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Abstract  23 

In the present study, we employed untargeted metabolomics to investigate the synergistic 24 

killing mechanism of polymyxin B in combination with an aminoglycoside, amikacin against 25 

a polymyxin-susceptible isolate P. aeruginosa FADDI-PA111 (MICs = 2 mg/L for both  26 

polymyxin B and amikacin) and a polymyxin-resistant Liverpool Epidemic Strain LESB58 27 

(the corresponding MIC for both polymyxin B and amikacin is 16 mg/L ). The metabolites 28 

were extracted at 15 min, 1 and 4 h following treatment with polymyxin B alone (2 mg/L for 29 

FADDI-PA111; 4 mg/L for LESB58), amikacin alone (2 mg/L) and in combination; and 30 

analyzed using LC-MS. At 15 min and 1 h, polymyxin B alone induced significant 31 

perturbations in glycerophospholipid and fatty acid metabolism pathways in FADDI-PA111, 32 

and to a lesser extent in LESB58. Amikacin alone at 1 and 4 h induced significant 33 

perturbations in peptide and amino acid metabolism, which is in line with the mode of action 34 

of aminoglycosides. Pathway analysis of FADDI-PA111 revealed that the synergistic effect 35 

of the combination was largely due to the inhibition of cell envelope biogenesis which was 36 

initially driven by polymyxin B via suppression of key metabolites involved in 37 

lipopolysaccharide, peptidoglycan and membrane lipids (15 min and 1 h) and later by 38 

amikacin (4 h). Overall, these novel findings demonstrate that the disruption of the cell 39 

envelope biogenesis, central carbohydrate metabolism, decreased levels of amino sugars and 40 

a downregulated nucleotide pool are the metabolic pathways associated with the synergistic 41 

killing of polymyxin-amikacin combination against P. aeruginosa. This mechanistic study 42 

might help optimizing synergistic polymyxin B combinations in the clinical setting. 43 

 44 

 45 

 46 
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Introduction 47 

The World Health Organization (WHO) recently classified multidrug-resistant (MDR) 48 

Pseudomonas aeruginosa as a top-priority critical pathogen that urgently requires new 49 

antibiotic therapies.(1) MDR P. aeruginosa often causes life-threatening nosocomial 50 

infections such as pneumonia and bloodstream infections, in particular immuno-compromised 51 

and critically-ill patients.(2, 3) P. aeruginosa is often responsible for the colonization of the 52 

lungs in adult cystic fibrosis (CF) patients and is associated with high mortality rates.(4, 5) 53 

The large genome (5.9-6.3 Mb) of P. aeruginosa encodes complex regulation systems and 54 

remarkable metabolic flexibility, endowing it with the ability to rapidly adapt to diverse 55 

conditions such as antimicrobial treatment. (6)  The known mechanisms of antimicrobial 56 

resistance in P. aeruginosa  include induced efflux pumping, altering target binding sites, and 57 

enzymatical inactivation of antibiotics.(7, 8) Most worryingly, P. aeruginosa can rapidly 58 

develop resistance to all current antibiotics including the last-resort lipopeptide antibiotics, 59 

the polymyxins (polymyxin B and colistin, also known as polymyxin E).(9-11) 60 

Polymyxins are non-ribosomal polycationic decapeptides that consist of a cyclic 61 

heptapeptide, linked to a tripeptide linear chain and N-terminal fatty acyl tail. Polymyxins are 62 

amphipathic molecules owing to their five basic L-α-γ -diaminobutyric acid (Dab) residues, 63 

two hydrophobic amino acids at position 6 and 7, and the N-terminal fatty acyl chain.(12) A 64 

model for their mode of action entails that the cationic Dab residues of the polymyxin 65 

molecule interact electrostatically with the negatively charged phosphate groups of the lipid 66 

A component of lipopolysaccharide (LPS), followed by  the displacement of divalent cations 67 

(Mg
2+

 and Ca
2+

)
 
that bridge and stabilize the LPS leaflet of the outer membrane (OM). (13) 68 

This then enables the insertion of the N-terminal fatty acyl group and the hydrophobic 69 

position 6-7 amino acid side chain of the polymyxin into the OM fatty acyl layer, leading to 70 

outer membrane destabilization, self-promoted uptake, osmotic  imbalance and cell death. 71 
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(12, 14) However, there are still significant gaps in the exact mechanism(s) of polymyxin 72 

activity and resistance in P. aeruginosa.(15) Treatment failure due to suboptimal polymyxin 73 

plasma concentrations or the presence of hetero-resistant sub-populations highlights the need 74 

to optimize antibiotic combination therapies (e.g. polymyxin B combined with the 75 

aminoglycoside amikacin).(16, 17) The most common mechanism of polymyxin resistance in 76 

P. aeruginosa is mainly related to LPS and involves the addition of phosphoethanolamine 77 

(pEtN) and 4-amino-4-deoxy-L-arabinose (L-Ara4N), or by deacylation, hydroxylation and 78 

palmitoylation to its lipid A component.(18-20) As a result, the overall net negative charge of 79 

the OM is reduced, which attenuates the binding of the polycationic polymyxin molecule.(12) 80 

Currently used polymyxin combination therapies are empirical and most combination studies 81 

focus only on phenotypical killing.(21) The lack of a fundamental understanding of the 82 

mechanistic synergy underlying polymyxin combination therapy hinders their clinical utility. 83 

