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SUMMARY 

 

Background: Carbapenem-resistant Pseudomonas aeruginosa (CRPA) infection is becoming increasingly severe in 

clinical practice, yet its host metabolic characteristics remain unclear. Based on metabolomics, this study com-

pares the metabolic profiles of patients infected with CRPA versus susceptible strains, aiming to identify potential 

diagnostic biomarkers and therapeutic targets. 

Method: This single-center case-control study enrolled 20 inpatients diagnosed with Pseudomonas aeruginosa in-

fection at the Second People’s Hospital between May 2023 and May 2024. Based on antimicrobial susceptibility 

testing, patients were divided into a CRPA group (n = 10) and a carbapenem-susceptible (CSPA) group (n = 10). 

Plasma samples from all patients underwent untargeted metabolomic analysis using ultrahigh-performance liquid 

chromatography-mass spectrometry. Differential metabolites were screened by applying principal component 

analysis, orthogonal partial least squares-discriminant analysis multivariate statistical analysis, and univariate 

analysis. These metabolites were subsequently annotated and subjected to pathway enrichment analysis using the 

Kyoto Encyclopedia of Genes and Genomes (KEGG), Human Metabolome Database, and ChemSpider databases. 

Results: Metabolomic analysis identified 19 differentially abundant metabolites, more than half of which were in-

volved in lipid metabolism. This was primarily characterized by the upregulation of glycerophospholipids (such as 

phosphatidylserine and phosphatidylinositol) and the downregulation of glycerophosphocholine, phosphatidyleth-

anolamine, and certain sphingolipids. Beyond lipids, compounds such as cholic acids, p-cresol sulfate, and hippu-

ric acid were also significantly upregulated. KEGG enrichment analysis revealed that the differential metabolites 

were predominantly enriched in pathways related to glycerophospholipid metabolism, sphingolipid metabolism, 

and ether lipid metabolism, indicating that disrupted lipid metabolism is a core metabolic feature of CRPA infec-

tion. 

Conclusions: This study demonstrates that the metabolic differences in CRPA-infected patients are concentrated 

in lipid metabolism, suggesting a close association between drug-resistant infections and host-pathogen lipid meta-

bolic remodeling. Changes in relevant lipids hold value as potential diagnostic and prognostic biomarkers, while 

lipid metabolic pathways may also represent novel targets for future therapeutic interventions. 

(Clin. Lab. 2026;72:xx-xx. DOI: 10.7754/Clin.Lab.2025.250922) 
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INTRODUCTION 

 

Carbapenem-resistant Pseudomonas aeruginosa (CR-

PA) is a pathogen associated with serious hospital-ac-

quired infections. In 2017, the World Health Organiza-

tion classified CRPA as “Priority 1: Critical”, designa-

ting it as an antibiotic-resistant "priority pathogen". In 

the pathogenic spectrum of hospital-acquired pneumo-

nia in China, Pseudomonas aeruginosa (PA) accounts 

for 16.9% - 22.0%, ranking second, and the proportion 

of PA infection is greater in patients over 65 years of 

age [1]. Especially in intensive care units, long-term 

hospitalized patients and immunosuppressed patients, 

the incidence of PA drug-resistant infections is gradual-

ly increasing, which seriously affects patient prognosis 

[2]. According to the results of China Antimicrobial 

Surveillance Network in 2024, the resistance rates of 

PA to imipenem and meropenem were 21.3% and 

17.3%, respectively. Although numerous studies have 

focused on the antibiotic resistance genes, enzymatic 

mechanisms, and epidemiological characteristics of 

Pseudomonas aeruginosa, there remains limited under-

standing of the host's metabolic responses during drug-

resistant infections. 

As a crucial tool in systems biology, metabolomics en-

ables comprehensive detection and analysis of small-

molecule metabolites in vivo, providing new insights 

into host–pathogen interactions during infection. By 

comparing the metabolic profiles of patients infected 

with CRPA and carbapenem-susceptible Pseudomonas 

aeruginosa (CSPA), key metabolites and pathways 

closely associated with drug resistance can be identi-

fied. This information holds significant clinical implica-

tions: first, in early disease screening, specific aberrant 

changes in characteristic metabolites may serve as plas-

ma biomarkers for distinguishing between drug-resis-

tant and susceptible infections, offering a rapid and non-

invasive diagnostic approach for clinical practice [3]. 

