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ABSTRACT In the present study, we employed untargeted metabolomics to investi-
gate the synergistic killing mechanism of polymyxin B in combination with an amin-
oglycoside, amikacin, against a polymyxin-susceptible isolate of Pseudomonas aerugi-
nosa, FADDI-PA111 (MIC � 2 mg/liter for both polymyxin B and amikacin), and a
polymyxin-resistant Liverpool epidemic strain (LES), LESB58 (the corresponding MIC
for both polymyxin B and amikacin is 16 mg/liter). The metabolites were extracted
15 min, 1 h, and 4 h following treatment with polymyxin B alone (2 mg/liter for
FADDI-PA111; 4 mg/liter for LESB58), amikacin alone (2 mg/liter), and both in combi-
nation and analyzed using liquid chromatography-mass spectrometry (LC-MS). At
15 min and 1 h, polymyxin B alone induced significant perturbations in glycerophos-
pholipid and fatty acid metabolism pathways in FADDI-PA111 and, to a lesser ex-
tent, in LESB58. Amikacin alone at 1 and 4 h induced significant perturbations in
peptide and amino acid metabolism, which is in line with the mode of action of
aminoglycosides. Pathway analysis of FADDI-PA111 revealed that the synergistic ef-
fect of the combination was largely due to the inhibition of cell envelope biogene-
sis, which was driven initially by polymyxin B via suppression of key metabolites in-
volved in lipopolysaccharide, peptidoglycan, and membrane lipids (15 min and 1 h)
and later by amikacin (4 h). Overall, these novel findings demonstrate that the dis-
ruption of cell envelope biogenesis and central carbohydrate metabolism, decreased
levels of amino sugars, and a downregulated nucleotide pool are the metabolic
pathways associated with the synergistic killing of the polymyxin-amikacin combina-
tion against P. aeruginosa. This mechanistic study might help optimize synergistic
polymyxin B combinations in the clinical setting.
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The World Health Organization (WHO) recently classified multidrug-resistant (MDR)
Pseudomonas aeruginosa as a top-priority critical pathogen that urgently requires

new antibiotic therapies (1). MDR P. aeruginosa often causes life-threatening nosoco-
mial infections such as pneumonia and bloodstream infections, in particular in immu-
nocompromised and critically ill patients (2, 3). P. aeruginosa is often responsible for the
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colonization of the lungs of adult cystic fibrosis (CF) patients and is associated with high
mortality rates (4, 5). The large genome (5.9 to 6.3 Mb) of P. aeruginosa encodes
complex regulation systems and remarkable metabolic flexibility, endowing it with the
ability to rapidly adapt to diverse conditions, such as antimicrobial treatment (6). The
known mechanisms of antimicrobial resistance in P. aeruginosa include induced efflux
pumping, altering target binding sites, and enzymatic inactivation of antibiotics (7, 8).
Most worryingly, P. aeruginosa can rapidly develop resistance to all current antibiotics,
including the last-resort lipopeptide antibiotics, the polymyxins (polymyxin B and
colistin, also known as polymyxin E) (9–11).

Polymyxins are nonribosomal polycationic decapeptides that consist of a cyclic hepta-
peptide linked to a tripeptide linear chain and an N-terminal fatty acyl tail. Polymyxins are
amphipathic molecules owing to their five basic L-�-�-diaminobutyric acid (Dab) residues,
two hydrophobic amino acids at positions 6 and 7, and the N-terminal fatty acyl chain (12).
A model for their mode of action entails that the cationic Dab residues of the polymyxin
molecule interact electrostatically with the negatively charged phosphate groups of the
lipid A component of lipopolysaccharide (LPS), followed by the displacement of divalent
cations (Mg2� and Ca2�) that bridge and stabilize the LPS leaflet of the outer membrane
(OM) (13). This then enables the insertion of the N-terminal fatty acyl group and the
hydrophobic amino acid side chain at positions 6 to 7 of the polymyxin into the OM
fatty acyl layer, leading to outer membrane destabilization, self-promoted uptake,
osmotic imbalance, and cell death (12, 14). However, there are still significant gaps in
the exact mechanism(s) of polymyxin activity and resistance in P. aeruginosa (15).
Treatment failure due to suboptimal polymyxin plasma concentrations or the presence
of heteroresistant subpopulations highlights the need to optimize antibiotic combina-
tion therapies (e.g., polymyxin B combined with the aminoglycoside amikacin) (16, 17).
The most common mechanism of polymyxin resistance in P. aeruginosa is mainly
related to LPS and involves the addition of phosphoethanolamine (pEtN) and 4-amino-
4-deoxy-L-arabinose (L-Ara4N) or deacylation, hydroxylation, and palmitoylation to its
lipid A component (18–20). As a result, the overall net negative charge of the OM is
reduced, which attenuates the binding of the polycationic polymyxin molecule (12).
Currently used polymyxin combination therapies are empirical, and most combination
studies focus only on phenotypic killing (21). The lack of a fundamental understanding
of the mechanistic synergy underlying polymyxin combination therapies hinders their
clinical utility. Systems pharmacology is a powerful approach for deciphering the
complex interplay between cellular pathways in response to antibiotic treatments (22).
Metabolomics is the combination of state-of-the-art bioanalytical techniques and bioin-
formatics, which are of considerable utility for elucidating the complex modes of action
and bacterial cellular processes in response to antibiotic killing (23, 24).

To the best of our knowledge, we are the first to conduct a metabolomics analysis
of the synergistic killing mechanism of a polymyxin in combination with amikacin. We
profiled the response of polymyxin-susceptible P. aeruginosa (FADDI-PA111) and
polymyxin-resistant P. aeruginosa (LESB58) following treatment with the polymyxin
B-amikacin combination. This study was the first to reveal that the synergistic bacteri-
cidal effect of the combination involves the disruption of bacterial cell envelope
biogenesis and inhibition of central carbohydrate metabolism and the pyridine nucle-
otide cycle (PNC).

