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Abstract
Necrotizing enterocolitis (NEC) is a life-threatening condition affecting preterm infants, sometimes necessitating surgical 
treatment. This study aimed to analyze differentially expressed proteins (DEPs) and access their biological and clinical sig-
nificance in the plasma of neonates with NEC. Peripheral blood samples were collected from NEC infants at various time 
points, and plasma was separated. Data-independent acquisition (DIA) technology was utilized to identify DEPs among 
NEC patients at different stages. Bioinformatic analyses, including Gene Ontology and Kyoto Encyclopedia of Genes and 
Genomes, and protein-to-protein interaction analyses were performed on the DEPs. External datasets, along with receiver 
operating characteristic curves and gene set enrichment analysis, were used to clinically and biologically validate the findings. 
DEPs between the NEC and pre-NEC groups indicated reduced protein, heme, nitrogen, and purine nucleotide biosynthesis 
during NEC formation. In addition, enriched DEPs among the NEC groups at different time points suggested reconstructed 
extracellular matrix, aberrant B-lymphocyte immune responses, and decreased glycosaminoglycan levels during NEC pro-
gression. These findings were both clinically and biologically validated using external datasets. Our study highlights the 
clinical and biological relevance of proteomics in NEC patients. This study demonstrates key pathways involved in NEC 
pathogenesis and establishes DIA mass spectrometry as a powerful and noninvasive tool for evaluating and predicting NEC 
formation and progression.
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MS	� Mass spectrometry
NEC	� Necrotizing enterocolitis
NICU	� Neonatal intensive care unit
PSMs	� Peptide spectrum matches
QC	� Quality control
SDS‒PAGE	� Sodium dodecyl sulfate–polyacrylamide 

gel electrophoresis

Introduction

Neonatal necrotizing enterocolitis (NEC) is a devastating 
disease with high mortality, and approximately 20–50% of 
patients necessitate surgical intervention [1–6]. It primarily 
affects premature and very low birth weight infants, typically 
presenting with symptoms such as vomiting, abdominal dis-
tension, and bloody stool [3]. Preterm infants weighing less 
than 1500 g are reported to have an incidence of NEC rang-
ing from 2 to 7%, with a morality rate of 20 to 30%. Despite 
this, diagnostic and therapeutic options remain limited [2]. 
Current understanding suggests that factors such as imma-
ture intestinal development, formula feeding, dysbiosis, 
inflammation, ischemia, and necrosis contribute to the risk 
of NEC, yet its precise pathogenesis remains controversial 
[7]. NEC is known to progress rapidly, sometimes requir-
ing surgery intervention; however, postoperative complica-
tions, including intestinal stenosis, short bowel syndrome, 
and neurodevelopmental retardation, must be carefully man-
aged [3].

The evaluation and prediction of NEC are particularly 
challenging due to its diagnosis largely relying on clini-
cal and basic radiologic features, which may overlap with 
other diseases [8]. Previous studies have sought to improve 
the evaluation and prediction of NEC, identifying potential 
biomarkers such as apoC2 and serum amyloid A [9]. For 
biomarkers to be clinically useful, they must be detectable 
in a noninvasive manner and applicable to routine clinical 
practice. Early detection of NEC before progression to a 
severe stage would enable preventive measures (e.g., probi-
otics administration) to be implemented [10].

Data-independent acquisition mass spectrometry (DIA 
MS) is a high-throughput technology that has been widely 
applied across various fields [11–13]. Recent studies have 
highlighted the potential of emerging biomarkers for the 
prediction and early diagnosis of NEC within the context 
of proteomics [9]. Notably, a Canadian group has recently 
reported one DIA MS study to analyze stool samples from 
NEC infants, presenting a promising approach for identi-
fying NEC biomarkers [8]. However, stool samples are 
prone to contamination and difficult to preserve. In addi-
tion, blood transcriptomics has been explored as a surro-
gate biomarker for intestinal changes, owing to its capacity 

to reflect the systemic inflammatory response associated 
with NEC [14], yet transcriptomics often falls short of 
capturing the complete biological complexity of NEC, as 
messenger RNA (mRNA) levels do not always correlate 
with protein abundance or activity, which are crucial in 
understanding the disease’s pathophysiology [15].

To address these challenges, we employed DIA MS 
to compare differentially expressed proteins (DEPs) in 
plasma samples from NEC infants at different time points, 
with the goal of identifying potential plasma biomarkers 
for the evaluation and prediction of NEC formation and 
progression. Our study aims to facilitate a deeper under-
standing of the pathogenesis of NEC.

Materials and methods

Ethics declaration

The study was approved by the Ethics Commit-
tee of Shanghai Children’s Hospital (Approval No. 
2019R083-E01) in accordance with the principles of the 
Declaration of Helsinki. Written informed consent to par-
ticipate in this study was obtained from the legal guardians 
or next of kin of the participants. Patient identities and pri-
vacy were protected and anonymized throughout the study.

Patients and specimens

The study included preterm neonates diagnosed with NEC 
based on clinical, radiological, and/or histopathological evi-
dence that met Bell’s modified criteria. Exclusion criteria 
included non-NEC-evoked infection, hypoxia, postmaturity, 
and other congenital major anomalies according to estab-
lished reports [1, 7, 10]. Eleven self-matched NEC infants 
were included, with the following time points: pre-NEC 
onset, NEC onset, NEC at week 1, and NEC at week 2. Spe-
cifically, we prospectively collected leftover blood samples 
from preterm infants during each routine examination, typi-
cally conducted weekly. Pre-NEC onset samples were pro-
spectively collected from preterm infants fed by formula milk 
based on previous reports [16, 17]. Blood specimens were 
collected from hospitalized neonates in the neonatal intensive 
care unit (NICU) of Shanghai Children’s Hospital from April 
1, 2019, to December 31, 2021. Blood samples were har-
vested in tubes with ethylenediaminetetraacetic acid (EDTA) 
and equilibrated under non-shaking conditions in a 4 °C 
refrigerator overnight. The plasma part was then separated 
and centrifuged at 12,000 × g for 30 min at 4 °C, and the 
supernatant was collected, aliquoted, and stored at − 80 °C.
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Sample preparation, quality control, and protein 
digestion

Frozen samples were thawed on ice and transferred to 1.5-
mL centrifuge tubes. An appropriate amount of DB protein 
lysis buffer (8 M urea, 100 mM triethylammonium bicarbo-
nate (TEAB), pH = 8.5) was added, followed by vortex and 
centrifugation at 12,000 × g for 15 min at 4 °C. The super-
natant was transferred, and 10 mM dithiothreitol (DTT) was 
added at 56 °C for 1 h. The solution was then mixed with 
IAM at room temperature in the dark for 1 h.

