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Background: Pectus excavatum (PE) is the most common chest wall deformity, characterized by an 
insidious onset, gradual progression, and challenges in early diagnosis. It is often accompanied by emaciation 
and distinctive metabolic traits, which may provide valuable insights into its internal physiological and 
biochemical mechanisms. Our study attempted to screen out biomarkers by identifying the metabolic 
characteristics of PE, and the results provide a scientific basis for the early diagnosis of PE.
Methods: Untargeted metabolomic and lipidomic analyses using liquid chromatography-mass spectrometry 
was conducted on serum samples obtained from 20 patients diagnosed with PE and 30 healthy case-
controls. Principal component analysis and partial least squares discriminant analysis were employed to 
assess the quality of the metabolic profiling and delineate the metabolic differences between the PE and 
healthy cohorts. Receiver operating characteristic analysis was conducted to evaluate the predictive accuracy 
of the selected biomarkers. Pathway analysis of the dysregulated metabolites was utilized to elucidate the 
underlying pathological pathways.
Results: Fourteen metabolites and seven lipids were found to be differentially expressed between patients 
with PE and healthy controls. Indole-3-acetaldehyde showed potential as a biomarker for PE, with an 
area under the curve value of 0.94, making it effective in distinguishing patients with PE. Pathway analysis 
revealed enrichment of several pathological pathways, such as valine, leucine, and isoleucine biosynthesis; 
sphingolipid metabolism; glycine, serine, and threonine metabolism; and glycerophospholipid metabolism.
Conclusions: In our study, we employed a multiomics approach to comprehensively examine dysregulated 
serological molecules in PE patients, and the analyses revealed potential biomarkers for early diagnosis and 
provided information for pathological studies.
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Introduction

Pectus excavatum (PE) is the most common chest wall 
deformity in children (1). The specific depression of the 
sternum compresses the thoracic cavity, resulting in varying 
degrees of cardiopulmonary dysfunction (2). Many children 
experience various symptoms such as upper respiratory 
tract infections and reduced exercise tolerance. Currently, 
the Nuss procedure is the primary treatment for PE (3), 
but it is typically reserved for severe cases and carries the 
risk of complications such as bleeding, infection, and even 
scoliosis. Therefore, early diagnosis and identification of 
high-risk patients can enable closer monitoring and timely 
interventions, which may contribute to preventing further 
progression of the deformity, ultimately improving clinical 

outcomes and quality of life.
PE patients are generally more emaciated than their 

peers, often suffering from malnutrition and growth 
retardation (4). Metabolic disorder is closely associated with 
many emaciation-related diseases, such as cancer, diabetes (5),  
and Huntington’s disease (HD) (6,7). In PE patients, 
emaciation often precedes the appearance of deformity. Our 
previous investigation revealed that, in accordance with 
the body mass index (BMI) criteria set forth by the World 
Health Organization (WHO), which spans from 18.50 to 
24.99 kg/m2, the incidence of emaciation among PE patients 
was 93.61%. While BMI increased after Nuss correction, it 
still did not reach the lower threshold of the normal WHO 
reference range (8). Park et al. reported that the computed 
tomography (CT) index and mean BMI of 1,371 PE patients 
were 4.30±1.53 and 17.5 kg/m2, respectively, indicating that 
children with PE generally experience delayed nutrition 
and growth (9). Furthermore, Prozorovskaia et al. identified 
significant abnormalities in urine hydroxyproline levels 
in PE patients compared to healthy children of the same 
age (10). Therefore, we speculate that PE is not only a 
structural deformity but also more likely associated with 
overall metabolic disorders. Thus, clarifying the metabolic 
characteristics of PE is highly beneficial for gaining insight 
into its pathophysiological mechanisms, which may aid 
in understanding the progression of the disease and even 
provide a foundation for future research on new therapeutic 
targets.

