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Vitamin B6 resensitizes mcr-carrying

Gram-negative bacteria to colistin

M| Check for updates

Tiangi Xu', Dan Fang', Fulei Li', Zhigiang Wang ® "2{ & Yuan Liu®'*

Antimicrobial resistance poses a severe threat to human health, with colistin serving as a critical
medication in clinical trials against multidrug-resistant Gram-negative bacteria. However, the efficacy
of colistin is increasingly compromised due to the rise of MCR-positive bacteria worldwide. Here, we
reveal a notable metabolic disparity between mcr-positive and -negative bacteria through
transcriptome and metabolomics analysis. Specifically, pyridoxal 5’-phosphate (PLP), the active form
of vitamin B6, was significantly diminished in mcr-positive bacteria. Conversely, supplementing with
PLP could reverse the metabolic profile of drug-resistant bacteria and effectively restore colistin’s
bactericidal properties. Mechanistically, PLP was found to augment bacterial proton motive force by
inhibiting the Kdp transport system, a bacterial K" transport ATPase, thereby facilitating the binding of
the positively charged colistin to the negatively charged bacterial membrane components.
Furthermore, PLP supplementation triggers ferroptosis-like death by accumulating ferrous ions and
inducing lipid peroxidation. These two modes of action collectively resensitize mcr-harboring Gram-
negative bacteria to colistin therapy. Altogether, our study provides a novel metabolic-driven antibiotic

sensitization strategy to tackle antibiotic resistance and identifies a potentially safe antibiotic

synergist.

Colistin, also known as polymyxin E, is a bactericidal antibiotic effective
against a wide range of Gram-negative bacteria'. Colistin was discovered in
the late 1940s, but due to its toxicity, mainly nephrotoxicity, it was with-
drawn from the first line’. However, the emergence of multidrug-resistant
(MDR) bacteria, especially Acinetobacter baumannii, Pseudomonas aeru-
ginosa, and Klebsiella pneumoniae, constitutes a major threat to global
health’. The scarcity of new antibiotics has led to a renewed interest in
colistin as a last resort for combating MDR bacteria. Unfortunately, bacteria
have developed multiple resistance mechanisms to withstand colistin
therapy, among which the plasmid-mediated colistin resistance gene mcr
has posed a significant challenge®. The mcr gene encodes phosphoethano-
lamine transferase, which modifies lipopolysaccharide (LPS), thereby
reducing the binding affinity of LPS to colistin®’. This underscores the
urgency of developing innovative strategies to tackle mcr-mediated mobile
colistin resistance.

Accumulating evidence highlights a close relationship between the
metabolic state of bacteria and their susceptibility to antibiotics’. Prior
research has demonstrated that antibiotic or disinfectant pressure can
inhibit bacterial metabolism, characterized by reduced aerobic respiration,

ATP generation suppression, and proton motive force dissipation, thereby
enhancing bacterial tolerance to antibiotics*'’. Furthermore, there is an
intricate connection between bacterial metabolism and antibiotic resistance.
Alterations in the tricarboxylic acid (TCA) cycle, aerobic respiratory chain,
and metal ion metabolisms, such as iron, can influence bacterial sensitivity
to antibiotics''. For instance, Escherichia coli strains lacking isocitrate
dehydrogenase (IDH)" or aconitase B (acnB)" exhibit resistance to qui-
nolones. Mutations in cytochrome genes (cycB) and genes involved in
NADH reduction (nuo and ngr) confer resistance to tobramycin in P.
aeruginosa'. Additionally, an imbalance in intracellular iron homeostasis in
bacteria also impacts the effectiveness of antibiotics. It has been shown that
iron can augment the resistance of Actinomycetes to bactericidal antibiotics
by promoting respiration'’, and the deletion of ferredoxin-NADP reductase
(FprB) confers increased antibacterial drug resistance to Pseudomonas
species'®.

The acquisition of resistance also imposes a metabolic burden on
bacteria''. Accordingly, the overexpression of the colistin resistance gene
mer-1 induces metabolic disorders in the pentose phosphate pathway".
Therefore, modulating bacterial metabolism provides a feasible strategy to
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resensitize drug-resistant bacteria to antibiotics, an approach termed
metabolic reprogramming. For example, a series of metabolites, including
indole’, thymine'®, glutamine", alanine and/or glucose™ have been found to
boost the bactericidal effect of antibiotics by reprogramming bacterial
metabolism.

Pyridoxal 5’-phosphate (PLP), the biologically active form of vitamin
B6, serves as a cofactor that catalyzes 238 different types of enzyme
reactions’"*’. It participates in various biological processes, including amino
acid metabolism, sugar metabolism, and lipid metabolism. PLP is typically
administered through tablets or injections, with the recommended daily
intake for adults being 1.4 mg”. Studies have shown that there are over 140
PLP-dependent enzymes™. In prokaryotic organisms, ~1.5% of the genes
are dedicated to encoding PLP-dependent enzymes™. Notably, plasma PLP
levels has been found to be inversely correlated with the risk of cardiovas-
cular disease™, venous thrombosis™, diabetes”’, and inflammatory bowel
disease (IBD)*. PLP-dependent enzymes have also been explored as
potential drug targets and antibiotic hits*, highlighting their therapeutic
potential in the treatment of various illnesses.

In this study, we investigated the metabolic differences between micr-1-
negative and -positive bacteria, and identified the critical metabolite PLP,
which can reshape the metabolic flux of mcr-1-positive bacteria. Interest-
ingly, we found that PLP enhanced colistin’s lethal effect on drug-resistant
Gram-negative bacteria both in vitro and in vivo, highlighting a novel
metabolism-driven antibiotic sensitization therapy. PLP works by blocking
the Kdp system and increasing bacterial proton motive force. Meanwhile, as
a cofactor of protein Cys, PLP-induced lipid peroxidation causes
ferroptosis-like death, which aids in killing mcr-positive bacteria in com-
bination with colistin.

Results

mcr-1 expression alters bacterial transcriptional regulation and
metabolism

To explore the metabolic difference between colistin-susceptible and
-resistant E. coli, we amplified mcr-1 gene along with its promoter and
cloned them into the pUCI9 plasmid, generating pUC19-mcr-1. Mean-
while, pUCI9 was used as a control vector. Then, both plasmids were
respectively transformed into E. coli DH5a, with DH5a (pUC19) repre-
senting the colistin-susceptible strain and DH5a (pUC19-mcr-1) repre-
senting the colistin-resistant strain. The minimum inhibitory concentration
(MIC) of colistin in DH5a (pUC19) was 0.0625 pg/mL, while its MIC value
in DH5a (pUC19-mcr-1) was elevated by 32-fold (2 ug/mL, Table S1),
confirming the functional activity of the mcr-1 plasmid and its role in
conferring colistin resistance.

