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A B S T R A C T   

There is no gold standard for evaluating the severity of community-acquired pneumonia (CAP), and it is still 
based on a score. This study aimed to use the metabolomics method to find promised biomarkers in assessing 
disease severity and potential therapeutic targets for CAP. The result found that the metabolites in the plasma 
samples of CAP patients had significantly different between the acute phase and the remission phase, especially 
lysophosphatidylcholine (LPCs) in glycerophospholipids, whose levels are negatively linked to the severity of the 
disease. Subsequently, the two key metabolites of myristoyl lysophosphatidylcholine (LPC 14:0) and LPC 16:1 
were screened. We analyzed the predictive performance of the two metabolites using Spearman-related analysis 
and ROC curves, and LPC14:0 showed more satisfactory diagnostic performance than LPC16:1. Then we explored 
the protective role and mechanism of LPC 14:0 in animal and cell models. The results showed that LPC 14:0 could 
inhibit the LPS-induced secretion of IL-1β, IL-6, and TNF-α, lower the ROS and MDA levels, and decreased the 
depletion of SOD and GSH, thereby reducing lung tissue and cell damage, such as down-regulating the protein 
level in BALF, lung W/D ratio, MPO activity, and apoptosis. We found that LPC 14:0 inhibited LPS-induced 
inflammatory response and oxidative stress, and the above protection was achieved by inhibiting LPS-induced 
activation of the NLRP3 inflammasome. LPC 14:0 may serve as a novel biomarker for predicting the severity 
of CAP. In addition, our exploration of the role of LPC 14:0 in animal and cellular models has reinforced its 
promise as a therapeutic target to improve the clinical efficacy for CAP.   

1. Introduction 

Community-acquired pneumonia (CAP) remains one of the most 
common causes of death worldwide, with a global incidence of CAP in 
adults ranging from 0.3% to 0.5% [1]. Owing to the abuse of drugs and 
the emergence of drug-resistant bacteria, the diagnosis and treatment of 
CAP still face severe challenges [2]. Failure to provide timely or correct 
diagnosis and treatment may lead to exacerbation and progression to 
severe CAP [3,4]. Mortality among outpatient CAP patients is less than 
5%, compared with 5–10% and 35–40% among hospitalized and 
Intensive Care Unit (ICU) CAP patients, respectively [5,6]. Therefore, 
timely diagnosis and treatment can improve the prognosis of patients 

with CAP. 
Metabolomics is a technique for the systematic analysis of small 

molecule metabolites in biological systems [7,8]. Some previous 
metabolomic studies on pneumonia have provided a powerful approach 
to finding new biomarkers for CAP [9–11]. For example, by analyzing 
the serum of CAP patients and non-CAP controls, Kelvin [10] has 
identified lipid metabolites as prospective diagnostic biomarkers by 
studying the sera of CAP and non-CAP patients. Ning P [11] found that 
sphingosine and dehydroepiandrosterone sulfate (DHEA-S) in serum are 
biomarkers that can distinguish non-severe CAP from severe CAP by a 
metabolomic method based on LC-MS/MS. However, the previous arti-
cles mainly focused on the discovery of CAP biomarkers, and there were 
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few studies on the therapeutic targets and mechanisms of action related 
to biomarkers. 

We performed metabolomic studies using ultra-performance liquid 
chromatography-tandem mass spectrometry (UHPLC-MS/MS) on 
plasma samples from CAP patients in the acute and remission phases to 
identify the metabolic characteristics at two periods. Differential me-
tabolites were simultaneously screened to find biomarkers for evalu-
ating disease severity and having prospects to be therapeutic targets. 
Lipopolysaccharide (LPS) is a common endotoxin, which plays an 
important role in the inflammatory reaction in the body. Previous 
studies have shown that the LPS concentration in sepsis patients is 
significantly higher than that in normal people [12]. To investigate the 
role of the identified metabolites in CAP, we validated them on a mouse 
acute lung injury (ALI) model and a RAW 264.7 cell inflammation model 
established by LPS [13,14]. Inflammation and oxidative stress are 
considered to be closely related events in CAP pathological processes 
[15,16]. Reactive oxygen species (ROS) are an important factor con-
necting oxidative stress to inflammation, and LPS can contribute to the 
generation of ROS, which activates the separation of the 
thioredoxin-interacting protein (TXNIP) from thioredoxin (TRX) and 
then combines with a nucleotide-binding domain-like receptor protein 3 
(NLRP3), causing the activation of the NLRP3 inflammasome [17,18]. 
NLRP3 inflammasome, including an adaptor protein ASC, cysteine 
aspartate-specific protease-1 (Caspase-1), and NLRP3, has a significant 
impact on the body’s immune defense and disease occurrence. The 
activation of the inflammasome will release a large number of mature 
inflammatory factors IL-1β and further stimulates the generation of the 
IL-6, and TNF-α [19–21]. Following up on the result, we explored the 
protective effects of myristoyl lysophosphatidylcholine (LPC 14:0) on 
LPS-induced ALI mice and inflammatory cells and their mechanisms 
related to inflammation and oxidative stress. 

2. Materials and methods 

2.1. Study population and design 

Study participants were recruited from patients with CAP hospital-
ized in the Department of Respiratory Medicine or the Respiratory 
Intensive Care Unit (RICU) of the First Affiliated Hospital of Wenzhou 
Medical University, Wenzhou, China, from May 2020 to February 2021. 
This study was approved by the Ethics Committee of the First Affiliated 
Hospital of Wenzhou Medical University (No. 2020–111) and followed 
the Declaration of Helsinki (as revised in 2013). Every participant signed 
a written informed consent form. 

In total, 163 participants were enrolled in the study, including 48 
non-severe CAP patients, and 34 severe CAP patients, as well as an 
additional 81 healthy volunteers matched for gender and age as con-
trols. The diagnosis of CAP was based on the 2016 CAP guidelines in 
China [22]. Exclusion criteria: Diagnosed with cancer or suffering from 
acute or chronic inflammatory diseases (such as nosocomial infection, 
active tuberculosis, rheumatoid arthritis, severe immunosuppression, 
etc.). 

