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ABSTRACT: Coal worker’s pneumoconiosis (CWP) is characterized by
chronic inflammation and pulmonary fibrosis. The key factor contributing
to the incurability of CWP is the unclear pathogenesis. This study explored
the characteristic changes in proteomics and metabolomics of early and
advanced CWP patients through proteomics and metabolomics
techniques. Proteomics identified proteins that change with the
progression of CWP, with significant enrichment in the TGF-β signaling
pathway and autoimmune disease pathways. Metabolomics revealed the
metabolic characteristics of CWP at different stages. These metabolites
mainly include changes in amino acid metabolism, unsaturated fatty acid
synthesis, and related metabolites. Integrated analysis found that ABC
transporters are a shared pathway among the three groups, and ABCD2 is
involved in the ABC transporter pathway. In the subsequent independent
sample verification analysis, consistent with proteomics experiments, compared to the CM group, FMOD expression level was
upregulated in the NIC group. TFR expression level was consistently downregulated in both the IC and NIC groups. Additionally,
ABCD2 increased in the IC group but decreased in the NIC group. In summary, this study revealed the metabolic characteristics of
CWP at different stages. These findings may provide valuable insights for the early prediction, diagnosis, and treatment of CWP.
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■ INTRODUCTION
Coal worker’s pneumoconiosis (CWP), a prevalent occupa-
tional disease stemming from chronic inhalation of coal dust
among miners,1 leads to the accumulation of immune cells in
lung regions proximal to bronchioles and alveoli, ultimately
resulting in pulmonary fibrosis and immune dysfunction.2,3

This condition poses a significant public health challenge
globally, particularly in developing nations where coal serves as
the primary energy source.4 Although the setting of exposure
limits and the improvement of mining environment have
greatly reduced the incidence of CWP, recent research results
show that the incidence of CWP is rebounding.5 Meanwhile,
multiple studies have pointed out that the existence of CWP
can lead to a significant increase in patient mortality.6,7 The
increasing incidence of CWP and high risk have renewed the
attention of researchers on the occupational health of coal
miners.

The diagnosis of CWP relies on dust exposure history and
imaging examination.8 The occurrence of CWP requires long-
term exposure to coal dust, and there is a lack of specific
symptoms in the early stages of CWP.9 The long time span of
exposure history, combined with the concealment of early

clinical symptoms, greatly reduces the early detection rate of
CWP.10,11 In terms of treatment, there is currently a lack of
effective therapeutic measures for CWP patients. In the early
stage of CWP, targeted supportive treatments such as
bronchodilators and oxygen inhalation can be applied.12 For
patients in the end stage of CWP, lung transplantation is the
only option.13 Continuing to deeply explore the key
mechanisms underlying the occurrence and development of
CWP and searching for reliable biomarkers that can be used
for early diagnosis of CWP are crucial for the current
prevention and treatment of CWP.

Thanks to the rapid advancement of high-throughput
technology in bioinformatics, researchers can now analyze
various tissues, including tissue,14 plasma, serum,15 follicular
fluid,16 and bronchoalveolar lavage fluid,17 to gain a more
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precise understanding of the normal physiological state of cells,
intercellular material transfer, and corresponding changes
caused by pathological conditions. Besides exploring basic
mechanisms, multiomics technology is increasingly being
applied in disease treatment and prognosis. In the realm of
systems medicine, omics technologies enable comprehensive
elucidation of molecular alterations, offering profound insights
into disease pathogenesis and advancing precision medicine
strategies for lung diseases.18,19 Proteins serve as vehicles for
gene function, while metabolites lie downstream of protein
regulatory networks. The intricate interplay between genes,
environment, and their interactions can be dissected through
quantitative analysis of proteins and metabolites, yielding a
treasure trove of “translatable” diagnostic and therapeutic
targets. Currently, metabolomics and proteomics analyses have
been widely used in the study of complex systems.20,21

However, most studies tend to focus on the analysis of a single
omics, limiting our comprehensive understanding of complex
biological processes. The integration of multiple omics reveals
molecular changes more comprehensively, helping us to deeply
understand the pathogenesis during disease progression and
providing new insights for early diagnosis and intervention
strategies of diseases.22

Over the past decade, omics studies pertaining to lung
diseases have garnered widespread attention, encompassing an
expanding array of tissue samples. Bronchoalveolar lavage fluid
(BALF), comprising a diverse assortment of cellular and
acellular components, serves as a direct proxy for airway
secretions and is recognized as an optimal biological specimen
for lung disease diagnostics.23 In the present investigation, we
initiated proteomic and metabolomic interrogations of BALF
derived from patients at varying stages of CWP miners.
Subsequently, these multiomics data sets were fused to discern
the dynamics of disease progression in CWP, unveiling
aberrant signaling cascades and promising therapeutic targets
that could potentially be harnessed in future clinical endeavors
to propel the advancement of precision medicine for lung
disorders.

BALF comprises a variety of cellular and noncellular
components, functioning as a direct equivalent to airway
secretions. BALF effectively differentiates between infectious
lung diseases, immune-related noninfectious diseases, and even
malignant tumors, thus serving as a secure and efficient
approach to investigate local immune pathological processes in
the lungs.23 Presently, BALF is employed for omics analysis in
various lung disease studies.24 In this research, we conducted
proteomic and metabolomic analyses on BALF samples from
patients with CWP across different stages, identifying protein,
metabolite, and functional disparities among these patients.
This provides valuable insights for early diagnosis and
therapeutic intervention in CWP patients.