The diagnosis of PE depends on physical examination 
and imaging studies, specifically CT scans. However, these 
methods lag behind disease progression and have limited 
utility for the early diagnosis. Instead, changes in the 
microenvironment occur earlier than structural deformities. 
Metabolomics techniques can quantitatively measure the 
dynamic metabolic profiles of living organisms under 
specific pathophysiological conditions and detect numerous 
small molecule metabolites (11,12). This facilitates early 
diagnosis of diseases and exploration of new biomarkers. 

Here in ,  we  a im to  inve s t iga te  the  metabo l i c 
characteristics of PE patients using liquid chromatography-
m a s s  s p e c t r o m e t r y  ( L C - M S ) - b a s e d  u n t a r g e t e d 
metabolomics and lipidomics analyses, with the goal of 
identifying potential biomarkers for early diagnosis. By 
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elucidating these metabolic profiles, we seek to enhance the 
assessment of disease severity and potential progression, 
thereby facilitating the selection of appropriate clinical 
strategies. Furthermore, the identification of metabolic 
features associated with PE may offer new perspectives 
for the future development of therapeutic interventions. 
We present this article in accordance with the STARD 
reporting checklist (available at https://tp.amegroups.com/
article/view/10.21037/tp-24-288/rc).

Methods

Patients and setting

Participants were recruited from Guangzhou Women 
and Children’s Medical Center (located in Guangzhou, 
Guangdong Province, China) between November 2017 
and September 2018. This study was approved by the 
institutional review board of Guangzhou Women and 
Children’s Medical Center (No. 2017103001) and was 
registered at the Clinical Trial Registry (ChiCTR-
ROC-17013308). Written informed consent was obtained 
from the patients’ parents and the study was conducted in 
accordance with the Declaration of Helsinki (as revised 
in 2013). A total of 100 children were recruited in this 
study, including 50 patients diagnosed with PE from the 
Department of Thoracic Surgery and 50 non-PE healthy 

controls from the Department of Child Healthcare. The 
exclusion criterion for the PE group were: (I) patients with 
congenital heart disease; (II) any syndromes associated 
with PE (e.g., Marfan syndrome); (III) other skeletal 
deformities such as scoliosis, pectus carinatum, or clubfoot; 
(IV) metabolic-related diseases (e.g., diabetes mellitus); 
and (V) conditions associated with emaciation, such 
as gastrointestinal disease. In the PE group, 8 patients 
withdrew from the study for personal reasons, 12 patients 
had unavailable serum samples, and 10 patients met the 
exclusion criteria, resulting in a final inclusion of 20 PE 
patients. The healthy control group was matched with the 
PE group based on age, gender, and BMI, resulting in the 
inclusion of 30 non-PE children (Figure 1). 

Sample preparation for metabolomics and lipidomics

For untargeted metabolomic and lipidomic analysis, the 
extraction of metabolites and lipids from serum samples 
followed established protocols (13); 100 μL of serum sample 
was combined with 400 μL of a chloroform/methanol 
mixture (2:1, V/V) inside a 1.5-mL centrifuge tube. 
Following 15 min of vortexing and shaking, the mixture was 
subjected to centrifugation at 12,000 rpm for 20 min at 4 ℃. 
The upper aqueous layer containing hydrophilic metabolites 
and the lower organic layer containing hydrophobic 
metabolites were individually collected and evaporated 

Figure 1 Flow diagram illustrating the recruitment process of this study. A total of 100 individuals were initially screened for eligibility, and 
50 participants met the inclusion criteria and were included in the final data analysis. PE, pectus excavatum; BMI, body mass index. 
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under vacuum at room temperature. The evaporated 
samples were all preserved at −80 ℃ until high-performance 
liquid chromatography (HPLC)-mass spectrometry (MS) 
based lipidomic analysis was performed. All samples were 
processed in the same laboratory to avoid bias.

