP levels of P. aeruginosa under the indicated
treatment for 1h. e, BSS (uM) dose-dependent inhibition on EtBr efflux. CCCP
was used as a positive control. f, Representative heat plot of microdilution
checkerboard assay for the combination of the efflux pumps inhibitor PABN and
BSS against PAOL. g, Intracellular bismuth concentration in the PAO1cells orin
the presence of 16 mg ml™ efflux pumps inhibitor PABN or oprM/mexCD deletion
strains treated with16 uM BSS. h, Intracellular BSS dosage-related accumulation
of ERV. PABN (16 mg ml™) was used as a positive control. i, BSS antagonizes the
synergistic effects of the efflux pumpsinhibitor PABN and ERV.Fora, b, d, e, gand
h, the data are presented as mean + s.e.m. of three biological replicates.

Fora, c,gand h, Pvalues were determined using two-sided unpaired ¢-test.

BSS prevents the bacterial evolution of antibiotics resistance

Preventing the evolutionary selection of antimicrobial-resistant bac-
teriais crucial to reducing antibiotic resistance. Tounderstand BSS’s
effects on developing antibiotic resistance, we performed serial pas-
sages of PAO1 with sub-MIC (0.25 x MIC) of ERV and ofloxacin with
and without BSS (16 pM) for 25 days. Sequential passaging of antibi-
otics alone for 25 days resulted in 32- and 64-fold increases in their
MICs (Fig. 4a,b). By contrast, co-administration of BSS with antibiot-
ics resulted in only 2-fold increases in their MICs (Fig. 4a,b), suggest-
ing that BSS prevented the development of high-level resistance. We

subsequently examined the MICs of three selected resistant strains
to other antibiotics from the same group with and without BSS. As
expected, the MICs notably increased for the resistant strains. Whole
genome sequencing showed that all ofloxacin-resistant strains con-
tained mutations in the quinolone target GyrAB and the efflux pump
MexCD repressor NfxB (Supplementary Table 4). Conversely, all the
ERV-resistant strains had mutations in the ribosomal protein Rps)
known to confer high resistance to tetracyclines in other bacteria
(Supplementary Table 4)”. It is worth noting that the MICs of these
quinolone/tetracycline-resistant strains were notably reduced in the
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Fig. 4| Bismuth prevents the evolution of antibiotics-elicited resistance and
enhances the activities of antibiotics against clinical isolates. a,b, Resistance
acquisition curves during serial passage with the subinhibitory concentration of
ofloxacin (a) and ERV (b) or their combination with BSS against PAO1, showing
that BSS thwarts the resistant evolution of PAO1 to ofloxacin and ERV in vitro. The
tests were performed in triplicate, and all the data are presented as the mean of
the median. ¢, The MICs of tetracycline or quinolone antibiotics for the resistant
strainsin the absence or presence of 16 M BSS. d-f, Susceptibility testing shows
CBS (8 mg 1) enhances the efficacy of multiple antibiotics against 124 clinically
relevant P. aeruginosa strains. The antibiotics used are macrolides (azithromycin

(AZM), clarithromycin (CLR), erythromycin (ERY), telithromycin (TEL)),
chloramphenicol (CHL) and rifampicin (RIF) (d), tetracyclines (tetracycline
(TET), doxycycline (DOX), minocycline (MIN), tigecycline (TGC), eravacycline
(ERV), omadacycline (OMC)) (e) and quinolones (ciprofloxacin (CIP), ofloxacin
(OFX), gatifloxacin (GAT) and moxifloxacin (MXF)) (f) on 124 clinically relevant

P. aeruginosa strains. Violin plots show the kernel probability density of the data,
which ranges from the minimum to the maximum observed MIC,, value (n =124).
The dotted lines represent the median and quartiles of the data; the results were
obtained from two biological replicates of each bacterial isolate. Pvalues were
determined using two-sided unpaired ¢-test.

presence of BSS (Fig. 4c), suggesting that bismuth can overcome anti-
biotic resistance regardless of the resistance mechanism.

Bismuth increases the activity of antibiotics in complex
matrices

Chronic P. aeruginosainfections due to biofilm formation pose clinical
challenges’®. Therefore, we evaluated whether bismuth could enhance
antibiotic control of biofilms. While exponentially growing PAO1 is
resistant to azithromycin, biofilm-forming cells are sensitive®. As
depicted in Extended Data Fig. 8, biofilm bacteria were notably sus-
ceptible to azithromycin even at sub-MIC concentrations. In this case,
introducing BSS only marginally augmented the killing efficacy of
azithromycin against biofilm-associated bacterial cells. However, for
antibiotics with negligible or marginal effectiveness alone, combining
themwith BSS enhanced their killing efficacy against biofilm-associated
bacterial cells (Extended Data Fig. 8). Moreover, we examined the anti-
microbial efficacy of bismuth drugs, antibiotics and their combination
inanex vivo bacteraemiamodel. The combination showed notably bet-
ter bactericidal effects, with over 3 log,, reductions of colony-forming
units (c.f.u.) inthe blood, while bismuth or antibiotics alone could not
control theinfection (Extended Data Fig. 9a). Itis worth noting that one
dose of the combination therapy controlled the infection for over 24 h,
even at low concentration (Extended Data Fig. 9b).

Bismuth enhances antibiotics efficacy against clinical isolates
To assess the clinical applicability of combining bismuth drugs
and antibiotics, we tested 8 mg 1™ of CBS with antibiotics against
124 P. aeruginosa clinical isolates. The MICs of macrolides were
reduced by 32- to 64-fold (Fig. 4d and Supplementary Table 5) and
tetracycline-related antibiotics by 32- to 128-fold (Fig. 4e and Supple-
mentary Table 6). Similarly, the MICs of chloramphenicol, rifampicin
and quinolone-related antibiotics were notably reduced (Fig. 4d,fand
Supplementary Tables 5and 7).

Bismuth does not show toxicity after pulmonary delivery
tomice

Unlike other heavy metals, bismuth drugs have negligible toxicity in
the human body, due to glutathione and multidrug resistance pro-
tein transporter-mediated self-propelled disposal®’. No cytotoxicity
in human lung epithelial or embryonic kidney cells, nor haemolytic
activity on human erythrocytes, was observed even at very high con-
centrations of bismuth (Extended Data Fig. 10a-c).

Considering P. aeruginosa often causes lung infections, we stud-
ied bismuth toxicity in two mouse models (BALB/c and C57BL/6) via
intranasal administration of CBS. No acute toxicity signs were observed
at100 mg kg™ or 300 mg kg™ (three dosages) in C57BL/6 mice, and
lungtissue showed no pathological changes (Extended Data Fig.10d).
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Fig. 5| Bismuth enhances the efficacy of antibiotics against P. aeruginosa
invivo. a, Haematoxylin and eosin staining of the mouse lungs under different
treatments 24 h postinfection. b, Bacterial load in the mouse lung infection
model (n =8). The bacterial load in the lungs of mice infected with a sub-lethal
dose of P. aeruginosa decreases notably after a single dose treatment with the
drug combinations. Pvalues were determined using two-sided unpaired ¢-test.

