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ABSTRACT: Since the emergence and rapid dissemination of
Coronavirus disease 2019 (COVID-19), over 774 million
individuals globally have achieved recovery to today. There is
some case flashing into here and there all over the world.
Neutralizing Antibody (NAb) against Severe Acute Respiratory
Syndrome Coronavirus-Type 2 (SARS-CoV-2) play a paramount
role in conferring effective and lasting protection for several
months. This protective effect decreases with time thus increasing
the chance of reinfection. Therefore, we can provide the body with
a lasting protective effect by maintaining NAb level. However, how
to maintain Nab level remains elusive. To address this question, we
recruited 80 patients with confirmed COVID-19 and collected 480 consecutive blood samples and performed NAb testing six
months after their recovery. The NAb level were categorized into two groups: a low-titer NAb group (≤20) and a high-titer NAb
group (>20). To achieve a comprehensive understanding of the changes in NAb level, 16 serum samples were randomly selected for
an untargeted metabolomic analysis, whereas 9 samples were designated for a label-free proteomic analysis. We successfully
identified differentially expressed 751 metabolites and 845 proteins. In both the low and high NAb titer groups, we identified three
key differential proteins, phosphoglucose translocase 2(PGM2), UDP-Glc 4-epimerase (GALE), and alcohol dehydrogenase 1B
(ADH1B), that play important roles in fluctuating NAb level through the glycogen synthesis, galactose metabolism and ethanol
degradation pathways. These three key differential proteins may serve as potential biomarkers for maintaining NAb level and
enhancing immune protection in patients recovering from COVID-19.

1. INTRODUCTION
Coronavirus disease 2019 (COVID-19), caused by Severe
Acute Respiratory Syndrome Coronavirus Type 2 (SARS-
CoV-2), was declared a global pandemic by the World Health
Organization, leading to a wide range of symptoms ranging
from mild to severe illness. As of 3 March, 2024 (source:
https://covid19.who.int/), there have been 774 million
infections and over 7 million deaths worldwide. Fortunately,
COVID-19 is no longer classified as a public health emergency
of international concern, though it remains a significant global
health threat.1 Progress has been made in terms of the
prevention, diagnosis, and treatment of COVID-19 through
mass vaccination and the implementation of various antiviral
therapies.2,3

Currently, some research focuses on the long-term
protection provided by antibodies or recovery from acute
COVID-19.4,5 Neutralizing Antibody (NAb) against SARS-
CoV-2 blocks the virus’s infection by targeting its structural
components.6 NAb can be acquired through vaccination or
previous infections and plays a crucial role in both the
treatment of SARS-CoV-2 infections and reducing the risk of

reinfection.7,8 Numerous studies found a strong correlation
between NAb titer and protection against SARS-CoV-2,
indicating that a decline in NAb level predicts a rapid loss of
immunity that can be mitigated through booster vaccinations.9

Once produced, NAb are expected to provide effective
protection for several months.10 But, the molecular mecha-
nisms underlying changes of NAb titer is not clear.
Metabolomics and proteomics offer valuable tools for

studying the physiological and pathological changes in
body.11,12 Changes of metabolite and protein may serve as
indicators of the alteration of NAb titer. Additionally,
metabolomics and proteomics can help identify potential
biomarkers in the prevention and monitoring of COVID-19.
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2. RESULTS
2.1. Demographic and Antibody Characteristics of

the Participants. In this study, we recruited 80 rehabilitated
participants of COVID-19 and their six month follow up, from
whom we collected demographic information and 480 serum
samples in total (Table 1). The median age of the participants
was 42 years, and 58.75% of them were female.

As expected, we observed an overall decrease in the
neutralizing antibody level over time (Figure 1). However,
there were a few cases where the antibody level was ascending.
Additionally, certain antibody levels remained relatively stable.