Protein concentrations were measured using the Bradford 
Protein Assay Kit (Thermo Fisher, #23200) according to the 
manufacturer’s instructions. Denatured proteins (20 µg/lane) 
were separated by sodium dodecyl sulfate‒polyacrylamide 
gel electrophoresis (SDS‒PAGE) on 12% acrylamide gels. 
The running conditions were 80 V for 20 min for the stack-
ing gel and 120 V for 90 min for the separating gel. The pro-
tein gels were stained using Coomassie brilliant blue R-250 
dye (Thermo Fisher, #20278).

Samples that met the quality control (QC) criteria were 
transferred to new tubes, and DB protein lysis buffer (8 M 
urea, 100 mM TEAB, pH = 8.5) was added up to 100 µL. 
Trypsin and 100 mM TEAB buffer solution were added to 
the samples and incubated for 4 h at 37 °C, followed by 
the addition of trypsin and CaCl2 for overnight incubation. 
Formic acid was used to adjust the pH to less than 3. The 
supernatant was then collected by centrifugation at 12,000 × 
g for 5 min and transferred to a C18 desalting column. The 
digested samples were washed using cleaning solution (0.1% 
formic acid and 3% acetonitrile), eluted using elution buffer 
(0.1% formic acid and 70% acetonitrile), and lyophilized.

Data‑dependent acquisition spectral library 
construction

Separation of fractions

Mobile phases A (2% acetonitrile, adjusted pH to 10.0 using 
ammonium hydroxide) and B (98% acetonitrile, adjusted pH 
to 10.0 using ammonium hydroxide) were used to develop 
a gradient elution. The lyophilized powder was dissolved in 
solution A and centrifuged at 12,000 × g for 10 min at room 
temperature. The sample was fractionated using a C18 col-
umn (Waters BEH C18, 4.6 mm × 250 mm, 5 µm) on a Rigol 
L3000 high-performance liquid chromatography (HPLC) 
system, and the column oven was set at 45 °C. The details 
of the elution gradient are shown in Supplementary Table 1. 
The eluates were monitored at UV 214 nm, collected for a 
tube per minute, and combined into 5 fractions. All fractions 
were dried under vacuum and then reconstituted in 0.1% 
(v/v) formic acid (FA) in water.

LC‑MS/MS analysis for data‑dependent acquisition mode

For transition library construction, shotgun proteomics anal-
yses were performed using an Evosep One UHPLC system 
(Evosep) coupled with a Q Exactive™ HF-X mass spec-
trometer (Thermo Fisher) operating in the data-dependent 
acquisition (DDA) mode. A half sample containing 4 µg 
fraction supernatant and 0.8 µl iRT reagent was separated in 
a homemade analytical column (15 cm × 150 µm, 1.9 µm) 
using a setup that allowed analysis of 30 samples per day. 
The separated peptides were analyzed by a Q Exactive™ 
HF-X mass spectrometer (Thermo Fisher) with an ion source 
of Nanospray Flex™ (ESI), a spray voltage of 2.1 kV, and an 
ion transport capillary temperature of 320 °C. The full scan 
range was from m/z 350 to 1500 with a resolution of 120,000 
(at m/z 200), an automatic gain control (AGC) target value 
of 3 × 106, and a maximum ion injection time of 80 ms. The 
top 40 precursors with the highest abundance in the full scan 
were selected and fragmented by higher-energy collisional 
dissociation (HCD) and analyzed in MS/MS, where the reso-
lution was 15,000 (at m/z 200), the AGC target value was 
5 × 104, the maximum ion injection time was 45 ms, the 
normalized collision energy was 27%, the intensity threshold 
was 1.1 × 104, and the dynamic exclusion parameter was 20 
s. The raw data of MS detection were named “.raw” and used 
to construct the DDA spectrum library.

LC‑MS/MS analysis–DIA mode

Mobile phases A (0.1% FA in H2O) and B (0.1% FA in 80% 
acetonitrile) were used to develop a gradient elution. A half 
sample containing 4 µg fraction supernatant and 0.8 µL iRT 
reagent was injected into the Evosep One UHPLC system 
(Evosep) coupled with an Orbitrap Q Exactive™ HF-X mass 
spectrometer (Thermo Fisher) operating in the DIA mode 
with a spray voltage of 2.1 kV, Nanospray Flex™ (ESI), 
and a capillary temperature of 320 ℃. For DIA acquisition, 
the m/z range covered from 350 to 1500. MS1 resolution 
was set to 60,000 (at m/z 200), full-scan AGC target value 
was 5 × 105, and the maximum ion injection time was 20 
ms. Peptides were fragmented by HCD in MS2, in which 
resolution was set to 30,000 (at 200 m/z), AGC target value 
was 1 × 106, and normalized collision energy was 27%. 
The details of DIA mode scan are shown in Supplementary 
Table 2.

Identification and quantification of proteins

Proteome Discoverer 2.2 (PD2.2; Thermo Fisher) software 
was used to search the data in DDA scanning mode. To be 
specific, the search parameters were set as follows: mass 
tolerance for precursor ion was 10 ppm, and mass tolerance 
for product ion was 0.02 Da. Carbamidomethyl was specified 
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as fixed modifications. Oxidation of methionine was speci-
fied as dynamic modification. Acetylation was specified 
as N-terminal modification in PD2.2. A maximum of two 
missed cleavage sites were allowed.

The analysis was further modified using PD2.2 to ensure 
accurate results: (1) reliable peptides characterized by 
peptide spectrum matches (PSMs) with more than 99% 
confidence and (2) reliable proteins characterized by pro-
teins containing at least one unique peptide. Only peptides 
and proteins with false discovery rate (FDR) ≤ 0.01 were 
retained.

Data extracted from PD2.2 were subsequently imported 
into Spectronaut (version 14.0, Biognosys) software to gen-
erate the spectrum library. A “Target List” was generated by 
selecting the qualified peptide segments and subions from 
the spectrum. Ion pair chromatographic peaks were extracted 
based on the imported DIA data and “Target List” to per-
form subion matching and peak area calculation, enabling 
simultaneous qualitative and quantitative analysis of peptide 
segments. Retention time correction was applied using the 
iRT kit (Biognosys) according to the manufacturer’s instruc-
tions. The cutoff of the q value of the precursor ion was set 
at 0.01.