Systems pharmacology is a powerful approach for deciphering the complex interplay 84 

between cellular pathways in response to antibiotic treatments(22). Metabolomics is the 85 

combination of state-of-the-art bioanalytical techniques and bioinformatics that are of 86 

considerable utility for elucidating the complex modes of action and bacterial cellular 87 

processes in response to antibiotic killing.(23, 24)  88 

To the best of our knowledge, we are the first to conduct a metabolomics analysis of 89 

the synergistic killing mechanism of a polymyxin in combination with amikacin. We profiled 90 

the response of the polymyxin-susceptible P. aeruginosa (FADDI-PA111) and 91 

polymyxin-resistant P. aeruginosa (LESB58) following treatment with the polymyxin B-92 

amikacin combination. It was the first to reveal the synergistic bactericidal effect of the 93 

combination involves the disruption of bacterial cell envelope biogenesis and inhibition of the 94 

central carbohydrate metabolism and the pyridine nucleotide cycle. 95 

 96 
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Results 97 

Metabolic impact of polymyxin B, amikacin and their combination on polymyxin-98 

susceptible P. aeruginosa FADDI-PA111 99 

Lipopolysaccharides biosynthesis, pyridine nucleotide cycle, central carbon metabolism and 100 

peptidoglycan biosynthesis are the main influenced pathways due to polymyxin B and 101 

amikacin monotherapies and their combination. 102 

Lipid metabolism. Lipid levels were markedly perturbed in P. aeruginosa FADDI-PA111 103 

following polymyxin B monotherapy and the combination at 15 min, 1 and 4 h. Polymyxin B 104 

treatment predominantly perturbed bacterial membrane lipids across all time points, including 105 

fatty acids (FAs) and glycerophospholipids (GPLs) (≥ 0.58553-log2-fold, p ≤ 0.05, false 106 

discovery rate [FDR] ≤ 0.1) (Figure 1A). The impact of amikacin on the levels of these lipid 107 

metabolites at 15 min was marginal; however, amikacin induced significant perturbations of 108 

lipid levels at 1 h and 4 h. Intriguingly, the combination produced a differential pattern of 109 

lipid perturbation across all three-time points, notably more GPLs perturbations were evident 110 

than FAs (Figures 1A and 1B).  The combination significantly reduced the concentration of 111 

palmitoleyl-CoA (≥  -2.0-log2-fold, p ≤  0.05, FDR ≤  0.05), across all three time points 112 

(Figure 1B).(25) Furthermore, a key precursor of membrane phospholipids, sn-glycerol 3-113 

phosphate, was significantly decreased following the combination treatment at 15 min and 1 114 

h (≥ -1.0-log2-fold, p ≤ 0.05, FDR ≤ 0.05). The levels of essential bacterial membrane lipids 115 

involved in phospholipid and LPS biosynthesis were significantly reduced following the 116 

combination treatment, including sn-glycero-3-phosphoethanolamine, FA hydroxy (14:0) (3-117 

hydroxymyristic acid) and FA (14:1) (myristoleic acid) (≥ -1.0-log2-fold, p ≤ 0.05, FDR ≤ 118 

0.05) (Figures 1A&1B). Our results suggest that the combination of polymyxin B and 119 
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amikacin reduced the main precursors of bacterial membrane lipids, particularly those related 120 

to LPS and GPL biosynthesis.  121 

LPS biosynthesis. As alluded to above, the combination treatment substantially decreased 122 

the levels of intermediates involved in LPS biosynthesis, particularly at 1 h . At 15 min, the 123 

polymyxin-amikacin combination caused a prominent decline in the concentrations of three 124 

essential pentose phosphate pathway (PPP) metabolites (≥ -2.0-log2-fold, p ≤ 0.05, FDR ≤ 125 

0.05), namely D-ribose 5-phosphate, erythrose 4-phosphate and D-sedoheptulose-7-126 

phosphate. The levels of three precursors of LPS biosynthesis underwent a remarkable 127 

decreased (≥ -2.0-log2-fold, p ≤ 0.05, FDR ≤ 0.05) after combination treatment at 15 min, 128 

including ADP-D-glycero-D-manno-heptose, 3-deoxy-D-manno-octulosonate (KDO) and 129 

UDP-N-acetyl-D-glucosamine (UDP-Glc-NAc) (Figure 2A). Polymyxin B monotherapy had 130 

a similar impact on LPS biosynthesis wherein four key metabolites underwent a significant 131 

decline (≥ -1.0-log2-fold, p ≤ 0.05, FDR ≤ 0.05), including D-sedoheptulose 7-phosphate, 132 

ADP-D-glycero-D-manno-heptose, 3-deoxy-D-manno-octulosonate (KDO) and UDP-Glc-133 

NAc (Figure 2A). On the other hand, the effect of amikacin treatment on the FADDI-PA111 134 

LPS biosynthetic pathway was unremarkable. Interestingly, the combination at 1 h induced a 135 

significant decrease (≥ -1.0-log2-fold, p ≤ 0.05, FDR ≤ 0.05) in the levels of seven 136 

metabolites that are crucial for the formation of LPS, namely D-ribose 5-phosphate, D-137 

sedoheptulose 7-phosphate, CMP-KDO, KDO, UDP-Glc-NAc, ADP-D-glycero-D-manno-138 

heptose, and D-glycero-D-manno-heptose 1,7-bisphosphate (Figure 2B (i&ii)). Similarly, to a 139 

lesser extent, polymyxin B monotherapy induced a significant drop in the levels of three key 140 

intermediates of the LPS biosynthetic pathway, including UDP-Glc-NAc, KDO and ADP-D-141 

glycero--D-manno-heptose. Similar to the 15 min time point, we did not observe any impact 142 

on the LPS biosynthesis at 1 h following amikacin monotherapy (Figure 2B (ii)). The 143 

combination also induced a significant decrease (≥ -1.0-log2-fold, p ≤ 0.05, FDR ≤ 0.05) in 144 
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the levels of key precursors of LPS biogenesis at 4 h, namely ADP-D-glycero-D-manno-145 

heptose, KDO, UDP-Glc-NAc and D-glycero-D-manno-heptose 1,7-bisphosphate (Figure 146 

2C). Amikacin monotherapy reduced the levels of four key intermediates of LPS 147 

biosynthesis, namely ADP-D-glycero-D-manno-heptose, D-glycero-D-manno-heptose 1,7-148 

bisphosphate, KDO, and UDP-Glc-NAc at 4 h (≥ -1.0-log2-fold, p ≤ 0.05, FDR ≤ 0.05) 149 

(Figure 2C). On the other hand, the influence of polymyxin B monotherapy on LPS 150 

biosynthesis in FADDI-PA111 at 4 h was unremarkable. 151 

Central carbon metabolites. Besides the significant impact of the polymyxin B-amikacin 152 

combination on pentose phosphate pathway (PPP) of FADDI-PA111 at 15 min and 1 h, it 153 

also caused a remarkable suppression in the levels of five key intermediates of the glycolysis 154 

pathway at 1 h, including glycerate-3-phosphate, D-fructose-6-phosphate, D-glucose-6-155 

phosphate, glyceraldehyde-3-phosphate and phosphoenolpyruvate (≥ -1.0-log2-fold, p ≤ 0.05, 156 