2.2. Metabolic Profiles. To investigate the factors
associated with the fluctuation of the NAb titer, we divided
the serum samples into two groups on the basis of the level of
NAb titer: the low-NAb group (≤20) and high-NAb group
(>20). Subsequently, we conducted metabolomics and
proteomics analysis on both groups. A random selection of 9
samples from the low-NAb group and 15 samples from the
high-NAb group were subjected to metabolomic analysis. In
total, 1029 metabolites with relevant information were
identified across the four models. After further analysis and
filtering, we ultimately detected 751 metabolites (Figure 2A),
which are involved in various cellular processes, environmental
information processing, and organismal systems.
PLS-DA revealed a significant difference between the low-

NAb and high-NAb groups (Figure 2B). The heatmap analysis
further demonstrated distinct metabolic profiles in the sera of

the two NAb groups (Figure 2C). Statistical analysis of the
identified metabolites revealed 34 differential metabolites, with
10 being up-regulated and 24 being down-regulated in the
high-NAb group compared to the low-NAb group (Figure
2D). Through analysis using the KEGG database, we found
significant enrichment in pathways such as pyruvate metabo-
lism, the citric acid cycle, glycolysis, galactose metabolism,
fructose, and mannose metabolism, as well as porphyrin and
chlorophyll metabolism (Figure 2E).
Specifically, the metabolites involved in pyruvate metabo-

lism, such as pyruvate and oxaloacetate, were significantly up-
regulated in the high-NAb group. Additionally, changes were
observed in other metabolites, such as those involved in
porphyrin and chlorophyll metabolism, including biliverdin
and bilirubin, which were significantly up-regulated in the high-
NAb group.
2.3. Proteomic Profiles. To investigate the protein

changes associated with NAb titer, we conducted a label-free
proteomic analysis of 9 randomly selected low-NAb samples
and 15 high-NAb samples. In total, we identified 55,987
unique peptides and 845 corresponding proteins across all
samples. Differential analysis revealed 56 DEPs between the
two groups, with 26 proteins being up-regulated and 30
proteins down-regulated in the high-NAb group (Table 2,
Figure 3A). The heatmap analysis demonstrated a significant
difference in the protein expression profiles between the low-
NAb and high-NAb groups (Figure 3B).
Understanding the subcellular localization of proteins can

provide insight into their cellular functions. Therefore, we
analyzed the subcellular localization of the DEPs using the
subcellular structure prediction software DeepLoc.13 The
predictions showed that the majority of proteins were located
in the cytoplasm (44.64%) and nucleus (21.42%), with some
proteins being extracellular (17.85%), located in the cell
membrane (8.92%), or present in the endoplasmic reticulum
(3.57%; Figure 3C).
Furthermore, predicting the structural domains of DEPs is

essential for studying their functional regions and potential
biological roles. InterProScan14 software was used to predict
the structural domains, and the top 20 proteins in the Pfam15

database were selected for display (Figure 3D).
GO annotation provides comprehensive information about

the function, localization, and biological pathways in which
proteins are involved. GO function annotations are categorized
into three main categories: biological process (BP), molecular
function (MF), and cellular component (CC). GO analyses
revealed that the DEPs were mainly enriched in megakaryocyte
differentiation, protein−DNA complexes, and the structural
constituent of chromatin (Figure 4A).
The pathway analysis demonstrated that the DEPs were

significantly enriched in pathways such as systemic lupus
erythematosus, neutrophil extracellular trap formation, and
alcoholism (Figure 4B). Furthermore, the KEGG pathway
enrichment analysis was performed separately for the up-
regulated and down-regulated DEPs (Figure 4C).
To visualize the protein−protein interactions, we con-

structed protein interaction network maps based on the
STRING16 database and Cytoscape17 software. This analysis
revealed core proteins, including H4 clustered histone 6
(H4C6), phosphoglucose translocase 2(PGM2), and UDP-Glc
4-epimerase (GALE), among others (Figure 4D). Overall, the
abundance of these proteins was significantly affected,
indicating their potential involvement in regulating NAb.

Table 1. Demographic Characteristics of the Study
Populationa

characteristics
all serum samples

(n = 480)
low-titer NAb
group (n = 37)

high-titer NAb
group (n = 443)

Sex - no. (%)
Male 198 (41.25%) 21 (56.75%) 177 (39.95%)
Female 282 (58.75%) 16 (43.24%) 266 (60.04%)
Age - year
Range 23−58 31−52 23−58
Mean ± SD. 41.15 ± 9.19 42.16 ± 8.02 41.07 ± 9.23
aNAb, neutralizing antibody; SD, standard deviation.