Protein‑to‑protein interaction network 
and correlation matrix

The STRING database (http://​string-​db.​org/) was used to 
construct a protein-to-protein interaction (PPI) network 
for the DEPs with a minimum interaction score threshold 
of 0.15. The network was analyzed and visualized using 
Cytoscape (version 3.8.2) with the CytoHubba plugin, which 
identified hub genes. Additionally, gene–gene correlations 
were assessed using the Pearson correlation coefficient and 
visualized using the ggplot2 R package.

Public data acquisition

For the external validation datasets, we retrieved the NEC 
proteomics dataset of serum (Mackay S. et al. [18]) and 
RNA microarray datasets of NEC-conditioned bowel tis-
sues (GSE46619) and cells (GSE62208).

Clinical assessment of the protein or gene in NEC

The prognostic value of the protein or gene was assessed 
using binary classifier receiver operating characteristic 
(ROC) curves, implemented with the “pROC” and “ggplot2” 
packages in R. The area under the curve (AUC) was calcu-
lated correspondingly.

Gene set enrichment analysis

Gene set enrichment analysis (GSEA) software (version 
4.3.2) was used to explore differences in gene expression 
profiles between the untreated epithelial cells and NEC-
conditioned epithelial cells, as well as between NEC-con-
ditioned bowel tissues and NEC-induced perforated bowel 
tissues. The analysis focused on biological process (BP), cell 
component (CC), and molecular function (MF) within Gene 
Ontology (GO) gene sets (10,461 sets, v7.5), Kyoto Ency-
clopedia of Genes and Genomes (KEGG) gene sets (805 
sets, v7.5), Hallmark gene sets (50 sets, v7.5), HPO gene 
sets (55,653 sets, v7.5), and Wiki pathways gene sets (830 
sets, v7.5) across diverse datasets. Statistical significance 
was determined by a normalized P (NOM P) value < 0.05 
or an FDR < 0.25.

Statistical analyses and functional study

Quantitative protein data were analyzed using the t test, and 
the significant DEPs between the NEC group and the con-
trol group were selected based on the criterion |fold change| 
> 1.2 with P < 0.05.

GO and IPR functions were annotated using InterProS-
can software, in conjunction with the Pfam, PRINTS, Pro-
Dom, SMART, ProSite, and PANTHER databases. Cluster 
of orthologous groups (COG) and KEGG analyses were 
performed to investigate the functional pathways of the 
identified proteins. The DEPs were analyzed and visualized 
using a volcano map, clustered heatmap, and enrichment 
plot. Some of data analysis and graphical presentations were 
generated using R software v4.2.1, GraphPad Prism v9.2.0, 
and GSEA v4.3.2. Unless noted otherwise in the specific 
methods previously mentioned, statistical significance was 
determined based on a P value threshold of < 0.05.

Results

Biosynthesis of protein and heme is inhibited 
during early stage of NEC formation

A total of 76 DEPs were identified between preterm infants 
at NEC onset and pre-NEC onset by DIA MS analysis 
(Fig. 1A), with the top 10 DEPs represented in Table 1. 
These altered proteins were enriched in GO annotations, 
including one BP, one CC, nine MF items (Fig. 1B), and 
ten KEGG pathways (Fig. 1C). The GO annotations pri-
marily highlighted a reduction in “small GTPase-mediated 
signal transduction.” In addition, the observed decreases in 
“heterocyclic compound binding” and “organic cyclic com-
pound binding” might contribute to the “diminished GTP 
binding” and “heme/oxygen binding” activities (Fig. 1B). 

http://string-db.org/
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These findings were supported by the decreased expression 
of A0A024R5H8 (RAB6A), A0A2R8YFB8 (RAB15), and 
A0A0K2BMD8/A0A1S5UZ39 (HBA2) (Fig. 1D). In addi-
tion, some GO-MF-enriched items, such as “oxidoreductase 
activity, acting on peroxide as acceptor,” showed reduced 
antioxidant activity (Fig. 1B), evidenced by the decreased 
expression of P32119 (PRDX2) (Fig. 1D). Moreover, our 
GO-CC and GO-MF analyses showed potential proteoly-
sis, indicated by the enhanced “proteosome core complex” 

and “threonine-type endopeptidase activity” (Fig. 1B), as 
evidenced by the increased expression of A0A140VJS6 
(PSMB2) and A0A140VK43 (PSMA3) (Fig. 1D).

Consistent with GO annotations, the KEGG path-
way “malaria” was enriched (Fig. 1C), accompanied by 
a decreased level of HBA2 (Fig. 1D), suggesting reduced 
heme/oxygen binding. In addition, KEGG analysis indi-
cated the involvement of apoptotic pathways, including 
“platinum drug resistance,” “hepatocellular carcinoma,” 

Fig. 1   Biosynthetic processes of 
proteins and heme are inhibited 
in the early stage of neona-
tal necrotizing enterocolitis 
(NEC) formation. A Volcano 
plot showing the differentially 
expressed proteins (DEPs) 
between the preterm infants at 
NEC onset and pre-NEC onset. 
Gene Ontology (GO) (B) and 
Kyoto Encyclopedia of Genes 
and Genomes (KEGG) (C) anal-
yses showing the enriched items 
between the two groups. D Box 
plot showing the representative 
differential proteins between the 
two groups. Protein-to-protein 
interaction (PPI) network 
showing the hub downregulated 
(E) and upregulated (F) DEPs 
using the degree algorithm. BP, 
biological process; CC, cell 
component; FC, fold change; 
MF, molecular function; 
n.d., not detected. *P < 0.05; 
**P < 0.01
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“thyroid hormone signaling pathway,” and “amyotrophic 
lateral sclerosis” (Fig. 1C), as highlighted by the decreased 
expression of A0A0S2Z3C5 (BCL2L1) and P60709 (ACTB) 
(Fig. 1D). Decreased levels of A0A0G2JIW1 (HSPA1B) 
and A0A384P5Q0 (catalase) along with enriched KEGG 
pathways including “longevity regulating pathway - multi-
ple species,” “influenza A,” “glyoxylate and dicarboxylate 
metabolism,” and “toxoplasmosis” suggest vulnerabilities 
to aging and oxidative stress (Fig. 1C, D). Interestingly, the 
KEGG analysis implicated bile secretion in the decreased 
level of B3KVN0 (SLC12A2) (Fig. 1D), suggesting attenu-
ated bile secretion during NEC formation, consistent with 
our previous reports [19].

