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Simple Summary

Ovine pulmonary adenocarcinoma (OPA), an infectious lung tumour caused by the ovine
pulmonary adenocarcinoma virus (JSRV), causes severe economic losses and welfare issues
in the global sheep industry and provides an important model in comparative oncology
due to its high similarity with human lung adenocarcinoma in terms of pathological
features, cell origin, and carcinogenic pathways. Although the pathogenic mechanisms of
JSRV at the transcriptome level have been studied, systematic analyses at the protein and
metabolic levels are needed to understand the mechanisms underlying OPA occurrence
and development. Here, we integrated proteomic and metabolomic analyses to analyse the
molecular expression patterns between JSRV-induced OPA lesions and healthy lung tissues
and the coordinated regulatory features. We found that JSRV infection can drive global
protein and metabolic profile remodelling in host lung tissues and identified three core
pathogenic molecular programmes of adhesion remodelling, endoplasmic reticulum stress,
and metabolic reprogramming, and immune activation. We also screened and validated
key regulatory molecules such as GFPT1, PTGS2, and ARG1. Overall, this study is the first
to map the pathogenic protein-metabolic synergy network of OPA from a multidimensional
molecular perspective. It may help clarify the tumourigenic mechanism of retroviruses and
facilitate screening of potential therapeutic targets for human lung adenocarcinoma.

Abstract

Ovine pulmonary adenocarcinoma (OPA), caused by the exogenous Jaagsiekte sheep
retrovirus (JSRV), shares several pathological and molecular features with human lung ade-
nocarcinoma, providing an important model for comparative oncology. JSRV pathogenesis
is mostly studied at the transcriptome level, with systematic proteomic and metabolomic
studies remaining insufficient. Therefore, this study aimed to systematically characterise
the molecular alterations associated with JSRV-induced OPA by integrating direct data-
independent acquisition proteomics and untargeted metabolomics. We established an OPA
model by infecting lambs with JSRV and performed multi-omics analyses on the lesion and
control lung tissues (n = 3 per group for both proteomic and metabolomic analyses). In
total, 1631 differentially expressed proteins and 748 differential metabolites were identified,
and the two omics datasets exhibited highly coordinated variations. Integrated analyses
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suggested that adhesion remodelling (with downregulated LIMCH1), endoplasmic retic-
ulum stress (with upregulated HYOU1), and metabolic and immune-related alterations
(accompanied by elevated GFPT1 and PTGS2) represent major biological processes associ-
ated with JSRV infection. Western blot analysis confirmed the expression changes in these
proteins. Overall, this study provides a multidimensional molecular landscape of OPA and
expands current understanding of the molecular alterations associated with JSRV infection.
These findings provide candidate pathways and molecular targets for future mechanistic
studies and comparative investigations of lung adenocarcinoma.

Keywords: ovine pulmonary adenocarcinoma; Jaagsiekte sheep retrovirus; metabolomics;
proteomics

1. Introduction
Ovine pulmonary adenocarcinoma (OPA) is an infectious pulmonary neoplastic dis-

ease caused by exogenous Jaagsiekte sheep retrovirus (JSRV). It causes significant animal
welfare issues and economic losses in the sheep industry worldwide [1]. Clinically, the
affected sheep often present progressive dyspnoea, weight loss, and decreased exercise
tolerance. In the late stage of the disease, a large volume of fluid accumulates in the lungs
and flows out of the nostrils when the head is lowered [2]. The subclinical period of
OPA is typically long, and once clinical symptoms appear, the lung tumours have often
spread extensively, leading to a fatality rate of nearly 100%. Additionally, secondary bac-
terial or parasitic infections often occur in the later stages of the disease and exacerbate
its progression.