RESULTS
Metabolic impact of polymyxin B, amikacin, and their combination on

polymyxin-susceptible P. aeruginosa FADDI-PA111. Lipopolysaccharide biosynthe-
sis, the pyridine nucleotide cycle, central carbon metabolism, and peptidoglycan
biosynthesis are the main pathways influenced by polymyxin B and amikacin mono-
therapies and their combination.

Lipid metabolism. Lipid levels were markedly perturbed in P. aeruginosa FADDI-
PA111 following polymyxin B monotherapy and the combination at 15 min, 1 h, and
4 h. Polymyxin B treatment predominantly perturbed bacterial membrane lipids across
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all time points, including fatty acids (FAs) and glycerophospholipids (GPLs) (�0.58553-
log2-fold; P � 0.05; false discovery rate [FDR] � 0.1) (Fig. 1A). The impact of amikacin on
the levels of these lipid metabolites at 15 min was marginal; however, amikacin induced
significant perturbations of lipid levels at 1 h and 4 h. Intriguingly, the combination
produced a differential pattern of lipid perturbation across all three time points;
notably, more GPL perturbations were evident than FA perturbations (Fig. 1A and B).
The combination significantly reduced the concentration of palmitoleyl-CoA, an essen-
tial cellular intermediate that maintains the LpxC stability (��2.0-log2-fold; P � 0.05;
FDR � 0.05), across all three time points (Fig. 1B) (25). Furthermore, the level of a key
precursor of membrane phospholipids, sn-glycerol-3-phosphate, was significantly de-
creased following the combination treatment at 15 min and 1 h (��1.0-log2-fold;
P � 0.05; FDR � 0.05). The levels of essential bacterial membrane lipids involved in
phospholipid and LPS biosynthesis were significantly reduced following the combina-
tion treatment, including sn-glycero-3-phosphoethanolamine, FA hydroxy(14:0) (3-
hydroxymyristic acid), and FA(14:1) (myristoleic acid) (��1.0-log2-fold; P � 0.05; FDR �

0.05) (Fig. 1A and B). Our results suggest that the combination of polymyxin B and
amikacin reduced the main precursors of bacterial membrane lipids, particularly those
related to LPS and GPL biosynthesis.

LPS biosynthesis. As alluded to above, the combination treatment substantially
decreased the levels of intermediates involved in LPS biosynthesis, particularly at 1 h.
At 15 min, the polymyxin-amikacin combination caused a prominent decline in the
concentrations of three essential pentose phosphate pathway (PPP) metabolites
(��2.0-log2-fold; P � 0.05; FDR � 0.05), namely, D-ribose-5-phosphate, erythrose
4-phosphate, and D-sedoheptulose-7-phosphate. The levels of three precursors of LPS
biosynthesis underwent a remarkable decrease (��2.0-log2-fold; P � 0.05; FDR � 0.05)

FIG 1 Perturbations of bacterial lipids. (A) Significantly perturbed lipids in P. aeruginosa FADDI-PA111 following treatment with polymyxin B, amikacin, and the
combination at 15 min (i), 1 h (ii), and 4 h (iii). Lipid names are putatively assigned based on accurate mass. FC, fold change. (B) Bar charts showing the depletion
of essential bacterial membrane lipids after treatment with polymyxin B (PMB), amikacin (AMK), and the combination (COM) across all three time points
(�1.0-log2-fold; P � 0.05; FDR � 0.1). Control, untreated samples; PE, phosphoethanolamines; PG, glycerophosphoglycerols; PS, glycerophosphoserines; PC,
glycerophosphocholines; PA, glycerophosphates; GPE, glycerophosphatidylethanolamine; PGP, glycerophosphoglycerophosphates; FA, fatty acids.
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after combination treatment at 15 min, including ADP-D-glycero-D-manno-heptose,
3-deoxy-D-manno-octulosonate (KDO), and UDP-N-acetyl-D-glucosamine (UDP-GlcNAc)
(Fig. 2A). Polymyxin B monotherapy had a similar impact on LPS biosynthesis, wherein
four key metabolites underwent a significant decline (��1.0-log2-fold; P � 0.05; FDR �

0.05), including D-sedoheptulose-7-phosphate, ADP-D-glycero-D-manno-heptose, KDO,
and UDP-GlcNAc (Fig. 2A). On the other hand, the effect of amikacin treatment on the
FADDI-PA111 LPS biosynthetic pathway was unremarkable. Interestingly, the combi-
nation at 1 h induced a significant decrease (��1.0-log2-fold; P � 0.05; FDR � 0.05) in
the levels of seven metabolites that are crucial for the formation of LPS, namely,
D-ribose-5-phosphate, D-sedoheptulose-7-phosphate, CMP-KDO, KDO, UDP-GlcNAc,
ADP-D-glycero-D-manno-heptose, and D-glycero-D-manno-heptose 1,7-bisphosphate
(Fig. 2Bi and Bii). Similarly, but to a lesser extent, polymyxin B monotherapy induced a
significant drop in the levels of three key intermediates of the LPS biosynthetic
pathway, including UDP-GlcNAc, KDO, and ADP-D-glycero-�-D-manno-heptose. Similar
to the 15-min time point, we did not observe any impact on LPS biosynthesis at 1 h
following amikacin monotherapy (Fig. 2Bii). The combination also induced a significant
decrease (��1.0-log2-fold; P � 0.05; FDR � 0.05) in the levels of key precursors of LPS
biogenesis at 4 h, namely, ADP-D-glycero-D-manno-heptose, KDO, UDP-GlcNAc, and
D-glycero-D-manno-heptose 1,7-bisphosphate (Fig. 2C). Amikacin monotherapy re-
duced the levels of four key intermediates of LPS biosynthesis, namely, ADP-D-glycero-
D-manno-heptose, D-glycero-D-manno-heptose 1,7-bisphosphate, KDO, and UDP-
GlcNAc, at 4 h (��1.0-log2-fold; P � 0.05; FDR � 0.05) (Fig. 2C). On the other hand, the
influence of polymyxin B monotherapy on LPS biosynthesis in FADDI-PA111 at 4 h was
unremarkable.