Furthermore, we integrated significantly downregulated 
and upregulated proteins into a hub protein network asso-
ciated with the early stage of NEC formation (Fig. 1E, F). 
Downregulated proteins such as HBB, TUBB4B, and ACTB 
exhibited positive correlations with each other, while they 
were negatively correlated with the upregulated proteins such 
as PSMA3, PSMB2, and MRC2 (Supplementary Fig. 1A).

Subsequently, we utilized several external datasets, 
including NEC serum, tissues, and NEC-conditioned bowel 
epithelial cells, to validate our findings. Little data from the 
proteomic analysis showed slight changes in GAPDH and 
PRDX6 between non-NEC and NEC-conditioned serum 

(Supplementary Fig. 1B); however, the majority of our find-
ings were corroborated by RNA microarray data (Fig. 2A). 
Moreover, by integrating internal and external datasets, we 
demonstrated the prognostic value of protein markers during 
the early stage of NEC, with most AUC values exceeding 
0.80 (Fig. 2B). Last, we validated the biological relevance 
using NEC-conditioned cell data, which revealed inhibited 
protein (Fig. 2C) and heme (Fig. 2D) biogenesis. Together, 
our results suggest a protein network characterized by dys-
regulated hemostasis including suppressed wound healing 
and coagulation and increased proteolysis during the early 
stage of NEC formation.

Nitrogen metabolism and purine nucleotide 
biosynthesis are suppressed during the late stage 
of NEC formation

During the later stage of NEC formation, 75 DEPs were 
identified in the plasma of preterm NEC infants at week 2 
compared to the pre-NEC stage (Fig. 3A), with the top 10 
DEPs presented in Table 2. GO analysis enriched 15 BP 
and 5 MF items (Fig. 3B), and KEGG pathway analysis 
identified 4 items (Fig. 3C). Notably, GO analysis high-
lighted reductions in “cellular nitrogen compound metab-
olism” and “purine ribonucleoside metabolic process” 

Table 1   List of the top 10 DEPs 
during the early stage of NEC

The top ten DEPs between preterm infants at NEC onset and pre-NEC onset are shown

Protein code Protein name

Upregulated proteins
  A0A140VJS6 Proteasome subunit beta
  A2N2W8 VL6 protein (fragment)
  Q9UBG0 C-type mannose receptor 2
  B2RBF5 cDNA, FLJ95483, highly similar to Homo sapiens di-N-acetyl-chitobi-

ase (CTBS), mRNA
  A0A0G2JMY9 Leukocyte immunoglobulin-like receptor subfamily A member 3
  A0A0F7T983 IGHV1-2 protein (fragment)
  Q96JD2 Amyloid lambda 6 light-chain variable region NEG (fragment)
  A0A024RDA6 Insulin-like growth factor–binding protein 7, isoform CRA_a (fragment)
  J3KQ66 Reelin
  S6AWF0 IgG H chain

Downregulated proteins
  L7UUZ7 Integrin beta
  P68371 Tubulin beta-4B chain
  A0A2R8YFB8 Ras-related protein Rab-15
  A0A024R5H8 RAB6A, member RAS oncogene family, isoform CRA_b
  Q6FIG4 RAB1B protein
  B4DTA6 cDNA FLJ57794, moderately similar to Ras-related protein Rab-35
  A0A140VJY2 Testicular tissue protein Li 209
  A8KAH9 RAP1A, member of RAS oncogene family
  P00918 Carbonic anhydrase 2
  A0A024R694 Actinin, alpha 1, isoform CRA_a
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(Fig. 3B), evidenced by decreased levels of specific pro-
teins such as A0A248RGE3 (40S ribosomal protein) and 
B4DPM0 (pyruvate kinase) (Fig. 3D). The KEGG analy-
sis supported this, showing reduced nitrogen and purine 
metabolism pathways (Fig. 3C), aligned with decreased 
levels of P00915 (CA1) and P00918 (CA2) (Fig. 3D).

Furthermore, hub protein networks showed positive cor-
relations among downregulated proteins such as TRAP1 
and AK1, while these proteins negatively correlated with 
upregulated proteins such as C3 and ORM1 (Fig. 3E, F and 
Supplementary Fig. 2A).

Next, external proteomic data showed significant 
decrease levels in CA1, AK1, and NME1 between non-
NEC and NEC-conditioned serum (Supplementary 
Fig. 2B), partially supported by RNA microarray data 
(Fig. 4A). Moreover, integration of internal and exter-
nal datasets demonstrated the prognostic value of protein 
markers during late-stage NEC formation, with most AUC 
values over 0.75 (Fig. 4B). Finally, NEC-conditioned cell 
data validated aberrant nitrogen metabolism (Fig. 4C) and 
inhibited purine nucleotide biogenesis (Fig. 4D). Collec-
tively, these results unveil a protein network marked by 

Fig. 2   Inhibited proteins and 
heme biosynthesis are clinically 
and biologically validated using 
external datasets. A Box plots 
illustrating the validation of 
altered mRNAs (GSE46619) 
during the early stages of neo-
natal necrotizing enterocolitis 
(NEC) formation. B Receiver 
operating characteristic (ROC) 
curves generated by integrating 
internal and external datasets 
(GSE46619 and Mackay S. 
et al. [18]) to assess the early 
stage of NEC formation. Rep-
resentative enriched gene sets 
for inhibited protein biosynthe-
sis (C) and suppressed heme 
production (D) were identified 
using cell data (GSE62208), 
corresponding to the early stage 
of NEC formation. AUC, area 
under the curve; BP, biological 
process; Ctrl, control; FDR, 
false discovery rate; FPR, 
false positive rate; GO, Gene 
Ontology; NES, normalized 
enrichment score; NOM, nor-
malized; TPR, true positive rate. 
*P < 0.05; **P < 0.01
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attenuated nitrogen and purine biosynthesis during late-
stage NEC formation.