Second, in risk stratification and prognosis evaluation, 

changes in the metabolic profile may reflect the severity 

of inflammation, the intensity of immune response, and 

clinical outcomes, thereby aiding in the identification of 

high-risk patients and supporting personalized treatment 

strategies. Furthermore, the exploration of targeted in-

terventions and novel therapeutics elucidating altered 

metabolic pathways not only advances our understand-

ing of resistance mechanisms but also reveals potential 

targets for treatment. Strategies such as modulating host 

lipid metabolism or intervening in the bile acid–gut mi-

crobiota-immune axis could thus emerge as novel thera-

peutic avenues in the future. 

Therefore, this study employed high-resolution untar-

geted metabolomics technology to investigate serum 

metabolic alterations in the two groups of patients. 

These findings could provide a basis for the rational 

clinical use of medication and infection control by pro-

viding insight into the mechanisms of drug resistance 

and serological characteristics. 

 

 

MATERIALS AND METHODS 

 

Patients and samples 

This study enrolled 20 patients with microbiologically 

confirmed PA infections who were hospitalized in the 

Department of Respiratory and Critical Care Medicine 

at the Guangde Road Branch of Hefei Second People's 

Hospital between May 2023 and May 2024. Based on 

antimicrobial susceptibility testing (AST) results and in 

accordance with the Clinical and Laboratory Standards 

Institute (CLSI) M100 (33rd edition) guidelines, the 

patients were divided into two groups: a resistant group 

(Group R, n = 10), who were infected with CRPA (re-

sistant to imipenem or meropenem), and a susceptible 

group (Group S, n = 10), who were infected with CSPA. 

The inclusion criteria include: 1) Age ≥18 years; 2) 

Clinically diagnosed respiratory tract infection with mi-

crobiologically confirmed Pseudomonas aeruginosa in-

fection; 3) Availability of complete clinical and labora-

tory data; 4) Written informed consent obtained from 

the patient or their legal representative. 

The exclusion criteria include: 1) Coinfection with other 

pathogens (including other bacteria or fungi) where the 

exclusive PA infection could not be confirmed; 2) Se-

vere coagulation disorders or ongoing anticoagulant the-

rapy that may compromise blood sample collection; 3) 

Administration of carbapenem antibiotics within 72 

hours prior to enrollment; 4) Pregnancy or lactation; 5) 

Incomplete clinical data.  

 

Microbiological identification and antimicrobial sus-

ceptibility testing 

Respiratory specimens, including sputum and broncho-

alveolar lavage fluid, were collected from enrolled pa-

tients under sterile conditions. The isolated strains were 

cultured using standard microbiological procedures and 

identified as Pseudomonas aeruginosa by matrix-assist-

ed laser desorption/ionization time-of-flight mass spec-

trometry (MALDI-TOF MS; Bruker Daltonics, Germa-

ny). 

Antimicrobial susceptibility testing (AST) was perfor-

med in the clinical microbiology laboratory. The sus-

ceptibility results were interpreted according to the 

Clinical and Laboratory Standards Institute (CLSI) 

M100 (33rd edition) guidelines. Isolates resistant to 

imipenem or meropenem were classified as carbapen-

em-resistant Pseudomonas aeruginosa (CRPA), where-

as isolates susceptible to both agents were classified as 

carbapenem-susceptible Pseudomonas aeruginosa (CS-

PA). 
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Specimen collection 

Peripheral venous blood (3 - 5 mL) was collected into 

K2-EDTA tubes under fasting conditions in the morn-

ing. The samples were centrifuged at 3,000 × g for 10 

minutes at 4°C to separate plasma. The plasma was ali-

quoted and stored at -80°C until metabolomic analysis. 

Prior to analysis, plasma samples were thawed at 4°C 

and centrifuged at 12,000 × g for 10 minutes to remove 

debris before metabolite extraction. 

 

Experimental procedures 

The collected serum samples were stored at −80°C stor-

age and thawed at 4°C. Aliquots were mixed with pre-

chilled methanol/acetonitrile/water (2:2:1, v/v) solution, 

vortexed, and ultrasonicated for 30 minutes at low tem-

perature. After incubation at -20°C for 10 minutes, the 

mixture was centrifuged at 14,000 × g (4°C, 20 minu-

tes), and the resulting mixture was lyophilized. Prior to 

mass spectrometry analysis, the dried extracts were re-

constituted in 100 μL of acetonitrile/water (1:1, v/v), 

vortexed, and centrifuged again (14,000 × g, 4°C, 15 

minutes). The final supernatant was transferred for anal-

ysis. 