The dataare presented as means + s.e.m. c—f, Survival curves showing the
efficacies of the co-therapy in amouse acute pneumonia model (n = 8). Increased
survival rates of mice over 7 days challenging by a lethal dose of P. aeruginosa
were observed in the mice treated with CBS (10 mg kg™) together with antibiotics
compared with the monotherapy of AZM (2 mg kg™, ¢), ERV (0.25 mg kg™, d), OFX
(1mgkg™,e)or CHL (2 mgkg™,f).

For BALB/c mice, all survived at a 200 mg kg™ dosage, indicating a
maximal tolerance dose higher than 200 mg kg™ (Extended Data
Fig.10e). Toinvestigate bismuth’s lung delivery and excretion, we ana-
lysed organ distribution after intranasal administration of 100 mg kg™
CBS. Asshown in Extended Data Fig. 10f, bismuth concentrationin the
lung decreased over time, withabout 2% remainingat 24 h, indicatingno
lung accumulation. No accumulation was observed after administering
CBS (100 mg kg™) for 3 consecutive days. A similar bismuth concentra-
tionwas observedinthe lungs after 72 h. At the same time, we observed
accumulation of bismuth in the kidney, with much lower levels in
the heart, spleen and liver, suggesting kidney excretion (Extended
Data Fig.10f).

Bismuth enhances antibiotics efficacy against P. aeruginosa
invivo

We finally investigated the effectiveness of combined bismuth drug and
antibiotic therapy in amouse acute pneumonia model. Female BALB/c
mice were infected by a sub-lethal dose of PAO1 via inhalation. After
half an hour, the infected mice received a single intratracheal dose of
either vehicle control, antibiotics, CBS monotherapy or combination
therapy. Histological lung sections confirmed reduced inflammation
and tissueinjury with the drug combinations (Fig. 5a). We observed that
the combinations of CBS (10 mg kg™) with azithromycin (4 mgkg™) or

ERV (0.25 mg kg™) resulted in over 2-3 log,, reductions in lungs c.f.u.
compared to the monotherapy at 24 h postinfection (Fig. 5b).Inalethal
P. aeruginosa infection model, CBS (10 mg kg™) with azithromycin
(2mg kg™ or ERV (0.25 mg kg™) led to 100% survival, while the combina-
tions of CBS with ofloxacin (1 mg kg™) or chloramphenicol (2 mg kg™)
increased survival rates of mice to 87.5% over 7 days (Fig. 5c-f). With
monotherapies, azithromycin and ofloxacin failed to protect any of
the mice within 72 h, while ERV and chloramphenicol each rescued
1out of the 8 mice by the experiment’s end (Fig. 5¢-f). Surprisingly,
although CBS alone has poor in vitro antibacterial activity against
P.aeruginosa (MIC >1,024 uM), asingle dose of 10 mg kg™ CBS rescued
2outof the 8 mice, resultingina25%survival (Fig. 5c-f). Asbismuth can
directly target PVD, essential for in vivoiron chelating and expression
of virulence factors in P. aeruginosa®*°, this anti-virulence effect may
explain theinvivo efficacy at alow dose. Overall, we demonstrate the
high potential of bismuth drugs as antibiotic adjuvants to potentiate
antibiotics against P. aeruginosain vivo.

Discussion

The emergence of antimicrobial-resistant bacterial strains highlights
the limitations of current single-targeted drug design. Alternative
strategies are urgently needed to tackle AMR, the silent pandemic.
Using antimicrobial metals alone or with antibiotics is a promising
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approach to address this issue'>***, This study reveals strong syn-
ergy between a bismuth drug and multiple antibiotic classes against
P.aeruginosa.ltisworthnoting that the combination therapy enhanced
survival rates in a mouse infection model with a well-tolerated safety
profile. Ourin-depth mechanistic studies reveal that bismuth potenti-
ates antibiotics by binding siderophores and the Fur, disruptingiron
homeostasis. The contest foriron between the host and the pathogen
is crucial for pathogen survival and disease progression. Most patho-
gens use multiple iron uptake systems to compete with the host for
iron including producing high-affinity siderophores to capture iron
fromthe hostiron-binding proteins®. In Pseudomonas, 6% of genes are
iron-responsive*, indicating theimportance of iron for this pathogen.
Targeting bacterial iron acquisition, such as with the ‘Trojan horse’
strategy, is a promising approach against infection*"", This strategy
issuccessful, evidenced by the approval of cefiderocol, the firstin-use
siderophore-conjugated antibiotic.

Bismuth causesintracellulariron deprivation, impairing the ETC
and dissipating the PMF. This inhibits ATP generation and compromises
multi-drug efflux pumps, leading toincreased antibiotic accumulation
inside cells and enhanced susceptibility of P. aeruginosa to multiple
antibiotics (Extended Data Fig. 10g). This mode of action of bismuth
drugs makes them potentially promising antibiotic adjuvants for treat-
ing P. aeruginosa infections.

A battery of Fe-S clusters containing enzymes are involved in
ETC functions*®. In this study, we observed intracellular NADH accu-
mulation in BSS-treated bacteria, suggesting BSS disrupted NADH
dehydrogenases, the richest Fe-S cluster enzymes in the ETC*?. This
was confirmed by BSS losing activity in the presence of the Nuo NADH
dehydrogenase inhibitor rotenone. However, the precise mechanism
of how bismuth targets Fe-S clusters at the enzymatic level requires
further study. Based on our extensive knowledge of bismuth bioco-
ordination chemistry, Bi(Ill) resembles Fe(Ill) and Zn(II) and binds
to iron-binding and zinc finger proteins”*. The unique thiol-philic
nature of Bi(Ill) has rendered diversified medicinal application of
bismuth drugs being revealed®**’. Our previous metalloproteomic
study revealed that Bi(lll) binds to Fe-S cluster enzymes'. Therefore,
BSS functionally disrupting Fe-S cluster containing enzymes is likely
duetothebinding of Bi(lll) to the Fe-S clusters, resulting in the release
ofiron. Whether thisis the case may warrant further studiesin future.

Bismuth drugs, typically used orally for H. pylori and as salves
for wound infections, have also been shown to suppress severe acute
respiratory syndrome coronavirus 2 replication in a hamster model,
alone or with N-acetyl cysteine***°, Their low toxicity is attributed to
low bioavailability”, but enhanced absorption with N-acetyl cysteine
does not cause apparent toxicity’, suggesting their use beyond local
infections such as H. pylori. Indeed, the intratracheal administration
of high-dose CBS to mice showed no observable toxicity. Notably,
combination therapy showed potent antimicrobial efficacy against
P. aeruginosa in mouse lung infection models, with almost 100% sur-
vival rates for certain combinations. The high potency and safety
profileindicate high translational potential of the combination therapy
for treating drug-resistant P. aeruginosa infections.