■ METHODS

Study Subjects

Between August and October 2023, we recruited underground
workers from the Xishan Coal Mine in Taiyuan, focusing
exclusively on roadway excavation workers due to the elevated
dust production, exposure concentrations, and associated
health risks. Ultimately, 18 participants were enrolled,
comprising 6 coal miners and 12 coal workers with
pneumoconiosis (CWPs), all fulfilling the Chinese GBZ 70−
2015 diagnostic criteria. All participants were male. The CWPs

were categorized into stages I (6 cases), II (4 cases), and III (2
cases) based on radiographic findings. Given the limited stage
III cases, we established three groups: the no pneumoconiosis
group (coal miners, CM), early pneumoconiosis group (stage I
CWP, IC), and pneumoconiosis progression group (nonstage I
CWP, NIC). The study adhered to ethical guidelines, with
written informed consent obtained from all participants, in
accordance with the Declaration of Helsinki. Participants
completed questionnaires, clinical lab tests, X-rays, and
pulmonary function tests. Collect bronchoalveolar lavage
fluid from all participants for proteomic and metabolomic
analysis. This study was approved by the Ethics Committee of
the First Hospital of Shanxi Medical University (2020 K−K
NO. 104) and obtained informed consent from each
participant.
Inclusion Criteria for CWP.

Male participants aged over 40 years.
A history of exposure to coal dust exceeding 10 years,
accompanied by a confirmed diagnosis of coal workers’
pneumoconiosis.

Exclusion Criteria for CWP.
Presence of other significant respiratory conditions,
including tuberculosis, lung cancer, and various inter-
stitial lung diseases.
Coexisting illnesses such as heart failure, hepatic fibrosis,
renal fibrosis, or other related fibrotic disorders.
History of other systemic malignant tumors or prior
radiotherapy.

Inclusion Criteria for Coal Miners.
Male participants aged over 40 years.
A history of exposure to coal dust for more than 10
years, without a diagnosis of CWP.

Exclusion criteria for coal miners are identical to those for
CWP.
BALF Collection and Processing
Local anesthesia was administered to the lung segments
scheduled for BALF, and 1−2 mL of 2% lidocaine was injected
through the biopsy channel. After securely positioning the
electronic bronchoscope in the middle lobe of the right lung,
100 mL of sterile saline at 37 °C was instilled through the
biopsy channel in divided doses of 20−30 mL each. The
irrigation fluid was recovered by suction at a negative pressure
of less than −100 mmHg, with a recovery rate exceeding 30%
(total volume not less than 30 mL). The recovered solution
was gently agitated, filtered through four layers of sterile gauze
to remove mucus, centrifuged at 4000 rpm for 10 min, and the
supernatant was immediately removed and stored in a −80 °C
freezer.
Proteomics
Proteomic data analysis was conducted by Nanjing Personalbio
Gene Technology Company. SDT buffer (comprising 4% SDS
and 100 mM Tris-HCl at pH 7.6) was utilized for the lysis of
BALF samples and subsequent protein extraction. Protein
digestion was carried out adhering to the FASP protocol.25

The resulting digested peptides underwent desalting on a C18
chromatographic column (Empore SPE Cartridges, standard
density, with an internal diameter of 7 mm and a volume of 3
mL, Sigma). Following desalting, the peptides were concen-
trated via vacuum centrifugation and reconstituted in 40 μL of
0.1% (v/v) formic acid solution. The peptide concentration
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was estimated by measuring the UV spectral density at 280 nm,
utilizing an extinction coefficient of 1.1 for a 0.1% (g/l)
solution.

LC-MS/MS analysis was performed on the timsTOF Pro
mass spectrometer coupled with Nanoelute. The peptides were
loaded onto a C18-reversed phase analytical column (Thermo
Scientific Easy Column, 25 cm in length, 75 μm inner
diameter, packed with 1.9 μm resin) and dissolved in 95%
buffer A (consisting of 0.1% formic acid solution). Separation
was achieved using a linear gradient of buffer B (99.9%
acetonitrile with 0.1% formic acid) at a flow rate of 300 nL/
min. Data acquisition was conducted with positive ionization,
applying an electrospray voltage of 1.5 kV. Precursors and
fragments were analyzed by the TOF detector within a mass
range of 100−1700 m/z. The timsTOF Pro was operated in
parallel accumulation serial fragmentation (PASEF) mode,
utilizing the following parameters: the ion mobility coefficient
(1/K0) was set between 0.6 and 1.6 Vs/cm2, with 1 MS and 10
MS/MS PASEF scans. Active exclusion was enabled, with a
release time of 24 s. The raw MS data were subsequently
combined and searched using MaxQuant (version 1.6.14) for
identification and quantification analysis. The qualitative and
quantitative parameters of proteins are shown in Table S1.
Additionally, this study utilized the UniProt and Homo_-
sapiens.GRCh38.pep.all.fasta databases. Results were filtered
based on a false discovery rate (FDR) of ≤0.01 for proteins
and peptides. Differentially expressed proteins (DEPs) were
identified based on a fold change (FC) > 2 or FC < 0.5, with P
< 0.05. Blast2Go software was used to perform GO enrichment
analysis on all DEPs. The identified DEPs were imported into
the KEGG database for functional pathway analysis.
Metabolomics
For nontargeted metabolomics analyses, data were acquired in
both positive and negative ion modes utilizing an Ultrahigh
Performance Liquid Chromatography-tandem Mass Spectrom-
etry (UPLC-MS/MS) system, comprising a Thermo Vanquish
liquid chromatography system (Thermo Fisher Scientific,
USA) coupled with a Thermo Orbitrap Exploris 120 mass
spectrometer (Thermo Fisher Scientific, USA). The opera-
tional parameters were set as follows: sheath gas pressure at 40
arbitrary units (arb), auxiliary gas flow at 10 arb, spray voltages