Mixed extracellular activities and immune response 
are implicated during the short‑term progression 
of NEC

During the short-term progression of NEC, 49 DEPs were 
identified in the plasma of preterm NEC infants at week 2 
compared to week 1 (Fig. 5A), with the top 10 DEPs listed 

in Table 3. GO analysis revealed enrichment in one BP, 
two CC, and three MF items (Fig. 5B), and KEGG analysis 
identified five enriched pathways (Fig. 5C). Among the GO 
categories, the CC items exhibited the highest protein ratio 
values concerning “extracellular region” and “extracellu-
lar matrix (ECM)” (Fig. 5B), represented by the increased 
protein levels of P14780 (MMP9), D3DSM4 (COL18A1), 
and A0A140VJI7 (ECM1), underscoring the importance of 
extracellular activities during short-term development of 

Fig. 3   Nitrogen and purine 
nucleotide biosynthesis are 
inhibited during the late 
stage of neonatal necrotizing 
enterocolitis (NEC) formation. 
A Volcano plot showing the 
differentially expressed proteins 
(DEPs) between preterm NEC 
infants at week 2 and pre-NEC 
onset infants. Gene Ontology 
(GO) (B) and Kyoto Encyclo-
pedia of Genes and Genomes 
(KEGG) (C) analyses showing 
the enriched items between the 
two groups. D Box plot showing 
the representative differen-
tial proteins between the two 
groups. Protein-to-protein inter-
action (PPI) network showing 
the hub downregulated (E) and 
upregulated (F) DEPs using the 
degree algorithm. BP, biological 
process; FC, fold change; MF, 
molecular function; n.d., not 
detected. *P < 0.05; **P < 0.01
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NEC (Fig. 5D). Other items including protein glycosyla-
tion, corticotropin-releasing hormone (CRH) binding, and 
dipeptidase activity (Fig. 5B), as evidenced by increased 
levels of A8KAK1 (UGGT1), D6RHH7 (CRHBP), and 
Q9H4A9 (DPEP2) (Fig. 5D), might be indirectly related 
to extracellular reconstruction and wound healing under 
inflammatory stress [20–22]. In addition, KEGG pathway 
enrichment analysis identified pathological conditions 
related to cancer, endocrine disorder, infection, and relaxin 
signaling (Fig. 5C), characterized by increased MMP9 level 
(Fig. 5D). Interestingly, our KEGG results suggest poten-
tial dual regulation of leukocyte trans-endothelial migration 
(Fig. 5C), as evidenced by an increase level of MMP9 and 
decreased levels of B2RAL6 (highly similar to CD11A) and 
A0A0S2Z3G9 (ACTN4) (Fig. 5D).

Furthermore, hub protein networks including downregu-
lated and upregulated DEPs were constructed for the short-
term progression of NEC (Fig. 5E, F), revealing that down-
regulated proteins such as ACTN4, SRC, and KRTDAP were 
positively correlated with each other, while these proteins 
were negatively correlated with upregulated proteins such as 
MMP9, SERPINA5, and ACAN (Supplementary Fig. 3A).

Then, external datasets were analyzed to validate our find-
ings. Data from the external proteomics showed a significant 
increase in A0A0S2Z3Y1 (LGALS3BP) (Supplementary 

Fig. 3B), and most of our results were validated by RNA 
microarray data (Fig. 6A). Furthermore, by integrating inter-
nal and external datasets, we demonstrated the prognostic 
value of these protein markers in the short-term progression 
of NEC, with most AUC values exceeding 0.80 (Fig. 6B). 
Finally, the biological relevance of these findings was con-
firmed using NEC-conditioned cell data, which revealed a 
reconstructed ECM (Fig. 6C) and mixed lymphocyte apop-
totic processes (Fig. 6D). Together, these findings highlight 
a protein network characterized by the reconstruction of 
extracellular components and a mixed immune response 
during the short-term progression of NEC.

Dysregulated B‑cell immune response and reduced 
glycosaminoglycan metabolism are identified 
during the long‑term progression of NEC

DIA MS analysis showed 41 DEPs between preterm infants 
with NEC at week 2 and at the onset of NEC (Fig. 7A), 
with the top 10 DEPs illustrated in Table 4. The GO annota-
tions mainly highlighted reductions in “response to oxidative 
stress” and “glutathione peroxidase activity” (Fig. 7B), indi-
cated by decreased A0A087X1J7 (GPX3) levels (Fig. 7D). 
In addition, there were decreases in “GAG biosynthetic 
process” and “heparan sulfate proteoglycan biosynthetic 

Table 2   List of the top ten 
DEPs during the late stage of 
NEC

The top ten DEPs between preterm NEC infants at week 2 and pre-NEC onset are shown

Code in library Protein name

Upregulated proteins
   B4DI57 cDNA FLJ54111, highly similar to serotransferrin
  A0A087WTY6 Neuroblastoma suppressor of tumorigenicity 1
  A0A024RDY3 Lysosomal-associated membrane protein 1, isoform CRA_a
  B2RBF5 cDNA, FLJ95483, highly similar to Homo sapiens, di-N-acetyl-chitobi-

ase (CTBS), mRNA
  M0R1Q1 Complement C3 (fragment)
  A0A140VJS6 Proteasome subunit beta
  A0A024RDA6 Insulin-like growth factor–binding protein 7, isoform CRA_a (fragment)
  P02743 Serum amyloid P-component
  A0A024R6G3 Fibulin 5, isoform CRA_b
  P02763 Alpha-1-acid glycoprotein 1

Downregulated proteins
  A0A193CHS1 10E8 light-chain variable region (fragment)
  Q6PIK1 IGL@ protein
  A0A0X9UWJ6 MS-B1 light-chain variable region (fragment)
  A0A2U8J9C0 Ig heavy-chain variable region (fragment)
  P00915 Carbonic anhydrase 1
  A0A2U8J975 Ig heavy-chain variable region (fragment)
  A0A0X9V9C4 GCT-A8 heavy-chain variable region (fragment)
  A0A140VJY2 Testicular tissue protein Li 209
  A0A2U8J8T6 Ig heavy-chain variable region (fragment)
  A0A087X253 AP complex subunit beta
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process” (Fig. 7B), supported by lower levels of B4DNZ2 
(EXT2) (Fig. 7D).

KEGG pathway analysis highlighted impaired B-cell- and 
immunoglobulin-associated immune responses (Fig. 7C), 
including pathways such as “B cell receptor signaling path-
way,” “Fc epsilon RI signaling pathway,” and “Fc gamma 
R-mediated phagocytosis.” These changes were reflected 
by decreased levels of A0A2U8J933 (IgH frag), A2NXP8 
(IgH frag), S6AWF0 (IgH), Q9ULB6 (VH frag), and 
A0A1W6IYI5 (VH frag), and increased levels of P0DOX3 
(IGHD) and B4DQ61 (INPP5D) (Fig. 7D). Moreover, a 

reduction in glycosaminoglycan (GAG) metabolism was 
supported by KEGG analysis (Fig. 7C), corroborated by a 
decrease level of B4DNZ2 (Fig. 7D).

