Bzl SPANDIDOS
7] ,§, PUBLICATIONS

MOLECULAR MEDICINE REPORTS 30: 137, 2024

Serum metabolomics analysis of patients with chronic obstructive
pulmonary disease and ‘frequent exacerbator’ phenotype
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Abstract. Chronic obstructive pulmonary disease (COPD)
exacerbations accelerate loss of lung function and increased
mortality. The complex nature of COPD presents chal-
lenges in accurately predicting and understanding frequent
exacerbations. The present study aimed to assess the
metabolic characteristics of the frequent exacerbation of
COPD (COPD-FE) phenotype, identify potential metabolic
biomarkers associated with COPD-FE risk and evaluate the
underlying pathogenic mechanisms. An internal cohort of 30
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stable patients with COPD was recruited. A widely targeted
metabolomics approach was used to detect and compare
serum metabolite expression profiles between patients with
COPD-FE and patients with non-frequent exacerbation of
COPD (COPD-NE). Bioinformatics analysis was used for
pathway enrichment analysis of the identified metabolites.
Spearman's correlation analysis assessed the associations
between metabolites and clinical indicators, while receiver
operating characteristic (ROC) analysis evaluated the
ability of metabolites to distinguish between two groups.
An external cohort of 20 patients with COPD validated
findings from the internal cohort. Out of the 484 detected
metabolites, 25 exhibited significant differences between
COPD-FE and COPD-NE. Metabolomic analysis revealed
differences in lipid, energy, amino acid and immunity
pathways. Spearman's correlation analysis demonstrated
associations between metabolites and clinical indicators
of acute exacerbation risk. ROC analysis demonstrated
that the area under the curve (AUC) values for D-fructose
1,6-bisphosphate (AUC=0.871), arginine (AUC=0.836),
L-2-hydroxyglutarate (L-2HG; AUC=0.849), diacylg-
lycerol (DG) (16:0/20:5) (AUC=0.827), DG (16:0/20:4)
(AUC=0.818) and carnitine-C18:2 (AUC=0.804) were >0.8,
highlighting their discriminative capacity between the two
groups. External validation results demonstrated that DG
(16:0/20:5), DG (16:0/20:4), carnitine-C18:2 and L-2HG were
significantly different between patients with COPD-FE and
those with COPD-NE. In conclusion, the present study offers
insights into early identification, mechanistic understanding
and personalized management of the COPD-FE phenotype.

Introduction

Chronic obstructive pulmonary disease (COPD) is a preva-
lent, preventable and treatable chronic inflammatory airway
disease, and is the third leading cause of mortality world-
wide (1). The frequent exacerbation of COPD (COPD-FE)
phenotype is characterized by experiencing two or more exac-
erbation episodes annually (2). Acute exacerbations of COPD
(AECOPD) are critical events that accelerate lung function
decline, elevate mortality (3,4) and adversely affect mental
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health (MH) and quality of life in patients with COPD (5,6).
Therefore, the central focus of COPD management during
stable periods revolves around averting acute exacerbations
and reducing their frequency.

Numerous clinical predictors of acute exacerbation risk
in COPD have been assessed, including low body mass index
(BMI) (7), deteriorating lung function (8), increased COPD
assessment test (CAT) scores (9), modified Medical Research
Council (mMRC) dyspnea scale scores (10), and elevated
neutrophil-to-lymphocyte ratio (NLR) and platelet-to-lympho-
cyte ratio (PLR) (11). However, predicting COPD-FE risk and
understanding its underlying pathogenic mechanisms remains
challenging due to the heterogeneity and complexity of COPD.
Moreover, effective preventive measures against COPD-FE
remain unsatisfactory. Therefore, a multidimensional
exploration of intrinsic COPD-FE mechanisms and the iden-
tification of predictive biomarkers is essential for enhancing
comprehensive COPD management during stable periods.

Widely targeted metabolomics, a high-throughput
bioanalytical technique, is designed to identify and quantify
small-molecule metabolites within biological specimens (12).
This method integrates the benefits of both non-targeted and
targeted metabolite detection, offering a high-throughput,
specific, sensitive and accurate approach (13). It enables the
simultaneous analysis of hundreds to thousands of metabolites.
It has broad applications across diverse medical fields, such as
drug screening, research on metabolic diseases and exploring
metabolic networks within living organisms (14). Although
recent studies have begun to identify the metabolic charac-
teristics in blood samples of individuals with different COPD
phenotypes, these studies often rely on non-targeted metabo-
lomics or are confined to specific metabolic pathways (15-18).
Moreover, research using widely targeted metabolomics for
the COPD-FE phenotype is currently insufficient.

In the present study, a widely targeted metabolomics
approach based on ultra performance liquid chromatography
tandem mass spectrometry (UPLC-MS/MS) was used for
what is considered to be the first time, coupled with multi-
variate and univariate statistical analyses, to assess the
serum metabolic profile and potential pathway changes in
patients with a COPD-FE phenotype. Furthermore, through
Spearman's correlation analysis and receiver operating charac-
teristic (ROC) analysis, the predictive capacity of differential
metabolites for assessing the risk of COPD-FE were evaluated.
Finally, external cohort validation was performed to further
determine the reliability of the results of the present study.