of 3.50 kV and −2.50 kV for ESI(+) and ESI(−), respectively;
capillary temperature maintained at 325 °C; MS1 scan range
from m/z 100 to 1000; MS1 resolving power of 60,000 full
width at half-maximum (fwhm); four data-dependent scans per
cycle; MS/MS resolving power of 15,000 fwhm; normalized
collision energy set to 30%; and dynamic exclusion time set to
automatic.26

The MSConvert tool in the Proteowizard software package
(v3.0.8789) was used to convert the raw mass spectrometry
output files into mzXML file format. The R XCMS software
package was employed for peak detection, peak filtering, and
peak alignment. The parameters were set as follows: bw = 2,
ppm = 15, peakwidth = c(5, 30), mzwid = 0.015, mzdiff = 0.01,
and method = “centWave”. Data normalization was achieved
using total peak area normalization to eliminate systematic
errors. The R package Ropls was used to perform principal
component analysis (PCA), partial least-squares discriminant
analysis (PLS-DA), and orthogonal partial least-squares
discriminant analysis (OPLS-DA) for dimensionality reduction
analysis. The permutation test method was used to perform
overfitting testing on the model. P values were calculated based
on statistical tests, variable importance in projection (VIP) was
calculated using the OPLS-DA dimensionality reduction
method, and FC was used to calculate the fold change
between groups to measure the influence intensity and
explanatory power of each metabolite content on sample
classification discrimination, assisting in the screening of
marker metabolites. Metabolites with significant differential
expression (DEM) were identified based on VIP > 1.0, FC > 1
or FC < 1, and P < 0.05. MetaboAnalyst (www.metaboanalyst.
ca) was used to perform KEGG pathway enrichment analysis
on the DEMs. Calculate the P-value based on statistical tests,
calculate the variable importance in projection (VIP) using the
OPLS-DA dimensionality reduction method, and calculate the
fold change (FC) to measure the influence intensity and
explanatory power of each metabolite content on sample
classification and discrimination, assisting in the screening of
marker metabolites. Determine differentially expressed metab-
olites (DEMs) based on VIP > 1.0, FC > 1 or FC < 1, and P <
0.05. KEGG pathway enrichment analysis was performed on
DEM using MetaboAnalyst (www.metaboanalyst.ca).

Figure 1. Summary of the study design. This clinical study recruited 18 participants, comprising six coal miners without pneumoconiosis, six
patients with stage I coal worker’s pneumoconiosis, and six patients with nonstage I coal worker’s pneumoconiosis. Bronchoalveolar lavage fluid was
collected from all participants for subsequent proteomic and metabolomic analyses. Specifically, the coal miners served as the control group without
pneumoconiosis, the patients with stage I coal worker’s pneumoconiosis represented the early stage of the disease, and the patients with nonstage I
coal worker’s pneumoconiosis denoted the progression stage of the disease.
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Enzyme Linked Immunosorbent Assay (ELISA) Verification
BALF samples from subjects who underwent proteomic
analysis in the early stage were selected for ELISA verification.
Additionally, based on the inclusion and exclusion criteria used
in the proteomic analysis, six coal miners and 14 patients
outside the cohort were also selected for molecular level
verification. The levels of FMOD, TFR, CSF1, and ABCD2 in
BALF were verified using the ELISA method.
Statistical Analysis
Statistical analysis of the data was performed using SPSS
version 22.0. All data were statistically described using mean ±
standard deviation (SD). To evaluate the differences between
two groups, we employed the t test. For comparisons among
three groups, we utilized one-way analysis of variance
(ANOVA) and least significant difference (LSD) test. P <
0.05 was considered statistically significant. To assess the
relationship between differential proteins and metabolites, we
adopted the Spearman correlation test. Statistical significance
was determined when P < 0.05. A correlation coefficient |r| >
0.8 indicates a strong correlation.

■ RESULTS

Clinical Characteristics of Participants
In this prospective study, we selected the emblematic Xishan
coal mine in Shanxi Province to mitigate the confounding
effects of regional variations in coal quality. Employing a
multiomics approach, we delved into the aberrant pathways
implicated in the initiation and progression of CWP, alongside
potential biomarkers. The study’s design is illustrated in Figure
1. Adhering to the Chinese GBZ 70-2015 diagnostic criteria for
pneumoconiosis, we enrolled three candidate groups: CM
group, IC group, and NIC group, comprising a total of 18 male
roadway excavation workers. Table 1 summarizes their
demographic and clinical profiles.