FDR ≤ 0.05) (Figures 3A and 3B). Moreover, the combination significantly reduced the 157 

concentrations of eight TCA cycle metabolites, namely acetyl-CoA, citrate, cis-aconitate, 158 

isocitrate, succinate, fumarate, NAD
+
 and CoA (≥ -1.0-log2-fold, p ≤ 0.05, FDR ≤ 0.05) 159 

(Figures 3A&B). Polymyxin treatment only induced a significant reduction in the 160 

concentrations of two intermediates of this pathway at 1 h, namely succinate (log2 fold 161 

change = -1.13) and CoA (log2 fold change = -1.48); amikacin monotherapy had no 162 

detectable impact on the central carbon metabolites at 1 h (Figure 3B).   163 

Pyridine nucleotide cycle. Treatment with polymyxin B alone and the combination (Figure 164 

4A) markedly disrupted the pyridine nucleotide cycle PNC pathway particularly at 15 min 165 

and to a lesser extent at 1 h (≥ 1.0-log2-fold, p ≤ 0.05, FDR ≤ 0.05). Polymyxin B treatment 166 

decreased the levels of two key metabolites, namely nicotinamide and NADP
+
 at 15 min. 167 

Whereas, the combination reduced the levels of six key metabolites compromising the 168 

backbone of the PNC, namely iminoaspartate, nicotinamide, NADP
+
, NAD, ATP and 169 
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glycerone phosphate at 15 min (Figure 4B (i)). At 1 h, the combination reduced the levels of 170 

four metabolites, namely iminoaspartate, NADP
+
, NAD and glycerone phosphate (Figure 4B 171 

(ii)). The influence of amikacin monotherapy on the PNC was inconsequential across all time 172 

points. Based on these findings we purport that the perturbations in PNC metabolites by the 173 

combination were largely driven by polymyxin B.  174 

Nucleotide levels. Polymyxin B monotherapy induced a marked decline in the levels of 175 

nucleotides across all the time points, and this effect was even more pronounced following 176 

combination treatment (≥1.0-log2-fold, p ≤0.05, FDR≤0.1) (Figures 5A&B, Supplementary 177 

Table 2). At 15 min, a marked decline in the levels of five nucleotides (hypoxanthine, 178 

xanthine, dTMP, dCMP and dTDP) was observed following polymyxin B monotherapy, 179 

whereas amikacin monotherapy had negligible effects. Nine nucleotides underwent a 180 

remarkable decrease in their levels after combination treatment (except for an increment in 181 

orotate levels) (Figure 5A (i)). At 1 h, the combination profoundly reduced (≥ -1.0-log2-fold, 182 

p ≤0.05, FDR ≤0.05) the concentrations of 16 nucleotide intermediates (Figure 5B , 183 

Supplementary Table 2). Similarly, to the 15 min time point, polymyxin B monotherapy 184 

caused a reduction of six nucleotides and conversely induced an increase in the levels of 185 

orotate (≥1.0-log2-fold, p ≤ 0.05, FDR ≤ 0.1). Amikacin monotherapy increased (≥1.0-log2-186 

fold, p ≤ 0.05, FDR ≤ 0.1) the concentrations of 5-phosphoribosylamine at 1 h (Figure 5A 187 

(ii)). Key nucleotides were also significantly depleted in FADDI-PA111 following the 188 

combination treatment at 4 h (Figure 5B).  189 

Amino acid, peptide and peptidoglycan metabolism. Differential perturbation patterns                  190 

in amino acid metabolism were identified following each treatment condition across all              191 

time points; the most notable difference was evident in the main precursors of peptidoglycan 192 
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biosynthesis and arginine metabolism (Figure 6). A dramatic decrease in the levels of               193 

four essential metabolites of the peptidoglycan biosynthetic pathway was observed            194 

following polymyxin B monotherapy at 15 min (≥ -1.5-log2-fold;  p ≤0.05; FDR ≤0.05),                       195 

including  D-alanyl-D-alanine, UDP-N-acetylmuramoyl-L-alanyl-D--glutamyl-meso-2,6-196 

diaminopimelate (UDP-MurNAc-L-Ala--D-Glu-m-DAP), UDP-N-acetylmuramate (UDP-197 

MurNAc) and N-acetyl-D-glucosamine-6-phosphate (Figure 6A (i,ii)). This effect was less 198 

pronounced at the latter time points of 1 and 4 h (Figure 6B and 6C). Amikacin 199 

monotherapy caused a moderate increase (≥ 0.58553-log2-fold, p ≤ 0.05, FDR ≤ 0.1) in the 200 

levels of four intermediates of histidine metabolism at 15 min (except for a decline in 201 

imidazole-4-acetate levels), namely imidazol-5-yl-pyruvate, N-formimino-L-glutamate and 202 

urocanate (Figure 6A(i)). On the other hand, the combination treatment resulted in a 203 

significant suppression of the levels of key intermediates of peptidoglycan biosynthesis at 15 204 

min, including D-alanyl-D-alanine, UDP-MurNAc-L-Ala--D-Glu-m-DAP, UDP-MurNAc 205 

and N-acetyl-D-glucosamine 6-phosphate (≥ -2.0-log2-fold, p ≤ 0.05, FDR ≤ 0.05 ) (Figures 206 

6A (i,ii)). This effect on peptidoglycan biosynthesis persisted over the latter time points; in 207 

particular at 1 h, causing a dramatic decrease in the levels of five metabolites D-alanyl-D-208 

alanine, Alanine, UDP-MurNAc-L-Ala-ɣ-D-Glu-m-DAP, UDP-N-acetylmuramate (UDP-209 

MurNAc) and N-acetyl-D-glucosamine 6-phosphate (≥ -1.0-log2-fold, p ≤ 0.05, FDR ≤ 0.05) 210 