Figure 1. Neutralizing antibody level of the participants who
recovered from COVID-19 during six months (** indicates p <
0.01, *** indicates p < 0.001).
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2.4. Integrated Analysis of Metabolomic and Proteo-
mic Data. The integration of metabolomic and proteomic
data can provide valuable insights into the underlying
metabolomic, and molecular mechanisms associated with
physiological or pathological phenotypes.11 In this study, we
conducted a comprehensive analysis of the differentially
expressed metabolites and DEPs. Through multivariate
reductions in the dimensionality and visualizing the relation-
ship of the omics data, we observed correlation between the
DEPs and differential metabolites in the low-NAb group

compared to the high-NAb group in COVID-19 patients
during recovery (Figure 5A-B).
Enrichment analyses further revealed significant enrichment

in the differentially expressed metabolites and DEPs in the
galactose metabolism, amino sugar and nucleotide sugar
metabolism, and glycolysis/gluconeogenesis pathways. Specif-
ically, the metabolome predominantly involved six differential
metabolites: oxalacetic acid, pyruvic acid, alpha-D-glucose, D-
galactose, D-mannose, and D-fructose. Moreover, the proteome
primarily included three DEPs: alcohol dehydrogenase 1B
(ADH1B), GALE, and PGM2 (Figure 5C−E). Notably, most
of the metabolites and proteins involved in amino sugar and
nucleotide sugar metabolism and in galactose metabolism were
significantly down-regulated in the high-NAb group. These
findings suggest that changes in the expression levels of these
metabolites and proteins may serve as markers of alterations in
the level of NAb.

Figure 2. Metabolic changes in the low-NAb group and the high-NAb group. (A) Metabolites coidentified in the RP mode and HILIC mode. (B)
Heatmap of different metabolites. Each row denotes a different metabolite, and each column denotes a sample. LNAb: low-NAb group (n = 9).
HNAb: high-NAb group (n = 16). (C) Model plot of partial least-squares discriminant analysis. LNAb: low-NAb group (n = 9). HNAb: high-NAb
group (n = 16). (D) Volcano plots (FC > 1.5, P < 0.05, VIP > 1). Red dots, significantly upregulated metabolites; blue dots, significantly
downregulated metabolites. (E) Bubble plot of KEGG enrichment of metabolic pathways. The size of the dots denotes the number of different
metabolites. Richfactor is defined as the number of differential metabolites annotated to the pathway divided by all the metabolites identified
annotated to the pathway.

Table 2. Serum Antibodies of the Participants Who
Recovered from COVID-19a

characteristics
all serum samples

(n = 480)
low-titer NAb
group (n = 37)

high-titer NAb
group (n = 443)

NAb
Range 0.83−4041.77 0.83−19.87 21.82−4041.77
Mean ± SD. 322.90 ± 4.99 8.31 ± 4.99 349.17 ± 526.36
aNAb, neutralizing antibody; SD, standard deviation.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.4c04047
ACS Omega 2024, 9, 42757−42765

42759

https://pubs.acs.org/doi/10.1021/acsomega.4c04047?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c04047?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c04047?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c04047?fig=fig2&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c04047?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


3. DISCUSSION
As far as we are aware, no previous study has conducted a
comprehensive multiomics investigation, at both the molecular
and ionic level, to elucidate the molecular mechanisms
responsible for the changes in serum NAb titer in the recovery
of COVID-19 patients. This pioneering study first elucidated
the serum metabolomic and proteomic profiles linked to the
NAb level in recovered COVID-19 patients during the six
months following up. Previous studies have demonstrated the
protective effect of NAb titer against SARS-CoV-2 infec-
tion.18,19 However, the underlying molecular mechanisms
driving the changes of NAb titer remain poorly understood.
This research involved the recruited patients who had

recovered from COVID-19, along with the collection of
consecutive blood samples and questionnaires six months
following their recovery. We measured NAb in the serum
samples and observed a gradual decrease in the antibody titer
over time, consistent with previous findings.20