Hub protein network analysis showed upregulated pro-
teins (APOM, CFH, FBLN5, IGFBP2, and F11) positively 
correlated with each other and negatively correlated with the 
downregulated protein GPX3 during the long-term progres-
sion of NEC (Fig. 7E, F).

The majority of our results were corroborated by exter-
nal RNA microarray data (Fig. 8A). By integrating both 
internal and external datasets, we revealed protein markers 

Fig. 4   Reductions in nitrogen 
and purine nucleotide bio-
synthesis are validated both 
clinically and biologically using 
external datasets. A Box plots 
illustrating the validation of 
altered mRNAs (GSE46619) 
during long-term neonatal 
necrotizing enterocolitis 
(NEC) formation. B Receiver 
operating characteristic (ROC) 
curves generated by integrating 
internal and external datasets 
(GSE46619 and Mackay S. et 
al. [18]) to assess long-term 
NEC formation. Representative 
enriched gene sets for inhibited 
nitrogen production (C) and 
suppressed purine nucleotide 
biosynthesis (D) were identified 
using cell data (GSE62208), 
corresponding to the late stage 
of NEC formation. AUC, area 
under the curve; BP, biological 
process; Ctrl, control; FDR, 
false discovery rate; FPR, 
false positive rate; GO, Gene 
Ontology; NES, normalized 
enrichment score; NOM, nor-
malized; TPR, true positive rate. 
*P < 0.05
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with most AUC over 0.75 (Fig. 8B). Eventually, the bio-
logical relevance of these findings was confirmed using 
external data from perforated NEC tissues, which dem-
onstrated dysfunction in overall inflammatory responses 
(Fig. 8C) and B-cell immune responses (Fig. 8D), as well 
as a reduction in GAG metabolism (Fig. 8E) during NEC 
progression.

In summary, we identified a dysregulated immune 
response, particularly in B-cell-associated immune response, 
and a decrease in GAG metabolism as key factors in the 
development of NEC.

Discussion

NEC is a predominantly premature infant disease and one 
of the most devastating conditions in the NICU [1, 3, 8]. 
In this study, we collected peripheral blood samples from 
NEC infants at different time points and extracted plasma 
protein to analyze DEPs using DIA technology. Our findings 
revealed a reduction in protein, heme, nitrogen, and purine 
nucleotide biosynthesis during NEC formation, as well as 
alterations in ECM, aberrant B-cell immune responses, and 
reduced GAG level during NEC progression. These results 

Fig. 5   Extracellular recon-
struction and altered immune 
response are implicated during 
the short-term progression of 
neonatal necrotizing entero-
colitis (NEC). A Volcano plot 
showing the differentially 
expressed proteins (DEPs) 
between preterm NEC infants at 
week 2 and NEC infants at week 
1. Gene Ontology (GO) (B) and 
Kyoto Encyclopedia of Genes 
and Genomes (KEGG) (C) anal-
yses showing the enriched items 
between the two groups. D Box 
plot showing the representative 
differential proteins between the 
two groups. Protein-to-protein 
interaction (PPI) network show-
ing the hub downregulated (E) 
and upregulated (F) DEPs using 
the degree algorithm during the 
short-term of NEC progression. 
BP, biological process; CC, cell 
component; FC, fold change; 
MF, molecular function; n.d., 
not detected. *P < 0.05
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were validated both clinically and biologically using external 
datasets. Our work underscores the potential of DIA in the 
evaluation and prediction of NEC.

Over the past decade, emerging high-throughput technol-
ogies such as transcriptomics, proteomics, and metabolomics 
have been increasingly performed to identify biomarkers and 
predict NEC at an early stage [9]. Blood transcriptomics 
has been investigated as a surrogate biomarker for intesti-
nal alterations due to its ability to mirror the inflammatory 
response linked to NEC [14]. However, transcriptomics fre-
quently fails to fully capture the biological complexity of 
NEC, as mRNA levels do not consistently correlate with 
protein abundance or activity [15]. In addition, DDA tech-
nology has traditionally been the mainstay of proteomics 
studies. However, DDA is limited in its capacity to analyze 
samples with complex components [23]. In contrast, DIA is 
a novel, comprehensive, and data-independent acquisition 
technology that successively fragments all parent ions within 
a specific mass range and collect fragment ion information 
for protein qualitative and quantitative protein analysis [8, 
23]. Various biological fluids and tissues, such as serum, 
plasma, urine, saliva, feces, and surgically removed tissues, 
can be used for proteomic profiling. Our work demonstrated 

the application of DIA in analyzing plasma samples from 
NEC infants.

The DEPs identified in the early phase of NEC indicated 
diminished protein and heme production during the onset of 
NEC. Small GTPase-mediated signal transduction, involving 
protein families such as Ras, Rab, and Rho GTP-binding 
proteins, plays a critical role in protein biosynthesis [24]. 
Specifically, the Rab family protein RAB6A controls vesi-
cle transportation through the Golgi apparatus and RAB15 
promotes cell proliferation [24–26]. Previous studies have 
also linked small GTPase-mediated signal transduction 
to heterocyclic compound binding, which facilitates GTP 
binding [27]. In addition, we observed increased levels of 
PSMB2 and PSMA3, indicative of enhanced proteolysis, 
which aligned with findings in various inflammatory dis-
eases [28, 29]. Furthermore, an increase in apoptotic pro-
cesses was observed, accompanied by decreased levels of 
BCL2L1 and ACTB, corresponding to previous reports [30, 
31]. Organic cyclic compound binding, typically associated 
with the biosynthetic process of heme and hemoglobin, was 
also noted [32]. Also, classical inflammatory biomarkers in 
NEC such as IL-6 and TNF-α accelerate proteolysis [33, 34] 
and C-reactive protein shows an inverse relationship with 

Table 3   List of the top ten DEPs in terms of NEC short-term development

The top ten DEPs between the preterm NEC infants at week 2 and at week 1 are shown

Protein code Protein name

Upregulated proteins
  A8KAK1 cDNA FLJ77398, highly similar to Homo sapiens UDP-glucose ceramide glucosyltransferase-like 1, transcript variant 

2, mRNA
  Q86U17 Serpin A11
  Q9UK54 Hemoglobin beta subunit variant (fragment)
  P14780 Matrix metalloproteinase-9
  Q9H4A9 Dipeptidase 2
  Q6E0U4 Dermokine
  D6RHH7 Corticotropin-releasing factor-binding protein
  A8K7G6 cDNA FLJ75763, highly similar to Homo sapiens regenerating islet-derived 1 alpha (pancreatic stone protein, pancre-

atic thread protein) (REG1A), mRNA
  A0A087WXS7 ATPase ASNA1
  P68133 Actin, alpha skeletal muscle