Materials and methods

Study population. This study was conducted following The
Declaration of Helsinki and was approved by the Ethics
Committee of The First Affiliated Hospital of Anhui University
of Traditional Chinese Medicine (Hefei, China; approval
no. 2021AH-31). The present study is an observational study
and, during its course, no new interventions were introduced.
All participants provided written informed consent. The
present study constitutes a subset of patients with COPD
recruited from a larger unpublished cohort study conducted
by the present research group. Patients with COPD who had
previously received treatment at The First Affiliated Hospital

of Anhui University of Chinese Medicine were screened.
Between April and June 2022, 80 patients with COPD
underwent preliminary screening and exclusion, leading to
the successful recruitment of 50 participants (30 for internal
validation and 20 for external validation).

The inclusion criteria were as follows: i) Fulfilled diag-
nostic criteria for COPD; ii) patients were in a stable phase of
COPD, with no acute exacerbations for =4 weeks before enrol-
ment (1); iii) age range of 60-80 years; iv) had not participated
in any other clinical studies within the preceding 3 months;
and v) adhered to a light diet and regular lifestyle for =6 weeks
before enrolment. The diagnosis of COPD was based on the
2020 Global Initiative for Chronic Obstructive Lung Disease
(GOLD) guidelines, defining COPD as a post-bronchodilator
ratio of forced expiratory volume in 1 second (FEV1) to
forced vital capacity (FVC) FEVI/FVC ratio of <70% (1).
The exclusion criteria included adverse habits including: Daily
consumption of substantial quantities of spicy or stimulating
foods, high-sugar, high-salt diets, selective eating (such as
exclusively meat-based or vegetarian diets), binge eating,
excessive alcohol consumption and irregular sleep patterns;
coexisting diseases, including respiratory disorders such as
bronchiectasis, bronchial asthma, active pulmonary tuber-
culosis and malignant tumors; metabolic disorders including
diabetes, renal disease and liver disease; and immunodefi-
ciency-related ailments including malignancies(such as lung
cancer, lymphoma, and leukemia), acquired immunodeficiency
syndrome and renal insufficiency.

Based on the frequency of previous acute exacerbations,
patients with stable COPD were categorized into two groups
as follows: The COPD-FE group, which included patients
that had experienced two or more exacerbations annually
over the last 2 years, and the non-frequent exacerbations of
COPD (COPD-NE) group, which included patients that had
experienced less than two exacerbations per year in the same
period (19). A recent acute exacerbation was characterized
as occurring =4 weeks after the conclusion of treatment for
the previous exacerbation or =6 weeks after the onset of the
exacerbation, to help differentiate between treatment failure
and new acute exacerbations (20). Trained researchers and
attending physicians strictly adhered to the inclusion and
exclusion criteria. The present study is an observational study
involving data collection from enrolled patients during a
specific time period. It incorporates retrospective elements by
reviewing past occurrences of disease exacerbations.

Clinical data collection. Physical examinations, including
height, weight and blood pressure; pulmonary function tests;
chest X-rays; laboratory tests, including complete blood counts,
liver and kidney function assessments; and electrocardiograms
were conducted. Additionally, a comprehensive questionnaire
was distributed, for the collection of demographic information,
medical history, medication usage, smoking status and results
from standardized assessments, such as the CAT, mMRC
dyspnea scale and a 36-item short-form health survey (SF-36)
questionnaire. The clinical data collection included clinical
indicators, such as BMI, FEV1% predicted (FEV1% pred),
CAT score, mMRC score, NLR and PLR, which are linked to
the risk of acute exacerbations. Notably, the SF-36 question-
naire evaluated the physical, mental and social well-being of
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the patients across nine dimensions (21): Physical function
(PF), role limitations due to physical problems (role-physical)
(RP), bodily pain (BP), general health (GH), vitality (VT),
social function (SF), role limitations due to emotional prob-
lems (role-emotional) (RE), mental health (MH) and health
transition (HT). The scoring for each dimension of the SF-36
scale is obtained through statistical analysis using an online
website (medsci.cn/).

Reagents and equipment. The following reagents and
equipment were used. QTRAP 5500 mass spectrometer
(SCIEX), Nexera X2 LC-30AD UPLC system (Shimadzu
Corporation), Acquity UPLC HSS T3 column (Waters
Corporation), acetonitrile (cat. no. 1499230-935; Merck
KGaA), methanol (cat. no. 1.06007.4008; Millipore), ammo-
nium hydroxide solution (cat. no. 105426; Merck), acetonitrile
(cat. no. 1.00030.4008; Millipore), formic acid (cat. no. 111670;
Millipore), and ammonium acetate (cat. no. 73594; Sigma).

UPLC-MS/MS analysis. Peripheral venous blood was collected
from patients in the morning, following an overnight fast lasting
between 8 and 12 h, and centrifuged at 3,000 x g for 20 min
at 4°C to separate the serum. Serum samples were aliquoted
into frozen tubes and stored at -80°C. Metabolites were
extracted from the serum using 1 ml pre-cooled ethanol/aceto-
nitrile/water (v/v, 2:2:1) by sonication at a frequency of 53 kHz
for 1 h in an ice bath, followed by incubation at -20°C for 1 h.
The mixture was centrifuged at 16,000 x g for 20 min at 4°C
and the supernatant was collected for UPLC-MS/MS analysis.
To ensure data quality, quality control (QC) samples by pooling
aliquots from all individual samples for normalization. These
were analyzed alongside experimental samples in each batch.
Dried extracts were dissolved in 50% acetonitrile, filtered, and
stored at -80°C until analysis.