JSRV belongs to the β-retrovirus family, and its envelope glycoprotein Env can directly
induce cell transformation and lung tumour formation both in vitro and in vivo [3–5]. This
virus has a clear tropism for differentiated distal lung epithelial cells, and OPA tumour
cells mainly express markers related to type II alveolar epithelial cells (AT2) [6]. Previous
studies have confirmed that JSRV Env activates multiple signalling pathways related to cell
proliferation and survival, including the PI3K/Akt and MAPK/ERK pathways. Further,
several host factors are involved in the Env-mediated cell transformation process [7,8].
However, despite the clear identification of JSRV as the causative agent of OPA, the molec-
ular events from viral infection to tumour development, tissue remodelling, and formation
of the characteristic clinical phenotype have not been fully characterised.

Notably, infected sheep can only generate a limited adaptive immune response to
JSRV antigens, which hinders the development of effective serological diagnostic methods
and vaccines [9,10]. This weak immune response is at least partially related to the immune
tolerance induced by the expression of endogenous JSRV (enJSRV)-related proteins during
foetal thymus development in sheep [11,12]. The local immune regulatory mechanism in the
lungs of OPA-affected sheep also promotes virus persistence and tumour progression [13].
After JSRV infection in sheep, immune cell phenotypes are altered, accompanied by robust
macrophage infiltration and partial immune dysfunction, suggesting that OPA develops in
a unique tumour-associated immune microenvironment [13].

Owing to the special nature of OPA in veterinary clinical practice and tumour occur-
rence, OPA has received increasing attention in recent years because of its similarities to
human lung adenocarcinoma in terms of histopathology, cell origin, and oncogenic sig-
nalling pathway activation, being regarded as a naturally occurring comparative oncology
model [14,15]. In the early disease stages, OPA can exhibit characteristics of minimally
invasive adenocarcinoma with predominant adherent growth, whereas in the advanced
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stages, these lesions are more similar to those of papillary or acinar adenocarcinoma, and
some cases may also have mucinous features [16,17]. Compared with traditional rodent
models, OPA has higher translational potential in terms of imaging assessment, longitu-
dinal dynamic monitoring, interventional operations, and evaluation of devices or local
treatment strategies [17,18]. These characteristics also make OPA an important large animal
model for studying lung tumour biology and bridging the gap between experimental
oncology and clinical application [16,17].

Recent research on the host response to JSRV infection has gradually expanded to
the transcriptomic level. RNA sequencing of lung tissues from experimentally infected
lambs revealed that JSRV infection leads to extensive changes in host gene expression,
involving multiple processes, such as tumourigenesis, epithelial differentiation, cytokine
and chemokine signalling, complement activation, and macrophage-related pathways [13].
Further, the AGR2-YAP1-AREG axis is activated in OPA tumour cells, further confirming
the similarity between OPA and human lung adenocarcinoma, especially early-stage lung
adenocarcinoma [13]. However, transcriptome information alone cannot fully reflect the
functional state of the lesion tissue. Proteins execute biological functions encoded by genes,
and metabolites act downstream of protein regulatory networks. Quantitative analysis
of proteins and metabolites can dissect the complex interrelationships among genes and
the microenvironment, thereby revealing a large number of “translatable” diagnostic and
therapeutic targets. Furthermore, transcript abundance does not necessarily correlate
with functional protein levels because of post-transcriptional regulation, protein turnover,
and dynamic metabolic adaptation. Proteomics directly reflects changes in functional
protein expression, whereas metabolomics captures the terminal biochemical consequences
of cellular processes. Therefore, integrating proteomic and metabolomic data provides
complementary biological information and enables a more comprehensive characterisation
of disease-associated molecular alterations than either approach alone. Therefore, to
fully understand the pathogenesis of OPA, research perspectives must expand beyond
transcriptome analysis.

To address the current lack of systematic evidence at the protein and metabolic levels
in OPA, we established an OPA model using lambs experimentally infected with JSRV,
selected typical lung lesions and the corresponding healthy control tissues from the same
anatomical sites, and conducted direct data-independent acquisition (DIA) proteomics and
non-targeted metabolomics detection. Common pathways and potential hub molecules
were identified using enrichment analyses, interaction networks, and cross-omics integra-
tion models. Specifically, this study was designed to address the following biological ques-
tion: can integrated proteomic and metabolomic analyses systematically characterise the
molecular alterations associated with JSRV-induced OPA and identify candidate pathways
potentially involved in disease progression? The aim of this study was to systematically
characterise cross-omics molecular alterations in OPA lesion tissues and to identify pri-
oritised candidate pathways, key proteins, and metabolites for subsequent mechanistic
studies and targeted validation. To enhance the reliability of the results, we further verified
key differentially expressed proteins using Western blotting.