Central carbon metabolites. Besides the significant impact of the polymyxin
B-amikacin combination on the PPP of FADDI-PA111 at 15 min and 1 h, it also caused

FIG 2 Impact of treatment on lipopolysaccharide biosynthesis. (A) Bar charts for significantly perturbed intermediates of the PPP and downstream LPS in P.
aeruginosa FADDI-PA111 following treatment with polymyxin B (PMB), amikacin (AMK), and the combination (COM) at 15 min. (B and C) Schematic diagram
and bar charts (i) and volcano plots (ii) for the significantly impacted intermediates of LPS biogenesis in P. aeruginosa FADDI-PA111 after treatment with
polymyxin B, amikacin, and the combination at 1 h (B) and at 4 h (C) (�1.0-log2-fold; P � 0.05; FDR � 0.05). Control, untreated samples.
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a remarkable suppression of the levels of five key intermediates of the glycolysis
pathway at 1 h, including glycerate-3-phosphate, D-fructose-6-phosphate, D-glucose-6-
phosphate, glyceraldehyde-3-phosphate, and phosphoenolpyruvate (��1.0-log2-fold;
P � 0.05; FDR � 0.05) (Fig. 3A and B). Moreover, the combination significantly reduced
the concentrations of eight tricarboxylic acid (TCA) cycle metabolites, namely, acetyl-
CoA, citrate, cis-aconitate, isocitrate, succinate, fumarate, NAD�, and CoA (��1.0-log2-
fold; P � 0.05; FDR � 0.05) (Fig. 3A and B). Polymyxin treatment induced a significant
reduction in the concentrations of only two intermediates of this pathway at 1 h,
namely, succinate (log2-fold change � �1.13) and CoA (log2-fold change � �1.48);
amikacin monotherapy had no detectable impact on the central carbon metabolites at
1 h (Fig. 3B).

Pyridine nucleotide cycle. Treatment with polymyxin B alone and the combination
(Fig. 4A) markedly disrupted the PNC pathway, particularly at 15 min and, to a lesser
extent, at 1 h (�1.0-log2-fold; P � 0.05; FDR � 0.05). Polymyxin B treatment decreased
the levels of two key metabolites, namely, nicotinamide and NADP�, at 15 min, whereas
the combination reduced the levels of six key metabolites compromising the backbone
of the PNC, namely, iminoaspartate, nicotinamide, NADP�, NAD, ATP, and glycerone

FIG 3 Changes in central carbon metabolism. (A) Schematic diagram for the significantly perturbed intermediates of the PPP, glycolysis, and the interrelated
tricarboxylic acid cycle in P. aeruginosa FADDI-PA111 following treatment with polymyxin B, amikacin, and the combination at 1 h. (B) Bar graphs for the main
intermediates of the PPP, glycolysis, and the TCA cycle after treatment with polymyxin B (PMB), amikacin (AMK), and the combination (COM) at 1 h
(�1.0-log2-fold; P � 0.05; FDR � 0.05). PEP, phosphoenolpyruvate. Control, untreated samples.
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phosphate, at 15 min (Fig. 4Bi). At 1 h, the combination reduced the levels of four
metabolites, namely, iminoaspartate, NADP�, NAD, and glycerone phosphate (Fig. 4Bii).
The influence of amikacin monotherapy on the PNC was inconsequential across all time
points. Based on these findings, we purport that the perturbations in PNC metabolites
by the combination were largely driven by polymyxin B.

Nucleotide levels. Polymyxin B monotherapy induced a marked decline in the
levels of nucleotides across all the time points, and this effect was even more pro-
nounced following combination treatment (�1.0-log2-fold; P � 0.05; FDR � 0.1) (Fig.
5A and B; see also Table S2 in the supplemental material). At 15 min, a marked decline
in the levels of five nucleotides (hypoxanthine, xanthine, dTMP, dCMP, and dTDP) was
observed following polymyxin B monotherapy, whereas amikacin monotherapy had
negligible effects. Nine nucleotides underwent a remarkable decrease in their levels
after combination treatment (except for an increment in orotate levels) (Fig. 5Ai). At 1 h,
the combination profoundly reduced (��1.0-log2-fold; P � 0.05; FDR � 0.05) the
concentrations of 16 nucleotide intermediates (Fig. 5B; Table S2). Similarly to the
15-min time point, polymyxin B monotherapy caused a reduction of 6 nucleotides and
conversely induced an increase in the levels of orotate (�1.0-log2-fold; P � 0.05; FDR �

FIG 4 Perturbations of the pyridine nucleotide cycle (PNC). (A) Schematic diagram for the significantly perturbed intermediates of the PNC in P. aeruginosa
FADDI-PA111 following treatment with polymyxin B, amikacin, and the combination at 15 min. (B) Bar graphs for the main depleted precursors of the PNC after
treatment with polymyxin B (PMB), amikacin (AMK), and the combination (COM) at 15 min (i) and 1 h (ii) (�1.0-log2-fold; P � 0.05; FDR � 0.1). Control, untreated
samples.
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0.1). Amikacin monotherapy increased (�1.0-log2-fold; P � 0.05; FDR � 0.1) the con-
centrations of 5-phosphoribosylamine at 1 h (Fig. 5Aii). Key nucleotides were also
significantly depleted in FADDI-PA111 following the combination treatment at 4 h
(Fig. 5B).