HPLC for metabolomics

Metabolomics and lipidomics were performed on an 
Ultimate 3000 UHPLC system (Thermo Fisher Scientific, 
Milan, Italy) coupled with Q Exactive MS system (Thermo 
Fisher Scientific). For metabolomics analysis of the aqueous 
phase, a 100×2.1 mm XBridge amide column (3.5 μm; Waters, 
Milford, MA, USA) was used to separate compounds at 30 ℃.  
The samples were dissolved in 100 μL of water, with an 
injection volume of 10 μL. Mobile phase A was composed 
of 5 mM ammonium acetate in water which containing 5% 
acetonitrile, while mobile phase B was pure acetonitrile. 
The flow rate was set to 0.4 mL/min with the following 
linear gradient: starting at 95% B at 0 min, decreasing to 
90% B at 3 min, 50% B at 13 and 14 min, returning to 95% 
B at 15 min, and maintaining 95% B until 17 min.

For lipidomic analysis, chromatographic separation 
was carried out using a reversed-phase X-select CSH C18 
column (4.6 mm × 100 mm, 2.5 μm, Waters) at 40 ℃.  
A gradient elution was applied with two solvents, both 
containing 10 mM ammonium acetate and 0.1% formic 
acid: solvent A was ACN/water (3:2, V/V), and solvent 
B was IPA/ACN (9:1, V/V). The linear gradient was as 
follows: 0 min with 40% B, 2 min with 43% B, 2.1 min with 
50% B, 10 min with 60% B, 10.1 min with 75% B, 16 min 
with 99% B, held with 99% B until 17 min, then dropped 
with 40% B at 18 min and held with 40% B until 19 min. 
The column temperature was kept at 50 ℃, with a flow rate 
of 0.6 mL/min. Samples were initially dissolved in 100 μL 
of a chloroform:methanol (1:1, V/V) solution and further 
diluted threefold with an isopropanol:acetonitrile:H2O (2:1:1, 
V/V/V) mixture. The injected sample volume was 10 μL.

MS for metabolomics

Untargeted lipidomics analysis was conducted utilizing 
a Q Exactive mass spectrometer fitted with a heated 
electrospray ionization (HESI) source, operating in 
electrospray ionization (ESI) mode. Data from the MS were 
acquired in a data-dependent acquisition mode, focusing 
on the top 10 most intense ions per scan. A full-scan MS 
spectrum was acquired with a resolution (R) of 35,000 

with m/z ranging from 190 to 1,200. Maximum injection 
time was 80 ms. Automatic gain control (AGC) target was 
5e6. MS/MS fragmentation utilized high-energy c-trap 
dissociation (HCD) was set as 17,500, with a maximum 
injection time of 70 ms and an AGC target of 1e5. Stepped 
normalized collision energies were set as 15, 30, and 45. 
Dynamic exclusion was configured for 8 seconds. External 
mass calibration was performed before each sequence run. 
The spray voltage was maintained at 3.3 kV for positive-
ion mode and 3 kV for negative-ion mode, separately. 
The interface settings for both positive-ion and negative-
ion mode analyses were kept consistent. The capillary 
temperature was set to 320 ℃, the sheath gas flow was 
set to 40 ℃, the auxiliary gas flow was set to 10 ℃, and 
the probe heater temperature was set to 300 ℃. A pooled 
serum sample was used for quality control (QC) to evaluate 
the stability of the HPLC-MS system and ensure data 
reliability. QC samples were injected and analyzed before 
and after the sequence, as well as after every 15 samples 
during the run.

DDA-MS data analysis for metabolomics

The raw data generated from data-dependent acquisition 
MS were processed using MS-DIAL software (https://
systemsomicslab.github.io/compms/msdial/main.html) 
following the instructions provided in the user guide. 
In summary, the raw MS data were converted to the 
Reifycs Inc. format (.abf) using the Reifycs ABF converter 
(http://www.reifycs.com/AbfConverter/index.html). After 
conversion, MS-DIAL software was applied for feature 
detection, spectral deconvolution, metabolite identification, 
and  peak  a l ignment  across  samples .  Metabol i te 
identification was performed by searching the acquired 
MS/MS spectra against the MassBank database integrated 
into MS-DIAL, which contains MS1 and MS/MS data 
for metabolites. Lipid identification used the MS-DIAL 
internal in silico MS/MS spectra database (version: Lipid-
DBs-VS23-FiehnO), which includes MS1 and MS/MS data 
for common lipid species. The tolerance levels for MS1 and 
MS/MS were set at 0.01 and 0.05 Da, respectively. Other 
MS-DIAL parameters were left at their default settings.