Then, we performed transcriptome analysis of mcr-negative and
-positive bacteria. The results showed that there were significant differences
in transcription between colistin-susceptible and -resistant bacteria.
Excluding shared genes, there was a series of differentially expressed genes
(DEGs, fold change = 2-fold) in two groups. Comparing the pUC19 and
pUC19-mcr-1 groups, 295 DEGs were up-regulated and 315 DEGs were
down-regulated in the pUC19 group. While in the pUC19-mcr-1 group, 178
genes were up-regulated, and 147 genes were down-regulated (Fig. Sla).
Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analysis
showed that these up-regulated DEGs were mainly related to lipopoly-
saccharide (LPS) biosynthesis, which may be due to the modifications in
LPS mediated by mcr-1, while these downregulated DEGs were involved in
TCA cycle (Fig. Slc). Consistently, Gene Ontology (GO) enrichment is
mainly involved in lipopolysaccharide core region metabolic and some
metabolic processes, including biosynthetic process, respiratory chain
complex and fatty acid catabolic process (Fig. S1d).

It has been shown that the metabolic state influences bacterial sus-
ceptibility to antibiotics’. Under the same culture medium without colistin,
DH5a (pUC19) and DH5a (pUC19-micr-1) were analyzed by untargeted
metabolomics to determine their metabolic characteristics. Through prin-
cipal component analysis (PCA), the two strains could be clearly separated
from each other (Fig. 1b). The metabolites that exhibited significant

differences between the two bacterial strains were identified using OPLS-DA
analysis (VIP > 1, P<0.05, Fig. 1c). A total of 64 known metabolites were
significantly changed, among which there were 36 up-regulated metabolites
and 28 down-regulated comparing the pUC19 and pUC19-mcr-1 groups.
Among these, after removing metabolites without KEGG pathway ID, 33
representative metabolites were screened based on metabolic pathways
(Fig. 1d). Z-score showing changes in metabolites with 20 metabolites at the
lower abundance and 13 metabolites at the higher abundance (Fig. le).
These metabolites were classified as amino acids and amines; cofactors,
nucleotides and bases; neurotransmitters and monosaccharides (Fig. 1f).
Meanwhile, KEGG enrichment analysis showed that differential metabolites
were partly involved in oxidative phosphorylation and protein digestion and
absorption (Fig. 1g). To intuitively study the differences in transcription and
metabolism between colistin-sensitive and -resistant bacteria, we also used
iPath3.0 to visualize transcription and metabolic pathways. The results
indicated that these differential pathways were predominantly enriched in
the energy metabolism, amino acid metabolism, and lipid metabolism
pathways (Fig. Sle). Taken together, these results indicate that mcr expres-
sion results in the shift of bacterial transcription and metabolism.

PLP reverses mcr-mediated colistin resistance in vitro

Out of these metabolites, after removing insoluble metabolites such as 2’-
deoxyadenosine 5-monophosphate, toxic metabolites such as phenylethy-
lamine, and metabolites with antibacterial activity such as 3-(4-hydro-
xyphenyl)lactic acid, we screened 12 metabolites for follow-up experiments
in combination with the KEGG pathway, toxicity and solubility. In the
following bactericidal experiment, we evaluated the effect of metabolites on
bactericidal activity of colistin (Fig. 2a). The results showed that pyridoxal
5’-phosphate (PLP), also known as the active form of vitamin B6, can
effectively enhance the killing of colistin against mcr-1-positive E. coli G92
(Fig. 2b, Table S2). Consistently, an alternation in PLP-dependent enzymes
was also observed from the transcriptome results (Fig. S1b). To further
explore the potentiation of PLP to colistin, four mcr-positive bacteria were
exposed to different concentrations of PLP. Interestingly, we found that PLP
exhibited a potentiating effect on colistin in a dose-dependent manner, even
for different species of bacteria, including S. enterica SC2016090 and K.
pneumoniae D120 (Fig. 2¢). Next, we used live/dead fluorescent staining
probes to stain the bacteria. Flow cytometry results showed that PLP sup-
plementation increased the death of mcr-positive bacteria compared with
colistin alone (Fig. 2d), which was consistent with the results of laser con-
focal microscopy (Figs. 2e, S3a). Meanwhile, the bacterial growth curve
results demonstrated that the combination of PLP and colistin limited
bacterial proliferation. In contrast, PLP supplementation alone did not
influence bacterial growth, indicating that PLP, by itself, did not impose a
fitness burden on bacteria (Fig. 2f).

To investigate the impact of PLP on the evolution of colistin resistance,
we serially passaged E. coli G92 in media containing colistin alone or in
combination with PLP over a period of 20 days. The results showed an 8-fold
increase in colistin MIC values in the presence of sub-MICs of colistin alone.
In contrast, a 2-fold reduction in colistin MICs was observed in the com-
bination group (Fig. 2g), indicating that PLP effectively inhibited the
development of colistin resistance. Moreover, we performed whole-genome
sequencing (WGS) and single nucleotide polymorphisms (SNPs) analysis
on the passaged strains. The results identified 60 mutations in the colistin-
alone group, compared to only 9 mutations in the combination group
(Tables S3, S4). Notably, mutations in colistin resistance-associated genes,
such as the two-component transcriptional regulatory proteins BasR/
PmrA”, were absent in the presence of PLP. Together, these results
demonstrated that PLP effectively resensitizes mcr-carrying bacteria to
colistin and thwarts the resistance evolution.

PLP enhances bacterial proton motive force by downregulating
the KDP transporter

To dissect the underlying mechanisms by which PLP restores the suscept-
ibility of drug-resistant bacteria to colistin, we performed transcriptome
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Fig. 1 | Differential metabolome analysis of mcr-negative and -positive bacteria.
a Scheme of the experimental protocols. Part I: The differences in transcription and
metabolism between mcr-negative and -positive bacteria through transcriptomics
and metabolomics. Part II: Differential metabolites that were upregulated in mcr-
negative bacteria but downregulated in mcr-positive bacteria when using colistin for
bactericidal experiments. Then, metabolites that can decrease bacterial survival rates
were screened. b PCA score plots of the first two components for metabolite levels
from E. coli DH5a (pUC19) and E. coli DH5a (pUC19-mcr-1). n = 6 biologically
independent replicates. ¢ Volcano-plot of differential metabolites. Log,-fold changes
(Log»(FC)) in metabolites in E. coli DH5a (pUC19) versus E. coli DH5a (pUC19-
mcr-1) and the corresponding significance values displayed as log;, (P-value). Red
dots represent significantly upregulated metabolites, while brown dots represent

significantly down-regulated metabolites. d Heat map for relative abundances of
differential metabolites with KEGG pathway in E. coli DH5a (pUC19) compared
with E. coli DH5a (pUC19-mcr-1). A column in the heat map represents an indi-
vidual sample, and a row represents an individual metabolite. Color shades indicate
changes in increased (orange) or decreased (blue) metabolite levels relative to the
median metabolite level. e Z-score plot of metabolites of E. coli DH5a (pUC19)
versus E. coli DH5a (pUC19-mcr-1), corresponding to data in (d). f The numbers of
differential metabolites in six classifications. g The top 13 KEGG enrichment
pathways of differential metabolites. Bubble size indicates the number of metabolites
annotated toa KEGG Pathway. Color shades indicate the corresponding significance
values as log;, (P-value).