2.2. Sample acquisition and processing 

Plasma samples were acquired from CAP at two-time points: the first 
day of admission (acute phase) and before discharge (remission phase). 
An appropriate amount of peripheral venous blood was drawn and 
injected into a tube containing heparin sodium, and let stand for half an 
hour at room temperature, then the supernatant was gathered after 
centrifugation at 3000g for 10 min. 

400 μL of cold methanol: acetonitrile (v:v = 1:1) mixture was added 
to 200 μL of plasma samples to precipitate proteins, vortexed with 60 s, 
and the supernatant was collected by centrifugation. Then the super-
natant was aliquoted into clean tubes, dried under N2 flow, and subse-
quently, redissolved in 100 μl ACN/water (1:1, v:v) for UHPLC-MS/MS 

analysis. The quality control (QC) sample solution contains equivalent 
amounts of plasma from each sample, with one QC sample randomly 
selected among 10 experimental samples. 

2.3. Untargeted and targeted UHPLC-MS/MS analysis 

Sample analysis was performed on a SHIMADZU CBM-30A Lite LC 
system (Shimadzu Corporation, Kyoto, Japan) using a Waters Acquity 
HSS T3 column (2.1 × 100 mm, 1.8 μm), which is compatible with API 
6600 Triple TOF (AB SCIEX, Foster City, CA, USA) quality detector 
coupling. The specific experimental methods and data processing was 
based on the experimental protocol of Xiong F [23] and optimized for 
our particular situation, and the detailed protocol can be found in the 
supplementary methods. 

After sample runs, raw data were collected by MassHunter work-
station software and processed into mzXML format, followed by data 
pre-processing using XC-MS software (XC-MS plus, California, USA), 
including nonlinear retention time alignment, peak identification, 
filtering, alignment, matching, and identification. 

2.4. Data analysis and metabolite identification 

All data by LC-MS were normalized to sum and Pareto scale before 
single or multivariate data analysis. Multivariate analysis, including 
principal component analysis (PCA) and supervised orthogonal partial 
least squares discriminant analysis (OPLS-DA), was conducted with 
SIMCA 14.1 software (Umea Umetrics, Sweden). PCA can display the 
distribution characteristics of the dataset, while the OPLS-DA model can 
distinguish categories and show the differences between group samples 
more clearly, and generate corresponding variable importance projec-
tion (VIP) values. Models were validated by permutation test (n = 200) 
to avoid overfitting. R2Y and Q2 values can evaluate model performance, 
where R2Y indicates the fit of the model and Q2 indicates its predict-
ability, and the more the values of these two parameters converge to 1.0, 
the more reliable the model is. 

Univariate statistical analysis was performed through the online 
website Kido (https://www.omicshare.com/tools/) with a Student t- 
test. 

Only variables that met the false discovery rate (FDR) values < 0.05, 
VIP values > 1.0 and fold change (FC) < 0.5 or FC > 2 were identified as 
significantly differential metabolites. 

After screening for significantly different metabolites, these metab-
olites were further identified based on precise m/z values and MS/MS 
signature fragments and validated through HMDB 4.0. Heatmaps were 
drawn through the online site Metaboanalyst 5.0 (https://www. 
metaboanalyst.ca/). Venn diagrams were drawn through the online 
website (http://www.ehbio.com/). 

2.5. Targeted UHPLC-MS/MS 

A targeted assay was used to quantify LPC 14:0 and LPC 16:1 in 
human and mouse blood samples. Analyses were completed on a SHI-
MADZU CBM-30A Lite LC system together with an API 6500 Q-TRAP 
(AB SCIEX, Foster City, CA, USA) mass detector operated in ESI + mode. 
A Kinetex C18 100A column (100 × 2.1 mm, 2.6 μm) was utilized for 
lipids separation. The detailed protocol can be found in the supple-
mentary methods. 

LPC 14:0 (Sigma-Aldrich, >98% purity) standard solutions with 
concentrations ranging from 1 to 1000 ng/mL were prepared and con-
centration calibration curves were established. In addition, LPC 16:1 
were measured by multiple reaction monitoring (MRM) using 1-Hexade-
canoyl-2-lysophosphatidylcholine (LPC 16:0) (GlpBio, USA) as internal 
standard (200 ng/mL) and the methods were linear over concentrations 
of 1–1000 ng/mL. Metabolite concentrations were measured using AB 
SciexMultiQuant software (version 2.1, AB SCIEX, CA, USA). 
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2.6. Cell culture and CCK-8 

RAW 264.7 cells (Chinese Cell Bank in Beijing, China) were cultured 
in DMEM medium containing 10% FBS, 100 U/mL penicillin, 100 U/mL 
streptomycins, and 3 mM glutamine at 37 ◦C with 5% carbon dioxide. 

The effect in different drug concentrations of LPS (dissolved in 
Phosphate Buffered Saline (PBS)) and LPC14:0 (dissolved in 1% BSA, 
BSA diluted with PBS) for cell vitality was determined by CCK-8. The 
cells were inoculated in 96-well panels (1 × 104 cells/well) for 24 h and 
then replaced with serum-free medium to starve for 1 h. Firstly, cells 
were added to LPS (0.1, 1, 10, 20, 30) μg/mL for 12 h to find the 
appropriate model of cellular inflammation. Then, cells were cultured in 
two 96-well panels and pretreated with LPC 14:0 (10, 20, 30, 40) μM for 
1 h, and one of the plates was exposed to LPS (1 μg/mL) for 12 h. Add 
10ul CCK-8, incubate for 2h, and then measure the absorbance at 450 
nm. 

2.7. Quantification of apoptosis, measurement of ROS and antioxidant 
enzymes (GSH, SOD) 

RAW 264.7 cells were cultured for 24 h, starved for 1 h, pretreated 
with LPC 14:0 (20 μM) for 1 h, and then exposed to LPS (20 μg/mL) for 
12 h. The cells were collected by centrifugation for 5 min at 300 g after 
the administration. 1 × 105 cells were added with 5 μL FITC Annexin V 
and 5 μL propidium iodide (PI), incubated at 25 ◦C for 15 min protected 
from light. The percentages of apoptosis and necrosis were detected by 
flow cytometry. 