Metabolites were analyzed using a Shimadzu Nexera X2
LC-30AD UPLC system equipped with an Acquity UPLC HSS
T3 column (1.8 gm, 2.1x50 mm) and a 5500 QTRAP triple
quadruple mass spectrometer. The UPLC HSS T3 column
was maintained at 40°C with a flow rate of 200 ul/min. The
sample volume injected was 5 ul. Mobile phase A comprises
a 0.1% formic acid aqueous solution, while mobile phase B is
acetonitrile. In positive ion mode, the gradient elution program
is as follows: 0-2.5 min, 0% B; 2.5-9 min, linear increase from
0 to 30% B; 9-10 min, linear increase from 30 to 100% B;
10-15.4 min, holding at 100% B; 15.4-15.5 min, linear decrease
from 100 to 0% B; and 15.5-18 min, holding at 0% B. In nega-
tive ion mode, the gradient elution program is: 0-2 min, 0% B;
2-2.5 min, linear increase from O to 20% B; 2.5-3.5 min, linear
increase from 20 to 40% B; 3.5-4.5 min, linear increase from
40 to 50% B; 4.5-10 min, linear increase from 50 to 100%
B; 10-15.4 min, holding at 100% B; 15.4-15.5 min, linear
decrease from 100 to 0% B; and 15.5-18 min, holding at 0% B.
Metabolites were detected in both electrospray negative-ioniza-
tion and positive-ionization modes. During acquisition, QC
samples were intermittently injected. Detection of transitions
was performed using multiple reaction monitoring (MRM)
mode. The detailed m/z information of identified metabolites
is in Table SI.

Prior to analysis, the raw data was normalized using
cumulative sum scaling (CSS). Differential metabolites were
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identified using statistically significant Variable Importance in
Projection (VIP) values derived from the Orthogonal Partial
Least Squares Discriminant Analysis (OPLS-DA) model.
Subsequently, permutation tests were performed to validate the
stability and reliability of the OPLS-DA model. A two-tailed
unpaired Student's t-test was applied to the normalized data,
and in cases where the assumptions for the t-test were not met,
a non-parametric Mann-Whitney U test was used. Metabolites
with a VIP value >1 and P<0.05 were considered to have
a statistically significant difference.

Enrichment analysis. Metabolite data analysis was performed
using the Human Metabolome Database (http://www.
hmdb.ca/), Kyoto Encyclopedia of Genes and Genomes
(KEGG) (http://kegg.jp), and MetaboAnalyst 5.0 (metabo-
analyst.ca/). Metabolite Set Enrichment Analysis (MSEA)
and Metabolite Pathway Analysis (MetPA) were conducted
with MetaboAnalyst 5.0. Differential metabolites underwent
KEGG pathway analysis. MetPA used the relative-between-
ness centrality calculation method, while KEGG enrichment
analysis used Fisher's exact test. P<0.05 was considered
to indicate a statistically significant difference for enriched
pathways.

Statistical analysis. Continuous variables are presented as
median (IQR), and categorical variables are presented as counts
(%). The clinical data analysis was conducted using SPSS soft-
ware (version 26, IBM Corporation). For normally distributed
data with homogeneity of variance, a two-tailed unpaired
Student's t-test was applied; otherwise, the non-parametric
Mann-Whitney U test was used. Categorical variable data
were tested using Fisher's exact test. Differential metabolites
underwent cluster analysis and Spearman's correlation analysis
using R software (version 4.0.1, R Foundation for Statistical
Computing). Univariate ROC curve analysis was conducted
using the MetaboAnalyst web service (metaboanalyst.ca/).
P<0.05 was considered to indicate a statistically significant
difference.

Results

Characteristics of study participants. The study comprised
30 patients in the internal cohort, divided into two groups:
15 patients in the COPD-FE group experienced a median of
3 acute exacerbations annually over the past 2 years (IQR=1),
while the COPD-NE group consisted of 15 patients with no
exacerbations during the same period. No significant differ-
ences were demonstrated between the two groups regarding
age, sex, BMI, smoking status, medication use or GOLD
spirometry grade during stable periods (Table I).

After enrolment, clinical data related to COPD exac-
erbation risk were collected and analyzed. The results
demonstrated that CAT scores, mMRC scores and NLR levels
were significantly higher in the COPD-FE group compared
with those in the COPD-FE group (Table I). These findings
align with prior research in showing similar expression trends
of these indicators in COPD-FE patients (9-11). Furthermore,
the SF-36 questionnaire was used to assess disease impact
demonstrating significantly lower scores in PF, RP, GH, VT
and SF for the COPD-FE group compared with those in the
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Table I. Characteristics and clinical indicators of the patients.