Amino acid, peptide, and peptidoglycan metabolism. Differential perturbation
patterns in amino acid metabolism were identified under each treatment condition
across all time points; the most notable difference was evident in the main
precursors of peptidoglycan biosynthesis and arginine metabolism (Fig. 6). A
dramatic decrease in the levels of four essential metabolites of the peptidoglycan
biosynthetic pathway was observed following polymyxin B monotherapy at 15
min (��1.5-log2-fold; P � 0.05; FDR � 0.05), including D-alanyl-D-alanine, UDP-N-
acetylmuramoyl-L-alanyl-D-�-glutamyl-meso-2,6-diaminopimelate (UDP-MurNAc-L-
Ala-�-D-Glu-m-DAP), UDP-N-acetylmuramate (UDP-MurNAc), and N-acetyl-D-gluco-
samine-6-phosphate (Fig. 6Ai and Aii). This effect was less pronounced at the latter
time points of 1 and 4 h (Fig. 6B and C). Amikacin monotherapy caused a moderate
increase (�0.58553-log2-fold; P � 0.05; FDR � 0.1) in the levels of four intermedi-
ates of histidine metabolism at 15 min (except for a decline in imidazole-4-acetate
levels), namely, imidazol-5-yl-pyruvate, N-formimino-L-glutamate, and urocanate

FIG 5 Induction of nucleotide turnover and DNA damage. (A) Volcano plots for the significantly perturbed nucleotides at 15 min (i) and 1 h (ii) in P. aeruginosa
FADDI-PA111 following treatment with polymyxin B, amikacin, and the combination. (B) Bar graphs for the nucleotides after treatment with polymyxin B (PMB),
amikacin (AMK), and the combination (COM) at 4 h (�1.0-log2-fold; P � 0.05; FDR � 0.1). Control, untreated samples.
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(Fig. 6Ai). On the other hand, the combination treatment resulted in a significant suppression
of the levels of key intermediates of peptidoglycan biosynthesis at 15 min, including D-alanyl-
D-alanine, UDP-MurNAc-L-Ala-�-D-Glu-m-DAP, UDP-MurNAc, and N-acetyl-D-glucosamine-6-
phosphate (��2.0-log2-fold; P � 0.05; FDR � 0.05) (Fig. 6Ai, and Aii). This effect on pepti-
doglycan biosynthesis persisted over the latter time points, in particular at 1 h, causing
a dramatic decrease in the levels of five metabolites, D-alanyl-D-alanine, alanine, UDP-
MurNAc-L-Ala-�-D-Glu-m-DAP, UDP-MurNAc, and N-acetyl-D-glucosamine-6-phosphate
(��1.0-log2-fold; P � 0.05; FDR � 0.05) (Fig. 6Bi and Bii). This effect tapered at 4 h, at
which the combination therapy reduced the concentrations of only two important
intermediates of peptidoglycan biosynthesis, namely, D-alanine (log2-fold change �

�2.02) and N-acetyl-glucosamine-6-phosphate (log2-fold change � �1.26) (Fig. 6C).
The effect of the polymyxin-amikacin combination on the intermediates of arginine
metabolism was most pronounced at 15 min and 1 h, reducing the levels of N2-succinyl-
L-ornithine and N-acetyl-L-glutamate (at 15 min) and of N-acetyl-L-glutamate, L-1-
pyrroline-3-hydroxy-5-carboxylate, L-glutamine, and N2-succinyl-L-arginine (at 1 h) (Fig.
6A, Bi, and Biii). Amikacin treatment and the combination induced major perturbations
in peptides. The combination treatment significantly decreased the levels of two
essential peptides, glutathione and L-Ala-D-Glu-meso-A2pm-D-Ala (muropeptide), at
15 min (��1.0-log2-fold; P � 0.05; FDR � 0.05) (Fig. 7A). Twelve peptide metabolites
(including glutathione) (��2.0-log2-fold; P � 0.05; FDR � 0.05) were remarkably di-

FIG 6 Changes in amino acid metabolism in FADDI-PA111. (A) Fold changes for the significantly affected amino acids (i) and bar charts of peptidoglycan
intermediates (ii) following treatment with polymyxin B, amikacin, and the combination at 15 min. (B) Fold changes of significantly perturbed amino acids (i)
and bar graphs for intermediates of peptidoglycan biosynthesis (ii) and arginine metabolism (iii) after treatment with polymyxin B (PMB), amikacin (AMK), and
the combination (COM) at 1 h (�1.0-log2-fold; P � 0.05; FDR � 0.1). (C) Fold changes of significant amino acid metabolites at 4 h (�1.0-log2-fold; P � 0.05;
FDR � 0.1). Control, untreated samples.
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minished after 1 h of the combination treatment (Fig. 7B). The combination treatment
produced a marginal effect on peptide metabolism at 4 h (Fig. 7C). Amikacin mono-
therapy increased the levels of six peptide metabolites at 15 min and then induced a
significant reduction in their levels at 1 and 4 h (Fig. 7A to C). Polymyxin B monotherapy
did not show a significant impact on peptide metabolism across all time points except
for 1 h (Fig. 7B). Furthermore, the glutathione level underwent a significant decline after
polymyxin B treatment at 15 min and 1 h (��2.0-log2-fold; P � 0.05; FDR � 0.05). It
should be noted that peptide identifications were based on accurate mass and isomeric
forms of the putative peptides where possible.