To measure ROS, cells were collected and incubated with 1 mL of 
serum-free medium containing 1 μL of DCFH-DA at 37 ◦C for 20 min in 
the dark. After three washes with cold PBS, the DCF fluorescence in-
tensity of cells was measured. 

Furthermore, the cells were collected after the same treatment, dis-
rupted by a sonicator, and the cell supernatant was used to assess the 
SOD and GSH levels using an assay kit. 

2.8. Animals and experimental protocols 

8-week-old SPF-grade male C57BL/6 mice were purchased from 
Zhejiang Weitong Lihua Laboratory Animal Technology Co., Ltd. (SYXK 
(Zhejiang) 2021–0017), and were reared adaptively for 1 week. All 
animals were raised under SPF conditions. All experiments involving 
animals were performed following the ethical policies and procedures 
approved by the Ethics Committee of Wenzhou Medical University, 
China (No.2021–0095). 

For the first set of animals, Mice were divided into two subgroups, 
the control group (PBS +1% BSA) and the LPS group (5 mg/kg, dissolved 
in PBS). LPS was instilled into the trachea to induce ALI in mice. 

The second set of mice were randomly divided into four subgroups: 
control group (PBS +1% BSA), LPC 14:0 only group (10 mg/kg dissolved 
in 1% BSA, BSA diluted with PBS) [24,25], LPS only group (5 mg/kg, 
dissolved in PBS), LPS (5 mg/kg) + LPC 14:0 (10 mg/kg) group. Mice 
were pretreated by subcutaneous injection of LPC 14:0 (10 mg/kg), 
anesthetized with isoflurane (5% induction, 2% maintenance) after 2 h, 
and LPS (5 mg/kg, diluted to 50ul with PBS) was instilled into the tra-
chea to induce ALI in mice. LPC 14:0 (10 mg/kg) was subcutaneously 
administered once again 10 h after LPS administration in the trachea, 
and the control group was subcutaneously injected with 1% BSA and 
intratracheal instillation of PBS. Following LPS injection for 24 h, mice 
were anesthetized with isoflurane and executed by decortication, then 
mouse lung tissue specimens, bronchoalveolar lavage fluid (BALF), and 
serum were gathered and stored at − 80 ◦C. 

2.9. Lung hematoxylin-eosin (H & E) and the determination of BALF 

Histopathological examination was performed on lung tissues from 
mice in which BALF was not collected. The tissue specimens were fixed 

in 4% paraformaldehyde for 48 h, gradient dehydrated, paraffin- 
embedded, and then cut into 4-μm thick sections, and stained with H&E. 

BALF was collected by intratracheal injection of 1.0 mL of cold PBS 
after mice were sacrificed. BALF was collected by centrifugation at 4 ◦C 
300g for 20 min into pellets, lysed erythrocytes, washed three times with 
cold PBS, and then centrifuged again and resuspended by counting the 
total number of cells in PBS. The protein concentration of untreated 
BLAF was determined using the BCA Protein Assay Kit (Beyotime, 
China). 

2.10. Measurement of lung wet/dry (W/D) ratio and GSH, SOD, MDA, 
and MPO content in lung tissue 

Lung tissue was collected after LPS treatment for 24 h, washed with 
saline, and blotted dry, weighed immediately to obtain the “wet” 
weight, and then oven-dried at 65 ◦C for 48 h to obtain the “dry” weight. 
Their ratio can indirectly reflect the edema within the lung tissue. 

Lung tissues were homogenized and the levels of glutathione (GSH), 
superoxide dismutase (SOD), malondialdehyde (MDA), and myeloper-
oxidase (MPO) in the homogenate were measured using a kit (Nanjing 
Institute of Built-up Biological Engineering, Nanjing, China). 

2.11. ELISA 

Determination of cytokines in BALF or cell culture supernatants 
using ELISA. BALF was obtained from each sample separately, centri-
fuged, and the supernatant was collected. IL-1β, IL-6, and TNF-α protein 
levels were determined using ELISA kit (Nanjing Jiancheng Bioengi-
neering Institute, China). 

Moreover, RAW264.7 cells were cultured for 24 h, then pretreated 
with LPC 14:0 (20 μM) for 1 h. After adding LPS (1 μg/mL) to stimulate 
for 12 h, cell-free supernatants were collected to detect the secretion of 
IL - 1β, IL-6, and TNF-α, and the optical density at 450 nm was measured. 

2.12. Western blot analysis 

The wells of 10% polyacrylamide gels were loaded with 20ug of 
protein and sodium dodecyl sulfate-polyacrylamide gel electrophoresis 
(SDS-PAGE) was performed to separate the proteins. The proteins were 
then transferred to polyvinylidene difluoride (PVDF) membranes, which 
were closed in 5% skim milk for 1 h at room temperature. Next, the 
membrane was incubated with the primary antibody overnight at 4 ◦C, 
followed by three washes with TBST for 30 min, and then incubated with 
the Horseradish peroxidase (HRP)-conjugated secondary antibody for 1 
h at room temperature. Detection of related protein expression: NLRP3, 
TXNIP, Caspase-1, IL-1β, and β-actin as the internal reference protein. 
Bands detection was performed using ECL (Amersham Pharmacia 
Biotech, Piscataway, NJ), and band intensities were quantified using 
Image lab gel analysis software. 

2.13. Statistical analysis 

Statistical analysis was performed using SPSS Statistics v18.0 (IBM, 
NY, USA). Differences among the three groups were analyzed using one- 
way ANOVA and multiple comparisons were performed using Tukey’s 
method. Differences between the two groups were analyzed using a two- 
tailed paired Student’s t-test. Non-normally distributed data use the rank 
sum test, Kruskal-Wallis H test, or Mann-Whitney U test. All data 
referenced above were presented as the means ± SEM. Statistical sig-
nificance was defined as *p < 0.05. 