Downregulated proteins
  A0A193CHS1 10E8 light-chain variable region (fragment)
  A0A0S2Z3G9 Actinin alpha 4 isoform 1 (fragment)
  B2R6A3 Na(+)/H(+) exchange regulatory cofactor NHE-RF
  A6MW40 PKDREJ (fragment)
  P12931 Proto-oncogene tyrosine–protein kinase Src
  P60985 Keratinocyte differentiation–associated protein
  E7EWH8 Putative hydroxypyruvate isomerase
  P01602 Immunoglobulin kappa variables 1–5
  B2RAL6 cDNA, FLJ94991, highly similar to Homo sapiens integrin, alpha L (antigen CD11A (p180), lymphocyte function–

associated antigen 1 alpha polypeptide) (ITGAL), mRNA
  Q5FWF9 IGL@ protein
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hemoglobin [35]. Overall, our results could reflect clinical 
scenarios characterized by exacerbated intestinal injury due 
to impaired small-GTPase activity and increased proteolysis 
and apoptosis, and heme-positive stools caused by defective 
heme binding [36].

Moreover, we detected the decreased levels of PRDX2, 
HSPA1B, and catalase, suggesting a diminished antioxi-
dative capacity in NEC, which was consistent with previ-
ous studies on necrotizing colitis or enterocolitis [37–39]. 
Interestingly, our findings aligned with one of our previous 
studies showing that activation of the farnesoid X–activated 

receptor stimulated bile secretion and prevented the forma-
tion of NEC (data submitted elsewhere), as reflected in the 
decreased levels of SLC12A2. Also, ileal bile acid–binding 
protein might be a NEC biomarker for intestinal epithelial 
cell damage [40]. These results might reflect clinical themes 
characterized by increased intestinal vulnerabilities due to 
impaired antioxidative capacity and bile secretion.

In the late phase of NEC occurrence, the DEPs indicated 
a reduction in nitrogen and purine nucleotides. It is well 
established that nitrogen is crucial for DNA synthesis and 
cell division [41]. A prior metabolomic study also linked 

Fig. 6   Reconstruction of extra-
cellular matrix (ECM) during 
short-term development of neo-
natal necrotizing enterocolitis 
(NEC) is clinically and biologi-
cally validated using external 
datasets. A Box plots illustrating 
the validation of altered mRNAs 
(GSE46619) during short-term 
NEC progression. B Receiver 
operating characteristic (ROC) 
curves generated by integrating 
internal and external datasets 
(GSE46619 and Mackay S. 
et al. [18]) to assess short-term 
NEC progression. Representa-
tive enriched gene sets for ECM 
reconstruction (C) and altered 
lymphocyte apoptosis (D) 
were identified using cell data 
(GSE62208), corresponding to 
short-term NEC progression. 
AUC, area under the curve; BP, 
biological process; Ctrl: control; 
FDR, false discovery rate; 
FPR, false positive rate; GO, 
Gene Ontology; NES, normal-
ized enrichment score; NOM, 
normalized; TPR, true positive 
rate. *P < 0.05; **P < 0.01; 
***P < 0.001
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plasma from NEC piglets to metabolites involved in purine 
nucleotide metabolism [42]. Additionally, DNA replication 
is intricately connected to purine and pyrimidine nucleo-
tides, which promote cell growth [43]. Some alterations in 
the late phase mirrored those in the early phase, such as the 
reduction in heme binding. Interestingly, we found meta-
bolic alterations related to glucose, evidenced by decreased 
levels of pyruvate kinase and TGM2. Huang et al. [44] pro-
posed that pyruvate suppressed epithelial cell death in an 
ATP-independent manner, and Kumar et al. [45] suggested 
that TG2M regulated glucose metabolic reprogramming 

by constitutively activating NF-κB to trigger inflammatory 
response, both of which were consistent with our results. 
Also, an earlier report suggested methylxanthines as a 
potential biomarker for NEC, indicating an accumulation of 
purine catabolic products in NEC patients [46]. Collectively, 
our results could reflect clinical scenarios characterized by 
devastating intestinal injury due to impaired nitrogen and 
purine nucleotide metabolism, and lethal inflammation due 
to aberrant glucose metabolism.

The intestinal barrier serves as the body’s first line of 
defense against foreign toxins. Tight and adherens junctions 

Fig. 7   Dysregulated B-cell 
immune response and repressed 
glycosaminoglycan (GAG) 
biosynthesis are found in the 
long-term development of neo-
natal necrotizing enterocolitis 
(NEC). A Volcano plot showing 
the differentially expressed 
proteins (DEPs) between 
preterm NEC infants at week 2 
and NEC infants at onset. Gene 
Ontology (GO) (B) and Kyoto 
Encyclopedia of Genes and 
Genomes (KEGG) (C) analyses 
showing the enriched items 
between the two groups. D Box 
plot showing the representative 
differential proteins between 
the two groups. E Protein-
to-protein interaction (PPI) 
network showing the hub DEPs 
using the degree algorithm. F A 
matrix showing protein–protein 
correlations among hub proteins 
during the long-term NEC 
progression. BP, biological 
process; FC, fold change; MF, 
molecular function. *P < 0.05; 
**P < 0.01; ***P < 0.001
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are crucial components of the mechanical barrier within the 
intestinal barrier, maintaining the integrity and permeability 
of the intestinal mucosal barrier [47]. These junctions are 
integral to the ECM. Tight junctions are located at the apical 
region of intercellular connections, while adherens junctions 
are situated basally [47]. Our results demonstrated that most 
extracellular proteins were upregulated, and thus suggested 
a reconstructed barrier during the short-term progression 
of NEC. Glycosylation, a posttranscriptional modification 
critical for cell attachment to the ECM [48], was signifi-
cantly elevated, as evidenced by the substantial increase 
in UGGT1 level. A significant increase in CRHBP level 
suggested its role in ECM development during gestation 
[21]. Dipeptidases, which might cleave leukotriene D4 and 
thereby modulate inflammatory response and ECM activities 
[22, 49], showed an increase level of DPEP2 in our find-
ings. MMP9, a known ECM-degrading enzyme, mediates 
inflammatory response and contributes to fetal membrane 
damage [50]. We observed an increased in MMP9 level dur-
ing NEC progression, and its involvement in cancer [51], 
endocrine disorder [52], infection [53], and relaxin signal-
ing [54] was noted. Interestingly, we observed a reduction 
in CD11A, which could accelerate neutrophil accumulation 
[55]. Taken together, these results might reflect clinical 

themes characterized by complex would healing and inflam-
mation processes due to mixed ECM activities and immune 
responses in the short-term progression of NEC.