Methods
Bacterial strains, primers and antibiotics
Thebacterial strains and primers (synthesized by BGl genomics) used
inthisstudy arelisted in Supplementary Table 8. Bacteria were cultured
incation-adjusted Muller-Hinton broth (CAMHB) or Luria-Bertani (LB)
brothmediumat 37 °Cwith agitationat 200 r.p.m. Bismuth potassium
citrate was purchased from TCI. All other chemicals and antibiotics
were purchased from Sigma-Aldrich or MedChemExpress unless
otherwise stated.

Briefly, to construct the gene deletion mutant in P. aeruginosa,
around 1,000 bp fragments that are upstream and downstream of the
gene coding region were amplified by PCR using the PAO1 chromosome

as the template, and the primers are listed in Supplementary Table 8.
The fragments were cloned into the plasmid pEX18TC by USER cloning
(New England Biolabs). The plasmid was transfomed into E. coli S17 and
then transferred into P. aeruginosa by conjugation. Single-crossover
mutants were selected on 50 mg I tetracycline and 50 mg I kanamycin
(to kill the E. coli donor strain), and double-crossover mutants were
selected by growth on LB plates containing 7.5% sucrose.

MIC determination and synergy test

The MIC values were determined in triplicate using standard broth
micro-dilution following Clinical and Laboratory Standards Institute
recommendations. Briefly, the drugs were twofold diluted in CAMHB
and then mixed with an equal volume of bacterial suspensionin a
96-well microlitre plate, resulting in a final bacterial concentration of
5x10° c.f.u. mI™. The MIC values were defined as no visible bacterial
growth under the lowest concentration of antibiotics after overnight
incubationat 37 °C. Astandard checkerboard broth micro-dilution test
was carried out to test the synergistic effects of the combined antibac-
terialagents. Whenrequired, FeCl;, PVD, PCH or efflux pump inhibitor
PABN was added into the medium to assess the effect on the synergy
between bismuth and antibiotics. For the screening, all the tests were
performedintriplicate. For the checkerboard assay, the experiments
were performed three times.

The FICI was calculated according to the previously described
formulaFICI = FIC, + FIC, = MIC,,/MIC, + MIC,,/MIC,. The FICI was inter-
preted according to European Committee on Antimicrobial Suscepti-
bility Testing as follows: antagonistic, FICI > 2; indifferent, 1 < FICI < 2;
additive, 0.5 <FICI <1; synergistic, FICI < 0.5. For the FICI calculations,
twice the highest concentration tested was used in the cases where the
MIC was not reached.

Time-dependentKkilling curve

An overnight culture of PAO1 was diluted 1:100 into fresh CAMHB and
incubated for 3 h at 37 °C under continuous shaking to the late log
phase (optical density at 600 nm (OD,,) = 0.4-0.6). Then, the cells
were challenged by either antibiotic or BSS (16 pM) alone or their
combination. At the indicated time points, the samples were decimal
serially diluted in PBS. About 10 pl of the dilutions were spotted on LB
agar, and colony counts were determined after incubating overnight at
37 °C. Allexperiments were performed with three biological replicates.

PVD quantification assay

An overnight culture of PAO1 was diluted 1:100 into fresh casamino
acid medium (0.5% casamino acids, 0.1 mM MgSO,, 7 mM potassium
phosphate buffer, pH 7.0). At given time points, the PVD from culture
supernatants was measured by absorbance at 405 nm, normalized by
the cell density of bacterial cultures (ODgq).

Intracellulariron and bismuth assay

Intracellulariron and bismuth were measured by ICP-MS. An overnight
cultureof PAO1wasdiluted1:100into fresh CAMHB and incubated for3 h
at37 °Cunder continuousshakingtothelatelogphase (0D, = 0.4-0.6).
Then, the cells were treated with the indicated concentration of BSS
and incubated for 4 h at 37 °C under continuous shaking. The cells
were collected by centrifugation and washed three times with 20 mM
Tris—HCI pH 7.2 buffer. The bacterial cells were lysed by sonication.
Bacterial lysates were supplemented with 68% HNO, to a final concen-
tration of 5% and incubated at 65 °C overnight. The dissolved samples
were centrifuged and diluted for the quantification of metals by ICP-MS
(Agilent 75004, Agilent Technologies). Metal quantifications were done
intriplicate, and average values were used.

Cellularironrelease
An overnight culture of PAO1 was diluted 1:100 into fresh CAMHB
medium and allowed to grow at 37 °C until it reached the late log phase
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(OD¢go = 0.4-0.6). Subsequently, calcein-AM was added to the culture
at a final concentration of 20 pM and incubated for 60 min at room
temperature under conditions shielded from light. The bacterial cells
were then subjected to three washes with PBS buffer and resuspended
in fresh M9 medium containing the specified concentrations of BSS
and further incubated for an additional hour at 37 °C under condi-
tions protected from light. The cells were subsequently transferred
to a 96-well plate, and the fluorescence intensity was measured using
aMulti-Mode Microplate Reader (SpectraMaxiD3, Molecular Devices,
LLC) with excitation at 492 nm and emission at 535 nm.

Purification of PVD and PCH
P. aeruginosa (PAO]) cells were cultured overnight in succinate medium
(K;HPO, 6 g1;KH,PO,,3g1™;(NH,),PO,,1g17,MgSO0,, 0.2 g I; succinic
acid,4 glandNaOH1.1g1?, pH=7.0) and then diluted by 1:100 in the
same medium. Cells were grown at 30 °C under continuous shaking
for 48 h. The supernatant was collected after centrifugation (8,000 g,
4 °Cfor30 min) andfiltration through a 0.22 umfilter. For the PVD, the
supernatant was loaded to a C18 reverse-phase SepPak column and
sequentially washed with 10 ml of H,0, 10 ml of 20% acetonitrile and
10 ml 80% of acetonitrile. The 20% acetonitrile solution was lyophi-
lized to obtain crude PVD extracts. The crude extracts were dissolved
in Milli-Q water filtered with a 0.22 pum filter and then subjected to a
reverse high-performance liquid chromatography equipped with a
3.6 1 XB-C18250 x 4.6 mm column for purification. AUV detector set
atawavelength of 280 nm was used to monitor the compound elution.
For the PCH, the supernatant from the bacterial culture was first
acidified by the addition of solid citric acid to reach a pH of 3. The
acidified supernatant was then subjected to two rounds of extraction
with methylene chloride. The organic phase was carefully separated
and collected, and any residual water was removed by adding MgSO,.
Next, the desiccant was filtered with a sintered glass funnel over a
vacuum flask, and the solvent was evaporated under reduced pressure.
The crude extracts were dissolved in 10% methanol and then purified
by high-performance liquid chromatography. A UV detector set at a
wavelength of 254 nm was used to monitor the compound elution.