Statistical analysis

Participant characteristics were analyzed using IBM SPSS 
Statistics software (version 25). Continuous variables were 
presented as mean ± standard deviation, with normality 

https://systemsomicslab.github.io/compms/msdial/main.html
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assessed by the Shapiro-Wilk test. For normally distributed 
data, comparisons between the PE and non-PE groups were 
performed using the Student’s t-test, while the Wilcoxon 
rank-sum test was applied for non-normally distributed 
data, considering a P value of less than 0.05 as statistically 
significant. Principal component analysis (PCA) and partial 
least squares discriminant analysis (PLS-DA) were used 
to assess the quality of metabolic profiling and to identify 
metabolic differences between the PE and non-PE groups. 
Metabolites that were significantly altered, with variable 
importance in the projection (VIP) values greater than 1.5 
in the PLS-DA analysis, along with P values less than 0.05 
from Student’s t-test, were chosen for comparison between 
the groups. Analyses for metabolomic and lipidomic data 
such as PCA, PLS-DA, pathway enrichment analysis, and 
hierarchical clustering were conducted using MetaboAnalyst 
5.0 (https://www.metaboanalyst.ca/). Additionally, the 
database of Kyoto Encyclopedia of Genes and Genomes 
(KEGG) was used to explore the pathways related to the 
metabolites altered in PE group.

Results

Participant characteristics

In this study, serum samples were obtained from 20 patients 
diagnosed with PE, alongside 30 samples collected 
from healthy control individuals. The sternum of all PE 
patients, particularly the sternal body and xiphoid process, 
showed a marked posterior depression. Clinical indices of 
participants, including age, sex, weight, height, BMI, and 
Haller CT index, were examined. We used a Haller index 

value of 2.5 from normal individuals as a reference for our 
control group. Detailed information on the PE and non-
PE patients is listed in Table 1. The participants in the PE 
group exhibited higher Haller CT index levels (P<0.001). 
Moreover, there were no differences in age, sex, weight, 
height, or BMI (P>0.05).

Untargeted metabolic profiling of PE patient serum

To explore the difference in metabolic profiles between 
PE and non-PE patients, we used LC-MS to determine 
that a battery of metabolites, such as 2-oxobutyric 
acid, hydroxymethylglutaric acid, threonine, indole-
3-acetaldehyde and phytosphingosine, was useful in 
distinguishing PE patients and non-PE patients. The PE 
and non-PE groups were classified successfully in the PLS-
DA model (Figure 2). The pooled QC samples showed 
clear clustering in the PCA score plots. This observation 
presented convincing stability within the analytical system 
(Figure 2A,2B). Metabolomics analysis of the serum samples 
revealed significant alterations in metabolite profiles 
between the PE and non-PE groups. The score plot of 
the PLS-DA demonstrated clear separation between the 
metabolite profiles of the PE group and the non-PE group 
(Figure 2C,2D). Following peak alignment and the exclusion 
of missing values, 139 metabolites in positive-ion mode 
and 144 metabolites in negative-ion mode were identified 
through MS/MS spectral comparison. Subsequent statistical 
analysis uncovered 14 significantly dysregulated metabolites 
between the PE and non-PE groups [VIP >1.5, fold 
change (FC) >2, P value <0.05, Table 2]. We found that 
the FCs of 2-oxobutyric acid, hydroxymethylglutaric acid 

Table 1 Subject characteristics

Characteristics PE group (n=20) Non-PE group (n=30) P value

Age (years), n (%) 0.78

<3 1 (5.0) 5 (16.7)

3–5 12 (60.0) 9 (30.0)