(Figure 6B(i,ii)). This effect tapered at 4 h at which the combination therapy reduced the 211 

concentrations of only two important intermediates of peptidoglycan biosynthesis namely 212 

alanine (log2 fold change = -2.02) and N-Acetyl-D-glucosamine 6-phosphate (log2 fold 213 

change = -1.26) (Figure 6C). The effect of the polymyxin-amikacin combination on the 214 

intermediates of arginine metabolism was most pronounced at 15 min and 1 h, reducing the 215 

levels of N2-succinyl-L-ornithine and N-acetyl-L-glutamate (at 15 min) and of N-acetyl-L-216 

glutamate, L-1-pyrroline-3-hydroxy-5-carboxylate, L-glutamine and N2-succinyl-L-arginine 217 
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(at 1 h) (Figures 6A and 6B (i, iii)). Amikacin treatment and the combination induced major 218 

perturbations in peptides. The combination treatment significantly decreased the levels of two 219 

essential peptides glutathione and L-Ala-D-Glu-meso-A2pm-D-Ala (muropeptide) at 15 min 220 

(≥ -1.0-log2-fold, p ≤ 0.05, FDR ≤ 0.05) (Figure 7A). Twelve peptide metabolites (including 221 

glutathione; ≥ -2.0-log2-fold, p ≤ 0.05, FDR ≤ 0.05) were remarkably diminished after 1 h of 222 

the combination treatment (Figure 7B). The combination treatment produced a marginal 223 

effect on peptide metabolism at 4 h (Figure 7C). Amikacin monotherapy increased the levels 224 

of six peptide metabolites at 15 min and then induced a significant reduction in their levels at 225 

1 and 4 h (Figures 7A-C). Polymyxin B monotherapy did not show a significant impact on 226 

peptide metabolism across all time points except for 1 h (Figure 7B). Furthermore, a 227 

glutathione level underwent a significant decline after polymyxin B treatment at 15 min and 1 228 

h (≥ -2.0-log2-fold, p ≤ 0.05, FDR ≤ 0.05). It should be noted that peptide identifications 229 

were based on accurate mass and isomeric forms of the putative peptides where possible. 230 

Impact of polymyxin B, amikacin, and their combination on the metabolome of the 231 

polymyxin-resistant CF P. aeruginosa isolate LESB58  232 

The Liverpool epidemic strain LESB58 is intrinsically resistant to polymyxin B and amikacin 233 

as its resistome carries aminoglycoside resistance genes APH(3 ′’)-IIb which mediate the 234 

inactivation of amikacin via aminoglycoside-modifying enzyme (phosphotransferase).(18, 235 

26) Not surprisingly, the metabolic response of the strain was limited  to all treatment 236 

conditions except for minor effects on lipid and carbohydrate metabolism; the only 237 

significantly perturbed metabolites were comparable in number between polymyxin B 238 

monotherapy and combination treatment groups across all time points (Supplementary 239 

Figure S4B). Polymyxin B monotherapy caused a marked reduction in the levels of 240 

metabolites from amino acid, lipid, and carbohydrate metabolism at 15 min and 1 h, 241 
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including amino acid intermediates involved in glutathione metabolism such as glutathione 242 

disulfide (log2 fold change = -2.07), L-glutamate (log2 fold change = -1.14), and s-243 

glutathionyl-L-cysteine (log2 fold change = -1.44) (Supplementary Figure S6B; 244 

Supplementary Table 3). Palmitoleyl-CoA (log2 fold change = -0.82) and oleoyl-CoA (log2 245 

fold change= -0.82) were among essential lipid membrane intermediates that underwent a 246 

marked decline following polymyxin B monotherapy. However, the effect of polymyxin B 247 

monotherapy was completely inversed at 4 h wherein the levels of all intermediates 248 

increased. On the other hand, amikacin treatment showed a delayed effect wherein marginal 249 

perturbation was evident at 15 min, followed by dramatic changes at 1 and 4 h 250 

(Supplementary Figures S4B&S6B); amikacin monotherapy imparted a significant 251 

perturbation (≥1.0-log2-fold, p ≤ 0.05, FDR ≤ 0.05) in the levels of glutathione biosynthesis 252 

related intermediates such as glutathione disulfide, L-methionine S-oxide, L-methionine and 253 

O-acetyl-L-homoserine (Supplementary Table 3). 254 

The polymyxin B-amikacin combination treatment mainly caused perturbation to 255 

lipids, which were primarily decreased at 15 min and 1 h; while increases were generally 256 

observed at 4 h. The main lipid precursors involved in the bacterial outer membrane 257 

composition underwent a remarkable perturbation following the combination treatment (≥1.0-258 

log2-fold, p ≤ 0.05, FDR ≤ 0.05), namely FA (16:0), FA (17:0), FA (18:0), FA (14:1) and sn-259 

glycero-3-phosphoethanolamine (log2 fold change= -0.90) (Supplementary Table 3). In 260 

addition, carbohydrates were also significantly perturbed. There was an elevation in the levels 261 

of intermediates (UDP-L-Ara4FN) associated with the lipid A aminoarabinose modification 262 

pathway following polymyxin B monotherapy (15 min and 4 h); however, this effect was not 263 

observed with the combination treatment at any time points (Supplementary Table 3). 264 

 265 
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 266 

 267 

Discussion 268 

In the present study, we employed metabolomics to characterise the responses of P. 269 

aeruginosa to the treatment with polymyxin-amikacin. Polymyxins and aminoglycosides 270 

exert their primary antibacterial killing activity via disruption of the OM and inhibition of 271 

protein synthesis, respectively.(12, 27) To the best of our knowledge, this is the first study to 272 

investigate the antibacterial killing synergy of the combination of polymyxin B with amikacin 273 

using an untargeted metabolomics approach. The most significant findings of the study 274 

include: (1) differential time-dependent inhibition of key metabolic pathways; (2) 275 

perturbation of central carbon metabolism and suppression of nucleotide pools; (3) inhibition 276 

of the pyridine nucleotide cycle (the main pool of NADP); and (4) inhibition of LPS and cell 277 

wall biosynthesis.  278 

The early cellular metabolic perturbations following treatment with polymyxin B 279 

monotherapy seen at 15 min and 1 h impacted lipid, nucleotide, amino- nucleotide-sugars and 280 

energy metabolism. Similar metabolic changes were evident following amikacin 281 

monotherapy (particularly LPS biosynthesis), albeit in a delayed fashion, largely occurring 4 282 

h post-treatment. Moreover, amikacin monotherapy induced substantial perturbations in 283 

peptide metabolism; whereas polymyxin B had little effect on peptide levels 284 

(Supplementary Figure S6A). These mechanistic findings support the use of the polymyxin 285 