UV-vis spectroscopy

UV-visspectrawere collected ona Varian Cary 50 spectrophotometer
atarate of 360 nm min™ usingal cm quartz cuvette at ambient temper-
ature. Aliquots of 2 mM Bi(NTA) stock solution were stepwise titrated
intoaPVD sample (100 pM) or PCH sample (50 pM) in atitration buffer
(10 MM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES),
50 mMNacClat pH 6.8), and UV-vis spectrawererecorded inarange of
220-800 nm. Binding of Bi(Ill) to PVD was monitored by the increase
inabsorption at 325 nm and 425 nm. The binding of Bi(lll) to PCH was
monitored by the increase in absorption at 360 nm. The UV titration
curve was fitted to the Ryan-Weber nonlinear equation.

I — Imax

2¢,

2
(Kg + Con + Cp) =\ (Ka + Cm + Cy)? — 4CuC,

where / stands for UV absorbance intensity; /,,, stands for maximal
UV absorbance; C,and C,, refer to the total concentrations of PVD and
bismuth, respectively; K is the dissociation constant. The dissocia-
tion constant of Bi(Ill) from PVD was derived by K’ = K /K,, where K
is the dissociation constant of Bi(NTA) from PVD determined from
Ryan-Weber nonlinear fitting and K is the formation constant of
Bi(NTA) with log K, 0of 17.55.

Fur protein expression and purification

To express the Fur protein, the fur gene was amplified by PCR using
the PAO1chromosome as the template and primersaslisted in Supple-
mentary Table 8. The fragments were cloned into plasmid pET28a. The
resulting plasmid was transferredinto E. coli BL21(DE3). The BL21(DE3)

cells harbouring pET28a-fur plasmids were cultured overnightand then
diluted by 1:100 to fresh LB medium supplemented with 50 pg ml™
kanamycin. Cells were grown (37 °C and 200 r.p.m.) to OD,,0f 0.4-0.6
and theninduced by 1 mM (3-D-thiogalactoside, and the bacteria were
further incubated at 18 °C for 20 h. The bacteria were collected by
centrifugation (8,000 g, 4 °C for 30 min), and the cell pellets were
resuspended with alysis buffer (50 mM Tris, 300 mM NaCl, 10% glycerol
pH =7.5) and sonicated. The lysates were centrifuged (12,000 g, 4 °C
for 30 min), and the supernatant was incubated with the Ni(NTA) for
2 hat4 °Cand thenwashed three times with the lysis buffer with20 mM
imidazole. The Fur protein was eluted with 300 mM imidazole in the
same buffer. The protein concentrations were quantified by a bicin-
choninicacid (BCA) assay kit.

Electrophoretic mobility shift assay

DNA fragments (200 ng) were incubated with 1 uM purified recom-
binant Fur protein at 37 °C for 30 min in a 20 pl reaction mix (10 mM
Tris-HCI, pH7.6,4%glycerol,100 mM NaCl, 10 mM B-mercaptoethanol)
including the indicated concentration of BSS or FeSO,. Next, samples
wereloaded onto a 6% native polyacrylamide gel in 0.5x Tris-borate-
EDTA buffer that was pre-run for 1 h and then run at 100 V for 2 h on
ice. The gel was stained in 0.5x Tris-borate-EDTA containing ethidium
bromide (EtBr) for 10 min, and bands were visualized with amolecular
imager ChemiDoc XRS * (Bio-Rad).

Oxygen consumption assay

Bacterial oxygen consumption was measured using an extracellular
oxygen consumption assay kit (Abcam, ab197243). An overnight cul-
ture of PAO1was diluted 1:100 into fresh CAMHB medium and grown at
37 °Ctothelatelogphase (OD¢,, = 0.4-0.6). The bacteriawere treated
with the indicated concentration of BSS for 2 h and then adjusted to
1x108 c.f.u. ml™ in a fresh CAMHB medium containing the indicated
concentration of BSS. About 150 pl of the bacterial resuspension was
transferred to each well of a black 96-well plate containing 10 pl of O,
consumption reagent. Each well was sealed with 50 pl mineral oil pro-
vided by thekit toisolate the air. The fluorescence signal was monitored
at excitation/emission of 380/650 nm every 1 min for 30 min with a
luminometer (Varioskan Flash; Thermo Scientific). All the tests were
performedintriplicate.

Bacterial NADH level assay

Bacteria were cultured in a fresh CAMHB medium at 37 °C to an ODy,
0f 0.4-0.6. Then the bacteriawere treated with the indicated concen-
tration of BSS for 1 h. Following the treatment, 1.5 ml of the cell culture
was collected via centrifugation and subsequently washed three times
using a20 mM Tris-HCl buffer at pH 7.2. The bacterial cells were then
lysed via sonication. To determine the total protein concentration
withinthebacterial lysate, BCA analysis was conducted for calibration.
Inaddition, 2 ml of culture was removed and immediately mixed with
8 mlice-cold 100% methanol followed by centrifugation at 4,000 g
for 15 min at 4 °C to obtain a cell pellet. The pellet was reconstituted
in 0.2 M NaOH for the purpose of NADH extraction. This mixture was
incubated at 52 °C for 10 min, followed by a subsequent incubation
onice for an additional 5 min. To neutralize the NaOH, 0.2 M HCl was
added to the mixture, and gentle vortex mixing was used at low speed.
Theresulting mixture was then subjected to centrifugation for 15 min
at 15,000 g and 4 °C. The supernatant was collected for NADH meas-
urement. Total bacterial protein concentrations were quantified by
BCA assay.

NAD(H) concentrations were measured using an enzyme cycling
assay in a 96-well microtiter plate. Reagent master mix containing
2 volumes of 1M bicine (pH 8.0), 1 volume of 100% ethanol, 1 volume
of40 mM EDTA (pH 8.0), 1volume of 4.2 mM thiazolyl blue, 2 volumes
of 16 mM phenazine ethosulfate and 1 volume of distilled water
(dH20) was prepared. Aliquots (30 pl) of NADH extracts were added
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toindividual wells of a 96-well microtiter plate, and reagent master mix
(160 pl) was added and vigorously mixed (200 r.p.m., 3 s) followed by
static incubation for 10 min in the microplate reader at 30 °C. Then,
a solution of alcohol dehydrogenase (1 mg ml™in 0.1 M bicine) was
added, followed by vigorous mixing (200 r.p.m., 1s). The absorbance at
570 nmwasthenrecorded every 30 s for 30 min, with vigorous shaking
(200 r.p.m.,1s) before eachreading. The slopes of absorbance against
time were calculated for NADH and were then used to calculate the
concentration in the sample by fitting the standard curve prepared
using the standard NADH sample.

Resazurin assay

Thebacteriawere culturedinthe CA-MHB mediumat 37 °Ctoan OD,
of 1. BSS was added into the medium at the indicated concentrations.
Resazurin was added at a final concentration of 0.1 mg ml™. Fluores-
cenceresorufin was monitored at an excitation/emission wavelength
0f550/590 nmevery 10 min throughout 4 hwithaspectrophotometer
(Varioskan Flash; Thermo Scientific). All the tests were performed in
triplicate.