Impact of polymyxin B, amikacin, and their combination on the metabolome of
polymyxin-resistant CF P. aeruginosa isolate LESB58. The Liverpool epidemic strain
LESB58 is intrinsically resistant to polymyxin B and amikacin, as its resistome carries
APH(3=)-IIb aminoglycoside resistance genes, which mediate the inactivation of amika-
cin via aminoglycoside-modifying enzymes (phosphotransferase) (18, 26). Not surpris-
ingly, the metabolic response of the strain was limited under all treatment conditions
except for minor effects on lipid and carbohydrate metabolism; the only significantly
perturbed metabolites were comparable in number between polymyxin B mono-
therapy and combination treatment groups across all time points (Fig. S4B). Polymyxin
B monotherapy caused a marked reduction in the levels of metabolites from amino
acid, lipid, and carbohydrate metabolism at 15 min and 1 h, including amino acid
intermediates involved in glutathione metabolism, such as glutathione disulfide (log2-
fold change � �2.07), L-glutamate (log2-fold change � �1.14), and s-glutathionyl-L-
cysteine (log2-fold change � �1.44) (Fig. S6B and Table S3). Palmitoleyl-CoA (log2-fold
change � �0.82) and oleoyl-CoA (log2-fold change� �0.82) were among the essential
lipid membrane intermediates that underwent a marked decline following polymyxin
B monotherapy. However, the effect of polymyxin B monotherapy was completely
inversed at 4 h, wherein the levels of all intermediates increased. On the other hand,
amikacin treatment showed a delayed effect wherein marginal perturbation was evi-

FIG 7 Significantly affected metabolites of peptide metabolism in FADDI-PA111. Shown are fold changes for the significantly affected peptides following
treatment with polymyxin B, amikacin, and the combination at 15 min (A), 1 h (B), and 4 h (C) (�1.0-log2-fold; P � 0.05; FDR � 0.1).
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dent at 15 min, followed by dramatic changes at 1 and 4 h (Fig. S4B and S6B); amikacin
monotherapy imparted a significant perturbation (�1.0-log2-fold; P � 0.05; FDR � 0.05)
in the levels of glutathione biosynthesis-related intermediates, such as glutathione
disulfide, L-methionine S-oxide, L-methionine, and O-acetyl-L-homoserine (Table S3).

The polymyxin B-amikacin combination treatment mainly caused perturbation to
lipids, which were primarily decreased at 15 min and 1 h, while increases were generally
observed at 4 h. The main lipid precursors involved in the bacterial outer membrane
composition underwent a remarkable perturbation following the combination treat-
ment (�1.0-log2-fold; P � 0.05; FDR � 0.05), namely, FA(16:0), FA(17:0), FA(18:0), FA(14:
1), and sn-glycero-3-phosphoethanolamine (log2-fold change� �0.90) (Table S3). In
addition, carbohydrates were also significantly perturbed. There was an elevation in
the levels of intermediates (UDP-L-Ara4FN) associated with the lipid A aminoarabi-
nose modification pathway following polymyxin B monotherapy (15 min and 4 h);
however, this effect was not observed with the combination treatment at any time
points (Table S3).

DISCUSSION

In the present study, we employed metabolomics to characterize the responses of
P. aeruginosa to treatment with polymyxin-amikacin. Polymyxins and aminoglycosides
exert their primary antibacterial killing activity via disruption of the OM and inhibition
of protein synthesis, respectively (12, 27). To the best of our knowledge, this is the first
study to investigate the antibacterial killing synergy of the combination of polymyxin
B with amikacin using an untargeted metabolomics approach. The most significant
findings of the study include (i) differential time-dependent inhibition of key metabolic
pathways, (ii) perturbation of central carbon metabolism and suppression of nucleotide
pools, (iii) inhibition of the pyridine nucleotide cycle (PNC) (the main pool of NADP),
and (iv) inhibition of LPS and cell wall biosynthesis.

The early cellular metabolic perturbations following treatment with polymyxin B
monotherapy seen at 15 min and 1 h impacted lipid, nucleotide, amino-nucleotide
sugar, and energy metabolism. Similar metabolic changes were evident following
amikacin monotherapy (particularly LPS biosynthesis) albeit in a delayed fashion,
largely occurring at 4 h posttreatment. Moreover, amikacin monotherapy induced
substantial perturbations in peptide metabolism, whereas polymyxin B had little effect
on peptide levels (see Fig. S6A in the supplemental material). These mechanistic
findings support the use of the polymyxin B-amikacin combination for maintaining a
persistent antibacterial effect (i.e., polymyxin B for early and rapid-onset followed by
amikacin for delayed-onset bacterial killing) and minimizing potential bacterial re-
growth, which can rapidly emerge with monotherapy (28, 29).