 

Analytical platform 

Metabolite separation was performed using an ultra-

high-performance liquid chromatography system cou-

pled with a high-resolution mass spectrometer (Q Exac-

tive, Thermo Fisher Scientific, Waltham, MA, USA). 

Mobile phase A consisted of 0.1% formic acid in water, 

and mobile phase B was 0.1% formic acid in acetoni-

trile. The gradient elution program was set to 12 minu-

tes in total, including an initial hold at 95% B, followed 

by a stepwise gradient decrease to 40% B for separa-

tion, and finally re-equilibration to 95% B. The flow 

rate was set at 0.3 mL/minute, and the column tempera-

ture was maintained at 40°C. Samples were kept at 4°C 

in the autosampler and injected in random order to min-

imize systematic bias. To ensure system stability and 

data reproducibility, quality control (QC) samples were 

inserted at regular intervals (every 10 samples). 

 

Statistical analysis of data 

The identified metabolites were annotated using the 

KEGG database (https://www.genome.jp/kegg/pathway. 

html), HMDB (https://www.hmdb.ca), and ChemSpider 

(https://www.chemspider.com) databases.  

Following normalization of the metabolomic data using 

the metaX software, both multivariate and univariate 

statistical analyses were performed. For multivariate 

analysis, principal component analysis (PCA) and or-

thogonal partial least squares discriminant analysis 

(OPLS-DA) were applied. The stability and significance 

of the OPLS-DA model were assessed via 7-fold cross-

validation and 200 permutation tests. For univariate 

analysis, differential metabolites between two groups 

were evaluated using two-sample t-tests (or Mann-

Whitney U tests for non-normally distributed data), and 

fold changes (FC, log2-transformed) were calculated. 

The differential metabolite criteria were VIP > 1, p < 

0.05, FC > 1.5, or FC < 0.67. Visualization analyses in-

cluded generating volcano plots using ggplot2 in 

RStudio. Metabolic pathway enrichment was performed 

in MetaboAnalyst 5.0. All statistical tests were conduct-

ed in SPSS 25.0 with a significance threshold α = 0.05 

(two-tailed). 

 

 

RESULTS 

 

Baseline characteristics  

The CRPA group comprised 10 patients, including 8 

males and 2 females, with ages ranging from 51 to 93 

years (mean age: 72.10 ± 14.548 years). The CSPA 

group also consisted of 10 patients, with 7 males and 3 

females, aged between 36 to 94 years (mean age: 70.00 

± 19.788 years). No statistically significant differences 

were observed between the two groups in terms of age 

or gender distribution (p > 0.05) (Table 1). 

 

Multivariate analysis 

As shown in Figure 1, TICs peaks of QC samples ex-

hibited consistent profiles, indicating excellent stability 

and reproducibility of the analytical platform. In the 

PCA score plot, the QC samples clustered tightly, fur-

ther confirming the reliability of the detection system. 

Although some degree of overlap was observed be-

tween the CRPA (Group R) and CSPA (Group S) sam-

ples, a distinct separation trend was evident in their met-

abolic profiles, suggesting differences in plasma meta-

bolomic characteristics between the two patient groups. 

Further discrimination was performed using the partial 

least squares-discriminant analysis (PLS-DA) model 

(Figure 2A). The results revealed a clear separation be-

tween the CRPA and CSPA groups in terms of metabol-

ic profiles. The robustness of the model was evaluated 

through 200 permutation tests (Figure 2B). The inter-

cepts of R² and Q² were 0.9756 and -0.2103, respec-

tively, indicating high explanatory power and good ro-

bustness of the model without overfitting. 

 

Differentially abundant metabolite analysis 

A total of 19 differential metabolites were identified 

through combined multivariate and univariate analysis 

(VIP > 1.0, p < 0.05, FC > 1.5 or < 0.67) (Table 2). 

Most of these metabolites belonged to glycerophospho-

lipids, including sn-Glycero-3-phosphocholine (GPC), 

PE 36:1, and Plasmenyl-PC 40:3, which were signifi-

cantly downregulated in the CRPA group. In contrast, 

certain phospholipids such as PS 40:8, PS 40:5, and PI 

38:4 were markedly upregulated. Additionally, sphingo-

lipids (Cer[NDS] 36:0 and Cer[NS] 38:1) were signifi-

cantly downregulated in the CRPA group. Beyond lipid 

metabolism, the steroidal metabolite cholic acid was 

elevated in the CRPA group. Organic acids and their de-

rivatives, including p-cresol sulfate and hippuric acid, 

also showed significant increases. Furthermore, the di-

peptide Ile-Ala and the nitrogen-containing heterocyclic 
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Table 1. Baseline demographic characteristics of the CRPA and CSPA groups. 