Inner membrane preparation

P. aeruginosa PAOL cells were grown in CAMHB medium overnight
at 37 °C to obtain approximately 1-3 g wet weight of cells. For the
in vivo test, overnight cultured PAO1 cells were treated with the indi-
cated concentrations of BSS for 2 h, and then cells were collected
by centrifugation and washed three times with sterile saline. To pre-
pare spheroplasts, the cells were resuspended in 30 mM Tris-HCI,
pH 8.0, containing 20% sucrose at room temperature. EDTA iron (III) salt
(pH 7.5) and lysozyme were added to achieve final concentrations of
10 mM and 1 mg ml™, respectively, and incubated at 21 °C for 60 min.
The spheroplasts were centrifuged at 16,000 g for 30 min at 4 °C and
resuspendedin 20 mlof 0.1 M phosphate buffer pH 7.5, which contained
20%sucrose. DNase and MgSO, were added to achieve final concentra-
tions of 2 mg ml™ and 20 mM, respectively. The spheroplast mixture
was incubated at 37 °C for 1 h and broken by ultrasonication (15 min,
pulsation at 10 s/10 s on-off) on ice. The cell debris was removed by
centrifugation at 800 g for 10 min at 4 °C. The lysate was centrifuged
at 75,000 gfor30 minat4 °C (Beckmann Optima MAX Tabletop Ultra-
centrifuge) to obtain a crudeinner membrane. Membranes were resus-
pended at 10 mg wet weight per mlinto 50 mM phosphate buffer (pH
7.5) which contained 5 mM magnesium sulfate. Membrane preparations
were stored at —80 °C until further use.

NADH-quinone oxidoreductase activity assay

Briefly, the bacterial inner membrane (1 mg ml™) was resuspended
in 50 mM phosphate buffer (pH 7.5) containing 5 mM MgSO, and
ubiquinone-1, and potassium cyanide was added to achieve final
concentrations of 200 pM and 5 mM, respectively. BSS was added as
desired, and the reaction mixture was incubated for 2 h at 37 °C. The
reaction was initiated by adding 200 uM NADH immediately before
each experiment. The NADH oxidase activity was measured by the
decreaseinabsorbance at 340 nmusing aspectrophotometer (Varios-
kan Flash; Thermo Scientific) for 2 h. For in vivo test, the reaction was
started without the treatment of BSS. The membrane treated at 90 °C
for10 minwas used as anegative control. All the tests were performed
intriplicate.

PMF assay

The prodye BCECF-AM was used. This pro-dye is able to cross the bac-
terial membranes where it is hydrolysed by non-specific esterases
to give a pH-sensitive dye, the fluorescence of which decreases as
cytoplasmic pH decreases. Briefly, early growth logarithmic phase
(ODgg = 0.2-0.3) cultures were exposed to 25 uM BCECF-AM (Thermo)
for 30 min at 37 °C. Loaded cells were washed three times with 0.9%
NaClandresuspendedinafresh CAMHB medium. Next, the cells were

incubated with the indicated concentration of BSS or carbonyl cya-
nide 3-chlorophenylhydrazone (CCCP) (40 pg ml™), a known proton
uncoupler, as a positive control for 30 min at 37 °C. The fluorescence
signal was monitored at excitation/emission of 500/522 nm by a spec-
trophotometer (Varioskan Flash; Thermo Scientific). The datashown
arerepresentative of results from six technical replicates.

Membrane potential assay

The bacteria were cultured at 37 °C in LB medium to an OD,, of 1.
The bacteria were diluted to 10° c.f.u. mI™ in PBS. To each 1.5 ml of
the bacterial suspension, 20 mM DiOC2(3) was added to achieve a
final concentration of 15 pM and incubated for 1 hat 37 °Cin the dark,
followed by flow cytometry analysis (Accuri C6; BD). DiOC2(3) was
excited at 484 nm, and the emissions at 530 nm (green fluorescence)
and 610 nm (red fluorescence) were measured. All experiments were
performedintriplicate. The green fluorescenceis relatively independ-
ent of membrane potential and mainly reflects particle sizes, while the
red fluorescence is highly dependent on membrane potential. Mem-
brane potential was indicated by the red/green ratio. Gating strategy
isshownin Supplementary Fig. 8.

Sdh assay

Sdh activity was measured by a Sdh assay kit (Abcom, ab228560).
In this assay, Sdh converts succinate to fumarate and transfers the
electron to an artificial electron acceptor (Probe), which changes the
colour from blue to a colourless product. Briefly, the bacterial inner
membrane (1 mg ml™?) was resuspended in 50 mM phosphate buffer
(pH7.5) and treated with the indicated concentrations of BSS for2 hat
37 °C. About 50 pl sample was mixed with 50 pl of Sdh reaction mix into
96 wells plate and measured absorbance (600 nm) at 25 °C in kinetic
mode by a spectrophotometer (Varioskan Flash; Thermo Scientific).
Theactivity of Sdhis evaluated based onthe rate of decrease inrelative
absorbance values.

Aconitase enzyme activity assay

The aconitase activity was measured by an aconitase enzyme activity
microplate assay kit (Abcom, ab109712). In this assay, aconitase cataly-
sesanequilibriumbetween citrate, cis-aconitate and iso-citrate. These
reactions are monitored by measuring the increase in absorbance at
240 nm associated with the formation of the cis-aconitate. There-
fore, the rate of cis-aconitate production is proportional to aconitase
activity. Briefly, the bacteria were cultured at 37 °Cin CAMHB medium
to early growth logarithmic phase (OD¢,, = 0.2-0.3). Subsequently,
the bacteria were treated with the indicated concentration of BSS at
37°Cfor 2 h. The bacteria were collected by centrifugation and lysed
in PBS by sonication. The protein concentrations were quantified by
aBCA assay kit. About 50 pl sample (1 mg ml™) was mixed with 200 pl
of reaction mix into a 96-well plate, and absorbance was measured
(240 nm) at 25 °Cinkinetic mode by aspectrophotometer (Varioskan
Flash; Thermo Scientific). To analyse the data, two time points between
whichtheratesarelinearly increasing for all samples were picked. The
aconitase activity was evaluated by calculating the average reaction
rate (Rate = (Absorbance 1 - Absorbance 2)/time (min).

Bacterial ATP level assay

Bacterial intracellular ATP levels were determined using a BacTiter-
GloTM Microbial Cell Viability Assay (Promega) kit. The bacteria were
cultured at37 °Cin CAMHB mediumto early growth logarithmic phase
(OD¢g = 0.2-0.3). Subsequently, the bacteria were treated with the
indicated concentration of BSS, ERV or their combinations at 37 °C for
1h.About 50 pl BacTiter-GloTM reagent was mixed with 50 pl cell cul-
tureandincubated for 5 min at room temperature. Luminescence was
measured withaluminometer (Tecan). At the same time, the number of
viable bacteria was counted by dilution and plating. The ATP concentra-
tionwas calculated using a standard curve made withacommercial ATP
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solution. Relative ATP levels were calculated based on bacteria counts.
Allthe tests were performed in triplicate.