analysis of E. coli G92 in the absence or presence of PLP. Principal com-
ponent analysis (PCA) was employed to identify notable distinctions
between the groups with or without PLP treatment (Fig. S2a). Notably, the
supplementation of PLP resulted in a total of 1311 differentially expressed

genes (DEGs). Among these genes, 706 genes were found to be up-regulated,
while 605 genes were down-regulated (Fig. S2b). Further analysis using
KEGG enrichment demonstrated that these DEGs were primarily asso-
ciated with sulfur metabolism and the two-component system (Figs. 3a,
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Fig. 2 | PLP enhances the effectiveness of colistin against mcr-carrying bacteria.
a Scheme of the experimental protocols. The mcr-positive bacteria were present in
the 1:1000 dilution and grown for 16 h. Then, the mixture was diluted 1:100 in 20 mL
of fresh MHB medium. After culturing for 4 h, bacteria were resuspended in M9CA
medium. Colistin (2-fold MIC) and chosen metabolites were added for another 4 h.
Monitored relative survival through colony forming units (CFU) count. b Percent
survival of E. coli G92 in the presence of chosen metabolites (10 mM) plus colistin
(4 pg/mL) after co-culture. ¢ Percent survival of different mcr-positive bacteria in the
presence of increasing concentrations of PLP (0-20 mM) plus colistin (2-fold MIC).
d The Live/Dead BacLight viability assay was performed by flow cytometry on E. coli
DH5a (pUC19-mcr-1 (a)), E. coli G92 (mcr-1 (b)), S.enterica SC2016090 (mcr-3 (c))
and K. pneumoniae D120 (mcr-8 (d)) treated with colistin (2-fold MIC) or combined

Time (h)

with PLP (10 mM) for 4 h. SYTO 9 staining was used to demonstrate live cells, while
propidium iodide staining was used to demonstrate dead cells. e Confocal scanning
microscopy imaging of live and dead states of E. coli G92 when cultured with colistin
alone (2-fold MIC) or in combination with PLP (10 mM) for 4 h. The left image was
SYTO 9 staining (live cells), the middle image was PI staining (dead cells), and the
right image was a merged image of live cells (green) and dead cells (red). f Curves
comparing bacterial growth (ODgg) of E. coli G92 with or without PLP (10 mM) in
the presence or absence of colistin (1 ug/mL). g MICs of E. coli G92 passaged for 40
generations in the presence or absence of PLP (20 mM). All data from three biolo-
gical replicates were presented as mean + SD, and statistical significance was
determined by non-parametric one-way ANOVA. ***P < 0.001, ****P < 0.0001.

S2c¢). Consistently, GO enrichment analysis was mainly involved in meta-
bolic and biological processes (Fig. S2d). To gain a more comprehensive
understanding of the influence of PLP on bacterial metabolism, we
employed iPath3.0 as a tool for visualizing the essential metabolic pathways
(Fig. S2e).

Transcriptomic analysis revealed significant alterations in the tran-
scription of genes related to the two-component system (kdpFABC and

kdpDE), both linked to the Kdp transporter’’. We next validated the
expression of these genes using RT-qPCR and found that the transcription
of kdpA, kdpC and kdpD was significantly down-regulated (Fig. 3b), sug-
gesting that the Kdp transport system was inhibited in mcr-positive bacteria
after exposure to PLP. Given that the Kdp system is a high-affinity potas-
sium transport system™, we employed a fluorescent probe potassium-
binding benzofuran isophthalate (PBFI) to assess K transport activity,
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Fig. 3 | PLP enhances the proton motive force by
activating the Kdp system. a Selected differential
expression genes (after Min—Max normalization)
involved in sulfur metabolism, biosynthesis of
siderophore group, two-component system, lipid
oxidation, antioxidant and cysteine metabolism.

b RT-qPCR analysis for the expression of kdpA,
kdpC and kdpD of E. coli G92 in the absence or
presence of PLP. ¢ The fluorescence intensity ratio
(340/380) represents the intracellular K™ con-
centration in E. coli G92 after co-cultured with
increasing concentrations of PLP (ranging from 0 to
20 mM), with the aid of a fluorescence dye PBFI-AM
(5 uM). d Membrane potential changes induced by
PLP (ranging from 0 to 20 mM), determined using a
fluorescence dye DiSCs(5) (5 uM). e The mean
fluorescence intensity ratio (red/green) indicates the
PMF of E. coli G92, incubated with DiOC,(3) for
20 min in the presence of different concentrations of
PLP (ranging from 0 to 20 mM). CCCP was used as a
PMF inhibitor. f ATP content in E. coli G92 after co-
cultured with increasing concentrations of PLP
(ranging from 0 to 20 mM). g Percent survival of
E. coli G92 in the presence of PLP (10 mM) and
colistin (4 pg/mL) plus the indicated concentrations
of CCCP (ranging from 0 to 10 mM). h The assim-
ilation of colistin of E. coli G92 after cultured with
colistin (0.5 pg/mL) and PLP (ranging from 0 to

20 mM). i Outer membrane integrity changes of

E. coli G92 after co-cultured with PLP (ranging from
0 to 20 mM), determined using the fluorescence dye
1-N-phenylnaphthylamine (NPN, 10 uM). j Inner
membrane integrity changes of E. coli G92 after co-
cultured with colistin (ranging from 0 to 4 pg/mL)
and PLP (10 mM), determined using the fluores-
cence dye propidium iodide (PI, 5 uM). k Schematic
diagram of the underlying mechanisms by which
PLP increases PMF by activating the Kdp system,
thereby attenuating E. coli G92 resistance to colistin.
All data from three biological replicates were pre-
sented as mean + SD, and statistical significance was
determined by non-parametric one-way ANOVA.
*P<0.05,**P < 0.01, ¥*¥*P < 0.001, ****P < 0.0001.
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finding that PLP significantly impaired Kdp functionality (Fig. 3¢). Inacti-
vation of the Kdp system is known to hyperpolarize the transmembrane
potential”, so we measured membrane potential changes with the DiSC5(5)
probe, which showed that PLP markedly hyperpolarized the membrane
(Fig. 3d). The transmembrane potential (A¥) and proton gradient (ApH)
contribute to the proton motive force (PMF), with the latter showing no

significant changes (Fig. S3b). Using DiOCx(3) and flow cytometry, we
quantified bacterial PMF under PLP, revealing that PLP significantly
increased bacterial PMF (Figs. 3e, S3d). KdpFABC is an ATP-dependent
enzyme ? that is, the inactivation of Kdp system would lead to the accu-
mulation of ATP. Consistently, an increase in intracellular ATP levels in
bacteria exposed to PLP was observed (Fig. 3f).
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A recent study showed that increased PMF promoted the binding
between colistin and LPS™. We speculated that the increased PMF by the
inactivated Kdp system may be responsible for the enhanced bactericidal
effect of colistin. To verify it, carbonyl cyanide 3-chlorophenylhydrazone
(CCCP), a known PMF inhibitor, was co-incubated with colistin and PLP,
and we found that the addition of CCCP abolished the potentiation of
PLP in a dose-dependent manner (Fig. 3g). Meanwhile, we found that PLP
dramatically increased the accumulation of colistin within the cells (Fig. 3h).
Considering that the bactericidal effect of colistin is mainly to destroy the
bacterial cell membrane®, we further examined changes in membrane
integrity (Fig. 3i) and permeability (Fig. 3j) upon the addition of PLP. We
found that PLP could enhance the permeability in a dose-dependent
manner, accompanied by disruption of membrane integrity, indicating
disruption of both the inner and outer membranes. These points indicated
that PLP could enhance the destruction of colistin on the membrane of mcr-
positive bacteria. All the above experimental results support the conclusion
that PLP enhances PMF by specifically inhibiting the Kdp transporter,
which in turn increases the affinity between colistin and LPS, as well as the
colistin action on membrane permeability (Fig. 3k).