3. Results 

3.1. Demographic and clinical characteristics of participants 

A total of 163 participants were eventually recruited, and the CAP 
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patients were divided into a discovery cohort (n = 31) and a validation 
cohort (n = 51). The participant design flowchart was shown in Fig. 1A. 

Participants’ demographic and clinical characteristics are shown in 
Table 1. Healthy controls and patients with CAP did not differ in gender 
(p > 0.05) and were younger in age than those with CAP (p < 0.05). 
There were no significant differences in age, gender, underlying dis-
eases, and smoking history between patients with non-severe CAP and 
severe CAP (p > 0.05). Patients with severe CAP had significantly higher 
PSI, APACHE II, LOS, WBC, NE%, PCT, CRP, BUN, Scr, and LDH values 
than patients with non-severe CAP (p < 0.05), while they had lower 
PaO2/FiO2 and were more likely to be ventilated during their hospi-
talization than non-severe CAP patients (p < 0.05). 

We compared the clinical parameters of CAP patients at two-time 
points on the 1st day of admission and before discharge and found 
that the clinical parameters WBC, NE%, CRP, PCT, and LDH all showed a 
significant downward trend in the remission stage (p < 0.05). 

3.2. Untargeted metabolomics and multivariate data analysis 

In the discovery cohort, plasma samples detected 2606 and 6392 
spectral features by untargeted UHPLC-MS/MS analysis in the ESI + and 
ESI - modes, respectively. These obtained features were next analyzed 
using PCA and OPLS-DA. The QC is compactly aligned on the PCA plot, 
indicating stable instrument operation (Fig. S1A). PCA analysis revealed 
significant metabolic differences between acute and remission plasma 

samples, followed by OPLS-DA with a clearer distinction between the 
two groups (Fig. 1B and Fig. S1C). The R2Y and Q2 values (Table S1) 
showed that the OPLS-DA model was reliable with good fitting and 
predictive performance, and the key difference variables were found by 
its generated VIP values. 55 and 61 differential metabolites were iden-
tified in the non-severe CAP and severe CAP disease groups, respectively 
(Tables S2 and S3), mainly including fatty acyls, glycerophospholipids, 
sphingolipids, glycerolipids, steroids and steroid derivatives, etc., of 
which glycerophospholipids accounted for the majority, with 38 (69%) 
of non-severe CAP and 37 (61%) of severe CAP. The heatmap in Fig. 1C 
shows the relative intensities of the above differential metabolites in the 
acute phase and remission phase. It can be seen that most glycer-
ophospholipid metabolites are up-regulated in the remission period. We 
speculate that such substances may have a protective effect in the dis-
ease process, so the analysis of glycerophospholipid metabolites is 
focused on in the validation phase. 

In the validation cohort, the differential metabolites with repeated 
stable appearance and the same trend were further screened as candi-
date biomarkers by expanding the sample size. Untargeted metab-
olomics was still performed in the validation cohort, and 3333 and 4078 
spectral features were detected in the ESI+ and ESI- modes, respectively. 
QCs were tightly clustered on the PCA plots (Fig. S1B), and the results of 
PCA and OPLS-DA are shown in Fig. S2A. Through the same screening 
conditions, 6 and 15 phospholipid differential metabolites were found in 
the two disease groups, respectively (Tables S4 and S5). Fig. 1D is the 

Fig. 1. Untargeted metabolomics and multivariate data analysis. (A) Study design. A total of 163 participants, including 48 non-severe CAP patients, 34 severe CAP 
patients, and 81 age- and sex-matched healthy volunteers, were divided into discovery and validation cohorts. (B) Plots of PCA scores and OPLS-DA scores comparing 
acute and remission plasma samples from CAP patients in the ESI- mode in the discovery cohort; shaded areas are the 95% confidence regions for each group. (C) 
Heatmap showing relative levels of differential metabolites in acute and remission plasma samples of CAP patients in the discovery cohort, with brown indicating 
higher relative levels of metabolites and blue indicating lower relative levels of metabolites. Heatmap (D) represents the relative intensities of differential metabolites 
in the two periods in the validation cohort. CAP community-acquired pneumonia, PCA principal component analysis, OPLS-DA orthogonal partial least squares 
discriminant analysis, NSCAP non-severe CAP, SCAP severe CAP, AC acute phase, RE remission phase, FA fatty acyls, Gly glycerophospholipids. (For interpretation of 
the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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heatmap of the relative intensities of these differential metabolites 
during acute and remission phases. We ultimately screened for 6 and 14 
differential metabolites, respectively (Tables S6 and S7), which were 
recurrent and trended consistently in the two cohort studies. 

To test whether the OPLS-DA model has overfitting, the model was 
tested by imputing the data into SIMCA14 for 200 permutations, and the 
permutation test charts were obtained (Figs. S1D and S2B). It can be 
seen from the figures that all the replaced R2Y and Q2 values are below 
the original values. The slope of the regression line is large and the 
intercept with the left vertical axis is less than zero, which proves that 
there is no overfitting and that the results of the OPLS-DA model are 
reliable. 

3.3. Quantification of metabolites and predictive performance for CAP 

The screened differential metabolites were analyzed by the Venn 
diagram (Fig. 2A), then two common differential metabolites LPC 14:0 
and LPC 16:1 were found in both disease groups, and their differences 
were significant. Therefore, we intend to further explore these two 
metabolites as potential biomarkers. 

Then, the LPC 14:0 and LPC 16:1 content in human plasma samples 
was accurately determined by using a UHPLC-MS/MS targeted analysis 
method using the LPC 14:0 and LPC 16:0 standard. The results, as shown 
in the box-and-whisker plot in Fig. 2B, demonstrate that the concen-
tration of LPC 14:0 and LPC 16:1 in the acute phase of the CAP patients 
was decreased compared with the healthy controls group, while their 
concentration in the recovery period after treatment increased and 

approached the level of healthy people, and the concentration of severe 
CAP disease group was lower than that of non-severe CAP disease group 
during the same period. 

To investigate the diagnostic performance of these two metabolites, 
we performed correlation analysis and plotted the receiver operating 
characteristic (ROC) curves to assess their relationship with clinical 
features and the sensitivity and specificity for diagnosing CAP severity. 