 

Characteristic 
ALL  

(n = 20) 

CSPA 

(n = 10) 

CRPA 

(n = 10) 
p-value 

Gender 

Male 15 (75.0%) 7 (70.0%) 8 (80.0%)  

Female 5 (25.0%) 3 (30.0%) 2 (20.0%)  

Age (years) 75.0 (64.8 - 82.5) 74.0 (62.5 - 83.5) 76.0 (67.0 - 79.0) 0.940 

 

 

 

 
Table 2. UPLC-MS/MS-based differentially abundant metabolite identification. 

 

MS2Metabolite MS2class ratio 
t-test 

p-value 
VIP regulated 

sn-Glycero-3-phosphocholine glycerophospholipids 0.427 0.005 2.669 down 

PS 40:8; PS (20:4/20:4) glycerophospholipids 1.528 0.005 2.007 up 

LysoPE 18:2 glycerophospholipids 0.660 0.007 1.963 down 

PE 36:1; PE (18:0/18:1) glycerophospholipids 0.430 0.009 3.395 down 

Plasmenyl-PC 40:3; PC (P-18:0/22:3) glycerophospholipids 0.319 0.010 3.308 down 

p-Cresol sulfate 
organic sulfuric acids 

and derivatives 
1.574 0.011 5.047 up 

PE (18:0/22:4 (7Z, 10Z, 13Z, 16Z)) glycerophospholipids 0.515 0.015 3.921 down 

Ile-Ala 
carboxylic acids and 

derivatives 
1.595 0.018 1.963 up 

2-Piperidinone piperidines 2.472 0.020 3.849 up 

2-Piperidinone piperidines 2.226 0.024 3.749 up 

Cer [NDS] 36:0; Cer [NDS] (d18:0/18:0) sphingolipids 0.501 0.027 3.649 down 

Cholic acid 
steroids and steroid 

derivatives 
4.169 0.027 3.339 up 

2,7-Oxepanedione lactones 0.464 0.029 2.115 down 

PS 40:5; PS (18:0/22:5) glycerophospholipids 2.548 0.033 2.720 up 

1-Stearoyl-2-arachidonoyl-sn-glycero-3-

phosphoserine 
glycerophospholipids 1.655 0.033 3.533 up 

PS 36:2; PS (18:0/18:2) glycerophospholipids 2.313 0.033 3.129 up 

Cer [NS] 38:1; Cer [NS] (d18:1/20:0) sphingolipids 0.468 0.035 2.780 down 

PI 38:4; PI (18:0/20:4) glycerophospholipids 1.626 0.039 3.760 up 

Hippuric acid 
benzene and substituted 

derivatives 
2.326 0.042 2.316 up 

 

 

 

 

metabolite 2-piperidinone were both upregulated in the 

CRPA group. Among the 19 differential metabolites, 

over half (12 metabolites) were associated with lipid 

metabolic pathways, with glycerophospholipids (10 me-

tabolites) and sphingolipids (2 metabolites) being the 

predominant classes. These findings suggest that dis-

rupted lipid metabolism is a central feature of the meta-

bolic profile in patients with CRPA infections. 

As shown in Figure 3, the volcano plot illustrates the 

distribution of differential metabolites between the 

CRPA and CSPA groups. A total of 19 significantly dif-

ferential metabolites were identified. Among these, 11 

metabolites were significantly upregulated in the CRPA 

group, including PS 40:8, PS 40:5, PS 36:2, PI 38:4,    

p-cresol sulfate, Ile-Ala, 2-piperidinone, cholic acid, 

and hippuric acid, and others. The remaining 8 metabo-

lites were significantly downregulated in the CRPA 

group, including sn-glycero-3-phosphocholine, PE 36:1, 

plasmenyl-PC 40:3, LysoPE 18:2, PE (18:0/22:4), Cer 

[NDS] 36:0, Cer[NS] 38:1, and 2,7-oxepanedione. 
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Figure 1A. Total ion chromatograms (TICs) of QC samples and experimental groups. 