PLP impairs bacterial defense system and aggravates

oxidative damage

The transcriptome analysis showed that sulfur metabolism was significantly
enhanced upon PLP treatment (Figs. 3a and 4a). Of those, the transcript
level of the cysK gene encoding cysteine synthase A, a pyridoxal phosphate-
dependent enzyme™, was significantly up-regulated by PLP. Meanwhile, the
transcription levels of genes related to cysteine metabolism and glutathione
metabolism were significantly changed (Fig. 3a). Given that the loss of cysK
results in the accumulation of H,S and a substantial reduction in cysteine
content”, we monitored the changes of H,S and cysteine upon PLP addi-
tion. Using lead acetate paper strips, we found that PLP dose-dependently
reduced the production of H,S despite the presence of colistin (Fig. 4b).
Meanwhile, the upregulation of CysK-mediated cysteine synthesis™ pro-
moted cysteine accumulation (Fig. 4c). Meanwhile, cysteine was easily
oxidized by molecular oxygen into cystine”, which exhibited a significant
upregulation intracellularly (Fig. 4d). This observation was also evidenced
by a decreased ratio of NAD* to NADH since the oxidation of cysteine can
cause a redox imbalance (Fig. S3b).

H,S is a universal defense that can protect bacteria against
antibiotic-mediated reactive oxygen species (ROS) damage®. Addition-
ally, given that antioxidant-related genes were markedly downregulated
while genes associated with lipid oxidation were significantly up-
regulated (Fig. 3a), we measured the production of intracellular ROS in
the presence of PLP. The results presented that PLP augmented ROS
production in a dose-dependent manner (Fig. 4e). Thiourea, a ROS
scavenger"', dramatically diminished the bactericidal efficacy of colistin
in the presence of PLP after 8 h (Fig. 4f), highlighting the critical role of
ROS in PLP-induced antibiotic potentiation.

Accumulating evidence suggests that superoxide dismutase (SOD)
could oxidize H,S and maintain intracellular ROS homeostasis*2. Thus, we
determined the activity of the SOD enzyme and oxidative damage-related
genes (sodA, sodB, oxyR, dps) expression. The results showed that PLP
reduced the expression of SOD-related genes (Fig. S4a) and inhibited its
activity (Fig. 4g). In parallel, we also assessed SOS response genes, which are
frequently induced by bactericidal antibiotics via hydroxyl radicals”. We
found that SOS response-associated genes (recA, recB, recD, umuD, dinD)
were downregulated, while the expression of lexA, a negative SOS regulator,
was up-regulated (Fig. $4b), implicating that PLP inhibited the repair of
oxidative damage. Taken together, the above results may indicate that PLP
increases bacterial susceptibility to antibiotics by altering cellular redox
potential and enhancing oxidative damage.

PLP induces bacterial ferroptosis-like death
Cysteine, a key component of glutathione (GSH) and a crucial
antioxidant, rapidly oxidizes to cystine, which is essential for GSH

synthesis. This oxidation process is coupled with the reduction of
ferric iron (Fe’™) to ferrous iron (Fe*")*. Meanwhile, excessive
cysteine consumption accelerates GSH depletion and enhances ROS
production, leading to increased oxidative damage. To understand
how PLP exacerbates this damage, we investigated intracellular
ferrous ion concentrations and found that PLP treatment induced
a dose-dependent increase in Fe’* levels (Fig. 5a). Considering the
link between ion homeostasis disruption and colistin activity®,
we postulated that PLP might induce ferroptosis, a form of cell
death characterized by iron accumulation and driven by lipid
peroxidation®’. In agreement with our hypothesis, we found that PLP
triggered the accumulation of toxic lipid peroxides (LPO) and mal-
ondialdehyde (MDA), indicative of enhanced oxidative stress (Fig. 5b
and ¢). Using C11-BODIPY**"*”', an LPO sensor incorporated into
the lipid membrane, we monitored cellular lipid peroxidation levels
via flow cytometry”’. The results showed that PLP potently induced
bacterial lipid peroxidation in a dose-dependent manner (Fig. 5e).
Consistent with these observations, similar effects were observed in
K. pneumoniae D120 (mcr-8) (Fig. S5a) and S. enterica SC2016090
(mcr-3) (Fig. S5b), indicating that PLP-mediated lipid peroxidation is
a general phenomenon and not limited to E. coli.

The accumulation of LPO and the depletion of GSH are the key factors
of ferroptosis™. Cysteine can theoretically promote the synthesis of GSH,
but under oxidative stress conditions, excess cysteine will be oxidized to
cystine and accelerate the consumption of GSH by increasing the generation
of ROS. Therefore, we assessed the balance of intracellular glutathione, and
found a marked decrease in the ratio of reduced GSH to oxidized glu-
tathione (GSSG), suggesting a disruption of glutathione homeostasis and the
utilization of GSH to counteract oxidative stress (Fig. 5d). Of note, in the
mcr-negative strain, GSH levels declined post-PLP treatment, yet GSSG
levels remained unremarkably elevated (Fig. S4c). This disparity indicated
that PLP had a lesser effect on mcr-negative bacteria compared to mcr-
positive bacteria (Fig. S4d), implying that PLP induces oxidative stress more
effectively in mcr-positive strains, potentially due to plasmid-mediated
heightened susceptibility to oxidative damage. Scanning electron micro-
scopy (SEM) analyses revealed that bacteria exposed to both colistin and
PLP displayed hallmarks of ferroptosis-like cell death, such as cell mem-
brane dissolution and cytoplasmic disintegration” (Fig. 5f). These findings
underscore that PLP escalated Fe*" accumulation and fostered lipid
peroxidation.

To further verify these results, the metal ion chelator ethylenediami-
netetraacetic acid (EDTA) was added into PLP for co-incubation with
bacteria. The results showed that EDTA significantly hindered bacterial
killing (Fig. S6a), suggesting that iron chelation could negate the poten-
tiating effect of PLP. Similarly, other iron-binding agents, such as deferox-
amine (DFO), also mitigated the action of PLP (Fig. S6b). Intriguingly,
ferrostatin-1 (Fer-1), a known inhibitor of ferroptosisso, substantially
counteracted the enhancement of PLP on colistin (Fig. S6¢). Subsequent
experiments involving the co-incubation of bacteria with colistin and
FINO2, a potent ferroptosis inducer’’, revealed that this inducer dose-
dependently augmented the bactericidal efficacy of colistin (Figs. 5g and S7).
The above results illustrate that PLP enhances the bactericidal activity of
colistin by inducing bacterial ferroptosis-like death (Fig. 5h).