B and amikacin combination for maintaining a persistent antibacterial effect (i.e. polymyxin 286 

B early and rapid onset, followed by amikacin delayed onset bacterial killing) and 287 

minimizing potential bacterial regrowth which can rapidly emerge with monotherapy.(28, 29) 288 
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It has been shown that the disorganizing of the bacterial outer membrane is one of the 289 

possible bacterial killing mechanism caused by polymyxins.(12, 30) Coincidently, treatment 290 

of FADDI-PA111 with polymyxin B monotherapy caused marked suppression of several key 291 

phospholipids, fatty acids and lipid intermediates such as FA (16:0), FA (14:1), oleoyl-CoA, 292 

and palmitoleylCoA at 15 min, and to a lesser extent at 1 h and 4 h (Figure 1 A and 3B). 293 

This finding is in agreement with the previous metabolomics studies with P. aeruginosa that 294 

revealed that polymyxin B caused perturbations in fatty acids and glycerophospholipids.(31, 295 

32) Additionally, it has been found that the genes associated with bacterial OM biosynthesis 296 

were differentially expressed as a result of colistin treatment.(33)  Membrane fatty acid 297 

composition and fluidity are vital for the development of antibiotic resistance, (34, 35) and an 298 

increase in saturated fatty acids is usually associated with a decrease in the membrane fluidity 299 

and hence, gives rise to a less permeable bacterial OM.(36) It is not surprising that polymyxin 300 

B did not show marked perturbations in the lipid intermediates of polymyxin-resistant 301 

LESB58 at 15 min; however, a minor reduction in the levels of essential bacterial membrane 302 

lipids was evident at 1 h, which was then followed by a significant rise in all significantly 303 

affected lipid intermediates at 4 h. These results are likely reflective of the resistance of this 304 

strain to polymyxin B.  305 

Amikacin is semi-synthetic aminoglycoside which exerts its bacterial killing activity 306 

by interfering with intracellular protein synthesis.(37) However, several studies have shown 307 

that aminoglycoside-based amphiphiles (like amikacin-, and neamine-based amphiphiles) are 308 

able to disrupt the negatively charged lipids from bacterial inner membranes in P. 309 

aeruginosa, which subsequently leads to membrane permeabilization and depolarization.(38, 310 

39) Interestingly, our results are in line with these studies as amikacin remarkably reduced 311 

the levels of several membrane glycerophospholipids in FADDI-PA111, such as PS (36:0) 312 

and PS (37:0) at 4 h (Figure 1A(iii)). These glycerophospholipids are commonly involved in 313 
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the biosynthesis of phosphatidic acid (PA), the key intermediate in the synthesis of all 314 

membrane glycerolipids.(40) The biogenesis of bacterial OM phospholipids starts via 315 

acylation of sn-glycerol-3-phosphate using fatty acyl-acyl carrier protein (acyl-ACP).(25) 316 

Importantly, a previous study has shown that the decline in the levels of palmitoleyl-CoA 317 

could lead to decreases in the stability of LpxC, which has a vital role in lipid A core 318 

formation.(25) It is important to note that the combination treatment remained effective in 319 

reducing the levels of FADDI-PA111 membrane lipids at 4 h in which more perturbations in 320 

glycerophospholipids metabolism were most prominent (Figure 1A(iii)). In regard to 321 

LESB58, the impact of combination treatment was largely related to changes in the levels of 322 

fatty acids and glycerophospholipids over 4 h (Supplementary Table 3). Together, the above 323 

data highlight that the perturbation of lipid metabolism is a key pathway in killing synergy by 324 

the polymyxin B and amikacin combination.  325 

Importantly, our study is the first to report that combining polymyxin B with amikacin 326 

caused a significant suppression of intermediates involved in LPS biosynthesis (Figure 2A-327 

C). This influence may have arisen from the early (15 min and 1 h) inhibition of pentose 328 

phosphate pathway (PPP) which is a key source of precursors for LPS synthesis. A 329 

considerable decline in intermediates of LPS formation was observed after polymyxin B 330 

monotherapy at 15 min and 1 h, but not at 4 h (Figure 2C). In contrast, amikacin had no 331 

impact at early time points (15 min and 1 h), while it caused substantial inhibitory effects on 332 

LPS biosynthesis at 4 h. The combination effect on these pathways was not seen in the 333 

polymyxin B resistant strain LESB58; however, the PPP metabolite D-sedoheptulose 7-334 

phosphate was slightly decreased after polymyxin B monotherapy at 15 min (Supplementary 335 

Table 3). This negative impact on LPS biosynthesis is in line with the primary mode of 336 

action of polymyxins that involves disorganising the bacterial OM through its interaction 337 

with LPS.(41) It was previously shown that E. coli mutants defective in the biosynthesis of 338 
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KDO are extremely susceptible to very low concentrations of antibiotics such as 339 

novobiocin,(42) and others also noticed that inactivation of D-arabinose-5-phosphate 340 

isomerase (API), an enzyme that promotes the reversible isomerization of D-ribulose-5-341 

phosphate (Ru5P) to D-arabinose-5-phosphate, a KDO precursor in E. coli, resulted in death 342 

of the microorganism.(43) Heptose units such as D-sedoheptulose 7-phosphate are crucial 343 

building blocks that form the LPS inner core of Gram-negative bacteria.(44) Heptose-344 

deficient Haemophilus influenza mutants, bearing a genetic defect of ADP-345 

glyceromannoheptose isomerase, showed less virulency and more susceptibility to 346 

antibiotics.(45) Hence, taking all of the aforementioned studies together, a possible 347 

mechanism of synergistic killing by the polymyxin B and amikacin combination is strongly 348 

related to the inhibition of PPP and subsequent LPS biosynthesis; and the differential time-349 

dependent inhibition of this pathway by each antibiotic alone is beneficial in terms of PK/PD, 350 

due to maintaining of their killing activity over time.  351 

Apart from its potential impact on membrane structure, our pathway analysis 352 

illustrated that polymyxin B - amikacin combination also effectively perturbed the TCA and 353 

glycolysis (central carbohydrate metabolism) pathways in FADDI-PA111 (Figures 3A and 354 