Variable COPD-NE (n=15) COPD-FE (n=15) P-value
Age, years 71.0 (8.0) 70.0 (5.0) 0.812*
Male 13 (86.6%) 11 (73.3%) 0.651
BMI, kg/m? 22.3(6.8) 234 (5.5) 0.961°
Smoking history
Never smoked 5(33.3%) 2 (13.3%) 0.484
Current smoker 3(20.0%) 3(20.0%)
Former smoker 7 (46.7%) 10 (66.7%)
Medication use
LAMA 8 (66.7%) 6 (50.0%) 0.794
ICS 0 (0.0%) 1 (8.3%)
ICS/LABA 2 (16.7%) 1 (8.3%)
ICS/LABA+LAMA 1 (8.3%) 2 (16.7%)
None 1 (8.3%) 2 (16.7%)
Exacerbation predictors
FEV1% pred 54.7 (43.1) 48.7 (17.1) 0.486°
CAT score 13 (8) 26 (6) 0.001°
mMRC score 2 (1) 2(D) 0011°
NLR 1.9(0.9) 2.9 (0.8) 0.019°
PLR 108.3 (50.3) 134.2 (67.8) 0.325°
SF-36 score
Physical functioning 75.0 (30.0) 40.0 (30.0) 0.002°
Role-physical 75.0 (100.0) 0.0 (25.0) 0.026°
Bodily pain 84.0 (28.0) 64.0 (32.0) 0.116°
General health 52.0 (7.0) 450 (10.0) 0.007°
Vitality 70.0 (25.0) 55.0 (35.0) 0.045°
Social functioning 779 (22.2) 55.6 (33.3) 0.013°
Role-emotional 100.0 (33.3) 100.0 (100.0) 0412°
Mental health 76.0 (20.0) 68.0 (28.0) 0.683°
Health transition 50.0 (50.0) 25.0 (75.0) 0.202°

Continuous variables were analyzed using a two-tailed unpaired Student's t-test (*) under assumptions of normality and variance homogeneity,
otherwise Mann-Whitney U test (°). was applied. Categorical variables were tested with Fisher's exact test. Continuous variables are presented
as the median (IQR); categorical variables are presented as counts (%). FEV1% pred, predicted value of forced expiratory volume in 1 sec;
IQR, interquartile range; SF-36, 36-item short-form health survey; BMI, body mass index; COPD, chronic obstructive pulmonary disease;
FE, frequent exacerbation; NE, non-frequent exacerbation; GOLD, Global Initiative for Chronic Obstructive Lung Disease; CAT, chronic
obstructive pulmonary disease assessment test; mMRC, modified Medical Research Council; NLR, neutrophil-to-lymphocyte ratio; PLR,

platelet-to-lymphocyte ratio.

COPD-NE group; however, BP,RE, MH and HT scores did not
demonstrate a significant difference (Table I). These findings
imply a potential association between frequent exacerbations
and a decline in physical health, social function and emotional
well-being in patients with COPD.

Metabolic profiles of serum samples. Serum samples from
enrolled patients were analyzed using UPLC-MS/MS with
MRM scanning mode. The OPLS-DA model demonstrated
differences in serum metabolites between the COPD-FE and
COPD-NE groups, with R2Y(cum)=0.93 and Q2(cum)=0.1
(Fig. 1A). Permutation tests validated the stability and reliability
of the model. Comparison of permutation test results with the
original Q2(cum) value showed that in all 200 permutation tests,

the Q2 values were lower than the original Q2 value, indicating a
certain degree of stability and reliability of the model (Fig. 1B).

Differential metabolites between the COPD-FE and
COPD-NE groups. In the present study, 484 metabolites were
detected using a widely targeted metabolomics approach. The
significant differences in the levels of 25 metabolites between
the COPD-FE and COPD-NE groups were determined using
multivariate analysis (OPLS-DA) and univariate analysis
methods (two-tailed t-test or Mann-Whitney U test). In the
COPD-FE group, the levels of 19 metabolites, including
diacylglycerol (DG; 16:0/20:4), DG (16:0/20:5), fatty acid (FA;
24:0) and carnitine-C6, were significantly increased, while
six metabolites, including inosine, threonate, serotonin and
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Figure 1. Serum sample metabolic profiles. (A) Orthogonal partial least squares discriminant analysis plots of the COPD-FE (green) and COPD-NE (red)
groups. (B) Permutation test plots of the two groups. R2 measures model fit and Q2 measures prediction ability. COPD, chronic obstructive pulmonary disease;

FE, frequent exacerbation; NE, non-frequent exacerbation.

arginine, were significantly reduced compared with in the
COPD-NE group. The heatmap depicts the distribution of
these differential metabolites in the samples, demonstrating
the patterns between the two groups (Fig. 2A). Additionally,
scatter plots illustrate the classification of metabolites and
their differences in expression (Fig. 2B). The significance of
the differential metabolites is visually represented through bar
graphs (Fig. 2C).

Comprehensive metabolic pathway analysis. The detected
metabolites were analyzed using MSEA, MetPA and KEGG
methods. The MSEA revealed significant enrichment
of multiple metabolic pathways in the COPD-FE group
compared to the COPD-NE group, including ‘Sphingolipid
Metabolism’, ‘Steroid Biosynthesis’, ‘Warburg Effect’,
‘Transfer of Acetyl Groups into Mitochondria’, and ‘Citric
Acid Cycle (TCA cycle)’ (Fig. 3A). MetPA analysis further
validated the enrichment of ‘Sphingolipid Metabolism’
and ‘Citrate cycle (TCA cycle)’ as identified in the MSEA
analysis and demonstrated additional significant enrich-
ment in pathways such as ‘Glyoxylate and dicarboxylate
metabolism’, as well as ‘Alanine, aspartate and glutamate
metabolism’ (Fig. 3B). KEGG analysis corroborated the
importance of ‘Sphingolipid Metabolism’ and ‘TCA cycle’,
while also revealing new significantly enriched pathways
including ‘Biosynthesis of amino acids’ and ‘Central
carbon metabolism in cancer’. Moreover, pathways related
to immune inflammation, such as ‘Fc gamma R-mediated
phagocytosis’ and ‘Inflammatory mediator regulation of TRP
channels’ were also significantly enriched in the COPD-FE
group (Fig. 3C). This suggested the crucial role of immune
inflammation in COPD development. The detailed analysis is
listed in Tables SII-SIV.