Clinical parameters (WBC, NE%, PCT, CRP, BUN, Scr, LDH) are 
commonly used indicators in the clinical treatment of CAP to judge 
disease severity and treatment effect. The correlation between the me-
tabolites and clinical parameters was analyzed by Spearman correlation 
analysis (Fig. 2C), and correlation coefficient data were visible in 
Table S8. In the non-severe CAP disease group, LPC 14:0 was negatively 
correlated with CRP (r = - 0.430, p < 0.001) and PCT (r = - 0.511, p <
0.001), but not with WBC, NE%, BUN, Scr, and LDH. LPC16:1 has a weak 
negative correlation with CRP (r = − 0.309, p = 0.002) and PCT (r =
− 0.404, p < 0.001), and has no correlation with other clinical param-
eters. In the severe CAP disease group, LPC 14:0 had a negative corre-
lation with WBC (r = - 0.304, p = 0.012), NE% (r = - 0.356, p = 0.0029), 
CRP (r = - 0.532, p < 0.001) and PCT (r = - 0.461, p < 0.001), no 
correlation with Scr, LDH and BUN. LPC16:1 has a weak negative cor-
relation with CRP (r = − 0.479, p < 0.001) and PCT (r = − 0.420, p <
0.001), no correlation with other parameters. 

The area under the curve (AUC), specificity, and sensitivity of the 
ROC curve was used to evaluate the performance of these two metab-
olites in predicting CAP severity. As shown in Fig. 2D, the performance 
of LPC 14:0 in diagnosing non-severe CAP with an AUC value of 0.855, 

Table 1 
Demographic and clinical characteristics of the 163 Participants enrolled in this study.  

Characteristic Discovery cohort (n = 31)  Validation cohort (n = 51)  Healthy (n = 81) 

NSCAP (n = 18) SCAP (n = 13) NSCAP (n = 30) SCAP (n = 21) 

Age (years) 60.6 ± 9.59 65 ± 14.8 61.7 ± 12.1 66.0 ± 12.3 58.6 ± 8.8 * 
Sex (male) 16 (88.9) 10 (76.9) 19 (64.3) 15 (71.4) 58 (71.6) NS 
Hospital LOS (days) 10.2 ± 4.3 17.5 ± 9.3 8.1 ± 3.3 14.3 ± 9.6 NA 
Underlying diseases 

Diabetes 4 (22.2) 5(38.5) 10 (33.3) 8 (38) NA 
Cardiovascular diseases 12 (66.7) 8(61.5) 11 (36.7) 8 (38) NA 
Cerebrovascular diseases 1 (5.6) 2(15.4) 0 (0) 1 (4.7) NA 
Chronic kidney disease 1 (5.6) 0(0) 3 (10) 2 (9.5) NA 
Immunodeficiency 1 (5.6) 0(0) 5 (16.7) 4 (19) NA 

Current smoker 11 (61.1) 6(46.2) 12 (40) 10 (47.6) NA 
PSI 10 ± 10.3 20.8 ± 11.2 13.3 ± 15.4 19.5 ± 12.8 NA 
APACHE II 6.3 ± 3.7 12.2 ± 5.0 9.9 ± 4.8 16.3 ± 7.1 NA 
Invasive ventilation 0 (0) 9 (69.2) 0 (0) 12 (57.1) NA 
Non-invasive ventilation 12 (66.7) 13 (100) 16 (53.3) 16 (76.2) NA 
PaO2/FiO2 (mmHg) 404.8 ± 43.1 169.2 ± 58.6 357.9 ± 32.2 196.2 ± 53.8 NA 
WBC (3.5–9.5 X 10^9/L) a9.1 ± 4.9 10.6 ± 3.6 8.7 ± 3.5 11.2 ± 6.2 NA 

b6.1 ± 1.6 * 7.3 ± 2.2 * 5.9 ± 2.1 *** 6.9 ± 4.7 *** NA 
NE (1.8–6.3 X 10^9/L) a7.1 ± 4.4 8.4 ± 3.2 6.4 ± 3.0 10.7 ± 6.0 NA 

b3.7 ± 0.9 ** 5.7 ± 2.6 NS 4.3 ± 2.0 *** 5.7 ±(2.2–17.5) ### NA 
CRP (0–8 mg/L) a109.2 ± 58.5 171 (129.5–236.5) 108.0 (69.7–184.3) 185 (109.1–210.0) NA 

b20.7 ± 20.5 *** 24.0 (16–52) ### 15.8 (6.9–35.5) ### 20.7 (6.6–52.3) ### NA 
PCT (0–0.5 ng/mL) a0.17 (0.12–0.45) 8.5 (3.6–28.2) 0.36 (0.18–1.48) 4.3 (1.3–13.8) NA 

b0.06 (0.03–0.08) ## 0.18 (0.13–0.28) ### 0.09 (0.05–0.20) ### 0.14 (0.1–1.4) ### NA 
BUN (35–80 Umol/L) a70 (60–78.5) 89.4 ± 43.9 77 (57.3–94) 74.0 (57–129) NA 

b66 (56–73.8) NS 70.9 ± 19.2 NS 63 (54.8–80) ## 72 (55.5–97.5) NS NA 
Scr (2.8–7.2 mmol/L) a5.3 (4.5–6.1) 7.5 ± 3.2 6.8 (3.3–10.9) 9.3 ±(5–13.5) NA 

b4.3 (3.9–5.7) # 4.7 ± 2.4 * 4.9 (4.1–6.8) NS 6.5 ±(3.4–11.9) NS NA 
LDH (0–247 u/L) a278.9 ± 65.3 361 ± 119.1 306.7 ± 130.7 417 ±(279.5–583) NA 

b226.9 ± 61.7 *** 276.5 ± 70.5 * 247.9 ± 70.8 * 282 ±(155.5–413.5) *** NA 

Qualitative data are presented as numbers (percentages) and quantitative data are presented as mean ± standard deviation or median (interquartile range). 
CAP community-acquired pneumonia, NSCAP non-severe CAP, SCAP severe CAP, PSI Pneumonia Severity Index, APACHE II Acute Physiology and Chronic Health 
Evaluation II, LOS length of stay, PaO2/FiO2 ratio of arterial oxygen pressure to inspired oxygen concentration, WBC white blood cells, NE% neutrophil percentage, 
CRP C reactive protein, PCT Procalcitonin, BUN blood urea nitrogen, Scr serum creatinine, LDH lactate dehydrogenase. 
* Two-tailed paired Student’s t-test, # Mann Whitney U test, Qualitative unordered variables measured using the Fisher’s exact test. Significance level, *p < 0.05, **p 
< 0.01, ***p < 0.001; NS not significant; all p values adjusted by Benjamini-Hochberg false discovery rate correction, adjusted p-value < 0.05 was considered sta-
tistically significant. 