3B). This effect was not evident for LESB58, only two intermediates (succinate and CoA) 355 

from these pathways were affected by polymyxin B monotherapy, with no effect seen for 356 

amikacin monotherapy. Bacterial central carbohydrate metabolism is a complex cellular 357 

network including various metabolic pathways such as glycolysis and TCA, and has been 358 

recently investigated as a new target for the next generation of antibiotics.(46)  Glycolysis is 359 

the main source of acetyl-CoA, which has a direct role in many metabolic processes such as 360 

supply of acetyl groups to TCA, synthesis of fatty acids, and amino acid biosynthesis.(47) 361 

The TCA cycle has a crucial role in cellular respiration of bacteria and supplies several 362 

important intermediates, such as succinate and citrate, which are required for other key 363 
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metabolic processes.(48) It is important to mention that there are two fundamental types of 364 

reactions that control the TCA cycle, namely anaplerotic and cataplerotic reactions in which 365 

the amount of TCA cycle intermediates increases or decreases, respectively.(49) Our results 366 

demonstrated that polymyxin B-amikacin treatment displayed a cataplerotic effect on TCA 367 

cycle by reduction of fundamental intermediates such as succinate and acetyl-CoA which are 368 

essential for electron transport chain reactions, fatty acid and amino acid metabolism.  369 

The polymyxin B - amikacin combination also caused a dramatic perturbation in the 370 

pyridine nucleotide cycle (PNC) of FADDI-PA111, with a greater effect seen at 15 min and 371 

to a lesser extent at 1 h (Figures 4A and 4B). In contrast, polymyxin B monotherapy was 372 

only able to reduce the concentrations of two essential precursors of PNC at 15 min, namely 373 

nicotinamide and NADP
+
 (Figures 4A and 4B (i)), whilst no effect was seen for amikacin 374 

monotherapy. The PNC is an essential network of biochemical transformations that enable 375 

bacterial cells to maintain the homeostasis of NADP.(50) It has been found that a small 376 

change in the concentration of NADP is likely associated with propagation of various 377 

metabolic disruptions, for instance, in the synthesis of proteins and lipids.(51) Inhibition of 378 

PNC by polymyxin B-amikacin treatment appears to be a mechanism underlying the 379 

synergistic killing activity of the combination.   380 

Polymyxin B-amikacin combination treatment caused a significant reduction in D-381 

ribose-5-phosphate, a key initial intermediate in purine and pyrimidine metabolism and 382 

concomitantly produced a significant depletion in the nucleotide pool of FADDI-PA111 up to 383 

4 h. It was evident that the maximum effect on the nucleotide pool was at 1 h followed by 4 384 

h. Similarly, polymyxin B monotherapy demonstrated significant perturbations in the 385 

nucleotide levels, especially those related to purine catabolism such as hypoxanthine and 386 

xanthine at 15 min and 1 h, which then faded away at 4 h (Figure 5A&B). Amikacin had 387 

little impact on the nucleotide pool compared to polymyxin B monotherapy and the 388 
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combination. No significant effect on nucleotide levels was seen in LESB58. Previous 389 

metabolomics studies showed that exposure of Gram-negative (E. coli) and Gram-positive 390 

(Staphylococcus aureus) bacteria to different antibiotic treatments (e.g. ampicillin, 391 

kanamycin, norfloxacin, and vancomycin) can lead to a depletion of the nucleotide pool, 392 

indicative of nucleotide degradation.(52, 53)  393 

Notably, the polymyxin B - amikacin combination caused significant inhibition in 394 

peptidoglycan biosynthesis only in FADDI-PA111 (Figure 6A-C). Levels of major 395 

metabolites of peptidoglycan biogenesis were dramatically decreased following the 396 

combination treatment across all time points, in particular at 1 h (Figure 6B(ii)).(54) This 397 

effect might be secondary to the marked depletion of amino- and nucleotide-sugar 398 

intermediates that supply key precursors for peptidoglycan biosynthesis.(55) Polymyxin B 399 

monotherapy also produced a significant depletion of peptidoglycan intermediates in FADDI-400 

PA111 at 15 min (Figure 6A), while there was no noticeable impact following amikacin 401 

monotherapy. Interestingly, our group had previously reported transcriptomics and 402 

metabolomics studies demonstrating that polymyxins also inhibit peptidoglycan biosynthesis 403 

in A. baumannii and P. aeruginosa .(32, 56, 57) Pathway analysis highlighted the significant 404 

impact of the combination on arginine and proline metabolism in FADDI-PA111 at 15 min 405 

and 1 h; and there was a little influence by polymyxin B and amikacin monotherapy on this 406 

pathway at 1 and 4 h, respectively (Figures 6A-C). The disruption of amino acid pathways, 407 

in particular arginine metabolism, has recently been targeted as a novel approach to manage 408 

bacterial infections and subvert pathogenesis.(58)  409 

Overall, this study highlights the importance of elucidating the complex and dynamic 410 

interaction of multiple cellular metabolic pathways due to antibiotic treatment, which 411 

ultimately aids in optimizing the most commonly used combination therapy in clinical 412 

practice.   413 
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Materials and Methods 416 

Drugs and bacterial isolates 417 

Polymyxin B (Beta Pharma, China, Batch number 20120204) and amikacin (Sigma-Aldrich, 418 

Saint Louis, USA) solutions were prepared in Milli-Q™ water (Millipore, Australia) and 419 

filtered through 0.22-µm syringe filters (Sartorius, Australia). All other reagents were 420 

purchased from Sigma-Aldrich (Australia) and were of the highest commercial grade 421 

available. A polymyxin-susceptible P. aeruginosa FADDI-PA111 (polymyxin B MIC = 2 422 

mg/L; amikacin MIC = 2 mg/L) and the polymyxin-resistant cystic fibrosis P. aeruginosa 423 

isolate LESB58 (Liverpool Epidemic strain, MIC = 16 mg/L for both polymyxin B and 424 

amikacin) were tested. The isolates were stored in tryptone soy broth (Oxoid) with 20% 425 

glycerol (Ajax Finechem, Seven Hills, NSW, Australia) in cryovials at -80°C. Before use, 426 

both strains (FADDI-PA111 & LESB58) were sub-cultured onto M9 minimal media (Cold 427 