>5 7 (35.0) 16 (53.3)

Male, n (%) 16 (80.0) 21 (70.0) 0.16

Weight (kg), mean ± SD 20.68±10.50 22.52±11.16 0.66

Height (cm), mean ± SD 114.65±21.82 117.59±20.28 0.57

BMI (kg/m2), mean ± SD 15.16±1.93 15.46±2.38 0.90

Haller CT index, mean ± SD 5.41±3.07 2.5 <0.001

PE, pectus excavatum; SD, standard deviation; BMI, body mass index; CT, computed tomography. 
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Figure 2 Untargeted metabolomic profiling was performed on serum samples from PE patients and non-PE individuals. PCA analysis was 
conducted in both positive-ion mode (A) and negative-ion mode (B), while PLS-DA analysis was carried out in positive-ion mode (C) and 
negative-ion mode (D) based on DDA metabolomics data. The different groups were color-coded as follows: green for non-PE, red for PE, 
and blue for QC. NC, non-pectus excavatum control; PE, pectus excavatum; QC, quality control; PC, principal component; PCA, principal 
component analysis; PLS-DA, partial least squares discriminant analysis; DDA, data-dependent acquisition. 
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and threonine were larger. Moreover, the FCs of indole-
3-acetaldehyde and phytosphingosine were lower. These 
findings suggest that these metabolites differ markedly 
between PE patients and non-PE patients.

Untargeted lipidomic profiling of PE patient serum

Similar to the analysis processing of metabolomic data, PCA 
and PLS-DA were applied to assess the expression patterns 
of lipids across all samples (Figure 3). The lipid QC samples 
displayed tight clustering in the PCA score plots in both 
positive- (Figure 3A) and negative-ion (Figure 3B) modes. 
A total of 743 lipid features in positive-ion mode and 251 
in negative-ion mode were reliably identified through MS/
MS spectral comparison. Thirteen lipids were found to 
be significantly dysregulated between the PE and non-PE 

groups (VIP >1.5, FC >2, P value <0.05). The seven most 
significantly dysregulated lipids in PE patients, ranked by 
VIP score, are presented in Table 3. The molecules that 
were significantly different between PE patients and non-
PE controls were PE 36:3|PE 18:0_18:3, PE 36:4, TG 
58:4|TG 22:0_18:2_18:2, TG 60:4|TG 24:0_18:2_18:2, 
PE 34:2, TG 54:0|TG 18:0_18:0_18:0 and SM 30:0;2O.

Metabolites associated with potential biomarkers for PE

To further identify the most potential metabolite molecules 
as biomarkers for PE, we performed receiver operating 
characteristic (ROC) analysis, which indicated that 9 
metabolites and 4 lipids showed an area under the curve 
(AUC) exceeding 0.800 (Table 4). Indole-3-acetaldehyde 
exhibited the highest AUC value of 0.9400, indicating its 
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potential as a biomarker for PE (Figure 4).

Perturbed metabolic pathways identified in PE patients

Additional bioinformatic analyses were conducted to identify 
disrupted pathways and offer insights into the underlying 
pathological mechanisms of PE. The 14 altered metabolites 
and 7 dysregulated lipids were cross-referenced with the 
pathway databases of KEGG. The top four metabolomic and 
lipidomic related pathways according to pathway impact and 
P value of <0.05 that were found to be significantly perturbed 
in PE patients (Figure 5) were valine, leucine, and isoleucine 
biosynthesis (2 hits; threonine, 2-oxobutanoate); sphingolipid 
metabolism (2 hits; sphingomyelin, phytosphingosine); 
glycine, serine, and threonine metabolism (2 hits; threonine, 
2-oxobutanoate); and glycerophospholipid metabolism 
(2 hits; phosphatidylethanolamine, 1-acyl-sn-glycero-3-
phosphocholine).