Correlation analysis between differential metabolites and clin-
ical indicators. Spearman's correlation analysis demonstrated
associations between metabolite levels and clinical indicators.
As shown in Fig. 4, out of the 25 differential metabolites, 12

demonstrated significant correlations with clinical indicators
of COPD exacerbation risks. Additionally, the associations
between differential metabolites and numerous dimensions of
SF-36 scores were assessed, providing insights into the poten-
tial impact on overall health.

Notably, L-2-hydroxyglutarate (L-2HG), sphingo-
sine l-phosphate (S1P), pyroglutamyl-isoleucine and
13S-hydroxyoctadecadienoic acid were significantly positively
correlated with CAT and mMRC scores, and significantly
negatively correlated with PF score. Carnitine-related differ-
ential metabolites exhibited similar trends; DG (16:0/20:5)
was significantly positively correlated with CAT, mMRC
and NLR, but negatively correlated with PF and GH scores.
Similarly, L-thyroxine was significantly positively correlated
with NLR and PLR, whereas mevalonic acid and D-fructose
1,6-bisphosphate were significantly negatively correlated with
CAT and NLR. Threonate, arginine, inosine and serotonin
were associated with CAT and mMRC scores, although these
associations did not reach statistically significant correlation
levels (IRI<0.3). Similarly, threonate, arginine, inosine and
serotonin were associated with PF, GH, RP and SF scores. The
full results are included in Fig. 4 and Table SV.

ROC analysis of differential metabolites. ROC analysis was
used to validate the ability of metabolites to differentiate
between the COPD-NE and COPD-FE groups. Out of the 25
differential metabolites, 18 exhibited an area under the ROC
curve (AUC) value of >0.7, demonstrating substantial predic-
tive capacity. Specifically, six differential metabolites had an
AUC value >0.8: D-fructose 1,6-bisphosphate (AUC=0.871),
L-2HG (AUC=0.849), arginine (AUC=0.836), DG (16:0/20:5)
(AUC=0.827), DG (16:0/20:4) (AUC=0.818) and carni-
tine-C18:2 (AUC=0.804), demonstrating their predictive
capacity between the two groups. The full results are included
in Fig. 5 and Table SVI.

External cohort validation of the metabolomics results. Based
on the ROC analysis results, external cohort validation was
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Figure 2. Differential metabolites between the frequent exacerbation of COPD and non-frequent exacerbation of COPD phenotypes. (A) Complex heatmap of
P<0.001. (B) Categorical scatter plot of metabolites based on univariate statistical
analysis. (C) Bar graph shows the log2 (fold change) and VIP values for the differential metabolites. VIP, variable influence on projection; COPD, chronic
obstructive pulmonary disease.

with COPD-NE and 10 patients with COPD-FE. Baseline
comparisons were performed, revealing no statistically
significant differences in age, sex, BMI, smoking history,
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Figure 3. Comprehensive metabolic pathway analysis. (A) Bar plot presenting the top 25 enriched pathways of metabolites from metabolite set enrichment
analysis. (B) Scatter plot representing the overall enrichment of metabolic pathways from metabolomic pathway analysis. (C) DA-Score plot showcasing the
top 30 pathways with significant enrichment of differential metabolites from Kyoto Encyclopedia of Genes and Genomes analysis. DA-Score, Differential
Abundance Score. A score of 1 indicates up-regulation across all identified metabolites in the pathway, while-1 indicates down-regulation.

medication usage, as well as FEV1% pred and FEV1/FVC
ratio between the two groups (Table SVII). External valida-
tion results demonstrated significant upregulation of DG
(16:0/20:5), DG (16:0/20:4), carnitine-C18:2 and L-2HG in
the COPD-FE group compared with in the COPD-NE group
(Fig. 6). Conversely, arginine and D-fructose 1,6-bisphos-
phate demonstrated a decreased expression in the COPD-FE
group; however, this difference was not statistically signifi-
cant (Fig. 6). The extracted ion chromatograms for the six
differentially expressed metabolites are shown in Fig. S1.

Discussion

The impact of frequent acute exacerbations on COPD progres-
sion is well-established (3,4). Assessing the mechanisms of
the COPD-FE phenotype and identifying relevant biomarkers

is required for advancing COPD management strategies. The
present study used widely targeted metabolomics techniques
to analyze serum samples from patients with stable COPD-FE
and COPD-NE, identifying 484 metabolites. The subsequent
application of the OPLS-DA model demonstrated significant
disparities in serum metabolites between the two cohorts.
Permutation tests further validated these findings to ensure
the model's reliability. The present study identified 25 metabo-
lites with significant differences between the COPD-FE and
COPD-NE groups, demonstrating metabolic adaptations in
patients with COPD-FE and their potential role in underlying
pathogenic mechanisms.