2. Materials and Methods
2.1. Establishment of the Experimental OPA Model and Collection of Lung Tissues

The JSRV plasmid was transfected into 293T cells using Lipofectamine 3000 (Thermo
Fisher Scientific, Waltham, MA, USA) to rescue JSRV [19]. Cell supernatants were collected
at 24, 48, and 72 h post-transfection, and then centrifuged and filtered through a 0.45 µm
membrane (MilliporeSigma, Darmstadt, Germany) to obtain the virus suspension. The viral
titre was quantified, and the inoculation dose was determined using an HIV reverse tran-
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scriptase (RT) assay (Roche colorimetric Reverse Transcriptase Assay, Merck, Gillingham,
UK). Six 6-day-old Suffolk male lambs were randomly divided into a JSRV infection group
and a negative control group (n = 3 per group). The infection group was intratracheally
inoculated with a JSRV suspension containing 2000 ng of HIV RT activity, whereas the
control group was inoculated with the same volume of PBS [20]. The lambs were contin-
uously observed clinically until they showed the typical respiratory symptoms and then
euthanised. The OPA model was confirmed to be successfully established via pathological
examination. Multimodal analysis was performed using lung tissues from the experimental
animals. The typical lesion area of the lungs was taken from the infection group, whereas
healthy lung tissues at the corresponding anatomical sites were collected from the control
group. Histopathological evaluation, including HE staining assessment and JSRV Env
immunohistochemical interpretation, was performed by investigators blinded to treatment
group allocation. Proteomic analysis was performed using three independent biological
replicates per group, with one representative tissue sample collected from each lamb. For
metabolomic analysis, each group also consisted of three biological replicates based on
individual lambs. To account for potential spatial heterogeneity within tumour lesions,
two anatomically distinct regions were sampled from each lamb, generating six technical
subsamples per group. These subsamples were used to improve detection robustness and
reduce sampling bias but were not treated as independent biological replicates in statistical
analyses. All samples were rinsed with pre-cooled sterile saline, rapidly frozen in liquid
nitrogen, and stored at −80 ◦C until analysis.

2.2. Proteomics Analysis

The proteomic analysis was conducted by Nanjing Paisonno Gene Technology Co.,
Ltd. The frozen lung tissues were processed by lysis, protein extraction, BCA quantification,
reduction and alkylation, enzymatic digestion with trypsin, desalination, and drying.
A Vanquish Neo UHPLC system combined with an Orbitrap Astral mass spectrometer
(Thermo Fisher Scientific, Bremen, Germany) was used to perform liquid chromatography-
tandem mass spectrometry analysis in the Direct DIA mode.

The original proteomic sequencing data were imported into the DIA-NN (v1.9.2)
software. The prediction library generated by deep learning was used for a direct spectral
library-free search and quantification. The Ovis aries protein database was used as a
reference. Finally, the protein expression matrix was generated. Each proteomic group
contained three biological replicates without technical replicates. Considering the relatively
small sample size (n = 3), the assumptions required for parametric statistical testing could
not be reliably satisfied. Therefore, differential protein expression analysis was performed
using the non-parametric Wilcoxon rank-sum test. To control the false discovery rate arising
from multiple comparisons, p-values were adjusted using the Benjamini–Hochberg method.
Proteins with |log2(Fold Change)| > 1 and FDR < 0.05 were considered differentially
expressed proteins (DEPs). Functional enrichment analyses of DEPs were subsequently
conducted using Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes
(KEGG) databases.