In recent years, the integration of metabolomics and
proteomics has emerged as a prevalent approach for identifying
the biomarkers of disease21,22 and has been extensively used to
explore metabolites and proteins associated with SARS-CoV-2
infection.15 To gain deeper insights, we utilized metabolomic
and proteomic approaches to analyze the molecular pathways
associated with the changes in NAb titer. In our study, we
discovered significant alterations in organic acid metabolism,
sugar metabolism, and porphyrin and chlorophyll metabolism
related to the changes in the NAb titer. Specifically, we
observed changes in proteins associated with the glycogen
synthesis pathway, galactose metabolism pathway, and ethanol
degradation pathway in patients during recovery from COVID-
19.
In the high-titer NAb group, we observed an increase in

pyruvate and oxaloacetate levels and a decrease in PGM2 and
GALE, compared with the low-titer NAb group. Previous
research has demonstrated that SARS-CoV-2 infection
enhances glycolytic flux, leading to increased production of

Figure 3. DEPs in the low-NAb group and the high-NAb group. (A) Volcano plots of total protein level. (B) Heatmap of different metabolites.
LNAb: low-NAb group (n = 9). HNAb: high-NAb group (n = 16). (C) Map of subcellular localization of DEPs. (D) Structural domain analysis of
DEPs.
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lactate from pyruvate.23 PGM2 plays a key role in the
interconversion of sugar phosphates and is involved in
anaerobic and catabolic reactions. In the galactose metabolic
pathway, GALE catalyzes the reversible conversion of large
amounts of available UDP-glucose to UDP-galactose. More-
over, glucose metabolism has been strongly correlated with
COVID-19 infection.24,25 Thus, we postulate that targeting the
glycogen synthesis pathway and galactose metabolism pathway
by regulating the expression of PGM2 and CALE may affect
the NAb titer and the immune status of host cells.
Although a Mendelian randomization study based on UK

Biobank data indicated that alcohol consumption negatively
affects the progression of COVID-19 but is not associated with
susceptibility to SARS-CoV-2 infection,26 several studies have
provided evidence that chronic alcohol consumption increases
the risk of developing severe COVID-19.27 Interestingly, our
findings demonstrate that ADH1B, a protein associated with
the ethanol degradation pathway, was significantly down-
regulated in the high-NAb group. This suggests that ADH1B

may play a crucial role in the prevention and prognosis of
COVID-19.
Our study might be subjected to several limitations. First,

the small sample sizes used for the multiomics analysis were
constrained by the available resources. Second, the results
obtained from the metabolomic and proteomic analysis have
inherent limitations. In future studies, it will be necessary to
accurately validate the identified differentially expressed
metabolites and proteins to gain a deeper understanding of
their underlying mechanisms.

4. CONCLUSIONS
In summary, the results of this study showed significant
differences in serum metabolomic and proteomic profiles
between the low and high NAb titer groups in COVID-19
infected patients six months after recovery. Multiomics
analyses identified three key differential proteins, GALE,
PGM2, and ADH1B, and they play important roles in the
fluctuating NAb level by regulating the glycogen synthesis
pathway, the galactose metabolism pathway, and the ethanol

Figure 4. Protein function analysis in the low-NAb group and the high-NAb group. (A) Statistical plot of GO annotations for differential proteins.
(B) Bubble plot of KEGG enrichment of metabolic pathways. (C) Butterfly map of up-regulated and down-regulated DEPs. (D) Network diagram
of DEPs interactions.
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degradation pathway, respectively. These three key differential
proteins may serve as potential biomarkers for the maintenance
of the NAb level, thereby enhancing the effective and long-
lasting protection of NAb and decreasing the rate of reinfection
in COVID-19 recovered patients. These multiomics analyses
present novel avenues for immune assessment and immuno-
protection in patients recovering from COVID-19, providing
valuable insights for the development of new strategies to
maintain antibody-mediated protection.

5. MATERIALS AND METHODS
5.1. Ethical Statement. Written informed consent was

obtained from all participants, and the study protocols were
approved by the Institutional Review Boards of Gongli
Hospital.
5.2. Patient Recruitment and Sample Collection. In

total, 80 participants of COVID-19 were recruited from the
community. These participants had a confirmed history of
COVID-19 based on previous reverse transcription-polymerase
chain reaction (RT-PCR) tests and were all infected by
December 2022. During the 1−6 month follow-up period after
recovery, the participants provided 5 mL of venous blood and
completed a questionnaire regarding the age, the date of
positive PCR results for COVID-19, their symptoms, and their
vaccination status.