The participants’ ages spanned from 40 to 53 years, with
BMI values ranging from 22.06 to 29.28 kg/m2. Our analysis
revealed no noteworthy disparities across groups in terms of
baseline demographics, years of occupational exposure, RBC

count, HGB levels, PLT count, or lung function parameters,
underscoring the comparability and balance of the groups.
Nevertheless, significant variations emerged in WBC levels
among the three groups. In-depth analysis utilizing the least
significant difference (LSD) t test confirmed statistically
significant differences in WBC levels between the NIC group
and both the CM and IC groups.
Proteomic Analysis
Proteomic experiments revealed that a total of 24,755 peptides
were detected, with 22,648 unique peptides used for
identification, resulting in the identification of 3,338 proteins
(Table S2). Among them, 2,962 proteins were quantifiable. We
identified a total of 3,170 overlapping proteins across the three
groups. Compared to the CM group, 85 differentially
expressed proteins were obtained in the IC group, including
59 down-regulated proteins and 26 up-regulated proteins
(Table S3). In the NIC group, 114 differentially expressed
proteins were obtained, including 75 down-regulated proteins
and 39 up-regulated proteins (Table S4). Compared to the IC
group, the NIC group obtained 37 differentially expressed
proteins, including 20 down-regulated proteins and 17 up-
regulated proteins (Figure 2A−C, Table S5). The distribution
of differentially expressed proteins was analyzed through
volcanic plots and cluster heatmaps (Figures 2D−F, S1A−
C). For CM and IC, alterations were observed in the TGF-beta
signaling pathway, PPAR signaling pathway, calcium signaling
pathway, ferroptosis, cholesterol metabolism, and hemato-
poietic cell lineage. For CM and NIC, changes were noted in
cell adhesion molecules, phagosome, Th1 and Th2 cell
differentiation, efferocytosis, and autoimmune-related disease
pathways. For IC and NIC, alterations were observed in the
Hedgehog signaling pathway and ABC transporters pathway
(Figure S1D−F).

In addition, the cluster heatmap also displayed the
expression of 87 differentially expressed proteins among the
three groups (Figure 3A). We also created box plots to
illustrate the expression levels of four distinct proteins across
three sample groups. Compared with the CM group, the levels
of ADPGK, TFR, and HLA-A were significantly decreased in

Table 1. Summary of Participant Characteristicsa

Characteristic CM IC NIC P value

General information
Age (years) 49.67 ± 1.86 49.67 ± 3.07 49.50 ± 5.20 0.996
BMI (kg/m2) 24.55 ± 2.17 26.21 ± 2.19 24.38 ± 1.34 0.228
Systolic blood pressure (mmHg) 136.50 ± 12.85 143.00 ± 15.92 144.00 ± 4.24 0.509
Diastolic blood pressure (mmHg) 93.50 ± 6.25 101.40 ± 13.58 94.50 ± 14.98 0.528
Years of occupational exposure (years) 17.48 ±1.95 18.56 ± 2.55 16.02 ± 2.28 0.188
Routine full blood analysis
WBC (×109/L) 4.866 ± 0.66 4.84 ± 1.33 7.033 ± 2.03 0.035
RBC (×1012/L) 4.821 ± 0.29 4.948 ± 0.39 4.87 ± 0.35 0.833
HGB (g/L) 156.00 ± 7.12 156.00 ± 11.96 163.67 ± 6.71 0.253
PLT (×109/L) 245.33 ± 43.29 240.20 ± 31.28 235.67 ± 48.10 0.924
Pulmonary function
FVC_%pred 100.72 ± 14.60 99.46 ± 10.78 101.16 ± 10.54 0.969
FEV1_%pred 97.11 ± 15.76 93.89 ± 8.94 87.67 ± 14.24 0.476
FEV1/FVC 78.70 ± 7.44 77.10 ± 5.49 71.53 ± 15.09 0.461
MMEF75/25_%pred 76.73 ± 21.31 68.58 ±17.27 53.72 ± 25.52 0.208
MEF50_%pred 84.72 ± 23.46 80.10 ± 20.15 58.73 ± 27.04 0.163
MEF25_%pred 64.84 ± 20.81 52.21 ± 14.27 49.71 ± 31.06 0.494
DLCO SB% 92.32 ± 9.72 92.48 ± 13.99 93.70 ± 23.57 0.988

aWBC: white blood cell count; RBC: red blood cell count; HGB: hemoglobin; PLT: platelet count. Bold values indicate significant differences.
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both the IC group and NIC group, while the level of FMOD
was significantly increased in the NIC group (Figure 3B-E).

GO enrichment and KEGG pathway analysis were
conducted to further explore the functions associated with
DEPs in the three groups. GO enrichment analysis revealed
alterations in biological processes such as ATP hydrolysis
coupled cation transmembrane transport and multicellular
organism process (Figure S2A). Regarding GO molecular
functions, in addition to calcium-transporting ATPase activity,

ATPase activity coupled to transmembrane movement of ions,
phosphorylative mechanism, cation-transporting ATPase ac-
tivity, ATPase coupled ion transmembrane transporter activity,
and active ion transmembrane transporter activity were also
significantly enriched (Figure 4A). Furthermore, intrinsic
component of membrane, integral component of membrane,
and membrane cellular components may be related to these
functions (Figure S2B). KEGG analysis indicated significant
changes in pathways related to TGF-beta signaling pathway,