2.3. Metabolomics Analysis

Metabolites from frozen lung tissues were extracted using a pre-cooled methanol–
acetonitrile–water mixture. After grinding, ultrasonic treatment, centrifugation, drying,
and filtration, LC-MS detection was performed using an ACQUITY UPLC system in con-
junction with a Thermo Orbitrap Exploris 120 mass spectrometer (Thermo Fisher Scientific,
Bremen, Germany) in the positive and negative ion modes. Quality control samples
were prepared using equal volumes of mixed samples, and data stability was monitored
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throughout the process. The raw data were preprocessed using Compound Discoverer
3.3 software, including peak detection, peak alignment, deconvolution, and compound
annotation. Metabolite identification was performed by matching accurate mass, isotope
distribution, and MS/MS fragmentation spectra against public databases, including the
Human Metabolome Database (HMDB). Features that could not be confidently annotated
were excluded from downstream biological interpretation. After filtering out characteristic
peaks with an RSD of less than 30%, the Wilcoxon rank-sum test combined with OPLS-
DA analysis was used to screen the differentially expressed metabolites. The robustness
and predictive performance of the OPLS-DA model were evaluated using permutation
testing to assess potential model overfitting. The screening criteria were |log2(FC)| > 1,
VIP > 1, and FDR < 0.05. Finally, KEGG pathway enrichment analysis was performed for
the differentially expressed metabolites.

2.4. Joint Analysis of Proteomic and Metabolomic Data

After screening for differentially expressed proteins and metabolites, the datasets were
matched according to the corresponding biological samples and subjected to unit variance
(UV) scaling prior to integrative analysis. Principal component analysis (PCA) was first
performed to evaluate the overall structure of the integrated dataset. O2PLS analysis was
subsequently performed using the OmicsPLS package (v2.0.0) in R (v4.3.2) to explore the
global association between the proteomic and metabolomic profiles. Model quality was
evaluated using the explained variance parameters R2X, R2Y, R2X(corr), and R2Y(corr) to
assess the reliability and interpretability of the model. Given the exploratory nature and
limited sample size of this study, the O2PLS analysis was primarily used to characterise
global covariance patterns between the two omics datasets rather than for predictive
modelling. KEGG enrichment analysis was separately performed on the differentially
expressed molecules, and the common significantly enriched pathways were defined as
“common pathways”. For the key molecules within the common pathways, the Spearman
rank correlation coefficient was calculated, with |r| > 0.8 and p < 0.05 as the threshold to
screen significant correlations, and a protein–metabolite-related network was constructed
to analyse the potential regulatory connections within the pathways.

2.5. Western Blot Verification

Three representative differentially expressed proteins (GFPT1, PTGS2, and ARG1)
identified by proteomic analysis were selected for Western blot validation to confirm the
consistency of protein expression changes observed in the proteomic dataset. After ex-
tracting the total protein from the lung tissues, it was separated using SDS-PAGE and
transferred onto a PVDF membrane. The membrane was then blocked and successively
incubated with primary and secondary antibodies. Colour development and image ac-
quisition were performed using chemiluminescence. The grey values of the bands were
analysed using ImageJ software (1.48v, National Institutes of Health, Bethesda, MD, USA),
and the expression level of the target protein was represented as its normalised intensity
relative to the internal reference protein.

2.6. Statistical Analysis

Unless otherwise specified, statistical analysis and graph plotting were conducted us-
ing GraphPad Prism 9.3.0 and R language. Given the small sample size used for proteomics
and the difficulty in ensuring a normal distribution, group differences between the infection
and control groups were primarily tested using the non-parametric Wilcoxon rank-sum
test, and multiple test corrections (FDR) were performed using the Benjamini–Hochberg
method. For Western blot verification, if the data met the conditions of normality and

https://doi.org/10.3390/biology15130982

https://doi.org/10.3390/biology15130982


Biology 2026, 15, 982 6 of 24

homogeneity of variance, unpaired t-tests were used; otherwise, the Mann–Whitney U test
was employed. Statistical significance was set as p < 0.05.