It has been shown that the disorganization of the bacterial outer membrane is one
of the possible bacterial killing mechanisms caused by polymyxins (12, 30). Coinci-
dently, treatment of FADDI-PA111 with polymyxin B monotherapy caused a marked
suppression of several key phospholipids, fatty acids, and lipid intermediates, such as
FA(16:0), FA(14:1), oleoyl-CoA, and palmitoleyl-CoA, at 15 min and, to a lesser extent, at
1 h and 4 h (Fig. 1A and Fig. 3B). This finding is in agreement with previous metabo-
lomics studies with P. aeruginosa that revealed that polymyxin B caused perturbations
in fatty acids and glycerophospholipids (31, 32). Additionally, it has been found that the
genes associated with bacterial OM biosynthesis were differentially expressed as a
result of colistin treatment (33). Membrane fatty acid composition and fluidity are vital
for the development of antibiotic resistance (34, 35), and an increase in saturated fatty
acids is usually associated with a decrease in membrane fluidity and, hence, gives rise
to a less permeable bacterial OM (36). It is not surprising that polymyxin B did not show
marked perturbations in the lipid intermediates of polymyxin-resistant LESB58 at
15 min; however, a minor reduction in the levels of essential bacterial membrane lipids
was evident at 1 h, which was then followed by a significant rise in all significantly
affected lipid intermediates at 4 h. These results are likely reflective of the resistance of
this strain to polymyxin B.
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Amikacin is a semisynthetic aminoglycoside which exerts its bacterial killing activity
by interfering with intracellular protein synthesis (37). However, several studies have
shown that aminoglycoside-based amphiphiles (like amikacin- and neamine-based
amphiphiles) are able to disrupt the negatively charged lipids from bacterial inner
membranes in P. aeruginosa, which subsequently leads to membrane permeabilization
and depolarization (38, 39). Interestingly, our results are in line with those studies, as
amikacin remarkably reduced the levels of several membrane glycerophospholipids in
FADDI-PA111, such as PS(36:0) and PS(37:0), at 4 h (Fig. 1Aiii). These glycerophospho-
lipids are commonly involved in the biosynthesis of phosphatidic acid (PA), the key
intermediate in the synthesis of all membrane glycerolipids (40). The biogenesis of
bacterial OM phospholipids starts via acylation of sn-glycerol-3-phosphate using fatty
acyl-acyl carrier protein (acyl-ACP) (25). Importantly, a previous study has shown that
the decline in the levels of palmitoleyl-CoA could lead to decreases in the stability of
LpxC, which has a vital role in lipid A core formation (25). It is important to note that
the combination treatment remained effective in reducing the levels of FADDI-PA111
membrane lipids at 4 h, in which more perturbations in glycerophospholipid metabo-
lism were most prominent (Fig. 1Aiii). In regard to LESB58, the impact of combination
treatment was largely related to changes in the levels of fatty acids and glycerophos-
pholipids over 4 h (Table S3). Together, the above-described data highlight that the
perturbation of lipid metabolism is a key pathway in killing synergy by the polymyxin
B-amikacin combination.

Importantly, our study is the first to report that combining polymyxin B with
amikacin caused a significant suppression of intermediates involved in LPS biosynthesis
(Fig. 2A to C). This influence may have arisen from the early (15-min and 1-h) inhibition
of the pentose phosphate pathway (PPP), which is a key source of precursors for LPS
synthesis. A considerable decline in intermediates of LPS formation was observed after
polymyxin B monotherapy at 15 min and 1 h but not at 4 h (Fig. 2C). In contrast,
amikacin had no impact at early time points (15 min and 1 h), while it caused substan-
tial inhibitory effects on LPS biosynthesis at 4 h. The combination effect on these
pathways was not seen in the polymyxin B-resistant strain LESB58; however, the level
of the PPP metabolite D-sedoheptulose-7-phosphate was slightly decreased after poly-
myxin B monotherapy at 15 min (Table S3). This negative impact on LPS biosynthesis is
in line with the primary mode of action of polymyxins, which involves disorganizing the
bacterial OM through their interaction with LPS (41). It was previously shown that
Escherichia coli mutants defective in the biosynthesis of KDO are extremely susceptible
to very low concentrations of antibiotics such as novobiocin (42), and others also
noticed that inactivation of D-arabinose-5-phosphate isomerase (API), an enzyme that
promotes the reversible isomerization of D-ribulose-5-phosphate (Ru5P) to D-arabinose-
5-phosphate, a KDO precursor in E. coli, resulted in death of the microorganism (43).
Heptose units such as D-sedoheptulose-7-phosphate are crucial building blocks that
form the LPS inner core of Gram-negative bacteria (44). Heptose-deficient Haemophilus
influenzae mutants, bearing a genetic defect of ADP-glyceromannoheptose isomerase,
showed less virulence and more susceptibility to antibiotics (45). Hence, taking data
from all of the above-mentioned studies together, a possible mechanism of synergistic
killing by the polymyxin B-amikacin combination is strongly related to the inhibition of
the PPP and subsequent LPS biosynthesis, and the differential time-dependent inhibi-
tion of this pathway by each antibiotic alone is beneficial in terms of pharmacokinetics/
pharmacodynamics (PK/PD), due to maintenance of their killing activity over time.

Apart from its potential impact on membrane structure, our pathway analysis
illustrated that the polymyxin B-amikacin combination also effectively perturbed the
TCA and glycolysis (central carbohydrate metabolism) pathways in FADDI-PA111 (Fig.
3A and B). This effect was not evident for LESB58; only two intermediates (succinate and
CoA) from these pathways were affected by polymyxin B monotherapy, with no effect
seen for amikacin monotherapy. Bacterial central carbohydrate metabolism is a com-
plex cellular network including various metabolic pathways, such as glycolysis and TCA,
and was recently investigated as a new target for the next generation of antibiotics (46).
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Glycolysis is the main source of acetyl-CoA, which has a direct role in many metabolic
processes, such as supply of acetyl groups to TCA, synthesis of fatty acids, and amino
acid biosynthesis (47). The TCA cycle has a crucial role in cellular respiration of bacteria
and supplies several important intermediates, such as succinate and citrate, which are
required for other key metabolic processes (48). It is important to mention that there
are two fundamental types of reactions that control the TCA cycle, namely, anaplerotic
and cataplerotic reactions, in which the amount of TCA cycle intermediates increases or
decreases, respectively (49). Our results demonstrate that polymyxin B-amikacin treat-
ment displayed a cataplerotic effect on the TCA cycle by reduction of fundamental
intermediates such as succinate and acetyl-CoA, which are essential for electron
transport chain reactions and fatty acid and amino acid metabolism.

The polymyxin B-amikacin combination also caused a dramatic perturbation in the
PNC of FADDI-PA111, with a greater effect seen at 15 min and, to a lesser extent, at 1 h
(Fig. 4A and B). In contrast, polymyxin B monotherapy was able to reduce the concen-
trations of only two essential precursors of the PNC at 15 min, namely, nicotinamide
and NADP� (Fig. 4A and Bi), while no effect was seen for amikacin monotherapy. The
PNC is an essential network of biochemical transformations that enable bacterial cells
to maintain the homeostasis of NADP (50). It has been found that a small change in the
concentration of NADP is likely associated with the propagation of various metabolic
disruptions, for instance, in the synthesis of proteins and lipids (51). Inhibition of the
PNC by polymyxin B-amikacin treatment appears to be a mechanism underlying the
synergistic killing activity of the combination.