PLP rescues colistin effectiveness in vivo

Having demonstrated that PLP enhanced the bactericidal effect of colistin
in vitro, we next investigated whether PLP could restore the efficacy of
colistin in vivo. To assess this, we employed the Galleria mellonella infection
models (Fig. 6a). Insect larvae were infected with E. coli G92 and then treated
with a single dose of colistin with or without PLP. Consequently, we found
that colistin and PLP combined treatment resulted in higher larvae survival
compared with colistin monotreatment (P = 0.0012, Fig. 6¢). Additionally, a
mouse peritonitis sepsis model was applied to test the in vivo efficacy of
combination therapy (Fig. 6b). Before infection, mice were orally admi-
nistered PBS or PLP for five consecutive days. All mice were then infected
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Fig. 4 | PLP induces oxidative damage by enhancing sulfur metabolism. a Selected
differential expression genes involved in sulfur metabolism. Color shades indicate
Log,-fold changes of increased (red) or decreased (green) gene expression under
exposure of PLP. The star symbol indicates that PLP is required as a coenzyme.

b Semiquantitative calculation of H,S produced by E. coli G92 after incubation with
PLP (ranging from 0 to 20 mM) and colistin (1 pug/mL). As a result of the reaction
between H,S released by bacterial cultures and Pb (Ac),, representative Pb-soaked
paper strips have a brown stain of PbS. ¢ and (d) The accumulation of intracellular
cysteine (umol/10° cell, ¢) and cystine (umol/10° cell, d) after co-cultured with PLP

(ranging from 0 to 20 mM). e ROS production of E. coli G92 after incubation with
PLP (ranging from 0 to 20 mM), determined using DCFH-DA (10 uM). f Percent
survival of E. coli G92 co-incubated with PLP (10 mM) and colistin (2 pug/mL) for 4
or 8 h in the presence or absence of thiourea (10 mM). g The level of superoxide
dismutase (SOD) activity of E. coli G92 during incubation with PLP (ranging from 0
to 20 mM). All data from three biological replicates were presented as mean + SD,
and statistical significance was determined by non-parametric one-way ANOVA.
*P<0.05, ¥*P < 0.01, ¥***P <0.001, ****P < 0.0001.

intraperitoneally with a lethal dose of E. coli G92 and sequentially treated
with colistin with or without PLP. In the experimental group, a single
colistin co-treatment with PLP significantly increased the 5-day survival rate
of mice (P = 0.0041, Fig. 6d) and decreased the bacterial loads in the liver and
kidney (Fig. 6e). Next, we measured cytokine levels in the liver using ELISA.
Notably, we found that four proinflammatory cytokines, including TNF-a,
IFN-y, IL-1P and IL-6, were significantly decreased in the combination
group, and anti-inflammatory factor IL-4 was increased (Fig. 6f),

demonstrating that PLP alleviated inflammatory responses in mice.
Meanwhile, we performed hematoxylin and eosin (H&E) staining to eval-
uate the liver and kidney damage. In both the liver and kidney, the patho-
logical lesions, such as inflammatory cell infiltration, were most serious in
the PBS group. Colistin treatment alleviated some of these lesions, while
combined treatment with colistin and PLP eliminated the lesions altogether
(Fig. 6g). These results indicate that PLP improves the therapeutic effect of
colistin in multiple animal models of infection.
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Fig. 5 | PLP triggers ferroptosis-like death in mcr-carrying bacteria. a The col-
lection of Fe** (nmol/mg prot) in E. coli G92 after being treated by PLP (ranging
from 0 to 20 mM). b and (c¢) LPO (b) and MDA (c) analysis of E. coli G92 in the
presence of increasing concentrations of PLP (ranging from 0 to 20 mM).

d Intracellular GSH and GSSG levels and the ratio of GSH/GSSG of E. coli G92 after
co-culturing with PLP (10 mM). e The level of lipid peroxidation in E. coli G92
treated with different concentrations of PLP (ranging from 0 to 20 mM). H,O,-
treated bacteria were used as positive control. f TEM images of E. coli G92 cells
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treated with PBS or PLP (10 mM) along with colistin (1 pg/mL). Scale bar, 5 um (left)
or 500 nm (right). g Percent survival of E. coli G92 in the presence of ferroptosis
agonist FINO, (ranging from 0 to 500 pM) plus colistin (4 ug/mL). h Schematic
illustration of modes of action of PLP in inducing ferroptosis-like death. All data
from three biological replicates were presented as mean + SD, and statistical sig-
nificance was determined by non-parametric one-way ANOVA. *P < 0.05,

*P < 0.01, ¥*¥*P < 0.001, ****P < 0.0001.
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Discussion

Antimicrobial resistance (AMR) represents a global health crisis, con-
tributing to elevated morbidity and mortality rates™". Colistin is one of the
few effective medications against MDR Gram-negative infections. However,
its efficacy is compromised by the widespread dissemination of the plasmid-
mediated colistin resistance gene mcr'. Novel therapeutic choices and

antimicrobial alternatives to antibiotics are urgently required. It has been
posited that bacterial metabolic status is associated with the effectiveness of
antibiotic therapy™. Drug-resistant bacteria, whether induced in the
laboratory or isolated clinically, had altered metabolism compared with the
original susceptible bacteria®***. Thus, reshaping the metabolism of
resistant bacteria represents a distinct strategy to tackle antibiotic resistance.
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Fig. 6 | PLP administration enhances colistin effectiveness in vivo. a Scheme of the
experimental protocols for G. mellonella larvae infection. b Scheme of the experi-
mental protocols for mouse peritonitis-sepsis infection. ¢ Survival rates of the G.
mellonella larvae (n = 8 biologically independent animals per group) infected by

E. coli G92 (2.0 x 10° CFUs), and then treated with a single dose of colistin (5 mg/kg)
plus PLP (0.25 mg/kg). P values were determined by log-rank (Mantel-Cox) test.
d Survival rates of the female BALB/c mice (n = 6 biologically independent animals
per group) infected intraperitoneally by a lethal dose of E. coli G92 (5.0 x 10° CFUs)
and then treated with PBS or colistin (2 mg/kg). Mice were pre-administered with
PBS or PLP (10 mg/kg) for 5 consecutive days. P values were determined by log-rank

(Mantel-Cox) test. e Bacterial loads in mice liver and kidney. BALB/c mice (n=6
biologically independent animals per group) were pre-administrated with PBS or
PLP (10 mg/kg) for 5 consecutive days. Then they were intramuscularly given a non-
lethal dose of E. coli G92 (1.0 x 10° CFUs), and treated with a single dose of either
colistin (2 mg/kg) or PBS. Data were expressed as mean + SD. P values were deter-
mined by Mann-Whitney U-test. *P < 0.05, **P < 0.01. f ELISA analysis of
inflammatory cytokines in liver tissues of mice. Data were presented as mean + SD.
P values were determined by Student’s ¢-test. **P < 0.01, ****P < 0.0001. g H&E
staining of mice liver and kidney under different treatments.