GPX3 functions as an antioxidant enzyme in inflammatory 
diseases and cancers [56, 57]. In this study, we observed a 
reduction in GPX3 expression, which may contribute to dys-
regulated immune response during NEC progression. GAG is 
abundant in ECM, and its synthesis relies on chain polymeri-
zation of heparan sulfate mediated by EXT1 and EXT2 [58]. 
Of note, GAG within human milk is considered as a biomarker 
in suppressing NEC [59]. We identified a potential reduction 
in EXT2 level during NEC progression, which could attenuate 
GAG synthesis. GAG has been shown to accelerate intestinal 
development during homeostasis [60]. Nevertheless, GAG 
may exert both pro-inflammatory and anti-inflammatory 
effects during inflammation [61]. The observed decrease in 
GAG level in our study might also reflect this dual role. More-
over, NEC progression is associated with an adaptive immune 
response characterized by B-cell activity [62]; however, the 
role of B cells in NEC progression remains controversial. 
B-cell-mediated Fc-γ receptor (Fc-γR)-dependent phagocy-
tosis or IgA production can defend against intestinal bacteria 
and maintain homeostasis [63]. However, the possible dual 
effects of B cells should be considered, as evidence shows that 

Table 4   List of the top ten DEPs in terms of NEC long-term development

The top ten DEPs between preterm NEC infants at week 2 and at NEC onset are shown

Protein code Protein name

Upregulated proteins
  P0DOX3 Immunoglobulin delta heavy chain
  Q6ZVX0 cDNA FLJ41981 fis, clone SMINT2011888, highly similar to protein Tro alpha 1 H, myeloma
  Q86UX7 Fermitin family homolog 3
  A0PJ79 MRPL1 protein (fragment)
  Q59HB3 Apolipoprotein B variant (fragment)
  A0A1U9X793 APOM
  A0A2U8J8W3 Ig heavy-chain variable region (fragment)
  O95445 Apolipoprotein M
  B4DQ61 cDNA FLJ56795, highly similar to Homo sapiens inositol polyphosphate-5-phosphatase, 

145 kDA (INPP5D), transcript variant 1, mRNA
  P03951 Coagulation factor XI

Downregulated proteins
  A2JA16 Anti-mucin 1 light-chain variable region (fragment)
  0A075B6S9 Immunoglobulin kappa variables 1–37 (non-functional) (fragment)
  S6AWF0 IgG H chain
  Q7Z2U7 Uncharacterized protein
  Q7Z351 Uncharacterized protein DKFZp686N02209
  A0A2U8J8K8 Ig heavy-chain variable region (fragment)
  B0YIZ6 Cubilin variant 3
  A2NWW3 VH-3 family (VH26)D/J protein (fragment)
  A0A0C4DH25 Immunoglobulin kappa variable 3D-20
  A0A075B7D0 Immunoglobulin heavy-chain variable 1/OR15-1 (non-functional) (fragment)
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B cells can also induce tissue lesion [62, 64, 65]. In our con-
text of NEC progression, we identified a dysregulated B-cell 
immune response, as indicated by mixed changes of B-cell 
biomarkers and immunoglobulins. Interestingly, we detected 
an increase in cysteine-type endopeptidase activity, suggesting 
a potential apoptotic process during NEC progression [66]. 
Additionally, the altered levels of CUBN and APOB might 
contribute to disrupted lipid metabolism, affecting vitamin 
digestion and absorption [67, 68]. Collectively, these findings 

might reflect clinical scenarios characterized by immune dys-
regulation and impaired would healing due to mixed B-cell 
immune activities and reduced GAG level during long-term 
progression of NEC.

Several limitations of this study should be noted. The num-
ber of NEC patients included was limited, which might impact 
the generalizability of the findings. While we used external 
datasets to validate our results, future studies should aim 
to expand the sample size to enhance statistical power and 

Fig. 8   Dysregulated B-cell 
immune response and reduced 
glycosaminoglycan (GAG) in 
the long-term development of 
neonatal necrotizing enterocol-
itis (NEC) are clinically and 
biologically validated using 
external datasets. A Box plots 
illustrating the validation of 
altered mRNAs (GSE46619) 
during long-term NEC progres-
sion. B Receiver operating char-
acteristic (ROC) curves gener-
ated by integrating internal and 
external datasets (GSE46619 
and Mackay S. et al. [18]) to 
assess long-term NEC progres-
sion. Representative enriched 
gene sets for inflammation 
response (C), B-cell-mediated 
immune response (D), and GAG 
metabolism (E) were identified 
using cell data (GSE62208), 
corresponding to long-term 
NEC progression. AUC, area 
under the curve; BP, biological 
process; FDR, false discovery 
rate; FPR, false positive rate; 
GO: Gene Ontology; NES, 
normalized enrichment score; 
NOM, normalized; TPR, true 
positive rate. *P < 0.05
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robustness. Furthermore, due to certain constraints within our 
hospital, we encountered difficulties in conducting a number 
of biological experiments to investigate mechanistic details. 
Our future research should not only increase the sample size 
but also incorporate more experimental investigations to 
strengthen and validate these findings. To illustrate, we plan 
to genetically knockdown or use antibodies to interfere some 
critical DEPs in bowel epithelial cells for functional study to 
further enhance the biological credibility of our study.

In summary, our proteomic DIA analysis identified DEPs 
in NEC infants at various time points, revealing reduced pro-
tein, heme, nitrogen, and purine nucleotide biosynthesis dur-
ing NEC formation. The study also suggested reconstructed 
ECM, aberrant B-cell immune responses, and reduced GAG 
level during NEC progression. These results were carefully 
validated and contextualized using external datasets and pre-
vious studies. Our work underscores the potential of DIA 
technology in evaluating and predicting NEC.

Conclusion

Our comprehensive proteomic analysis not only demonstrates 
key pathways driving NEC but also establishes DIA MS as a 
powerful, noninvasive tool for assessing NEC formation and 
progression. This technology shows potential for broader clini-
cal application, particularly in improving early diagnosis and 
identifying potential therapeutic targets for NEC. Future stud-
ies could further explore its utility in routine clinical practice 
and investigate its long-term impact on NEC management. 
These findings pave the way for future advancements in both 
diagnostic precision and personalized interventions, ultimately 
improving patient outcomes in NEC treatment.
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