Polymyxin B-amikacin combination treatment caused a significant reduction in
D-ribose-5-phosphate, a key initial intermediate in purine and pyrimidine metabolism,
and concomitantly produced a significant depletion in the nucleotide pool of FADDI-
PA111 up to 4 h. It was evident that the maximum effect on the nucleotide pool was
at 1 h, followed by 4 h. Similarly, polymyxin B monotherapy demonstrated significant
perturbations in the levels of nucleotides, especially those related to purine catabolism,
such as hypoxanthine and xanthine, at 15 min and 1 h, which then faded away at 4 h
(Fig. 5A and B). Amikacin had little impact on the nucleotide pool compared to
polymyxin B monotherapy and the combination. No significant effect on nucleotide
levels was seen in LESB58. Previous metabolomics studies showed that exposure of
Gram-negative (E. coli) and Gram-positive (Staphylococcus aureus) bacteria to different
antibiotic treatments (e.g., ampicillin, kanamycin, norfloxacin, and vancomycin) can
lead to a depletion of the nucleotide pool, indicative of nucleotide degradation (52, 53).

Notably, the polymyxin B-amikacin combination caused a significant inhibition of
peptidoglycan biosynthesis only in FADDI-PA111 (Fig. 6A to C). Levels of major metab-
olites of peptidoglycan biogenesis were dramatically decreased following the combi-
nation treatment across all time points, in particular at 1 h (Fig. 6Bii) (54). This effect
might be secondary to the marked depletion of amino sugar and nucleotide sugar
intermediates that supply key precursors for peptidoglycan biosynthesis (55). Poly-
myxin B monotherapy also produced a significant depletion of peptidoglycan inter-
mediates in FADDI-PA111 at 15 min (Fig. 6A), while there was no noticeable impact
following amikacin monotherapy. Interestingly, our group previously reported tran-
scriptomics and metabolomics studies demonstrating that polymyxins also inhibit
peptidoglycan biosynthesis in Acinetobacter baumannii and P. aeruginosa (32, 56, 57).
Pathway analysis highlighted the significant impact of the combination on arginine and
proline metabolism in FADDI-PA111 at 15 min and 1 h, and there was a little influence
of polymyxin B and amikacin monotherapies on this pathway at 1 and 4 h, respectively
(Fig. 6A to C). The disruption of amino acid pathways, in particular arginine metabolism,
has recently been targeted as a novel approach to manage bacterial infections and
subvert pathogenesis (58).

Overall, this study highlights the importance of elucidating the complex and dy-
namic interactions of multiple cellular metabolic pathways due to antibiotic treatment,
which ultimately aids in optimizing the most commonly used combination therapy in
clinical practice.
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MATERIALS AND METHODS
Drugs and bacterial isolates. Polymyxin B (batch number 20120204; Beta Pharma, China) and

amikacin (Sigma-Aldrich, Saint Louis, MO, USA) solutions were prepared in Milli-Q water (Millipore,
Australia) and filtered through 0.22-�m syringe filters (Sartorius, Australia). All other reagents were
purchased from Sigma-Aldrich (Australia) and were of the highest commercial grade available. A
polymyxin-susceptible P. aeruginosa strain, FADDI-PA111 (polymyxin B MIC � 2 mg/liter; amikacin MIC �
2 mg/liter), and the polymyxin-resistant cystic fibrosis P. aeruginosa isolate LESB58 (Liverpool epidemic
strain) (MIC � 16 mg/liter for both polymyxin B and amikacin) were tested. The isolates were stored in
tryptone soy broth (Oxoid) with 20% glycerol (Ajax Finechem, Seven Hills, NSW, Australia) in cryovials
at �80°C. Before use, both strains (FADDI-PA111 and LESB58) were subcultured onto M9 minimal
medium (59).

Bacterial culture preparation for metabolomics experiments. To investigate the possible molec-
ular mechanisms of the polymyxin B-amikacin combination, we employed untargeted metabolomics to
determine the changes in different metabolite levels following 15 min, 1 h, and 4 h of antibiotic
treatment.

A single colony of P. aeruginosa grown on nutrient or Mueller-Hinton agar was chosen and grown
overnight (16 to 18 h) in 20 ml in M9 minimal medium (59) in 50-ml Falcon tubes (Thermo Fisher,
Australia) and incubated in a shaking water bath at 37°C (shaking speed, 180 rpm). P. aeruginosa LES
isolates are methionine auxotrophs; therefore, L-methionine was added to M9 minimal medium for
growth of the LESB58 strain. Following overnight incubation, each culture was transferred to a 1-liter
conical flask with 250 ml of fresh M9 minimal medium at �50- to 100-fold dilutions. Flasks were
incubated at 37°C with shaking at 180 rpm for �3 to 4 h to log phase (optical density at 600 nm [OD600]
of �0.5). Cultures (50 ml) were transferred to four 500-ml conical flasks, and solutions of polymyxin B,
amikacin, or both were added to three of four flasks to give final concentrations of 2 mg/liter for
FADDI-PA111, 4 mg/liter for LESB58 for polymyxin B, and 2 mg/liter for amikacin for both strains; the
remaining flask acted as a drug-free control. To prevent excessive bacterial killing, preliminary optimi-
zation studies were conducted using a high bacterial inoculum (�108 CFU/ml) and different antibiotic
concentrations to ensure no more than a 2-log10 CFU/ml reduction and thereby induce more stress on
the microorganism. The flasks were further incubated at 37°C with shaking at 180 rpm. After 2 h, the
OD600 reading for each flask was determined and normalized to a value of �0.5 with fresh M9 minimal
medium, and 10-ml samples were transferred to 15-ml Falcon tubes (Thermo Fisher, Australia) for
metabolite extraction. To account for inherent random variation, four biological samples were prepared
under each treatment condition for each strain.