a Acute phase data. 
b Remission phase data. 
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sensitivity 0.750, specificity 0.833, significant p < 0.001. The AUC value 
of LPC16:1 is 0.785, sensitivity 0.563, specificity 0.896, and significance 
p < 0.001. In predicting severe CAP, the AUC value of LPC 14:0 is 0.868, 
with 0.882 sensitivity and 0.853 specificity, significant p < 0.001. The 
AUC values of LPC16:1 is 0.848, sensitivity 0.794, specificity 0.882, and 
the significance p < 0.001. We also analyzed the diagnostic performance 
of CRP, PCT, WB, NE%, and LDH, and the data are shown in Table S9. 
Compared with these clinical parameters, LPC 14:0 and LPC16:1 per-
formed better than WB, NE%, and LDH, and slightly worse than CRP, 
and PCT. 

Through the above results, we found that the correlation and pre-
dictive performance of LPC 14:0 for CAP was better than that of LPC 
16:1. Meanwhile, we used LPS to establish an ALI model in mice 
(Fig. 2E) and then detected these two lipids in ALI mice using target MS 
assay, and we found that the level of LPC14:0 in serum and lung tissue 
was significantly lower than that of the normal control mice, while LPC 
16:1 was only found lower in lung tissue. The trend of LPC14:0 in ani-
mals was substantially consistent with that in humans (Fig. 2F). These 
results indicated that LPC 14:0 can be used as a potential biomarker and 
therapeutic target for CAP; therefore, this lipid was selected for subse-
quent in vitro and in vivo experiments. 

3.4. LPC 14:0 pretreatment attenuates LPS-induced oxidative damage in 
RAW 264.7 cells 

We first investigated whether LPC 14:0 pretreatment can protect 
RAW 264.7 cells from LPS-induced oxidative stress. Firstly, CCK-8 
observed the effect of different doses of LPS and LPC 14:0 on cell 
viability. The results showed that LPS was completely non-toxic to cells 
in the dose range of 0.1–20 μg/mL. LPS can promote cell proliferation in 
the dose range of 0.1–1 μg/mL, so 20 μg/mL was used in the apoptosis 
experiment (Fig. 3A). LPC 14:0, either single or combined with LPS (1 
μg/ml), was non-toxic in the 0–20 μM range (Fig. 3B). 

LPS stimulated RAW 264.7 to generate ROS and triggered oxidative 
stress, which resulted in oxidative damage to cells, while LPC 14:0 
pretreatment could reduce the rate of apoptosis in cells (Fig. 3C and D). 
We further studied the antioxidant effect of LPC 14:0. The results 
showed that LPC 14:0 pretreatment could effectively reduce the gener-
ation of ROS (Fig. 3E and F), depletion of antioxidant enzymes (SOD, 
GSH) (Fig. 3G and H). 

3.5. LPC 14:0 inhibits LPS-induced inflammatory response and NLRP3 
inflammasome activation in RAW 264.7 cells 

We continued to investigate the effect of LPC14:0 on the inflamma-
tory response of LPS-induced RAW264.7 cells. We found that stimu-
lating RAW 264.7 cells with LPS alone promoted the secretion of IL-1β, 

Fig. 2. Quantification of metabolites and predictive performance for CAP (A) Venn diagram: showing differential metabolites common to non-severe CAP and severe 
CAP disease groups. (B) Box-and-whisker plots of metabolites LPC 14:0 and LPC 16:1concentrations in CAP patients and healthy controls. The horizontal line 
represents the median; the bottom and the top of the box represent the bottom quartile and upper quartile; the whiskers represent the minimum and maximum 
values. (C) Spearman’s correlations heatmap of biomarkers LPC 14:0, LPC 16:1, and clinical parameters. Red and blue indicate positive and negative correlations, 
respectively, and the darker the color, the stronger the correlation. (D) ROC curve analysis of the predictive performance of LPC 14:0, LPC 16:1, and various clinical 
parameters in non-severe CAP and severe CAP disease, respectively. (E) Evaluation of lung injury by H & E staining of lung tissue (Bar = 100 μm, magnification ×
200) and the lung injury score. (F) Concentrations of LPC14:0 in serum and lung of control and ALI mice. * vs control, # AC vs RE, *p < 0.05, **p < 0.01, ***p <
0.001. CAP community-acquired pneumonia, NSCAP non-severe CAP, SCAP severe CAP, AC acute phase, RE remission phase. (For interpretation of the references to 
color in this figure legend, the reader is referred to the Web version of this article.) 
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IL-6, and TNF-α, while LPC14:0 suppressed the above-mentioned in-
flammatory factors (Fig. 4A–C). Since LPC 14:0 was found to effectively 
reduce LPS-induced ROS generation in RAW 264.7 cells, and ROS could 
stimulate the activation of TXNIP and then promote the activation of the 
NLRP3 inflammasome, we went on to investigate whether LPC14:0 
could block LPS-induced NLRP3 inflammasome activation in RAW 
264.7 cells. The results suggested that LPC 14:0 treatment could 
significantly inhibit the LPS-induced expression of NLRP3, TXNIP, 
Caspase-1, and IL-1β proteins (Fig. 4D–K). 