Discussion

In this study, we primarily employed LC-MS as the 

detection technique, successfully applying the PLS-DA 
model to distinguish between the PE and non-PE groups. 
Consequently, we identified a total of 14 dysregulated 
metabolites and 13 dysregulated lipids between these 
groups. Subsequently, ROC analysis indicated that indole-
3-acetaldehyde exhibited the largest AUC value of 0.9400, 
suggesting its potential as a biomarker for PE. Furthermore, 
we conducted searches against KEGG pathway databases 
using the 14 dysregulated metabolites and the top 7 
dysregulated lipids in PE patients. The findings of this 
study revealed that the top four metabolic pathways were 
valine, leucine, and isoleucine biosynthesis; sphingolipid 
metabolism; glycine, serine, and threonine metabolism; and 
glycerophospholipid metabolism. This study comprises the 
first metabolomics analysis of the serum of PE patients. 

The metabol ic  prof i le  of  PE pat ients  exhibits 
significantly elevated levels of 2-oxobutyric acid, threonine, 
and hydroxymethylglutaric acid and significantly decreased 
levels of indole-3-acetaldehyde. 2-oxobutanoic acid is a 
product of the enzymatic cleavage of cystathionine and 
one of the degradation products of threonine, which is 
involved in the metabolism of many amino acids as well 
as propanoate metabolites (14). However, its role in PE 
disease is unclear, and its abnormality may be related to 
the increased threonine content. Threonine is an essential 
amino acid involved in lipid metabolism, protein synthesis, 
the regulation of the intestinal microbiota, the immune 
response, and other processes (15). Study has noted that 
threonine generates glycine and serine, which are necessary 
for the production of collagen, elastin, and muscle tissue 
in the body (16). Thus, threonine, glycine, and serine 
play an important role in keeping connective tissues and 
muscles strong and resilient throughout the growth and 
development process (17). The insoluble collagen ratio and 
endogenous collagen dissolution rate of costal cartilage 
collagen is lower in PE patients than in normal controls (18). 
Unsurprisingly, we revealed that PE involves the glycine, 
serine, and threonine metabolism pathway, which directly 
or indirectly promotes the dysplasia of costal cartilage and 
the formation of sternal depression. Moreover, the results 
of the present study have also shown an increased level 
of hydroxymethylglutaric acid. Previous studies revealed 
that this metabolite is mainly involved in cholesterol 
metabolism, which can strongly reduce cholesterol 
biosynthesis in vivo and in vitro and promote lipid and 
protein oxidative impairment in the rat cerebral cortex 
(19,20). However, there is no direct evidence elucidating 
the abnormal cholesterol metabolism in patients with PE.

Table 2 Differential metabolites identified between PE and non-
PE groups 

Metabolites VIP P value FC (P/N)

2-oxobutyric acid 1.8309 <0.001 5.3907

Hydroxymethylglutaric acid 2.0003 <0.001 2.9329

Threonine 1.5508 0.001 2.9233

1,3-dimethylurate 1.5252 0.001 2.2817

Glycocholic acid 1.6304 0.002 2.1651

LPC 16:0 1.6892 0.002 2.0522

LPC 18:1 1.8833 <0.001 2.0366

Dehydroascorbic acid 1.5877 <0.001 2.0062

4-pyridoxic acid 1.7021 <0.001 0.4948

Eicosenoic acid 1.5447 0.001 0.4745

9-trans-palmitelaidic acid 1.5367 0.001 0.4718

Docosahexanoic acid 1.8964 <0.001 0.4176

Indole-3-acetaldehyde 2.0403 <0.001 0.3827

Phytosphingosine 1.6782 0.002 0.2930

PE, pectus excavatum; VIP, variable importance in the projection; 
FC, fold change; P, pectus excavatum; N, non-pectus excavatum; 
LPC, lysophosphatidylcholine. 
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Figure 3 Untargeted lipidomic profiling was conducted on serum samples from both PE patients and non-PE individuals. PCA analysis was 
performed in positive-ion mode (A) and negative-ion mode (B), while PLS-DA analysis was applied to positive-ion mode (C) and negative-
ion mode (D) data, based on DDA lipidomics. The different groups were color-coded: green for non-PE, red for PE, and blue for QC. NC, 
non-pectus excavatum control; PE, pectus excavatum; QC, quality control; PC, principal component; PCA, principal component analysis; 
PLS-DA, partial least squares discriminant analysis; DDA, data-dependent acquisition. 