Figure 1B. PCA scores of the CRPA and CSPA groups. 
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Figure 2. PLSDA scores A) and PLSDA model permutation test plots B) of the CRPA and CSPA groups. 

 

 

 
 

 

 
 

 

 

Figure 3. Differentially abundant metabolite volcano plots of the CRPA and CSPA groups. 
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Figure 4. KEGG enrichment of different metabolites in the CRPA and CSPA groups. 

 

 

 

 

Differentially abundant metabolite pathway analysis 

As illustrated in Figure 4, KEGG pathway enrichment 

analysis revealed that the differential metabolites be-

tween the CRPA and CSPA groups were primarily en-

riched in lipid metabolic pathways, including glycero-

phospholipid metabolism, sphingolipid metabolism, and 

ether lipid metabolism. Additionally, enrichment was 

observed in inositol phosphate metabolism and phenyl-

alanine metabolism. Several differential metabolites 

were also significantly associated with bile acid biosyn-

thesis and amino acid metabolic pathways (such as gly-

cine, serine, and threonine metabolism). In the enrich-

ment bubble plot, pathways such as glycerophospho-

lipid metabolism, sphingolipid metabolism, and ether 

lipid metabolism were represented by a larger number 

of bubbles with higher statistical significance (smaller 

Q-values, indicated by redder colors), suggesting their 

dominant roles in the metabolic alterations. 

 

 

DISCUSSION 

 

CRPA has emerged as a global public health threat [4–

6]. CRPA infections are associated with suboptimal the-

rapeutic outcomes due to complex resistance mecha-

nisms, including the production of extracellular poly-

saccharide matrices and resistance to novel β-lactam/β-

lactamase inhibitor combinations. These infections are 

clinically characterized by limited treatment efficacy, 

high recurrence rates, and substantial economic burden, 

significantly compromising patient prognosis[7–9]. In 

this study, we employed high-resolution untargeted me-

tabolomics to compare plasma metabolic profiles be-

tween patients with CRPA and CSPA infections. By 

comparing metabolite profiles and conducting pathway 

enrichment analysis, we not only revealed alterations in 

individual metabolites but also elucidated their systemic 

roles within biological networks [10]. This multi-level 

approach - from single metabolites to metabolic path-

ways - provides deeper insights into the systemic meta-

bolic changes induced by resistant infections and offers 

potential clues for identifying novel therapeutic targets. 

The observed metabolic alterations in this study were 

primarily associated with lipid metabolism. Specifical-

ly, significant decreases in sn-glycero-3-phosphocho-

line, phosphatidylethanolamine (PE), and plasmalogens 

were detected in the CRPA group. sn-glycero-3-phos-

phocholine (GPC) is a water-soluble metabolite derived 

from the enzymatic cleavage of host phosphatidylcho-

line (PC) by phospholipases. In patients with CRPA in-

fection, this metabolic pathway may be attenuated due 

to the consumption of membrane lipids for emergency 

membrane repair and antioxidant responses [11]. Fur-

thermore, PA can uptake GPC and convert it into gly-
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cine betaine, which further contributes to the depletion 

of host plasma GPC levels [12,13]. Under infectious 

stress, rapid turnover of major host membrane lipid 

components, such as phosphatidylcholine and phospha-

tidylethanolamine, occurs, accompanied by elevated 

oxidative stress. This leads to excessive consumption of 

plasmalogens. Consistent with our findings, studies in 

septic infection models have also reported significant 

reductions in plasmalogen levels, which are regarded as 

metabolic indicators of impaired antioxidant capacity 

and reduced membrane stability [14]. Phosphatidyletha-

nolamine (PE) is the most abundant phospholipid in 

bacterial cell membranes. In mammalian cell mem-

branes, it is generally the second most prevalent phos-

pholipid after PC. PE plays a critical role in maintaining 

membrane fluidity and integrity; a decrease in its levels 

indicates disrupted lipid homeostasis and impaired ener-

gy metabolism. Previous studies have consistently ob-

served reduced PE levels in both human and animal 

models of sepsis, which is closely associated with ad-

verse outcomes such as immune activation, mitochon-

drial dysfunction, and immune cell apoptosis [15-17].  