3.6. LPC 14:0 treatment alleviates LPS-induced ALI in mice 

Based on these in vitro experimental results, we further investigated 
whether LPC14:0 treatment has a protective effect on ALI in mice. As 
shown in Fig. 5A, the LPS-treated group showed obvious pathological 
changes in lung tissue, including accumulation of inflammatory cells in 
the alveoli, intra-alveolar hemorrhage, and thickening of the alveolar 
wall. However, these changes were significantly attenuated by LPC 14:0 
pretreatment. Also, the LPC 14:0 treatment reduced lung injury scores 

Fig. 3. LPC 14:0 pretreatment attenuates LPS-induced oxidative damage in RAW 264.7 cells. RAW 264.7 cells were subjected to various concentrations of LPS (0.1, 
1, 10, 20, 30 μg/mL) for 12h. (A) Cell viability after LPS-only exposure was measured by CCK8 assay. RAW 264.7 cells were pretreated with different concentrations 
of LPC 14:0 (10 μM, 20 μM, 30 μM, 40 μM) for 1 h, and then LPS (1 μg/mL) was added for 12 h. (B) Cell viability after LPS þ LPC 14:0 or LPC 14:0 only exposure was 
measured by CCK8 assay. RAW 264.7 cells were pretreated with LPC 14:0 (20 μM) for 1 h, and then LPS (20 μg/mL) was added for 12 h. After collecting cells, add 5 μl 
FITC Annexin V and 5 μl PI and incubate for 15 min at room temperature in the dark. (C, D) The effect of LPC 14:0 on LPS-induced apoptosis was detected by flow 
cytometry. RAW 264.7 cells were pretreated with LPC 14:0 (20 μM) for 1 h, and then LPS (1 μg/mL) was added for 12 h. Cells were harvested and resuspended in 1 ml 
of serum-free medium containing 1 μl of DCFH-DA, incubated at 37 ◦C in the dark for 20 min, and washed with cold PBS three times. (E, F) ROS levels were detected 
by flow cytometry. (G, H) Commercial SOD and GSH kits were used to detect the effects of LPC 14:0 pretreatment on LPS-stimulated SOD and GSH. All data are 
presented as mean ± SEM (n = three or four times independent experiments). * vs control group, # vs LPS group, *p < 0.05, **p < 0.01, ***p < 0.001. 
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compared to the LPS-treated group (Fig. 5B). We determined the degree 
of pulmonary edema in mice by the lung W/D ratio and protein leakage 
in BALF. As shown in Fig. 5C and D, the lung W/D ratio and protein 
concentration in LPS-stimulated mice were dramatically higher than 
those in the control and LPC 14:0-treated groups alone, while LPC 14:0 
pretreatment significantly alleviated these inflammatory changes. In 
addition, stimulation of LPS resulted in inflammatory cell aggregation in 
BALF of mice, which could be effectively inhibited by LPC 14:0 pre-
treatment (Fig. 5E). As illustrated in Fig. 5F, LPC 14:0 pretreatment 
effectively suppressed the LPS-induced increase in MPO activity, which 
is an indicator of neutrophil accumulation within the lung. 

3.7. LPC 14:0 treatment inhibits LPS-stimulated inflammation response, 
oxidative stress, and NLRP3 inflammasome activation in ALI mice 

To observe the effect of LPC14:0 on the inflammatory response and 
oxidative stress induced by LPS in mice, we detected the secretion levels 
of inflammatory factors IL-1β, IL-6, and TNF-α in mouse BALF and the 
contents of GSH, SOD, and MDA in lung tissue homogenates. Our results 
showed that, in addition to IL-6, LPC 14:0 pretreatment not only effec-
tively downregulated the generation of IL-1β, TNF-α, and MDA but also 
significantly attenuated the depletion of SOD and GSH (Fig. 6A–F), both 
of which antioxidative enzymes have a major function in suppressing 
LPS-induced oxidative stress. In vitro cell experiments, we found that 
LPC14:0 effectively reduced the activation of LPS-induced NLRP3 

inflammasome. Therefore, this study further explored whether LPC14:0 
could block the activation of NLRP3 inflammatory bodies in vivo. The 
results showed that LPS stimulation could significantly promote the 
expression of NLRP3, TXNIP, Caspase-1, and IL-1β proteins, while LPC 
14:0 pretreatment could significantly attenuate this effect (Fig. 6G–K). 

4. Discussion 

In this study, we observed significant differences in metabolomic 
profiles between plasma samples from the acute phase and remission 
phase in CAP. Through the metabolomic analysis of the discovery set 
and the validation set, we found that lysophosphatidylcholines (LPCs) 
were the most dominant differential metabolites and subsequently 
identified that LPC 14:0 is a key metabolite for recovery in CAP patients 
and has good performance in predicting the severity of CAP. We then 
observed the protective effect of LPC 14:0 in a mouse ALI model, with 
similar pathological features to human ALI [26], and in the ARW 264.7 
cellular inflammation model. 

Some previous reports have mentioned that in some inflammatory 
diseases with examples of CAP [27], bacteremia [28], septicemia [29], 
and septic shock [30], a decrease in the concentration of serum phos-
pholipids (PCs, LPCs, LPEs) has been recorded. In particular, recent 
studies by Müller [31], Arshad H [32], and others have found that the 
serum LPCs concentration of CAP patients decreased significantly on 
admission and returned to normal during the recovery period, which is 

Fig. 4. LPC 14:0 inhibits LPS-induced inflammatory response and NLRP3 inflammasome activation in RAW 264.7 cells. RAW 264.7 cells were pretreated with 
LPC14:0 (20 μM) for 1 h, and then stimulated by LPS (1 μg/mL) for 12 h, and the cells and cell supernatants were collected. (A–C) ELISA kits were used to measure the 
levels of IL-1β, IL-6, and TNF-α in cell supernatants. (D) Western blot was performed to detect the protein expressions of NLRP3, TXNIP, Caspase-1, and IL-1β after 
protein extraction from cells. (E–H) The protein expression was quantified with β-actin as an internal reference. All data are presented as mean ± SEM (n = four times 
independent experiments). * vs control group, # vs LPS group, *p < 0.05, **p < 0.01, ***p < 0.001. 
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consistent with our results. 
PCs and LPCs are indispensable ingredients that make up human cell 

membranes and lung surface active substances [33], both of which are 
essential in lung formation. PCs in the lungs are mainly synthesized by 
alveolar type II cells [34], which can be decomposed by phospholipase 
A2 (PLA2) into fatty acids and LPCs, and LPCs will eventually be hy-
drolyzed into another free fatty acid [32]. The reduction of PCs and LPCs 
in the lung tissue of CAP patients may reflect the damage of alveolar 
epithelial cells and their loss of function, which in turn will inevitably 
lead to the dysfunction of cell membranes and pulmonary surfactant, 
further aggravating the damage of lung tissue. 