EtBr efflux assay

The bacteria were cultured in a CAMHB medium at 37 °C to an OD,
of 1. The cells were washed with 10 mM HEPES) buffer and adjusted to
0D = 0.5. EtBr was added at a final concentration of 5 uM, and cells
were incubated for 30 min at 37 °C. The cells were collected by cen-
trifugationand resuspendedin afresh CAMHB medium containing the
indicated concentration of BSS or 40 mg I CCCP as a control. The fluo-
rescence signal was monitored at an excitation/emission wavelength
0f 525/600 nm every 5 min for 120 min at 37 °C with a luminometer
(Varioskan Flash; Thermo Scientific). The data shown are representa-
tive of results from three technical replicates.

Tetracycline accumulation assays

Tetracyclines have strong ultraviolet absorption and fluorescence
propertiesinthe near-visible region. Therefore, we detected the accu-
mulation of tetracycline by fluorescence. PAO1was grownin CAMHB to
an OD,, of 1and then incubated with 50 mg I of ERV in the presence
or absence of different concentrations of BSS for 15 min. The bacteria
were collected by centrifugation and washed three times with PBS. The
bacterial cellswerelysed in PBS by sonication. The fluorescence of ERV
was measured at an excitation/emission wavelength of 400/520 nm
with aluminometer (Varioskan Flash; Thermo Scientific). Total bacte-
rial protein concentrations were quantified by BCA assays.

Antibiotics uptake assay

To quantify the uptake of other antibiotics (azithromycin, chloram-
phenicol, ofloxacin), bacteria were grown in CAMHB to an OD, of
1and then incubated with antibiotic (8 mg 1™ for azithromycin and
chloramphenicol, 0.5 mg I for ofloxacin) in the presence of different
concentrations of BSS for1h. The bacteria were collected by centrifuga-
tionand washed three times with PBS. The bacterial cellswerelysedin
PBS by sonication. The cellular antibiotic levels were measured using
a specific antibiotic ELISA Kit. Total bacterial protein concentrations
were quantified by BCA assay.

RNA isolation, RT-qPCR and transcriptome analysis

Overnight cultured PAO1 cells were diluted 1:100 into CAMHB and
incubated at 37 °C to an 0D, of 1. The cells were treated with 16 uM
BSS for 30 min. The cells were collected and resuspendedin1 ml of TRI-
zol reagent (Life Technologies). Total bacterial RNA was extracted by
chloroform-isopropanol precipitation. The residual DNA was digested
with RNase-free recombinant DNase I (Roche), the RNA was dissolved
in RNase-free water, and complementary DNA was synthesized using
random primers and reverse transcriptase (Invitrogen). SYBRII Green
supermix (BioRed) was used for qPCR, and the ribosomal gene rpsL
was used as aninternal reference control. All the tests were performed
in triplicate. The Zymo-Seq RiboFree Total RNA Library Kit (Zymo
Research) was usedto prepare thelibrary preps for Illlumina sequencing
using 800 ng of the extracted total RNA. Samples were sequenced on
the Illumina NexSeq 500 to generate 75 bases single-end reads (75SE)
with an average read depth of 12 M reads per sample. The quality of
theresulting fastqreads was checked using FastQC v0.11.9 (Babraham
Bioinformatics) and mapped on the reference genome using Bowtie2
v2.4.2 using default settings. The resulting SAM files were converted
to BAM using SAMtools 1.11, and feature Counts 2.0.1 was used to get
the gene counts. The T-REx webserver was used to perform statistical
analyses and determine differential gene expressions.

Resistance development analysis

The evolution of ERV and ofloxacin resistance in vitro was charac-
terized by a standard sequential passaging technique. P. aeruginosa
PAO1 cells were grown in CAMHB medium to exponential phase at

37°C.The MICs of ERV in the presence or absence of 16 uM BSS were
determined by standard broth microdilution in 96-well plates and
monitored for 25 days. The plate was incubated for 18 h under static
conditions at 37 °C. The sub-MIC (0.25 x MIC) bacterial suspension
from the ERV or BSS + ERV combination was diluted in CAMHB to a
final concentration of 10° c.f.u. ml™ to prepare the inoculum for the
next-day MIC experiment. Experiments were performed with three
biological replicates.

Biofilm killing assay

Overnight cultured PAO1 cells were diluted 1:100 into CAMHB and
incubated at 37 °C to an 0D, of 1. The bacterial suspension was stand-
ardized to an ODgy, = 0.025 in fresh CAMHB. About 1 ml of bacterial
suspension was added into a glass tube and incubated at 37 °C for
24 htoform the biofilm. Due to the strong antibiotic resistance nature
of biofilms, 1x,1/2x, 1/4x and 1/8x MIC of antibiotics combined with
32 uM BSS was used to kill the established biofilm for 24 h. Finally, the
biofilm was washed three times with sterile PBS and treated with 2 ml
fresh CAMHB containing the indicated concentration of antibiotics or
BSS or the combination at 37 °C for 24 h. The tube was washed three
times with sterile PBS, the biofilm was dispersed by ultrasound, and
the numbers of bacteria were determined by plating. The experiment
was performedin triplicate.

Antimicrobial activity in blood

Human blood of healthy individuals was obtained from Sanquin with
approval for research use (certified Dutch organization responsible
for meeting the need in healthcare for blood and blood products;
the reference number assigned was NVT0523.01) and was infected
with 5 x 107 c.f.u. ml™ of PAOL. The blood was distributed at 0.5 mlin
2 ml Eppendorf tubes and treated with the indicated concentration
of antibiotics or bismuth compounds or their combination at 37 °C.
At4 hpostinfection, the samples were decimal serially diluted in PBS.
Drops of 10 pl of each dilution on LB agar were used to track the number
of remaining viable bacteria. At 24 h post infection, the samples were
photographedtotrack the development of infection. The experiment
was performedintriplicate.

Mammalian cell toxicity

Cytotoxicity was determined using a Cell Proliferation Kit Il (XTT)
(Roche). The human lung epithelial cells (A549) and embryonickidney
cells (HEK293T) were cultured in Dulbecco’s modified Eagle medium
with 2% (vol/vol) heat-inactivated fetal bovine serum at 37 °C with 5%
CO,.Atotal of 2 x 10* cells were seeded into each well of a 96-well plate
and cultured overnight. The drug was added to each well, resulting in
theindicated final concentrations and incubated at 37 °C with 5% CO,
for48 h. After the addition of 50 pl XTT working solution to each well,
the plate wasincubated at 37 °C with 5% CO, for 4 h. The absorbance at
495 nmwas measured using aluminometer (Varioskan Flash; Thermo
Scientific). The cell viability was calculated using untreated cells as
acontrol.