All selected participants complied with a strict fasting period
of 12 h and were prohibited from taking medications within 48
h prior to blood sample collection. Five mL of venous blood
was collected, and serum was obtained through centrifugation
at 4 °C (2000 rpm, 10 min). Each serum sample was divided
into four aliquots, with two used for analysis of serum NAb,
and the remaining were used for metabolomic and proteomic
analysis.
5.3. Quantification of NAb. The quantification of SARS-

CoV-2 NAb in serum samples was performed using a
pseudovirus-based virus neutralization test (Tecan, Shanghai,
SparkCyto). The tests were carried out by the instruction of
the reagent kits.
5.4. Metabolic Analysis. Total 25 serum samples were

randomly selected for metabolomic analysis, including 9
samples from the group with low NAb titer (≤20) and 16
samples from the group with high NAb titer (>20).
The metabolites in the serum samples were extracted using a

mixture of methanol and acetonitrile in a ratio of 1:1. To
ensure the repeatability and stability of the liquid chromatog-
raphy (LC)-mass spectrometry (MS) analysis process, 10 μL
of the supernatant was taken from each of the 25 processed
samples to prepare the quality control samples. The quality
control samples were then evenly inserted throughout the
analysis runs to monitor the stability of the large-scale analysis.

Figure 5. Proteomic and metabolomic correlation analysis of high and low NAb titers in patients recovering from COVID-19. (A) Heatmap of
correlation between differential metabolites and proteins, where * indicates a correlation P-value of less than 0.05 and ** indicates a correlation P-
value of less than 0.01. (B) Concentric circles of correlation between the differentially expressed metabolites and proteins. Orange dots represent
differentially expressed proteins (n = 56), and blue dots represent differentially expressed metabolites (n = 34). If the angle between a differential
protein and differential metabolite is an acute angle (less than 90 deg), the correlation is positive. If the angle between the differential protein and
the differential metabolite is an oblique angle (greater than 90 deg and less than 180 deg), the correlation is negative. Starting from the center of the
circle, the lines are connected to the differentially expressed metabolites and proteins. The longer the length of the connection, the stronger the
relationship. (C) Glycogen synthesis pathway. (D) Galactose metabolism pathway. (E) Ethanol degradation pathway.
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Furthermore, each processed sample was divided into four
fractions. Two fractions were used for reverse-phase/ultra-
performance liquid chromatography (RP) UPLC-MS/MS
methods with positive/negative-ion mode electrospray ioniza-
tion (ESI). The remaining were used for hydrophilic
interaction liquid chromatography (HILIC)UPLC-MS/MS
methods with ESI in positive-ion mode and negative-ion mode.

5.4.1. Conditions of Liquid Chromatography. The LC
analysis was conducted by using an Exion LC 30AD System
(SCIEX, MA, USA). Chromatography was performed with an
ACQUITY UPLC HSS T3 column (2.1 × 100 mm, 1.8 μm)
(Waters, Milford, MA, USA) and an ACQUITY UPLC BEH
Amide column (2.1 × 100 mm, 3.0 μm) (Waters, Milford, MA,
USA), which were maintained at a temperature of 40 °C. The
flow rate was set at 0.3 mL/min, and the injection volume was
2 μL.
For the (RP)UPLC-MS/MS mode, the mobile phases

consisted of (B1) 0.1% formic acid in methanol:acetonitrile
(50:50, v/v) and (A1) 0.1% formic acid in water. The
separation was carried out using the following gradient: 0−1.8
min, 3% B1; 1.8−11 min, 3%−95% B1; 11−16 min, 95% B1;
16−16.1 min, 95%−3% B1; 16.1−20 min, 3% B1.
For the (HILIC)UPLC-MS/MS mode, the analytes were

carried out with (B2) 10 mM ammonium format in
acetonitrile:water (95:5, v/v) and (A2) 10 mM ammonium
format in water. The separation was conducted using the
following gradient: 0−1 min, 95% B2; 1−10 min, 95%−75%
B2; 10−13 min, 75%−40% B2; 13−16 min, 40% B2; 16−16.1
min, 40%−95% B2; 16.1−20 min, 95% B2.

5.4.2. Conditions of Mass Spectrometry. The detection of
metabolites by MS was performed using a ZenoTOF 7600
system (SCIEX, MA, USA) equipped with an ESI ion source.
The full-scan mode was applied with a scan range of 50−1300
m/z. During data collection, mass axis calibration and blank
determination were performed every five injections to track the
stability and background value of the instrument.