The pro-inflammatory and anti-inflammatory effects of LPCs in a 
variety of diseases have attracted widespread attention. Earlier studies 
have found that the effect of LPCs on inflammation correlates with their 
acyl chain length and degree of saturation. Saturated LPCs, such as 
LP16:0, are a proven mediator of inflammation and can induce inflam-
matory responses. While polyunsaturated acyl LPCs, including LPC 
(18:0, 18:1, 20:4, and 22:6), act as anti-inflammatory lipid mediators, 
reduce plasma leakage and inflammatory cell activation, and inhibit 
inflammatory mediators (IL-1β, IL-6, TNF-α, NO, etc.) production [35, 
36]. Therefore, different LPCs play different roles in the regulation of 
inflammation. Recent studies have shown that stearoyl lysophosphati-
dylcholine (LPC 18:0) [25,37,38] can control inflammation by inhibit-
ing the release of HMGB1 through the G2A-CaMKKβ-AMPK pathway. 
Palmitoyl lysophosphatidylcholine (LPC 16:0) promotes IL-1β secretion 
and foam cell formation from human monocytes and endothelial cells 

through an NLRP3 inflammasome-mediated pathway [39]. In addition, 
it has been reported that LPCs can effectively control the growth of 
Mycobacterium tuberculosis (Mtb) by inhibiting the production of in-
flammatory cytokines and promoting phagocytic maturation through 
cAMP-activated PKA-PI3K–P38MAPK signaling pathway in macro-
phages infected with Mycobacterium tuberculosis [40]. 

Other than previous studies of LPC 14:0, which are closely associated 
with rapid increases in obesity in infancy and childhood [41], except for 
few reports on the role of LPC14:0 in inflammation. We identified LPC 
14:0 in a metabolome study of acute and remission plasma samples from 
CAP patients, and based on its features of down-regulation in the acute 
phase and up-regulated in the remission phase, we speculate that the 
metabolite LPC 14:0 has a recovery-promoting effect on CAP. Oxidative 
stress and inflammatory response have mutually reinforcing roles in the 
pathogenesis of inflammatory diseases [14]. Oxidative stress can pro-
mote the expression of pro-inflammatory factors, while inflammation 
can likewise stimulate the overproduction of ROS to induce oxidative 
stress [42]. Our findings provide the first evidence that LPC 14:0 pro-
tects against LPS-induced ALI in mice by inhibiting inflammatory re-
sponses and oxidative stress, which is heavily reliant on inhibiting the 
LPS-activated TXNIP-NLRP3 inflammatory signaling pathway. This 
result suggests that LPC 14:0 may be a valuable drug candidate for the 
treatment of inflammatory diseases such as CAP. 

Although our results are very consistent with the published litera-
ture, this study suffers from several limitations, mainly the absence of an 
external independent sample validation and the small sample size. Since 

Fig. 5. Protective effect of LPC 14:0 treatment on LPS-induced ALI in mice. LPC 14:0 (10 mg/kg) was pre-administered by subcutaneous injection 2 h before 
intratracheal infusion of LPS (5 mg/kg) and administered again 12 h later. Lung tissue and BLFA were collected 24 h after LPS treatment. (A) Evaluation of lung 
injury by H & E staining of lung tissue (Bar = 100 μm, magnification × 200). (B) The lung injury score was mainly based on the following variables: alveolar and 
interstitial edema, inflammatory cell infiltration, and hemorrhage. Severity was scored on a 0–4 scale: no injury = 0; 25% injury = 1; 50% injury = 2; 75% injury = 3; 
diffuse injury = 4. Each sample has three sections, which were observed and photographed under an optical microscope. Five fields of view were selected from each 
section and randomly analyzed by pathologists, and the average value was used as the sample score. (C) The W/D ratio was determined in lung tissue. (D–E) 
Measurement of protein content and cell number in BALF. (F) The activity of MPO in lung tissue was determined using a kit. All data are presented as mean ± SEM (n 
= 3–4 per group). * vs control group, # vs LPS group, *p < 0.05, **p < 0.01, ***p < 0.001. 
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this is a controlled paired study, interference from small samples is 
minimized. In addition, the present experiment did not investigate the 
mechanism of action of how LPC 14:0 reduces the NLRP3 inflamma-
some. Previous studies have found that immune cells stimulated by LPS 
can bind to TLR4 on the cell membrane to activate NF-κB, and activated 
NF-κB can increase the expression of NLRP3 and pro-IL-1β at the tran-
scriptional level, which is the initiation signal for NLRP3 inflammatory 
vesicles. We will continue to investigate the mechanism of action of LPC 
14:0 on the classical inflammatory pathway NF-κB and explore whether 
it is related to the antioxidant pathway Nrf2 [43,44]. Therefore, the 
promising biomarker need to be studied in greater depth before it can be 
applied to the clinic. 

5. Conclusions 

Our results demonstrate that LC-MS/MS-based metabolomics ap-
proaches can serve to reveal metabolic changes in CAP and to build 
metabolite profiles that correlate with disease severity. LPC14:0 has the 
potential to become a new biomarker for predicting CAP severity. In 
addition, we validated LPC 14:0 may be a potential therapeutic target to 
improve the clinical efficacy of CAP in animal and cellular models by 
inhibiting the TXNIP-NLRP3 inflammatory signaling pathway (Fig. 7). 
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