MSEA, MetPA and KEGG analyses were conducted to assess
the enrichment of metabolic pathways in the COPD-FE phenotype,
providing insights into its underlying mechanisms. The findings
of the present study demonstrated significant enrichment in lipid,
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Figure 4. Spearman's correlation analysis between differential metabolites and clinical indicators. Red indicates a positive correlation and blue indicates
a negative correlation; the darker the color, the greater the correlation. “P<0.05, “P<0.01, ““P<0.001. FA, fatty acid; DG, diacylglycerol; NLR, neutro-
phil-to-lymphocyte ratio; PLR, platelet-to-lymphocyte ratio; CAT, COPD assessment test; COPD, chronic obstructive pulmonary disease; BMI, body mass

index; FEV1% pred, predicted value of forced expiratory volume in 1 sec.

energy and amino acid metabolism pathways. Furthermore,
KEGG analysis revealed the enrichment of immune and inflam-
matory-related pathways, with all three analytical approaches
highlighting enrichment in the ‘sphingolipid metabolism’
pathway. These findings suggested its involvement in COPD-FE
pathogenesis. COPD, characterized by persistent inflammation,
immune dysregulation and heightened oxidative stress, involves
programmed cell death, and atypical proliferation of airway
and lung parenchymal cells (22). Sphingolipids are bioactive
molecules that are crucial in numerous biological processes (23).
S1P, ceramide-1-phosphate and ceramide form the ‘sphingolipid
rheostat’, which has garnered attention in respiratory medicine
due to its association with pulmonary inflammation and cell cycle
regulation (24-26). Sphingolipids may serve as potential targets
for predicting exacerbations of COPD (18,27), which is consistent
with our study findings. Therefore, investigating dysregulated
sphingolipid metabolism and its potential impact on immune
and inflammatory regulation in the context of the COPD-FE
phenotype may hold significant importance for the prevention
and treatment of AECOPD.

The role of energy metabolism in COPD is significant (28).
Dysregulation of mitochondrial energy metabolism in COPD is
influenced by oxidative stress, chronic inflammation, hypoxia

and heightened energy expenditure (29,30). The present study
identifies significant enrichment of energy metabolism path-
ways in COPD-FE, with the ‘TCA cycle’ pathway commonly
enriched across all three analytical methods. The TCA cycle
serves a central role in cellular metabolism, regulating bioen-
ergetics, biosynthesis and redox balance (31,32). A previous
study detected higher resting energy expenditure in patients
with COPD compared with that in healthy individuals (33).
The present study proposed that frequent acute exacerbations
may further increase resting energy expenditure, leading to the
accumulation of TCA cycle intermediates and the disruption of
anaerobic glycolytic pathways in patients with COPD (34,35).
Additionally, the disruption of the TCA cycle has been shown
to be associated with the severity of lung function decline
and increased mortality risk in patients with COPD (36).
Consequently, a comprehensive understanding of energy
metabolism disruptions in numerous stages and subgroups of
COPD, coupled with research into the role of metabolic repro-
gramming in the regulation of energy metabolism and TCA
cycle intermediates, is required for achieving personalized
management of patients with COPD.

The results from MetPA and KEGG analyses demon-
strated disruptions in amino acid metabolism within the
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Figure 5.ROC analysis of differential metabolites. ROC curves for (A) D-Fructose 1,6-Bisphosphate, (B) L-2-Hydroxyglutarate, (C) Arginine, (D) DG(16:0/20:5),
(E) DG(16:0/20:4), and (F) Carnitine C18:2 are presented to distinguish between frequent and non-frequent exacerbation phenotypes of COPD. COPD, chronic
obstructive pulmonary disease; DG, diacylglycerol; ROC, receiver operating characteristic; AUC, area under the curve.

COPD-FE phenotype. Diminished expression of numerous
amino acids, particularly branched-chain amino acids, has
been documented in individuals with COPD, demonstrating
significant differences between acute exacerbation and stable
phases (37,38). Decreased serum concentrations of tryptophan,
leucine and valine have been independently associated with
frequent acute exacerbations in COPD (39). The results of the
present study demonstrated an enrichment of ‘Alanine, aspar-
tate and glutamate metabolism’ and ‘Biosynthesis of amino
acids’ pathways in the COPD-FE group. These metabolic path-
ways serve numerous biological functions, including amino
acid metabolism, nitrogen equilibrium, energy generation
and physiological processes related to oxidative stress (40,41),
suggesting their potential roles in the pathogenic mechanisms
of the COPD-FE phenotype. The depletion of arginine in
COPD-FE is regulated by arginase, which may be associated
with factors such as chronic hypoxia, oxidative stress and
inflammation (42-44). Previous research has demonstrated
that arginine serves a role in regulating the innate immune
response in macrophages by facilitating the activation of
MAPK and the production of cytokines (45). Furthermore,
arginine influences T-cell function by modulating the cycle
of CD3¢ internalization and subsequent re-expression (46).
Administration of arginine treatment has been reported to
alleviate lung inflammation and airway remodeling (47) and

improve cardiopulmonary health in patients with COPD (48).
Therefore, increasing arginine levels could potentially serve as
a therapeutic approach for COPD-FE.

KEGG analysis also demonstrated the enrichment of
pathways such as ‘Fc gamma R-mediated phagocytosis’ and
‘Inflammatory mediator regulation of TRP channels’. These
findings suggested that immune and inflammation-related
pathways potentially influence the pathogenesis of COPD-FE,
impacting the pathological mechanisms of the disease.
The involvement of Fc gamma R (FcyR) in facilitating
antibody-antigen complexes and cellular effector functions,
as the Fc receptor for immunoglobulin G (49), is essential
for mediating phagocytosis by monocytes, macrophages
and neutrophils, and is important in immune responses and
inflammation. Consequently, the demonstrated enrichment of
FcyR in patients with COPD-FE may suggest the activation of
a self-protective mechanism. TRP channels, known for their
role as regulating ion channels, substantially influence intri-
cate cellular signaling cascades within the pulmonary system
and serve as pathways for mediating pulmonary toxicity.
Their activation in response to stimuli such as hypoxia and
endotoxins triggers the influx of calcium ions. This compro-
mises the integrity of lung cell barriers, thereby instigating
immune dysregulation, inflammation, cellular demise
and edema within the lungs (50-52). However, additional
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empirical evidence is necessary to substantiate these findings
and to better comprehend the specific functions of immune
and inflammation-related pathways in COPD-FE. The three
different analytical approaches used in the present study
comprehensively assessed the enrichment of metabolic path-
ways, providing valuable insights for future research into the
pathological mechanisms of COPD-FE.