Figure 2. (A) Histogram illustrates identification and quantification results. (B) Venn diagram summarizes the differential and overlapping
proteins. (C) Bar graph of protein quantification difference results. (D−F) The volcanic plot indicates significant changes in the proteins compared
between the two groups.
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arginine biosynthesis, hematopoietic cell lineage, and auto-
immune-related diseases (Figure 4B).
Metabolomic Analysis

To further understand the metabolic changes in CWP patients,
nontargeted metabolomics analysis was performed on BALF
using the UHPLC-MS/MS system. The PLS-DA score plots
showed clear separation of samples from the three groups in
both positive and negative ion modes (Figure 5A,B). We
further applied the OPLS-DA model to distinguish the
metabolic characteristics of the three groups (positive ion
mode: R2Y = 0.984 and Q2 = 0.676; negative ion mode: R2Y
= 0.996 and Q2 = 0.627) (Figure 5C,D). Permutation tests
confirmed the reliability of the model (Figure 5E,F).

This study identified 272 metabolites through database
searching and comparative identification (Table S6). The
volcanic plot and cluster heatmap revealed the distribution of
differentially expressed metabolites between the two groups,
showing a clear clustering of differentially expressed metabo-
lites between the groups (Figures 6 and S3). Compared with
the CM group, 24 metabolites were upregulated and 13
metabolites were downregulated in the IC group (Table S7);
19 metabolites were upregulated and 39 metabolites were
downregulated in the NIC group (Table S8). Compared with
the IC group, 19 metabolites were upregulated and 21
metabolites were downregulated in the NIC group (Table S9).

Subsequently, the box plot illustrated the significant
upregulated and downregulated differential metabolites

between the two groups of samples (Figure 7). The results
indicated that, compared to the CM group, the L-methionine
level in the IC group was notably downregulated, while the
linoleic acid and urocanic acid levels were significantly
upregulated. In the NIC group, both L-methionine and L-
proline levels were significantly downregulated, while the oleic
acid level was notably upregulated (P < 0.05). Compared to
the IC group, the oleic acid and S-adenosylmethionine levels in
the NIC group were significantly upregulated, while the S-
hexylglutathione level was downregulated (P < 0.05).

In the analysis of metabolic pathways, we observed
alterations in the metabolic pathways of pyrimidine metabo-
lism, histidine metabolism, vitamin digestion and absorption,
and protein digestion and absorption when comparing the CM
group to the IC group. Comparing the CM group to the NIC
group, changes were observed in the pathways of ABC
transporters, protein digestion and absorption, aminoacyl-
tRNA biosynthesis, central carbon metabolism in cancer, and
mineral absorption. Furthermore, comparing the IC group to
the NIC group, alterations were noted in the pathways of ABC
transporters, Th17 cell differentiation, cysteine and methionine
metabolism, as well as autoimmune-related diseases (Figures 8
and S4).
Integration of Proteomic and Metabolomic Analyses

The integrated analysis of proteomics and metabolomics
revealed the common enrichment pathways of differential
proteins and metabolites. In CM and IC, the common

Figure 3. (A) The cluster heatmap illustrates the distribution of differentially expressed proteins among the three groups. The box plot of top
performing proteins, including ADPGK (B), FMOD (C),TFR (D) and HLA-A (E). *P < 0.05, **P < 0.01.
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enrichment pathways include ABC transporters, aminoacyl-
tRNA biosynthesis, folate biosynthesis, glutathione metabo-
lism, HIF−1 signaling pathway, purine metabolism, and
pyrimidine metabolism. In CM and NIC, the common
enriched pathways include ABC transporters, amino sugar
and nucleotide sugar metabolism, arachidonic acid metabolism,
arginine biosynthesis, autophagy-animal, endocytosis, fatty acid
degradation, Parkinson disease, purine metabolism, Rap1
signaling pathway, rheumatoid arthritis, shigellosis, thiamine
metabolism, and valine, leucine, and isoleucine degradation. In
IC and NIC, the common enrichment pathways include ABC
transporters, folate biosynthesis, and pathways in cancer. We
observed that the pathway of ABC transporters is common in
CM and IC, CM and NIC, and IC and NIC (Figure 9A-C).

Based on the differences in proteins and metabolites in
BALF of CWP patients at different stages, we further explored
the correlation between differential proteins and differential
metabolites. Spearman’s correlation coefficient was used to
determine the correlation. Notably, our results revealed a
noteworthy association between changes in protein and
metabolite profiles in CWP patients at different stages.
Comparing CM with IC, CM with NIC, and IC with NIC,
we observed a positive correlation between L-methionine and
other proteins. For CM and NIC, oleic acid was positively
correlated with PHPT1 and HMGN3. In the IC and NIC
groups, oleic acid was positively correlated with RAB21 and
ERGIC1. In the CM and IC group, (S)-beta-tyrosine was
negatively correlated with ALOX5, whereas in the IC and NIC
group, it was positively correlated with SF1 and MACRO-
H2A1 (Figure 9D-F, Table S10).

In our data, the enrichment analysis results indicate that
differentially expressed proteins are primarily enriched in the
TGF-β signaling pathway and autoimmune disease-related
signaling pathways. We observed that these pathways involve

several important differentially expressed proteins, including
TFR, FMOD, and CSF1 (Table S11). The ABC transporter
pathway is a common pathway for differentially expressed
proteins and metabolites across the three groups, and we found
that ABCD2 is a key protein involved in the ABCD transporter
pathway (Table S12).