In this study, we observed upregulation of PS and PI in 

the CRPA group. Under physiological conditions, PS is 

predominantly located on the inner leaflet of the cell 

membrane. During apoptosis or severe stress, it “flips” 

to the outer leaflet, aiding in the maintenance of cellular 

homeostasis [18]. PS can also modulate inflammatory 

responses by binding to phagocyte receptors [19]. The 

upregulation of PS in patients with CRPA infection may 

be attributed to increased apoptotic activity and activa-

tion of immune clearance pathways. PI, a major mem-

brane phospholipid, serves as a key substrate for the 

PI3K/AKT signaling pathway [20]. Accumulating evi-

dence indicates that remodeling of PI is closely associ-

ated with inflammatory activation [21]. Therefore, the 

elevated PI levels observed in CRPA-infected patients 

likely reflect a high inflammatory state induced by the 

infection. 

In the present study, we observed significantly de-

creased levels of Cer[NDS] 36:0 and Cer[NS] 38:1 in 

patients with CRPA. As a central molecule in sphingo-

lipid metabolism, ceramide (Cer) is extensively in-

volved in maintaining cellular membrane structure, reg-

ulating inflammatory responses, and modulating apo-

ptosis. Previous studies have indicated that elevated Cer 

levels in septic patients are associated with an increased 

risk of mortality [22-25]. However, the alterations in 

Cer of different chain lengths were not uniform. Cer can 

significantly influence pathophysiological processes in 

a chain length-dependent manner [26]. A decrease in 

certain Cer species may reflect their translocation to 

membrane pools or conversion into downstream signal-

ing molecules, such as sphingosine-1-phosphate (S1P), 

thereby contributing to immune responses [27]. In con-

junction with our findings, the reduction in specific Cer 

species in patients with CRPA may suggest that in-

flammatory and metabolic reprogramming leads to ex-

cessive consumption or translocation of particular Cer 

subspecies. This observation aligns with the high in-

flammatory burden and immune dysregulation com-

monly associated with drug-resistant infections. 

In the "non-lipid" differential metabolites, the signifi-

cant elevation of cholic acid suggests that CRPA infec-

tion may disrupt the "liver–bile–immune axis." Recent 

studies indicate that excessive accumulation of bile 

acids can regulate intestinal barrier function and inflam-

matory responses via FXR or TGR5 receptors, which, 

under infectious conditions, are associated with immune 

imbalance and worsened prognosis [28,29]. Further-

more, p-Cresol sulfate and hippuric acid are both meta-

bolites derived from gut microbiota. Their increased 

levels in plasma suggest possible gut dysbiosis and in-

testinal barrier damage, allowing these microbial meta-

bolites to enter systemic circulation and exacerbate sys-

temic inflammatory responses and immune activation 

[30,31]. This indicates that CRPA infection may also 

lead to dysregulation of the "liver–gut–immune" cross-

talk, amplifying its systemic metabolic and immune 

burden. 

This study has several noteworthy limitations. Firstly, 

the participant cohort exhibited a relatively high propor-

tion of elderly patients, and the overall sample size was 

limited. These characteristics may constrain the re-

presentativeness and generalizability of the findings to 

other hospitals or broader regions within the country. 

Secondly, the detection of PA in this study primarily re-

lied on sputum samples. This reliance on a single speci-

men source complicates the differentiation between 

whether the pathogen represents a colonizing strain or a 

true infecting pathogen. Additionally, the untargeted 

metabolomics approach has limitations that must be 

acknowledged. For example, this method struggles to 

identify numerous unknown metabolites and may be 

confounded by environmental or food-related contami-

nants. Furthermore, the non-targeted metabolomics ap-

proach carries inherent limitations that must be ac-

knowledged. For instance, current lipid analysis tech-

nologies cannot comprehensively detect all lipids in bi-

ological samples within a single analytical run; instead, 

they necessitate the selective combination of multiple 

analytical techniques for parallel profiling [32]. Finally, 

some metabolite changes may not be directly caused by 

PA infection but rather by systemic inflammatory re-

sponses or comorbidities. 

 

 

CONCLUSION 

 

This study revealed that the metabolic differences in pa-

tients with CRPA infections are predominantly centered 

on lipid metabolism, suggesting that drug-resistant in-

fections largely rely on host-pathogen lipid metabolic 

remodeling and competition. These findings carry dual 

implications. First, the decrease in specific lipids (such 

as GPC, plasmalogens, and PE) may serve as potential 

early diagnostic or prognostic biomarkers. Second, dys-

regulated lipid metabolism and its associated pathways - 
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including impaired choline utilization, plasmalogen de-

pletion, and PI3K/AKT signaling activation - represent 

promising targets for future therapeutic intervention. 
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