Through Spearman's correlation analysis, associations
between metabolites and clinical indicators of acute exac-
erbations of COPD were identified. The significant positive
correlations demonstrated between S1P and L-2HG with
CAT and mMRC scores suggest their potential as biomarkers
for assessing the risk of acute exacerbations and evaluating
symptoms. Furthermore, these metabolites demonstrated
negative associations with numerous dimensions of the SF-36
questionnaire, indicating their potential involvement in the
deterioration of the overall health of patients with COPD.
S1P is a bioactive lipid mediator that is produced by the phos-
phorylation of sphingosine by sphingosine kinases (SphK).
The accumulation of S1P signifies disruptions in sphingolipid

metabolism, potentially attributed to recurrent infections or
acute lung injuries (53-55). Respiratory infections are common
triggers of AECOPD. The SphK/S1P axis has been reported to
regulate the host immune system and to exert pro- or anti-viral
effects in different types of viral infections by interfering
with intracellular signaling pathways (56,57). For example,
S1P can enhance endothelial barrier function and epithelial
cell survival during respiratory syncytial virus infection by
activating the Akt/ERK signaling pathway (58,59). Therefore,
the role of S1P in respiratory infections in patients with
COPD-FE phenotype requires further investigation. CAT and
mMRC scores reflect the clinical symptoms and the severity
of breathlessness in patients. Chronic inflammation is the
primary mechanism leading to the decline in lung function and
worsening of the condition in patients with COPD. S1P modu-
lates immune cell recruitment, proliferation, migration and
bidirectional regulation of inflammatory processes by binding
to G protein-coupled SIP receptors (60-62). Recently, it has
been reported that in COPD, SIP inhibits histone deacetylase
1 activity, drives alveolar macrophage polarization towards the
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pro-inflammatory M1 type and promotes inflammatory cyto-
kine release (63). Elevated S1P levels have been demonstrated
to contribute to airway cholinergic hyperresponsiveness in a
mouse model of COPD, exacerbating airway constriction and
facilitating remodeling (64). These studies partially reveal the
association between S1P and worsening dyspnea and frequent
acute exacerbations in COPD. In-depth study of the expres-
sion and function of the S1P pathway in different stages and
phenotypes of COPD, elucidation of the regulatory network
between S1P and COPD-FE, and exploration of its underlying
molecular mechanisms will be the research focus of future
work.

Existing research has suggested that hypoxia and mito-
chondrial stress contribute to increased L-2HG levels (65,66).
The demonstrated positive association between L-2HG
levels and the intensity of breathlessness implies its potential
role as an adaptive reaction to hypoxia. L-2HG alleviates
hypoxia-induced mitochondrial damage by inhibiting glycol-
ysis and regulating oxidative phosphorylation (67). Moreover,
L-2HG levels influence immune cells, specifically promoting
Th17 cell differentiation, enhancing the stability of HIF-1a to
facilitate the activation of inflammatory macrophages, thereby
promoting the expression of inflammatory factors (68,69). A
more comprehensive investigation is necessary to elucidate the
exact involvement of L-2HG in the pathological mechanisms
of COPD-FE. The present study demonstrated an elevation in
carnitine metabolite levels among patients with COPD-FE,
showing positive associations with CAT scores and nega-
tive associations with Physical Functioning. This abnormal
metabolic profile highlights disruptions in mitochondrial
energy processes (70), potentially contributing to a decline
in lung function (71). Research has indicated that L-carnitine
can mitigate apoptosis in alveolar type II (ATII)-like LA4
cells induced by PPE and H202 (72). Furthermore, carnitine
metabolism is recognized for its significant regulatory func-
tion in processes associated with inflammation and oxidative
stress (73,74). These mechanisms could provide valuable
insights into the reported associations.