To further validate the findings from proteomics, we utilized
ELISA kits to verify differential proteins in independent
samples. A summary of the characteristics of all independent
samples with complete data is presented in Table S13.
Consistent with the proteomic analysis experiment, compared
to the CM group, FMOD expression level was upregulated in
the NIC group. TFR level was consistently downregulated in
both the IC and NIC groups. However, we did not observe
significant differences in CSF1 protein expression in
independent sample testing. Additionally, we assessed the
expression of ABCD2, which is an important protein involved
in the ABC transporter pathway, a commonly enriched
pathway across the three groups in the integrated analysis.
Consistent with the results of proteomic analysis, we observed
that ABCD2 expression was upregulated in the IC group and
downregulated in the NIC group (Figure 10).

■ DISCUSSION
CWP is a prevalent and severe occupational disease among
coal miners, primarily caused by inhalation of mineral dust,
leading to lung diseases. Currently, there is a lack of effective
early diagnostic methods.27 A deep understanding of the
pathological characteristics of CWP is crucial for its diagnosis
and intervention. Proteomics, as a powerful protein analysis
method, can identify proteins involved in disease progression
or therapeutic intervention as biomarkers.28 In contrast,
metabolomics technology can widely identify changes in
small molecule metabolites, accurately reflecting the state of

Figure 4. (A) Bubble chart of GO functional enrichment under molecular function classification across three group comparisons. (B) Perform
KEGG functional analysis on the differentially expressed proteins among the three groups.
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biological systems.29 Metabolite levels are also considered the
ultimate response of biological systems to the occurrence and
development of diseases.30 Therefore, integrating proteomics

and metabolomics analysis provides opportunities to address
clinical issues related to CWP.13 In this study, we integrated
proteomic and metabolomic data from 18 healthy individuals,

Figure 5. PCA score plots in (A) positive ion and (B) negative ion modes. OPLS-DA score plots in (C) positive ion and (D) negative ion modes.
Permutation test plots under OPLS-DA for (E) positive ion and (F) negative ion modes.
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early stage CWP patients, and advanced-stage CWP patients
from the Xishan Coal Mine in Taiyuan. We focused on
analyzing protein and metabolite profiles, as well as identifying

DEPs and DEMs in BALF samples from patients with different
stages of CWP. Additionally, this study further investigated key
signaling pathways associated with these DEPs and DEMs. We

Figure 6. (A) Statistical histogram of differential metabolites. (B) Differential metabolite Venn diagram. (C−E) The volcano plot illustrates the
variations in differential proteins between two groups.

Journal of Proteome Research pubs.acs.org/jpr Article

https://doi.org/10.1021/acs.jproteome.4c00715
J. Proteome Res. 2025, 24, 1715−1731

1723

https://pubs.acs.org/doi/10.1021/acs.jproteome.4c00715?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jproteome.4c00715?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jproteome.4c00715?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jproteome.4c00715?fig=fig6&ref=pdf
pubs.acs.org/jpr?ref=pdf
https://doi.org/10.1021/acs.jproteome.4c00715?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


found significant differences in the composition of protein and
metabolite profiles among patients with different stages of
CWP. We speculate that these differences may play an
important role in the occurrence and development of CWP.

One of the main components of inhaled coal dust particles is
silica. Silica can induce inflammatory cell infiltration, collagen
fiber deposition, and abnormal repair of alveolar epithelial
tissue by activating the inflammasome.31−33 Therefore, the
activation of the inflammasome caused by SiO2 in inhaled dust
is an important driving factor leading to pulmonary fibrosis.
Through proteomics, this study found that compared with
healthy coal miners, the ADPGK protein level was significantly
reduced in the early CWP group and progressive CWP group.
ADPGK is part of the glucose sensing system in the
endoplasmic reticulum and plays a key role in regulating
energy metabolism processes. The decrease in ADPGK will
reduce glucose uptake by the body, decrease the activity of
hexokinase, phosphofructokinase, and respiratory chain com-
plexes, activate induced depletion of thymidine metabolic
intermediates, and enhance autophagy, ultimately leading to
energy metabolism disorders.34 Some studies have pointed out
that the activation of the inflammasome is related to energy
metabolism disorders.35 Therefore, the reason why inhaled
coal dust particles promote pulmonary fibrosis by activating
the inflammasome may be related to abnormal expression of
ADPGK.

In addition to the abnormal expression level of ADPGK
protein, this study also identified abnormalities in the
expression levels of TFR and FMOD proteins through
proteomics. The results of this study showed a significant
decrease in TFR expression compared to the CM group. TFR
is a type of integral membrane protein that mediates iron
absorption through receptor-mediated endocytosis and is
essential for maintaining intracellular iron homeostasis in
cells.36 Some studies have indicated that abnormalities in TFR
expression in airway macrophages are involved in the
formation of pulmonary fibrosis.37 Under normal conditions,
airway macrophages highly express TFR. However, in patients
with pulmonary fibrosis, the expression of TFR in airway
macrophages significantly decreases. The decrease in TFR
expression in airway macrophages directly affects the
phagocytic function of macrophages and promotes the
development of a phenotype that promotes fibrosis. At the
same time, an increase in the proportion of macrophages with
low TFR expression is an independent risk factor for the
survival time of patients with pulmonary fibrosis.37 Combining
our research results, it can be speculated that the decreased
expression level of TFR in coal miners may be a risk factor for
the development of CWP, and the potential mechanism may
be related to the phenotypic changes of airway macrophages
caused by the decreased expression level of TFR. At the same
time, this study found a certain relationship between the