Table 3 Differential metabolites identified between PE and non-PE 
groups from the lipidomic data 

Metabolites VIP P value FC (P/N)

PE 36:3|PE 18:0_18:3 1.7578 0.003 5.5630

PE 36:4 1.8377 0.002 5.5193

TG 58:4|TG 22:0_18:2_18:2 1.6743 0.005 2.8599

TG 60:4|TG 24:0_18:2_18:2 1.5338 0.01 2.2471

PE 34:2 2.0365 <0.001 2.1164

TG 54:0|TG 18:0_18:0_18:0 1.9477 <0.001 2.0660

SM 30:0;2O 1.6059 0.007 0.4559

PE, pectus excavatum; VIP, variable importance in the 
projection; FC, fold change; P, pectus excavatum; N, non-pectus 
excavatum; PE, phosphatidylethanolamine; TG, triacylglycerol; 
SM, sphingomyelin. 

Our research has also revealed that the content of 
indole-3-acetaldehyde, a metabolite of tryptophan, was 
significantly decreased in PE patients compared with 
in non-PE subjects. Indole metabolites are the main 
products produced by tryptophan in the intestinal bacterial 
pathway (21). The metabolites produced by the bacterial 
pathway of tryptophan can regulate the differentiation 
and function of immune-related cells in the body and 
can affect the occurrence and development of many 
diseases (22,23). For example, methylindole has been 
identified as a pneumococcal toxin in ruminants, leading 
to fatal syndromes such as severe pulmonary edema and 
emphysema (24). Moreover, a ROC analysis showed that 
indole-3-acetaldehyde exhibited the largest AUC value, 
which suggests its potential as a biomarker for PE. Thus far, 
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Table 4 Summary of AUC using ROC analysis for the selected metabolites and lipids 

Biomarkers AUC (95% CI) P value SE

Indole-3-acetaldehyde 0.9400 (0.8798 to 1.000) <0.001 0.0307

2-oxobutyric acid 0.9283 (0.8380 to 1.000) <0.001 0.0461

PC 40:10 0.8867 (0.7961 to 0.9772) <0.001 0.0462

Docosahexanoic acid 0.8833 (0.7887 to 0.9780) <0.001 0.0483

TG 27:0|TG 8:0_9:0_10:0 0.8767 (0.7836 to 0.9697) <0.001 0.0475

Hydroxymethylglutaric acid 0.8767 (0.7551 to 0.9982) <0.001 0.0620

4-pyridoxic acid 0.8667 (0.7467 to 0.9867) <0.001 0.0612

Phytosphingosine 0.8600 (0.7586 to 0.9614) <0.001 0.0518

PE 36:4 0.8474 (0.7293 to 0.9654) <0.001 0.0602

Dehydroascorbic acid 0.8283 (0.7118 to 0.9448) <0.001 0.0595

2-(hydroxymethyl)-4(3H)-quinazolinone 0.8233 (0.7019 to 0.9448) <0.001 0.0620

Eicosenoic acid 0.8133 (0.6862 to 0.9404) <0.001 0.0649

TG 59:2|TG 16:0_25:0_18:2 0.8100 (0.6892 to 0.9308) <0.001 0.0616

AUC, area under the curve; ROC, receiver operating characteristic; CI, confidence interval; SE, standard error; PC, phosphatidylcholine; 
TG, triacylglycerol; PE, phosphatidylethanolamine.
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Figure 4 ROC curve analysis was conducted to evaluate the 
potential serum biomarkers for distinguishing between the PE 
group and the non-PE group. The area under the curve for the 
prediction of PE via indole-3-acetaldehyde was 0.9400 (95% CI: 
0.8798 to 1.000). ROC, receiver operating characteristic; PE, 
pectus excavatum; CI, confidence interval.