Haemolysis assay on humanred blood cells
Forerythrocyteisolation, blood was centrifuged at 1,000 gat 4 °C for
10 min, and the supernatant was removed. After that, the cells were
washed three times with 0.9% NaCl solution in the same conditions
and finally resuspended in the same buffer. In a 96-well plate, 160 pl
of 10-fold diluted red cells were added, and the drugs were added in
avolume of 40 pl of 0.9% NaCl to give rise to a final concentration of
the drugs ranging from 8 to 256 uM. Triton X-100 at 1% was used as a
positive lysis control. The plate was incubated at 37 °C for 1 h. After
that, samples were centrifuged (1,000 g for 10 min at 4 °C) to remove
theintacterythrocytes, and the supernatant was transferred to anew
96-well plate. The absorbance of released haemoglobin was measured
at ODs,,, and the percentage of haemolysis was calculated.
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Bismuth biodistributionin mice

Allanimal experiments were approved by and performedinaccordance
with the guidelines approved by the Committee on the Use of Live Ani-
malsin Teaching and Research (CULATR), the University of Hong Kong
and the ‘Guide for the Care and Use of Laboratory Animals’ as promul-
gated by the National Institute of Health, Animal Research: Reporting
of In Vivo Experiments guidelines and the protocols approved by the
Ethics Committee of Laboratory Animals of the University of Granada.
All the experiments were performed according to the standard oper-
ating procedures of the biosafety level 2 animal facilities (reference
number CULATR 5079-19 and 26072017). For the toxicity test, two lines
of mice were tested BALB/cand C57BI/6.For the acute toxicity test, the
mice wererandomly divided into 3 study groups (n = 4) and anaesthe-
tized with an intraperitoneal injection of ketamine (100 mg kg™) and
xylazine (10 mg kg™), followed by inoculation with 20 pl CBS solution,
resulting in a dosage of 100 mg kg™ or 200 mg kg™. The appearance,
behaviour and response to stimuli of the mice were observed after
administration to evaluate possible acute toxicity, and the mice’s body
weights were recorded for 7 days. A similar approach was used in the
case of C57BI/6. Adults (8-10 weeks old, male) were randomized and
dividedinto 3 study groups (n = 4). Mice were anaesthetized as before,
and then 100 mg kg™ CBS was applied intranasally in a final volume
of 50 plin PBS, each mice receiving a unique dose of the compound
or one dose per day for 3 consecutive days. After 24 or 72 h from the
lastadministration, mice were killed by cervical dislocation. A control
group (control n=4) was included for reference, which was given the
vehicle. Then, the mouse body weights were recorded. Kidneys, lungs
and livers were removed aseptically, and tissues were weighed, frozen
inliquid nitrogen and stored at -80 °C.

To determine the organs-associated concentration of bismuth
ions, the 6- to 8-week-old female BALB/c mice were randomly divided
into 3 study groups (n =4) and anaesthetized with an intraperitoneal
injection of ketamine (100 mg kg™) and xylazine (10 mg kg™), fol-
lowed by inoculation with 20 pl CBS solution, resulting in a dosage
of 100 mg kg ™. The mice of each group were euthanized by intraperi-
toneal injection of 100 mg kg™ pentobarbitone at 4, 8 and 24 h post
treatment. The organs were isolated and weighed, then subjected
to homogenization in 1 ml PBS. About 100 pl of the homogenized
tissueswereadded into 900 pl 68% HNO; and incubated at 65 °C over-
night. The dissolved samples were diluted to the appropriate concen-
trations for the quantification of metals by ICP-MS (Agilent 7500a,
Agilent Technologies).

Mouse acute pneumonia model

In all mice studies, 6- to 8-week-old female BALB/c mice were used.
Briefly, overnight cultured PAO1 cells were diluted 1:100 infresh LB and
incubated at 37 °C to an ODq, of 1. The collected bacterial cells were
washed once with PBS. The bacterial concentration was adjusted to
3x10° c.f.u. mI™in PBS. Each female BALB/c mouse was anaesthetized
withanintraperitonealinjection of ketamine (100 mg kg™) and xylazine
(10 mg kg™), followed by inoculation with 20 pl of the bacterial suspen-
sion, resultingin 6 x 10 c.f.u. per mouse. The mice were administered
half an hour post infection intranasally with a 20 pl aliquot of PBS,
monotherapy of antibiotic or CBS or their combinatory therapy (n = 8).
Body weights and mouse survival were monitored till the end point
of'the experiment.

For lung colonization and histological studies, a sub-lethal dose of
bacteria (4 x 107 c.f.u. per mouse) was used. The mice were euthanized
by intraperitoneal injection of 100 mg kg™ pentobarbitone 24 h post
treatment. Lungs wereisolated and subjected to homogenization. The
bacterial load in each lung was determined by plating (n = 8). For his-
tological studies, lung samples were obtained from mice and storedin
10% formalin for 48 h and rinsed with 70% ethanol (n = 3). Tissues were
embedded in paraffin, thin-sectioned, stained with haematoxylinand
eosinand examined by microscopy.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The transcriptome (RNA sequencing) data that support the findings of
this study have been deposited in the National Center for Biotechnol-
ogy Information Gene Expression Omnibus (GEO) with the accession
code GSE223542. Genome sequencing data for the antibiotics resist-
ant isolates are available in the National Center for Biotechnology
Information Sequence Read Archive under the accession number
PRJNA1089519. Source data are provided with this paper.
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Extended Data Fig. 3| Time-killing curves showed the synergistic effects
of BSS and antibiotics against PAO1. Time-killing curves for antibiotics
(azithromycin (AZM, a), clarithromycin (CLR, b), telithromycin (TEL, ¢),
chloramphenicol (CHL, d), doxycycline (DOX, e), minocycline (MIN, f),
tigecycline (TGC, g), eravacycline (ERV, h), omadacycline (OMC, i), rifampicin

(RIF, ), ofloxacin (OFX, k), ciprofloxacin (CIP, 1), moxifloxacin (MXF, m),
aztreonam (ATM, n), tobramycin (TOB, 0), cefepime (FEP, p)) and BSS
monotherapy and their combination therapy against PAO1during 24 h
incubation at the indicated concentration (uM). Error bars represent mean + SD

for three biologic

al replicates.
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Extended Data Fig. 4 | Bismuth disrupts the iron homeostasis of
P.aeruginosa. a, The RT-qPCR confirmed the downregulation of iron uptake-
related genes under the treatment of BSS. b, The heat map shows the lack of
synergy of bismuth with eravacycline in the presence of 100 pM FeCl,. ¢, Time
killing curves for ERV (0.5 pM) and BSS (16 pM) monotherapy or combination
therapy against PAOL in the absence or presence of 50 uM FeCl. d, The mass
spectra of PVD and bismuth-bound PVD (PVD-Bi). The peak at m/z of 667.8014
and 681.7980, assignable as PVD1 (Cald.667.8022) and PVD2 (Cald. 681.7997),
and two different side chains of PVD are noted. The appearance of two new
peaks after incubation of PVD with Bi(lll) (as Bi(NO5),) at m/z of 770.7782 and
784.7714 assignable to PVD1-Bi (Cald. 770.7779) and PVD2-Bi (Cald. 784.7753)