Figure 7. (A−I) The box plot illustrates the expression of differentially expressed metabolites that are upregulated and downregulated between the
two groups. *P < 0.05, ** P < 0.01, ***P < 0.001.Blue represents the CM group, red represents the IC group, and green represents the NIC group.
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increase in FMOD levels and the progression of CWP. FMOD
is a small leucine-rich proteoglycan (SLRP). Proteoglycans are
important components of the extracellular matrix (ECM),
widely distributed in connective tissues, and involved in

regulating various cell growth and signal transduction
processes in stromal tissues.38−42 It is well-known that
abnormal deposition of ECM is one of the important
mechanisms underlying the occurrence of pulmonary fibrosis.

Figure 8. (A,B) Bubble chart of metabolic pathway influencing factors.
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Previous studies on abnormal ECM deposition primarily
focused on cells and substances traditionally highly associated
with ECM formation and modification, such as fibroblasts,
metalloproteinases, macrophages, alveolar epithelial cells,
collagen, elastin, etc., neglecting the impact of FMOD on
ECM and transforming growth factors.43−47 Some studies have
indicated that FMOD can promote fibrosis in patients with
pancreatic and liver fibrosis by facilitating the deposition of
collagen I and α-smooth muscle actin.48,49 Therefore, the
increased expression of FMOD in CWP patients may promote
the formation of pulmonary fibrosis by regulating ECM
formation. In summary, abnormalities in the expression levels
of ADPGK, TFR, and FMOD may be involved in the
formation and development of CWP, but further research is
still needed.

In our data, the enrichment analysis results showed that the
differentially expressed proteins were mainly enriched in the
TGF-β signaling pathway and autoimmune disease-related
signaling pathways. At the same time, we also discovered that
the differentially expressed proteins TFR, FMOD, and CSF1
are all involved in these two signaling pathways. In mammals,
there are three TGF-β isoforms with similar biological
activities, including TGF-β1, TGF-β2, and TGF-β3.50
Among them, TGF-β1 has the strongest effect on promoting
tissue fibrosis.51 Under normal conditions, TGF-β produced by

cells exists in an inactive state. TGF-β and latency-associated
peptide (LAP) are linked by disulfide bonds to form a dormant
complex, which is cross-linked with the ECM. During the
development of pulmonary fibrosis, the increased expression of
integrin αvβ6 on alveolar epithelial cells can help TGF-β
remove LAP and become activated.52,53 The promotion of
pulmonary fibrosis by TGF-β mainly occurs through the
following mechanisms: inducing apoptosis of alveolar epithelial
cells, promoting ECM deposition, promoting fibroblast
proliferation, inducing epithelial-mesenchymal transition, and
synergizing with fibrogenic factors such as platelet-derived
growth factor and connective tissue growth factor
(CTGF).54−58 The upregulation and fibrogenic role of TGF-
β in the process of pulmonary fibrosis is an important basis for
linking the TGF-β pathway with progressive pulmonary
fibrosis in CWP patients. Meanwhile, the results of this study
found that differentially expressed proteins were enriched in
autoimmune-related disease signaling pathways. Some studies
have pointed out that SiO2 exposure can induce autoimmune
disorders, which are related to changes in the function and
number of T cells, including a decrease in the number of
regulatory T cells, induction of CD4+ T cell infiltration, and
changes in CD4+ T cell function.59−62 In addition, some
studies have pointed out that the use of PDL1-specific
antibodies can block pulmonary fibrosis caused by CD4+ T

Figure 9. (A−C) Common enriched pathways of metabolome and proteome differences. The red dashed line indicates that P equals 0.05. Values
above the red line are considered to have P less than 0.05. (D−F) Spearman correlation analysis of differential proteins and metabolites. Line colors
represent correlation coefficients, line thickness indicates the significance level (P value), and node shapes distinguish between proteins and
metabolites.
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cell dysfunction.63 Based on our research findings, it can be
observed that CWP caused by coal mine dust may be
associated with the activation of the TGF-β signaling pathway
and T-cell dysfunction. Controlling the activation of the TGF-
β signaling pathway through medication or correcting the
dysfunction of T-cell subsets through immunotherapy may be
the key to treating CWP.

Nontargeted metabolomics technology analyzed the metab-
olite profiles of CWP at different stages. Compared with the
control group, 37 significantly different metabolites were
identified in early CWP, and 58 differentially expressed
metabolites were identified in progressive CWP. We observed
that the levels of linoleic acid in the IC group and oleic acid in
the NIC group were significantly increased compared to the
CM group. Compared with the IC group, a significant increase
in oleic acid was also observed in the NIC group. Linoleic acid
and oleic acid belong to unsaturated fatty acids. It has been
reported that linoleic acid metabolism plays a crucial role in
the epithelial-mesenchymal transition induced by SiO2 in
human bronchial epithelial cells.64 Oleic acid triggers intra-
cellular pathways through different receptors, promoting the
production of inflammatory factors and cell death.65 Multiple
studies have shown that oleic acid not only has direct toxicity
to endothelial cells in the lungs, leading to cell necrosis and
inducing capillary congestion and alveolar edema, but also
activates caspase, promotes the production of reactive oxygen
species, and induces mitochondrial depolarization and
apoptosis in leukocytes.66−70