Clinical studies have demonstrated that NLR and PLR are
valuable predictive indicators for COPD prognosis and the
likelihood of acute exacerbations (11). Furthermore, evidence
has suggested an association between thyroid function and
COPD severity and prognosis (75-77). The results of the
present study demonstrated a significant positive correlation
between L-thyroxine levels with NLR and PLR, suggesting
the potential of L-thyroxine as a predictive factor for
frequent exacerbations in individuals with COPD. In contrast
to individuals with COPD-NE, the increased concentrations
of L-thyroxine in patients with COPD-FE may indicate
physiological adjustments in response to recurrent acute
exacerbations. Although thyroid hormones are suggested to
serve a role in energy metabolism, inflammation and airway
remodeling (78,79), their specific influence in the pathogen-
esis of COPD-FE remains uncertain, requiring additional
research to clarify underlying mechanisms. DG, produced
through phosphatidylinositol metabolism, is a lipid secondary
messenger activated by extracellular stimuli (80). The innate
and adaptive immune systems are crucial mechanisms
for protecting against external pathogens. In the intricate
signaling pathways, DG, under the regulation of DG kinase,
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serves a significant role, particularly in modulating immune
responses such as antimicrobial autophagy, Th1/Thl7 cell
differentiation, neutrophil function and proliferation (81-83).
The outcomes of the present study demonstrate a positive
association between DG (16:0/20:5) and NLR and PLR,
highlighting the requirement for further investigation into the
role of DG (16:0/20:5) in modulating immune responses in
COPD-FE. Furthermore, the levels of D-fructose 1,6-bispho-
sphate demonstrated a significant negative correlation with
NLR, CAT and mMRC scores, while displaying a signifi-
cant positive correlation with PF and VT scores in patients
with COPD-FE. This correlation could be associated with
diminished D-fructose 1,6-bisphosphate levels in the physi-
ological system of patients with COPD-FE, attributable to
factors including hypoxia, disrupted glycolysis and oxidative
stress (84). Diminished D-fructose 1,6-bisphosphate levels
may disrupt sugar metabolism and energy provision, poten-
tially impacting the quality of life of patients. Nevertheless,
further investigation is essential to fully comprehend the
underlying mechanisms. In summary, the application of
Spearman's correlation analysis provided initial insights into
the intricate correlation between metabolic disturbances and
the propensity for recurrent acute exacerbations in individ-
uals with COPD. Subsequent investigations should prioritize
elucidating the precise molecular mechanisms underlying
these connections and exploring their potential applications
in COPD treatment.

ROC analysis was performed on the 25 identified differ-
ential metabolites. Among them, six metabolites, including
D-fructose 1,6-bisphosphate, arginine, L-2HG, DG (16:0/20:5),
DG (16-0/20:4) and carnitine-C18:2 demonstrated AUC
values >0.8, indicating their discriminatory ability between
COPD-FE and COPD-NE groups. External validation of
these metabolites demonstrated a significant upregulation of
DG (16:0/20:5), DG (16:0/20:4), carnitine-C18:2 and L-2HG
in patients with COPD-FE compared with in those with
COPD-NE. While D-fructose 1,6-bisphosphate and argi-
nine did not exhibit a significant decrease in expression in
the external validation cohort, their trends aligned with the
internal validation cohort. These consistent trends underscore
the relevance of these metabolites in predicting the risk of
exacerbations. The concordance between internal metabolo-
mics analysis results and external validation supports these
identified metabolites as potential biomarkers for COPD-FE,
guiding future research into their roles and pathways, contrib-
uting to developing more refined predictive models and
increasing the understanding of COPD pathophysiology. In
the external cohort, the results were consistent with those of
the internal cohort. This served as a partial alleviation of the
limitations identified in the internal cohort, thereby offering
supplementary evidence for the dependability and replicability
of the present research results.

The present study possesses both limitations and strengths.
Despite controlled inclusion criteria to minimize confounding
factors, the limited sample size may have reduced the statis-
tical power and robustness of the ROC results. However, the
consistency between external validation results and internal
cohort findings enhances the reliability of the conclusions
of the present study. Furthermore, the interpretability of the
findings supports publication, as the present study represents
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a primary and exploratory effort aiming to provide founda-
tional knowledge for future research. A history of previous
acute exacerbations is a recognized independent risk factor
for predicting future exacerbations (2,85). However, the
present study excluded patients with COPD experiencing
only one acute exacerbation annually, potentially limiting the
understanding of differences among patients with varied exac-
erbation frequencies and reducing the comprehensiveness of
the study. Additionally, the study exclusively included Chinese
Han participants, limiting the generalization of the findings.
Future research will focus on expanding the sample size,
investigating pathological differences among patients with
COPD with diverse exacerbation frequencies and severity,
and include more representative populations to enhance the
applicability of these findings.

The present study used the comprehensive targeted
metabolomics technique based on UPLC-MS/MS to detect
serum differential metabolites in patients with stable-phase
COPD-FE. This differs from previous research in terms of
the technology used, the disease stage of the subjects (stable
phase instead of acute exacerbation), and the specific focus
on the COPD-FE phenotype (15,17,39,86). In comparison to
prior studies, the present study used more comprehensive
bioinformatics methods, including MSEA, MetPA and
KEGG analyses. This allowed the present analysis to cover
both differentially and non-differentially expressed metabo-
lites, contributing to a more comprehensive understanding
of potential changes in metabolic pathways. The present
study analyzed the correlation between differential metabo-
lites and clinical indicators predicting acute exacerbations.
Through ROC analysis and external cohort validation, the
potential of these metabolites as biomarkers and therapeutic
targets was emphasized. Furthermore, by examining the
correlation between differential metabolites and SF-36
scores, a comprehensive exploration of the association
between metabolites, and both physical and psychological
health was provided.

In conclusion, the present study highlights the significant
differences in metabolite expression between COPD-FE and
COPD-NE groups. Disruptions in lipid, energy and amino
acid metabolism pathways were revealed to be the primary
defining features of the COPD-FE phenotype. Importantly,
metabolites such as DG (16:0/20:5), DG (16:0/20:4),
carnitine-C18:2 and L-2HG were demonstrated as poten-
tial biomarkers for predicting the risk of COPD-FE. The
present study lays the foundation for further pathological
investigations, developing risk prediction models and imple-
menting personalized management approaches targeting the
COPD-FE phenotype.
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