indicated binding of Bito PVD at al:1ratio. e, Different UV-vis spectra of PCH
upon addition of 0.125-2 molar equivalents of Bi(NTA). The inset shows the
changesinabsorbance at 360 nm. f, The intracellular bismuth concentrations of
PAO1and pvdA/pchD deletion strain under the treatment of 16 uM BSS. For Fig. a,
error bars represent mean + SEM for three biological replicates. **.P < 0.0001;
by two-sided unpaired t-test, 95% confidence interval. fpvA: P = 0.000048, fpuB:
P=0.000146, fptA: P = 0.000033, piuA: P = 0.000109, chtA: P = 0.000542, fecA:
P=0.000202, pudA: P=0.000008, pvdf: P = 0.000245, pchD:P = 0.000003,
pchE:P=0.000118, pvdS: P = 0.000043, tonBI:P = 0.000052. For Fig.cand f,
error bars represent mean + SEM for three biological replicates. For Fig. f, P values
were determined using two-sided unpaired t-test, 95% confidence interval.
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Extended Data Fig. 5| Bismuth impairs the activity of the electron transport
chain (ETC) and promotes intracellular antibiotic accumulationin
P.aeruginosa. a, Time-dependent oxygen consumption rate was quantified by
afluorescence probein the presence of indicated concentrations of BSS. The
decrease in the oxygen consumption rate by BSS suggests the inhabitation of
ETCactivities. b, BSS inhibits the activity of NADH dehydrogenase in vivo. The
bacteria were treated with different concentrations of BSS (uM) for 2 hours,
then the inner membrane was collected and membrane-bound NADH-quinone
oxidoreductase activity was measured. c-f, BSS dose-dependent inhibition

on the activity of NADH dehydrogenase from different gene mutant strains.
The bacterial inner membrane was collected and treated with different
concentrations of BSS (uM) for 2 hours, then the membrane-bound NADH-
quinone oxidoreductase activity was measured. g, The fluorescence of calcein
inside of P. aeruginosa under the treatment of indicated concentrations of BSS.

h, The fluorescence of calcein inside of P. aeruginosa under the treatment of
BSS in M9 medium without iron. The calcein-AM is not able to be quenched by
bismuth or the change of metabolism and pH 1, The fluorescence of calcein inside
of P. aeruginosa under the treatment of different combinations of BSS (10 uM),
iron(10 pM) or PVD (10 pM) in M9 medium. When cells were treated with iron
and PVD, the fluorescence of calcein-AM was quenched, indicating that the iron
was transported inside the cell and the calcein-AM was able be quenched by iron
inside this bacterium. While the bacteria were treated with acombination of
bismuth, iron, and PVD, iron could not be rapidly transported within the cells,
suggesting that bismuth might bind to PVD to inhibitiron transport. For Fig. a-i,
the data are presented as mean + SEM of three biological replicates. For Fig. g
andi, P values were determined using two-sided unpaired t-test, 95% confidence
interval.
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Extended Data Fig. 8 | Bismuth enhances the anti-biofilm abilities of times with sterile PBS and dispersed by ultrasound, the number of bacteria was
antibiotics. The established biofilms were treated with antibiotics alone or determined by plating. The data are presented as mean + SEM of three biological
combined with 32 pM of BSS for 24 hours. The biofilms were washed three replicates. P values were determined using two-sided unpaired t-test.
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Extended Data Fig. 9 | Bismuth enhances the activities of antibiotics exvivo. the blood infected with PAO1 after treatment with the indicated concentration
a, Exvivo bacteremia model for antibiotics, bismuth drugs, and their combined of antibiotics alone or the combinations with bismuth for 24 h. Black color of the
antimicrobial activity. 10 pL of serial decimal dilutions of each one of the blood indicates hemolysis and therefore bacterial growth. Red color of the blood
combinations of antibiotics with/without bismuth drugs (32 uM) tested in blood indicates the therapy controlled the infection. All the tests were performed in
were dropped. All the tests were performed in triplicate. b, The appearance of triplicate.
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Extended Data Fig. 10 | Toxicity studies showing that bismuth drugs are

not cytotoxic. a, b, Bismuth drugs show no toxicity in cells. The cell viability

was measured by XTT assay under the treatment of different concentrations

of bismuth drugs for 48 hours. The bismuth drugs showed negligible toxicity

to human lung epithelial cells and embryonic kidney cells even at very high
concentrations. ¢, Bismuth drugs show negligible hemolytic activity. Percent of
hemolysis was calculated concerning the positive control (Triton X-100). (a-c) All
the tests were performed in triplicate and all the data are presented as mean + SD.
d, Hematoxylin and eosin (H&E) staining of the mice lungs under treatment of
single dose (-1d) or three doses (-3d) of 100 mg/kg CBS. e, Survival curves of mice
treated with PBS, 100 mg/kg, and 200 mg/kg of CBS (n = 4) by the intranasal
administration. f, The biodistribution of bismuth in mice after treatment by

Iron uptake genes

e Antibiotics =

®® Fe-S Cluster

® Fe /™ Siderophore

the intranasal administration of 100 mg/kg CBS. g, Proposed the mechanism
ofaction for the synergy of bismuth with antibiotics. Bismuth restores the
susceptibility of P. aeruginosa to antibiotics through iron deprivation by
interacting with siderophores and Fur. Consequently, the activity of iron-
dependent cellular respiration complexes (for example, NADH dehydrogenase)
isinhibited, resulting in dissipating the proton motive force (PMF), which
further leads to repressed ATP synthesis and impaired multi-drug efflux pump.
Ultimately, more antibiotics are rapidly accumulated inside bacterial cells,
resulting in the death of cells. For Fig. a-c error bars represent mean + SEM for
three biological replicates. For Fig. d, four mice wereincluded in each group, and
similar results were obtained. For Fig. ferror bars represent mean + SEM for four
mice samples.
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Eukaryotic cell lines
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Ethics oversight
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performed in female BALB/c mice based on the protocol.
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All animal experiments were approved by and performed in accordance with the guidelines approved by Committee on the Use of
Live Animals in Teaching and Research (CULATR), the University of Hong Kong and the “Guide for the Care and Use of Laboratory
Animals” as promulgated by the National Institute of Health, ARRIVE guidelines, and the protocols approved by the Ethics Committee
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Methodology

Sample preparation

The bacteria were cultured at 37°Cin LB medium to an OD600 of 1. The bacteria were diluted to 106 CFU/ml in PBS. To each

1.5 ml of the bacterial suspension, 20 mM DiOC2(3) was added to achieve a final concentration of 15 uM and incubated for 1
h at 37°Cin dark, followed by flow cytometry analysis (Accuri C6; BD). The DiOC2(3) was excited at 484 nm, and the emissions
at 530 nm (green fluorescence) and 610 nm (red fluorescence) were measured. All experiments were performed in triplicate.
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Instrument Accuri C6; BD

Software FCS Express 7

Cell population abundance 300,000 cells were collected for analyzing form each sample.

Gating strategy For analysis, all P. seruginosa were gated based on SSC-H vs SSC-A for singlets. A more detailed strategy is included in
supplementary fig 8

|Z| Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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