In this study, we revealed that the presence of mcr-1 gene altered the
metabolic characteristics and metabolic flux of the host bacteria. Notably,
the replenishment of PLP, the active form of vitamin B6, which was sig-
nificantly depleted in mcr-1-positive bacteria, resensitized drug-resistant
bacteria to colistin therapy. Unlike other drug combination strategies, such
as the use of melatonin™, saturated fatty acids’ and SLAP-S25> as colistin
synergists, or combinations of other antibiotics™*, which may introduce
new resistance determinants, PLP-based metabolic reprogramming
approach is safe and unlikely to result in drug resistance.

MCR protein can add phosphoethanolamine to lipid A, thereby
reducing the electrostatic interaction between colistin and LPS"'. Our results
indicated that PLP augmented bacterial PMF, which is critical to the bac-
tericidal action of colistin. In agreement with our findings, prior research has
shown that boosting PMF can strengthen the binding of colistin to lipid A in
LPS™. Furthermore, we found that the elevated PMF results from the
repression of the Kdp system in bacteria exposed to PLP. The Kdp system is
an ATP-dependent transmembrane transport system®, and its inactivation
leads to hyperpolarization of the membrane”, which in turn stimulates ATP
production and activates bacterial metabolism. This also suggestes that the
Kdp system may represent a novel target for novel antimicrobial agents.

Additionally, we found that siderophore-related genes in mcr-positive
bacteria were up-regulated in the presence of PLP. By contrast, a previous
study has shown that the expression of bacterial iron storage-related genes
was downregulated under polymyxin stress in mcr-1-harboring E. coli™.
Combined with the apparent enhancement of sulfur metabolism, we found
that PLP, acting as a coenzyme, significantly enhanced the activity of cysk-
encoded O-acetylserine sulthydrylase, which resulted in the accumulation of
cysteine. Interestingly, cysteine has previously been shown to enhance the
activity of bactericidal antibiotics against persistent Gram-negative
bacteria®. It has also been discovered that cysteine can prevent antibiotic
tolerance and resistance in Mycobacterium tuberculosis by enhancing bac-
terial respiration"’. We discovered that when cysteine was transformed into
cystine, ferric ions were also turned into ferrous ions, which led to the
accumulation of ferrous ions. Further mechanistic research revealed that
high ferrous ions caused ferroptosis-like death, resulting in lipid peroxida-
tion damage, which vastly improves the bactericidal action of antibiotics™**.
The synergistic effect of ferroptosis agonists on colistin further solidifies the
potential to overcome colistin resistance through ferroptosis-like mechan-
isms. In this study, we employed the term “ferroptosis-like” to emphasize
the similarities between the phenomena observed in bacteria and the hall-
mark features of ferroptosis in eukaryotic cells, such as lipid peroxidation
and iron dependency. This terminology, however, does not imply that
bacteria undergo a form of programmed cell death analogous to the regu-
lated ferroptosis pathways observed in eukaryotes. In contrast to eukaryotic
ferroptosis, which is governed by specific genetic and signaling cascades, the
bacterial ferroptosis-like death described here is triggered by metabolic
disruptions.

Another intriguing observation was that PLP possesses the capacity to
mitigate the inflammatory response elicited by bacteria and concomitantly
reduce kidney impairment in mice. This phenomenon may be associated
with vitamin B6, of which PLP is the active metabolite. Vitamin B6, an
excellent antioxidant, can be utilized not only simply as a nutritional sup-
plement but also as a pharmacological agent in the treatment of various

disorders®. Notably, vitamin B6 has been shown to modulate IL-33
homeostasis, effectively alleviating type 2 inflammation®, and its supple-
mentation has demonstrated efficacy in ameliorating inflammatory bowel
disease (IBD) in mice”. Nevertheless, the potential of PLP to counteract the
nephrotoxicity and neurotoxicity induced by colistin merits further
investigation.

Although vitamin B6 is abundant in the human diet, its clinical efficacy
in patients infected with colistin-resistant strains may be compromised by
chromosomal mutations. These mutations are more challenging to counter
with dietary interventions or supplementation alone. In clinical contexts,
bacterial populations frequently harbor multiple genetic resistance
mechanisms, including efflux pumps and LPS modifications, which can
diminish the efficacy of monotherapies like PLP. Therefore, more investi-
gations are required to evaluate the therapeutic potential of PLP against
other determinants of colistin resistance, such as mutations in the PhoPQ
system or lipid A modification genes.

In summary, our study presents a pioneering metabolic
reprogramming-based strategy to resensitize MDR Gram-negative bacteria
to colistin treatment. Specifically, we demonstrate that the supplementation
of PLP can effectively counteract mcr-mediated colistin resistance by inhi-
biting the Kdp transport system and triggering ferroptosis-like death,
thereby enhancing the therapeutic efficacy of this last-resort antibiotic.
These findings open new avenues for curbing the rise of AMR in clinical
settings.

Methods

Antibiotics and chemicals

All antibiotics were sourced from the China Institute of Veterinary Drug
Control. Antibiotics were dissolved in water, filtered through a 0.22 pm pore
size membrane. The drug was available as hydrochloride or sulfate, all doses
were calculated as salts. Other chemical reagents were obtained from
Aladdin (Shanghai, China) or Sigma-Aldrich (Oakville, Ontario). Pyridoxal
5’-phosphate (PLP) was dissolved in 1 M NaOH. To ensure that reagents
were preserved, they were stored at —20 °C.

Strains and culture methods

All the bacterial strains (documented in Table S5) were stored in aliquots
(containing 20% glycerol) at —80 °C before use. The bacteria were revived
on Luria-Bertani agar (LBA) and cultured in Mueller-Hinton broth (MHB)
at 37 °C for 16 h with shaking at 200 rpm for further use. PLP and antibiotic
MICs were calculated based on two-fold serial dilutions in MHB before
incubation at 37 °C for 18 h.

Effect of metabolites on antibiotic killing

Bacteria were diluted 1:100 in 10 mL of fresh MHB medium for 4h at
37°C with shaking at 200 rpm. Before being resuspended in M9CA
medium (Sangon Biotech, Shanghai, China) for another 4 h, they were
collected, washed three times with phosphate-buffered saline (PBS). The
blank control group did not contain antibiotics, while the experimental
group contained different antibiotics (2-fold MIC) with or without
metabolites (10 mM). The bacterial solution of 50 uL was taken after
serial dilution, spot-plated on LB plates, and colony-forming units
(CFUs) were counted.
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Untargeted metabolomics analysis
E. coli DH5a (pUCI19) and E. coli DH5a (pUC19-mcr-1) cultures were
diluted 1:100 into 10 mL of fresh MHB and cultivated for 4 h. For metabolite
extraction, 300 pL of methanol:acetonitrile (2:1, v/v) was added to 100 uL of
sample, with L-2-chlorophenylalanine used as an internal standard. The
mixture was vortexed for 30 seconds, sonicated at low temperature for
15 min, and then placed at —20°C for 30 min. After centrifugation at
13,000 rpm for 15 min at 4 °C, the supernatant was dried under nitrogen.