Furthermore, we also noticed changes in various amino acids
and amino acid metabolic pathways in both the IC and NIC
groups. This suggests that amino acid metabolic pathways may
play a significant role in the progression of CWP. Compared to
the CM group, we found that the urocanic acid level in the IC

group was significantly elevated, and the histidine metabolic
pathway underwent notable changes. In the histidine metabolic
process, histidine is converted into urocanic acid, which is then
converted into glutamic acid, and finally into glutathione, an
antioxidant in the body. Studies have shown that under the
stimulation of SiO2, histidine metabolic imbalance disrupts
bodily functions.71 Compared to the CM group, the L-proline
level in the NIC group was significantly reduced, and the
protein digestion and absorption pathways underwent notable
changes. The decrease in L-proline level may indicate a
disorder in proline metabolism, which has been proven to be
an important metabolic pathway in pulmonary fibrosis.72,73

Additionally, comparisons between the IC and NIC groups, as
well as among the three groups, revealed changes in the
cysteine and methionine metabolic pathways. L-methionine,
which participates in this pathway, was also found to be
significantly reduced in the NIC group. Dysregulation of
cysteine and methionine metabolism can seriously affect the
body’s glutathione levels and its ability to resist oxidative stress,
which can undermine the body’s anti-inflammatory and
antioxidant capabilities.

After integrating and analyzing the data, we found that the
common pathway involved in proteomics and metabolomics
among the CM group and IC group, the CM group and NIC
group, and the IC group and NIC group was ABC transporters
pathway. Meanwhile, we found that ABCD2 is a key protein
associated with the ABC transporter pathway. To validate our
findings and further investigate the significance of identified
proteins and metabolites, we selected TFR, FMOD, CSF1, and
ABCD2 obtained from the bronchoalveolar lavage fluid in
independent samples for further verification. The results
confirmed that, consistent with proteomics experiments,
compared to the CM group, the FMOD level was elevated

Figure 10. Content of differentially expressed proteins in the three groups of BALF was verified using the ELISA method. (A−D) ELISA detects
the protein expression of subjects included in proteomic testing (n = 6). (E−H) ELISA detects the protein expression of independent subjects
meeting the inclusion criteria (n = 6−7). *P < 0.05, ** P < 0.01, ***P < 0.001, ****P < 0.0001.
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in the NIC group. The levels of TFR consistently decreased in
both the IC and NIC groups. However, we did not observe
significant differences in CSF1 protein expression in
independent sample testing. Additionally, ABCD2 increased
in the IC group but decreased in the NIC group. This
corroborated the proteomic and metabolomic data. These
findings suggest that these proteins may be closely associated
with the progression of CWP.

ABC transporters represent a series of ATP-dependent
membrane-integrated proteins, which are categorized into
seven classes (ABCA, ABCB, ABCC, ABCD, ABDE, ABCF,
and ABCG).74,75 The main function of ABC transporters is to
use the energy generated by ATP hydrolysis to transport
substrates across membranes against concentration and
gradient gradients.76,77 ABC transporters transport a wide
range of substrates, including sugars, amino acids, metal ions,
peptides, proteins, cellular metabolites, etc.76,78 The normal
function and expression level of ABC transporters are crucial
for the execution of normal physiological activities in cells.
Studies have shown that the expression level of ABC
transporters is relatively high in lung tissues.79 Disruption of
ABC transporter function can lead to lipid accumulation and
elevated levels of inflammatory factors in lung tissues.80 In
addition, numerous studies have reported that multiple
members of the ABC transporter family are involved in the
occurrence and development of various lung diseases,
including lung cancer, pulmonary alveolar proteinosis, and
chronic obstructive pulmonary disease.81−83 A decrease in the
expression level of ABC transporters can affect the host’s lung
defense capabilities.84,85 Currently, although the role of the
ABC transporter protein family and ABCD2 in CWP has not
been widely confirmed, the ABC transporter protein family has
been proven to be capable of transporting various cytokines,
ions, lipids, and detecting viral damage.74,75 The expression of
ABC transporter proteins in human airway epithelial cells may
regulate the lung environment to respond to environmental
exposures, including cigarette smoke, allergens, air pollution,
bacteria, and viruses.86

Our study has some limitations. First, due to the small
sample size, it is necessary to recruit more CWP patients in
future studies to validate our results. Second, due to technical
issues such as metabolite identification, some of the
metabolites identified in this study do not originate from
humans. Therefore, in future research, we need to expand our
sample size and conduct in-depth exploration of the significant
findings observed.

■ CONCLUSION
In our study, we discovered significant differences in proteins
and metabolites present in the bronchoalveolar lavage fluid of
CWP patients at various stages. In our proteomic analysis, we
identified significant changes in the expression of proteins
related to the TGF-β signaling pathway and autoimmune
disease pathways in three groups, including TFR, FMOD, and
CSF1. Integrated pathway analysis of proteins and metabolites
in patients with CWP at different stages revealed alterations in
the ABC transporter pathway, and further identified ABCD2 as
a key protein involved in this pathway. Overall, this study
identified metabolic characteristics in patients with CWP at
different stages, aiming to reveal the underlying molecular
mechanisms of CWP.
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