Figure 5 Pathway analysis was conducted to examine the 
dysregulated metabolites and lipids in the serum of PE patients. 
The dysregulated metabolites and lipids in serum of PE patients 
were mainly involved in valine, leucine and isoleucine biosynthesis 
(2 hits); sphingolipid metabolism (2 hits); glycine, serine and 
threonine metabolism (2 hits); and glycerophospholipid metabolism 
(2 hits). The color gradient represents the significance of pathways, 
with yellow indicating higher P values and red representing lower 
P values on the y-axis. The size of the circles on the x-axis reflects 
the pathway impact score, where larger circles indicate a greater 
impact. Pathways that are significantly affected, with low P values 
and high impact scores, are highlighted. PE, pectus excavatum.
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the pathogenic mechanism of indole-3-acetaldehyde in PE-
related diseases has not been reported, which indicates that 
it may warrant further investigation. Furthermore, these 
data appear to hint that altering the gut microbiota may 
benefit PE patients.

Branched-chain amino acids (BCAAs), including valine, 
leucine, and isoleucine, play an important physiological 
role in glycolipid metabolism, protein synthesis, intestinal 
health, and immunity (25,26). The catabolic balance of 
BCAAs is closely associated with health and disease, and 
BCAAs and their derivatives have been reported as potential 
biomarkers for diseases such as type 2 diabetes, cancer, 
and cardiovascular disease (27,28). The mechanism of 
BCAAs in PE has not been reported. It has been established 
that BCAA deficiency inhibits the growth of cells due 
to protein metabolism (29). PE patients tend to be very 
asthenic, with long limbs, delicate bone structure and 
poor muscular development (30). Therefore, we speculate 
that abnormalities in the valine, leucine and isoleucine 
biosynthesis pathways are the potential cause of the lean 
body appearance in most PE patients.

In addition, we found abnormalities in another pathway, 
that is, sphingolipid metabolism. Sphingolipids are mainly 
located in the cell membrane, plasma compartment and 
lipoproteins, which are one of the main types of eukaryotic 
lipids (31,32). It has been reported that sphingolipids 
and their metabolite profiles change in patients with 
cardiovascular, renal, and metabolic disease, regulating 
cellular processes such as differentiation, proliferation, 
growth, senescence, and apoptosis (33,34). Sphingolipid 
metabolism also affects several important processes 
in skeletal muscle, from differentiation, regeneration, 
fatigue, and contraction to the insulin response, which is 
quite complex and depends on a variety of enzymes and 
signaling pathways (35). Even though the pathogenicity 
of sphingolipids and their metabolites in PE diseases has 
not been researched, these metabolites may be involved in 
muscular dysplasia in PE patients.

There are some limitations in this study. First, power 
calculations were not performed. We recruited 20 PE 
patients and 30 non-PE patients for our metabolomic and 
lipidomic analyses. Thus, further validation analysis needs 
to be performed in larger cohorts in future studies. Second, 
this work could be improved by performing multiple 
reaction monitoring-mass spectrometry (MRM-MS) 
validation on some of the metabolites and lipids between 
PE and non-PE patients.

Conclusions

It is highly important to explore the etiological mechanism 
of PE at the metabolic level, and our results revealed that 
there are significant differences in the serum metabolic 
profiles between PE patients and non-PE patients. 
Currently, research on the metabolism of PE is limited to 
sporadic international reports, with no studies conducted 
domestically. While our findings are preliminary, they 
provide a critical experimental foundation for future 
research. Notably, indole-3-acetaldehyde has emerged 
as a potential biomarker for the early diagnosis of PE, 
which could aid in the timely identification of high-risk 
patients and the development of targeted interventions. 
Further studies, particularly those incorporating larger and 
more diverse populations as well as longitudinal designs, 
are necessary to validate these findings and to explore 
the potential of these biomarkers in predicting disease 
progression and informing clinical decisions.
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