Next, 80 uL of methoxypyridine hydrochloride (15mg/mL) was
added, and the sample was vortexed and incubated at 37 °C for 90 min for
oximation. The sample was then supplemented with 80 uL of BSTFA
containing 1% TMCS, vortexed for 2 min, and incubated at 70 °C for 60 min
for derivatization. The prepared samples were analyzed by GC-MS using an
Agilent 8890B gas chromatograph coupled with an Agilent 5977B mass
selective detector.

A quality control (QC) sample was included to ensure system relia-
bility. Raw data were processed using MassHunter Workstation Quantita-
tive Analysis software (v10.0.707.0).

Transcriptomic analysis

E. coli DH5a (pUC19) and E. coli DH5a (pUC19-mcr-1) were diluted 1:100
into 10 mL of fresh MHB and cultured for 4 h. For E. coli G92 (mcr-1),
cultures were diluted 1:100 into 10 mL of fresh MHB supplemented with or
without PLP (1 mM) and incubated for 4 h under identical conditions. After
incubation, bacterial cells were harvested and washed three times with PBS.
Transcriptomic analysis was performed using the TruSeq™ Stranded Total
RNA Library Prep Kit to construct sequencing libraries, following a pre-
viously established method”. Sequencing was conducted on the Illumina
HiSeq platform, generating paired-end reads of 2 x 150 bp. Gene annota-
tion was performed by comparing the sequences with the KEGG and GO
databases. Quantitative analysis of transcript expression levels was con-
ducted using RSEM. The newly generated transcriptomic data from the
PLP-treated samples were deposited in the NCBI database under the
existing BioProject (accession number: PRJNA1011224). This dataset
includes both the previously published transcriptomic data of E. coli G92
treated with potassium sorbate (PS)° and the data generated in this study for
PLP treatment.

Live/dead BacLight viability assay

Overnight cultures of E. coli DH5a (pUC19-mcr-1), E. coli G92 (mcr-1),
Salmonella enterica SC2016090 (mcr-3), and Klebsiella pneumoniae D120
(mcr-8) were diluted in MHB for 4 h, then transferred to MO9CA medium
and co-cultured with colistin (2 x MIC) and PLP (10 mM) individually or in
combination. SYTO 9 (2.5 uM) and propidium iodide (PI, 5uM) were
added and incubated in the dark at room temperature for 30 min. Flow
cytometry (CytExpert, Beckman) was used to measure 100,000 events, with
forward scatter (FSC) and side scatter (SSC) to exclude debris and FSC-A/
FSC-H gating to remove doublets. Confocal microscopy (Leica TCS SP8)
was used to visualize live (green) and dead (red) bacteria.

Bacterial growth curve

E. coli G92 diluted 1:1000 with MHB broth after overnight culture. The
absorbance of the bacterial solution at 600 nm was adjusted to 0.1, and then
bacteria were incubated with colistin (1/2-fold MIC) compared with or
without PLP (10 mM). The culture was then shaken at 200 rpm at 37 °C for
12 h. During this period, the absorbance of the bacterial solution at 600 nm
was detected every 0.5 h.

Biochemical factors analysis

E. coli G92 in the logarithmic growth phase was resuspended in M9CA
medium. Fluorescent probes were added and incubated at 37°C for
30-60 min. The probe-labeled bacteria were then transferred to a 96-well
plate containing different concentrations of PLP (0, 5, 10, and 20 mM). After
incubation for 1 h at 37 °C in the dark, fluorescence intensity was measured
using a microplate reader (Infinite E Plex).

Cell membrane integrity. A fluorescent probe propidium iodide® (PI,
5 uM) was used. The fluorescence intensity was measured at the excita-
tion/emission wavelength of 535/615 nm.

Potassium efflux. Potassium-binding benzofuran Isophthalate
acetoxymethyl” (PBFI AM, 5pM) in the presence of 0.05% (w/w)
Pluronic F-127 was used to detect the activity of potassium efflux. The
fluorescence intensity was measured at the excitation/emission wave-
length of 340/500 and 380/500 nm.

Membrane depolarization. 3,3’-Dipropyl-thiacarbocyanine iodide"
(DiSC5(5), 0.5 uM) was used to measure membrane potential change.
The fluorescence intensity was measured at the excitation/emission
wavelength of 622/670 nm.

Outer membrane permeability. N-phenyl-1-naphthylamine® (NPN,
10 uM) was used to measure outer membrane permeability. The fluor-
escence intensity was measured at the excitation/emission wavelength of
350/420 nm.

Intracellular pH. 2°,7-bis-(2-carboxyethyl)-5-(and-6)-carboxyfluorescein
acetoxymethy” (BCECF AM, 1 uM) was used to analyze intracellular pH.
The fluorescence intensity was measured at the excitation/emission wave-
length of 488/535 nm.

Total ROS production

ROS production in E. coli G92 was analyzed using 2’,7’-Dichlorodihydro-
fluorescein diacetate” (DCFH-DA, 10 uM). After labeling, the bacteria were
then washed and resuspended by M9CA, and co-cultured with PLP (0, 5, 10,
20 mM). Thiourea (10 mM) was used as a ROS scavenger. The fluorescence
intensity was measured at the excitation/emission wavelength of
488/525 nm.

Total ATP levels

E. coli G92 was diluted 1:100 into 10 mL of fresh medium and cultured for
4h. The cells were then resuspended in M9CA medium and co-cultured
with PLP (0, 5, 10, 20 mM) for an additional 4 h. The ATP levels in E. coli
G92 were quantified using the Enhanced ATP Assay Kit (Beyotime, China)
according to the manufacturer’s instructions. The content was normalized
to the total protein content and expressed as units/g protein. Relative
luminescence units (RLU) were measured using the Infinite E Plex system
(Tecan) and the ATP concentration was determined based on standard
curves.

NAD*/NADH, ferrous iron, lipid peroxide (LPO) and mal-
ondialdehyde contents (MDA)

Bacterial cultures were prepared as described previously. The NAD/
NADH levels in E. coli G92 treated with PLP were measured using
the NAD'/NADH Assay Kit with WST-8 (Beyotime). Initially, the
total NAD content was quantified. To specifically detect NADH, samples
were heated at 60 °C for 30 min to decompose NAD". The NAD' content
was then calculated by subtracting the NADH content from the
total NAD.

The Fe’* content was measured using Ferrous Ion Content Assay Kit
(Solarbio). The intracellular LPO content was determined using Lipid
Peroxide (LPO) Content Assay Kit (Solarbio). The intracellular MDA
content was monitored using Malondialdehyde (MDA) Content Assay Kit
(Beyotime).

Glutathione (GSH), glutathione oxidized (GSSG), superoxide dis-
mutase (SOD) activity

The GSH and GSSG contents were measured using the GSH and GSSG
Assay Kit (Beyotime). The total GSH concentration was determined at
412 nm. GSH levels were calculated by subtracting GSSG from the total
glutathione. Specifically, GSSG was first isolated from the sample using a
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GSH removal auxiliary solution, then reduced to GSH by glutathione
reductase, and its concentration was measured at 410 nm.