Spring Harbor Protocol 2016).(59)  428 

Bacterial culture preparation for metabolomics experiments 429 

To investigate the possible molecular mechanisms of polymyxin B and amikacin combination, 430 

we employed untargeted metabolomics to determine the changes in different metabolite 431 

levels following 15 min, 1 and 4 h of antibiotic.  432 

A single colony of P. aeruginosa grown on nutrient or Mueller-Hinton agar were opted and 433 

grown overnight (16 - 18 h) in 20 mL in M9 minimal media (Cold Spring Harbor Protocol 434 

2016)(59) in 50 mL Falcon tubes (Thermo Fisher, Australia) incubated in a shaking water 435 

bath at 37°C (shaking speed, 180 rpm). P. aeruginosa LES isolates are methionine 436 

auxotrophs; therefore, L-methionine was added to M9 minimal media for growing of the 437 

LESB58 strain. Following overnight incubation, each culture was transferred to a 1-L conical 438 

flask with 250 mL of fresh M9 minimal media at ~50-100-fold dilutions. Flasks were 439 
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incubated at 37°C with shaking at 180 rpm for ~3 - 4 h to log-phase (OD600 ~0.5). Cultures 440 

(50 mL) were transferred to four 500 mL conical flasks and solutions of polymyxin B, 441 

amikacin, or both added to three of four flasks to give a final concentration of 2 mg/L for 442 

FADDI-PA111; 4 mg/L for LESB58 for polymyxin B and 2 mg/L for amikacin for both 443 

strains; the remaining flask acted as a drug-free control. To prevent excessive bacterial killing, 444 

preliminary optimization studies were conducted using high bacterial inoculum size (~10
8
 445 

cfu/mL) and different antibiotics concentrations to ensure no more than 2-log10 (CFU/mL) 446 

reduction and thereby, induce more stress on microorganism. The flasks were further 447 

incubated at 37°C with shaking at 180 rpm. After 2 h, the OD600 reading for each flask was 448 

measured and normalized to ~0.5 with fresh M9 minimal media and 10 mL samples 449 

transferred to 15 mL Falcon tubes (Thermo Fisher, Australia) for metabolite extraction. To 450 

account for inherent random variation, four biological samples were prepared for each 451 

treatment condition for each strain. 452 

Metabolite extraction for metabolomic studies 453 

Following bacterial culture preparation, extraction of metabolites was immediately carried 454 

out in order to decrease further drug effects on metabolite levels. Initially, samples were 455 

centrifuged at 3220 × g at 4˚C for 20 min. Supernatants were then removed and bacterial 456 

pellets washed twice in 1 mL of cold normal saline followed by centrifugation at 3220 × g at 457 

4˚C for 10 min to remove residual extracellular metabolites and medium components. Then, a 458 

300 µl of cold chloroform:methanol:water (CMW; 1:3:1, v/v)  extraction solvent containing 1 459 

µM each of the internal standards (CHAPS, CAPS, PIPES and TRIS) was added to the 460 

washed pellets. The used internal standards are physicochemically different small molecules 461 

not naturally exist in any microorganism. Samples were then thrice immersed in liquid 462 

nitrogen, thawed on ice and vortexed to liberate the intracellular metabolites. The samples 463 

were centrifuged for 10 min at 3220 × g at 4˚C after third freeze-thaw cycle, whereby 300 µL 464 
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of the supernatants was taken to 1.5 mL Eppendorf tubes.  Centrifugation at 14,000 × g at 465 

4˚C for 10 min was used to detach any particles from samples, and 200 µL transferred into 466 

the injection vials for storage in -80 freezer. For  LC-MS analysis (described below), the 467 

samples were taken out from -80 freezer to thaw and 10 µL of each sample was transferred to 468 

vial and used as a pooled quality control sample (QC); namely, a sample that contains all the 469 

analytes that will be encountered during the analysis.(60) 470 

 471 

LC-MS analysis 472 

Metabolites were identified with hydrophilic interaction liquid chromatography (HILIC) - 473 

high-resolution mass spectrometry (HMS) using a Dionex high-performance liquid 474 

chromatography (HPLC) system (RSLC U3000, Thermo Fisher) with a ZIC-pHILIC column 475 

(5 µm, polymeric, 150 × 4.6 mm; SeQuant, Merck). The system was coupled to a Q-Exactive 476 

Orbitrap mass spectrometer (Thermo Fisher) operated in both positive and negative electro-477 

spray ionization (ESI) mode (rapid switching) at 35,000 resolution with a detection range of 478 

85 to 1, 275 m/z. Two LC solvents (A) 20 mM ammonium carbonate and (B) acetonitrile 479 

were used, which operated via a multi-step gradient system. The gradient started at 80% B 480 

which declined to 50% B over 15 min and then reduced from 50% B to 5% B over 3 min, 481 

followed by wash with 5% B for another 3 min, and finally 8 min re-equilibration with 80% 482 

B at a flow rate of 0.3 mL/min.(61) The injection sample volume was 10 µL and the total run 483 

time was 32 min. All samples were analyzed as a single LC-MS batch to avoid batch-to-batch 484 

variation. Mixtures of pure standards containing over 300 metabolites were also included in 485 

the analysis batch to aid metabolite identification. 486 

Data processing, bioinformatics and statistical analyses 487 
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Conversion of LC-MS raw data to metabolite levels was conducted using IDEOM (http:// 488 

mzmatch.sourceforge.net/ideom.php) software,(62) which initially employed ProteoWizard 489 

to convert raw LC-MS data to mzXML format and XCMS to pick peaks with Mzmatch.R to 490 

convert to peakML files.(63, 64) Mzmatch.R was subsequently used for the alignment of 491 

samples and the filtering of peaks using a minimum peak intensity threshold of 100,000, 492 

relative standard deviation (RSD) of < 0.5 (reproducibility), and peak shape (codadw) of > 493 