5.4.3. Metabolite Matching and Statistical Analysis. Raw
data were acquired and pretreated using SCIEX OS v2.1.6
software. The data file (.wiff) was converted into mzXML and
MGF formats by using MSConvert. Peaks were extracted using
the XCMS package in R. The output file contained sample
names, m/z pairs, retention times, and peak intensity. The
MS/MS data were further processed for metabolite identi-
fication by using MetDNA2 (http://metdna.zhulab.cn/). The
molecular weight tolerances were set to ±10 ppm, relative to
the theoretical value for each standard metabolite.
The statistical analysis was conducted using MetaboAnalyst

5.0 (http://www.metaboanalyst.ca). The group comparisons
were performed using t test. A P-value less than 0.05 was
considered statistically significant. The method stability of
metabolomic analysis was confirmed by evaluating the
principal component analysis (PCA) score plot. The partial
least-squares discriminant analysis (PLS-DA) models were
established to distinguish the metabolite characteristics of two
groups. Metabolic features that differentiated the low NAb
group from the high NAb group were identified based on a
variable importance in the projection (VIP) value greater than
1.0 in the PLS-DA, peak intensities between two groups with a
P-value <0.05 and Metabolites with fold changes greater than
or equal to 1.5. The obtained results were then integrated with
the KEGG database and the Human Metabolome Database
(HMDB) to investigate metabolic pathways and disease
information related to differential metabolites.

5.5. Proteomic Analysis. Twenty-five serum samples, the
same as the metabolic analysis, were used for this test. We
combined BioRAD ProteoMiner beads with the serum samples
in a 1.5 mL centrifuge tube and mixed them on a vertical
rotating mixer for 2 h. The mixture was then centrifuged at
10000g for 5 min at 4 °C, and the beads were repeatedly
washed with a wash buffer. After washing, we added 0.4 mL of
1% TFA to the beads and mixed them for 10 min. We
collected the supernatant and repeated the elution process
twice. The supernatant was subsequently frozen and dried into
a powder using a freeze concentrator. The pellet was dissolved
using a dissolution buffer (8 M urea, 100 mM TEAB, pH 8.5).
Next, the protein sample was reduced with 10 mM DTT at

56 °C for 1 h, followed by alkylation with iodoacetamide in the
dark at room temperature for 1 h. The quality of the protein
sample was evaluated. Then, we added DB protein lysate,
trypsin, and 100 mM TEAB buffer to the protein sample,
mixed well, and digested it at 37 °C for 4 h. Overnight
digestion was carried out by adding trypsin and CaCl2. After
adjusting the pH and centrifuging for 5 min, we collected the
supernatant and passed it slowly through a 18C desalting
column. The column was washed three times with 0.1% formic
acid and 3% acetonitrile. Finally, we added an appropriate
amount of eluent, collected the filtrate, and freeze-dried it.

5.5.1. Database Search for Quantification. For proteomics
data analysis, MS raw data were searched using Proteome
Discoverer (Version 2.4.1.15, Thermo Fisher Scientific)
against a manually annotated and reviewed Homo sapiens
protein FASTA database (SwissProt, 27 April 27, 2020). The
enzyme digestion was set to fully specific trypsin, with up to
two missed cleavages. Static modifications included carbami-
domethylation of cysteine. Variable modifications included the
oxidation of methionine and the acetylation of N-terminus
peptides. The precursor ion mass tolerance was set to 10 ppm,
and the product ion tolerance was set to 0.02 Da. The peptide-
spectrum match allowed a 1% target false discovery rate
(FDR). The protein abundance ratios of the target samples
compared with the pooled sample within each batch were used
as the relative protein abundance for data analysis.

5.5.2. Statistical and Bioinformatics Analysis. Statistical
analysis of the protein quantification results was performed
using the t test. Proteins that showed a significant difference in
quantification between the experimental group and the control
group (p < 0.05, |log2 FC| > * (FC > * or FC < * [fold change,
FC]) were identified as differentially expressed proteins
(DEPs).
Functional annotation of serological proteins employed the

PANTHER database (http://pantherdb.org/). The interaction
network analysis of biological processes and signaling pathways
used Cytoscape and ClueGO with a P-value cutoff ≤ 0.01.
Pathway analysis employed the KEGG database (https://www.
genome.jp/kegg/).
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