SOD activity was assessed using the Total Superoxide Dismutase Assay
Kit with WST-8 (Beyotime) in E. coli G92 treated with PLP (0-20 mM).

Bacterial proton motive force (PMF) analysis

E. coli G92 was cultured overnight and resuspended (1:100 dilution) in
fresh MH for 4 h. Dye-free samples were used to control for auto-
fluorescence. PMF was determined by 3, 3’-diethyloxa-carbocyanine
iodide” (DiOC,(3), 60 uM). E. coli G92 was processed as described
previously and co-incubated with DiOC,(3) at 37 °C for 15 min. Car-
bonyl cyanide 3-chlorophenylhydrazone (CCCP, 5 uM) was used as the
depolarized control sample. Green fluorescence was detected using a
488-530 nm bandpass filter, and red fluorescence was detected using a
488-610 nm bandpass filter. A CytExpert Flow Cytometer recorded
100,000 ungated events per sample, which were analyzed using FlowJo
10.8.1 software (Becton, Dickinson and Company, USA). Debris was
excluded based on forward scatter (FSC) and side scatter, and single
bacterial cells were gated using FSC-A vs. FSC-H. Unstained bacteria
served as blank controls for autofluorescence, and CCCP-treated cells
were used as negative controls to establish a low PMF threshold.

Lipid peroxidation assay

Lipid peroxidation was assessed using C11-BODIPY (10 uM). E. coli G92
was incubated with C11-BODIPY and PLP (0, 5, 10, 20 mM) at 37 °C for
90 min. H,O, (10 uM) was used as a positive control for lipid peroxidation.
Green fluorescence was detected using a 488-530 nm bandpass filter. Each
sample was analyzed using a CytExpert Flow Cytometer, recording 100,000
ungated events, and data were processed with FlowJo 10.8.1 software. Lipid
peroxidation was evaluated by comparing green (non-peroxidized) and red
(peroxidized) fluorescence channels. An unstained control was used to set
the baseline for autofluorescence, while H,O,-treated cells served as a
positive control for peroxidation.

H5S production

H,S production in E. coli G92 was monitored using the lead acetate
detection method. E. coli G92 was diluted 1:100 and incubated with PLP
(0, 5, 10, 20 mM) and colistin (1 pg/mL) at 37 °C for 15h. A paper strip
saturated with 2% lead acetate (Pb(Ac),) was placed above the liquid
culture, affixed to the inner wall of the culture tube. Darkening of the
paper strip indicated H,S generation, with darker color corresponding to
higher H,S production.

Transmission electron microscopy (TEM)

E. coli G92 was cultured overnight and then diluted 1:100 into MHB for 4 h.
The cultures were subsequently incubated with PLP ranging from 0 to
20 mM for an additional 4 h. The bacteria were then fixed with 2.5% glu-
taraldehyde, followed by post-fixation in 1% osmium tetroxide. After fixa-
tion, the samples were dehydrated using a graded series of ethanol
concentrations and embedded in epoxy resin.

Reverse transcription-quantitative PCR (RT-qPCR)

E. coli G92 was cultured until reaching the stationary phase and diluted at a
ratio of 1:100 into MH for 4 h with or without PLP. Following this, the
bacterial cells were washed with PBS three times. RNA extraction and
purification and RT-qPCR were carried out as previously described. The
total RNA was extracted by Bacteria RNA Extraction Kit (Vazyme, China)
and reverse-transcribed using PrimeScript™ RT Kit and gDNA Eraser
(Takara, China). RT-qPCR analysis was performed by 7500 Fast Real-Time
PCR System (Applied Biosystem, CA, USA) using the ChamQ SYBR Color
qPCR Master Mix (Vazyme) with the primers (Table S6). The thermal
cycling procedure involved two steps of PCR amplification. Based on the
2785C method, the fold change in mRNA expression was calculated relative
to a reference gene (16S rRNA).

Single nucleotide polymorphisms (SNPs) analysis

Genomic DNA was extracted from bacterial samples using the Bacterial
DNA Kit D3350 (Omega Bio-tek, USA), and its quality and quantity were
assessed with a NanoDrop spectrophotometer. Library preparation was
followed by sequencing on an Illumina NovaSeq 6000 platform. Raw data
were quality-checked with FastQC and trimmed using Trim Galore. The
genome was assembled and annotated using the RAST server. SNPs were
identified by aligning the reads to a reference genome with BWA.

Galleria mellonella infection model

Galleria mellonella larvae (Huiyude Biotech Company, Tianjin, China) were
randomly assigned to three groups (n =8 each group). Then, they were
infected with E. coli G92 suspension (10 uL, 1.0 x 10° CFUs). After one hour
of infection, larvae were treated with PBS or colistin (40 mg/kg) with or
without PLP. Survival rates of larvae were recorded for a period of five days.

Ethical statement

Animal experiments were conducted in compliance with the applicable
guidelines and regulations set forth by Jiangsu Laboratory Animal Welfare
and Ethical of Jiangsu Administrative Committee of Laboratory Animals
(SCXK-2022-0044). The use of experimental animals was authorized by the
Jiangsu Association for Science and Technology under license number
SCXK-2022-0009. All animal experiments were approved by the Animal
Care Committee of Yangzhou University, and we have complied with all
relevant ethical regulations for animal use.

Mouse peritonitis-sepsis infection model

Female BALB/c mice (aged 6-8 weeks) were procured from the Compara-
tive Medicine Centre of Yangzhou University (Jiangsu, China). Mice were
acclimatized for one week before being infected. A total of 36 female BALB/c
mice were intraperitoneally injected with PBS (1 =24) or 10 mg/kg PLP
(n=12) for five days, and then intraperitoneally infected with E. coli
G92 suspension at a dose of 5.0 x 10° CFUs or 1.0 x 10° CFUs. After one
hour of infection, the mice of PBS group were randomly divided into blank
control group (n=12) and antibiotic groups (n =12). The blank control
group received a single intraperitoneal dose of PBS, while the antibiotic
treatment group and PLP group received colistin at a dosage of 2 mg/kg. The
survival of the mice was monitored for a period of 5 days. The liver and
kidney were aseptically removed and separated into two parts for CFUs
estimation, HE staining and ELISA analysis.

Statistics and reproducibility

Statistical analyses were performed using GraphPad Prism version 9.0. Each
experiment included at least three independent biological replicates. Data
are presented as mean * standard deviation (SD). For in vitro experiments,
statistical significance was assessed using unpaired t-test or one-way
ANOVA. For in vivo studies, significance was determined using the log-
rank (Mantel-Cox) test or the Mann-Whitney U-test. Significance levels
were defined as: *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.

Data availability

RNA-sequencing data have been deposited in the National Center for
Biotechnology Information (NCBI) Sequence Read Archive (SRA) database
(PRJNA1011224). Source data for the main figures are provided in Sup-
plementary Data 1. All other data are available from the corresponding
authors.
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