0.8. Mzmatch was also used to retrieve missing peaks and annotate of related peaks. Default 494 

IDEOM parameters were used to eliminate unwanted noise and artifact peaks. Loss or gain of 495 

a proton was corrected in negative and positive ESI mode, respectively, followed by putative 496 

identification of metabolites by the exact mass within 2 ppm. Retention times of authentic 497 

standards were used to confirm the identification of each metabolite (Level 1 identification 498 

based on MSI standards). Other metabolites were putatively identified (Level 2 identification 499 

based on MSI standards) using exact mass and predicted retention time based on the Kyoto 500 

Encyclopedia of Genes and Genomes (KEGG), MetaCyc, and LIPIDMAPS databases, using 501 

preference to bacterial metabolites annotated in EcoCyc in cases where isomers could not be 502 

clearly differentiated by retention time. Raw peak intensity was used to quantify each 503 

metabolite. The free online tool MetaboAnalyst 3.0 was used for the statistical analysis. 504 

Briefly, putative metabolites with median RSD ≤ 0.2 (20%) within the QC group and IDEOM 505 

confidence level of ≥ 5 were incorporated into a table and uploaded to MetaboAnalyst. 506 

Features with > 50% missing values were replaced by half of the minimum positive value in 507 

the original data. Interquantile range (IQR) were utilized to filter data, then log2 508 

transformation and auto scaling were used to normalize the data. Principal component 509 

analysis (PCA) was performed to identify and remove outliers. PLSDA is normally used to 510 

reduce the dimension of variables from a large data set.(65) One-way ANOVA was used to 511 

identify metabolites with significant level changes between all samples and Fisher’s least 512 
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square difference (LSD) to determine the metabolites with significant level changes between 513 

treatment and control groups. Statistically significant metabolites were selected using a false 514 

discovery rate of ≤ 0.1 for one-way ANOVA and p ≤ 0.05 for Fisher’s LSD. KEGG mapper 515 

was used to determine the pathway modules by statistically significant metabolites containing 516 

the KEGG compound numbers.  517 
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 717 

Figure captions  718 

Figure 1. Perturbations of bacterial lipids. (A) Significantly perturbed lipids in P. aeruginosa 719 

FADDI-PA111 following treatment with polymyxin B (PMB, red), amikacin (AMK, green) 720 

and the combination (COM, purple) at (i) 15 min, (ii) 1 h, and (iii) 4 h. Lipid names are 721 

putatively assigned based on accurate mass. (B) Bar charts show the depletion of essential 722 

bacterial membrane lipids after treatment with polymyxin B, amikacin, and the combination 723 

across all three time points. (≥ 1.0-log2-fold, p ≤ 0.05; FDR ≤ 0.1). 724 

Figure 2. Impact of the treatment on lipopolysaccharides biosynthesis. (A) Bar charts for 725 

significantly perturbed intermediates of PPP and downstream LPS in P. aeruginosa FADDI-726 

PA111 following treatment with polymyxin B (PMB, red), amikacin (AMK, green) and the 727 
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combination (COM, purple) at 15 min. (B) (i) Schematic diagram and bar charts, and (ii) 728 

volcano plots for the significantly impacted intermediates of LPS biogenesis in P. aeruginosa 729 

FADDI-PA111 after treatment with polymyxin B, amikacin, and the combination at 1 h and 730 

(C) at 4h.  (≥ 1.0-log2-fold, p ≤ 0.05; FDR ≤ 0.05). 731 

Figure 3. The changes in central carbon metabolism. (A) Schematic diagram for the 732 

significantly perturbed intermediates of PPP, glycolysis and interrelated tricarboxylic cycle in 733 

P. aeruginosa FADDI-PA111 following treatment with polymyxin B (PMB, red), amikacin 734 

(AMK, green) and the combination (COM, purple) at 1 h. (B) Bar graphs for the main 735 

intermediates of PPP, glycolysis and TCA after treatment with polymyxin B, amikacin, and 736 

the combination at 1 h. (≥ 1.0-log2-fold, p ≤ 0.05; FDR ≤ 0.05).  737 

Figure 4. Perturbations of pyridine nucleotide cycle (PNC). (A) Schematic diagram for the 738 

significantly perturbed intermediates of PNC in P. aeruginosa FADDI-PA111 following 739 

treatment with polymyxin B (PMB, red), amikacin (AMK, green) and the combination (COM, 740 

purple) at 15 min. (B) Bar graphs for the main depleted precursors of PNC after treatment 741 

with polymyxin B, amikacin, and the combination at (i) 15 min and (ii) 1 h (≥ 1.0-log2-fold, 742 

p ≤ 0.05; FDR ≤ 0.1). 743 

Figure 5. Induction of nucleotides turnover and DNA damage. (A) Volcano plots for the 744 

significantly perturbed nucleotides at 15 min (i) and 1 h (ii) in P. aeruginosa FADDI-PA111 745 

following treatment with polymyxin B (PMB, red), amikacin (AMK, green) and the 746 

combination (COM, purple). (B) Bars graphs for the nucleotides after treatment with 747 

polymyxin B, amikacin, and the combination at 4 h (≥ 1.0-log2-fold, p ≤ 0.05; FDR ≤ 0.1). 748 

Figure 6. Changes in amino acids metabolism in FADDI-PA111. (A) Fold changes for the 749 

significantly affected amino acids (i) and bar charts of peptidoglycan intermediates (ii) 750 

following treatment with polymyxin B (PMB, red), amikacin (AMK, green) and the 751 
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combination (COM, purple) at 15 min. (B) Fold changes of significantly perturbed amino 752 

acids (i) and bar graphs for intermediates of (ii) peptidoglycan biosynthesis and (iii) arginine 753 

metabolism after treatment with polymyxin B, amikacin, and the combination at 1 h (≥ 1.0-754 

log2-fold, p ≤ 0.05; FDR ≤ 0.1). (C) Fold changes of significant amino acids metabolites at 4 755 

h (≥ 1.0-log2-fold, p ≤ 0.05; FDR ≤ 0.1). 756 

Figure 7. The significantly affected metabolites of peptides metabolism in FADDI-PA111. 757 

Fold changes for the significantly affected peptides following treatment with polymyxin B 758 

(PMB, red), amikacin (AMK, green) and the combination (COM, purple) at (A)15 min, (B) 1 759 

h and (C) 4 h (≥ 1.0-log2-fold, p ≤ 0.05; FDR ≤ 0.1). 760 
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