Metabolite extraction for metabolomic studies. Following bacterial culture preparation, extraction
of metabolites was immediately carried out in order to decrease further drug effects on metabolite levels.
Initially, samples were centrifuged at 3,220 � g at 4°C for 20 min. Supernatants were then removed, and
bacterial pellets were washed twice in 1 ml of cold normal saline, followed by centrifugation at 3,220 � g
at 4°C for 10 min to remove residual extracellular metabolites and medium components. Next, 300 �l of
a cold chloroform-methanol-water (CMW) (1:3:1, vol/vol) extraction solvent containing 1 �M (each) the
internal standards {3-[(3-cholamidopropyl)-dimethylammonio]-1-propanesulfonate (CHAPS), N-cyclo-
hexyl-3-aminopropanesulfonic acid (CAPS), piperazine-N,N=-bis(2-ethanesulfonic acid) (PIPES), and Tris}
was added to the washed pellets. The internal standards used are physicochemically different small
molecules that do not naturally exist in any microorganism. Samples were then immersed three times in
liquid nitrogen, thawed on ice, and vortexed to liberate the intracellular metabolites. The samples were
centrifuged for 10 min at 3,220 � g at 4°C after the third freeze-thaw cycle, whereby 300 �l of the
supernatants was added to 1.5-ml Eppendorf tubes. Centrifugation at 14,000 � g at 4°C for 10 min was
used to detach any particles from samples, and 200 �l was transferred into the injection vials for storage
in a �80°C freezer. For liquid chromatography-mass spectrometry (LC-MS) analysis (described below), the
samples were taken out from the �80°C freezer to thaw, and 10 �l of each sample was transferred to
a vial and used as a pooled quality control (QC) sample, namely, a sample that contains all the analytes
that will be encountered during the analysis (60).

LC-MS analysis. Metabolites were identified by hydrophilic interaction liquid chromatography
(HILIC)– high-resolution mass spectrometry (HMS) using a Dionex high-performance liquid chromatog-
raphy (HPLC) system (RSLC U3000; Thermo Fisher) with a ZIC-pHILIC column (5 �m, polymeric, 150 by
4.6 mm) (SeQuant; Merck). The system was coupled to a Q-Exactive Orbitrap mass spectrometer (Thermo
Fisher) operated in both positive and negative electrospray ionization (ESI) modes (rapid switching) at a
35,000 resolution with a detection range of m/z 85 to 1, 275. Two LC solvents, 20 mM ammonium
carbonate (solvent A) and acetonitrile (solvent B), were used, which operated via a multistep gradient
system. The gradient started at 80% solvent B, which declined to 50% solvent B over 15 min and was then
reduced from 50% solvent B to 5% solvent B over 3 min, followed by a wash with 5% solvent B for
another 3 min and, finally, an 8-min reequilibration with 80% solvent B at a flow rate of 0.3 ml/min (61).
The injection sample volume was 10 �l, and the total run time was 32 min. All samples were analyzed
as a single LC-MS batch to avoid batch-to-batch variation. Mixtures of pure standards containing over
300 metabolites were also included in the analysis batch to aid in metabolite identification.

Data processing, bioinformatics, and statistical analyses. Conversion of LC-MS raw data to
metabolite levels was conducted using IDEOM software (http://mzmatch.sourceforge.net/ideom.php)
(62), which initially employed ProteoWizard to convert raw LC-MS data to mzXML format and XCMS to
pick peaks with Mzmatch.R to convert to peakML files (63, 64). Mzmatch.R was subsequently used for the
alignment of samples and the filtering of peaks, using a minimum peak intensity threshold of 100,000,
a relative standard deviation (RSD) of �0.5 (reproducibility), and a peak shape (codadw) of �0.8.
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Mzmatch was also used to retrieve missing peaks and annotate related peaks. Default IDEOM parameters
were used to eliminate unwanted noise and artifact peaks. Loss or gain of a proton was corrected in
negative or positive ESI mode, respectively, followed by putative identification of metabolites by the
exact mass within 2 ppm. Retention times of authentic standards were used to confirm the identification
of each metabolite (level 1 identification based on metabolomics standards initiative [MSI] standards).
Other metabolites were putatively identified (level 2 identification based on MSI standards) using exact
mass and predicted retention time based on the Kyoto Encyclopedia of Genes and Genomes (KEGG),
MetaCyc, and LIPIDMAPS databases, with preference for bacterial metabolites annotated in EcoCyc in
cases where isomers could not be clearly differentiated by retention time. The raw peak intensity was
used to quantify each metabolite. The free online tool MetaboAnalyst 3.0 was used for statistical analysis.
Briefly, putative metabolites with a median RSD of �0.2 (20%) within the QC group and an IDEOM
confidence level of �5 were incorporated into a table and uploaded to MetaboAnalyst. Features with
�50% missing values were replaced by half of the minimum positive value in the original data.
Interquartile ranges (IQRs) were utilized to filter data, and log2 transformation and autoscaling were then
used to normalize the data. Principal-component analysis (PCA) was performed to identify and remove
outliers. Partial least squares for discriminant analysis is normally used to reduce the dimension of
variables from a large data set (65). One-way analysis of variance (ANOVA) was used to identify
metabolites with significant level changes between all samples, and Fisher’s least-square difference (LSD)
test was used to determine the metabolites with significant level changes between treatment and
control groups. Statistically significant metabolites were selected using a false discovery rate of �0.1 for
one-way ANOVA and a P value of �0.05 for Fisher’s LSD test. KEGG mapper was used to determine the
pathway modules by statistically significant metabolites containing the KEGG compound numbers.
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