3. Results
3.1. Successful Establishment of the OPA Model
3.1.1. Clinical Symptoms

After the artificial challenge, the infected group of lambs exhibited significant indi-
vidual differences in respiratory symptoms: Sheep No. 5 developed persistent coughing
and abdominal breathing, which are typical clinical symptoms of OPA, 122 days after the
challenge; Sheep No. 4 and 6 showed the above typical respiratory symptoms 155 days
after the challenge, whereas the negative control group of lambs showed no abnormal
clinical symptoms throughout the process.

3.1.2. Gross Pathological Observation

The gross autopsy results showed that the lesions were confined to the respiratory
system. In the infected group, no abnormalities were observed in the hearts, livers, spleens,
kidneys, or lymph nodes of the sheep. The representative pathological results are shown
in Figure 1. In the negative control group (sheep No. 1) the surface of the lung tissue
was smooth, the texture was soft, and the colour was normal, with no visible lesions
under the naked eye (Figure 1A,C); no foreign substances were found in the trachea
(Figure 1B); the lung section was flat, without nodules, consolidation foci, or abnormal fluid
exudation (Figure 1D). In the JSRV-infected group (sheep No. 5) the lungs were significantly
enlarged, with a hard texture, and scattered grey-white nodules and diffuse consolidation
were visible on the surface (Figure 1E,G); the trachea was filled with white foamy mucus
(Figure 1F); greyish-white sand-grain-like protruding nodules were visible on the lung
section (Figure 1H). These gross lesions were consistent with the typical pathological
features of ovine pulmonary adenocarcinoma (OPA), confirming that successful JSRV
infection induced the occurrence of OPA.

 

Figure 1. Pathological examination results. (A–D) Lung tissues from the negative control sheep
(sheep No. 1), showing morphological characteristics consistent with healthy lung tissue. (E–H) Gross
observation of lung tissues from JSRV-infected sheep (sheep No. 5, experimental group). Black arrows
indicate diffuse grayish-white nodules on the surface of lung tissues, which are typical macroscopic
lesions of OPA; red arrows indicate white mucus present in the trachea. Scale bar: 1 cm.

3.1.3. Haematoxylin and Eosin and Immunohistochemical Staining

The haematoxylin and eosin staining results are shown in Figure 2. In the negative
control group (Sheep No. 1), no obvious pathological changes were observed in the lung
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tissue (Figure 2A,B), which presented a complete alveolar structure, well-expanded alveolar
cavities, no thickening of the alveolar septa, and a regular morphology and arrangement of
alveolar epithelial cells. In contrast, the lung tissue of the experimental group (Sheep No. 5)
showed typical OPA lesion characteristics (Figure 2C,D), including significant proliferation
of alveolar type II epithelial cells, presenting as cuboidal or columnar cells, protruding
into the alveoli, forming typical adenocarcinoma foci (red arrows), along with a large
number of macrophages infiltrating the alveolar cavities. Immunohistochemical analysis
of lung tissue from the JSRV infection group showed positive reactions for JSRV Env in
the diffuse tumorous epithelial cells. Figure 2C,D showed that JSRV Env showed strong
positive brown staining in the cytoplasm of alveolar type II epithelial cells (black arrows),
whereas no positive signal was observed in the negative control group (Figure 2(Aa,Bb));
these pathological features were consistent with the diagnostic criteria for OPA [14,21].

Figure 2. Histopathological and immunohistochemical verification of the JSRV-induced OPA animal
model in sheep. (A,B) Haematoxylin and eosin (HE) staining images of the lung tissue from sheep in
the JSRV infection group (sheep No. 5), with significant proliferation of type II alveolar epithelial
cells (red arrows), scale: 200 µm and 50 µm. (a,b) HE staining images of the lung tissue from negative
control group sheep (sheep No. 1), scale: 200 µm. (C,D) Immunohistochemical results of the lung
tissue from sheep in the JSRV infection group (sheep No. 5), showing strong positive staining with
JSRV Env polyclonal antibody in the adenocarcinoma lesion area (black arrows), scale: 200 µm and
50 µm. (c,d) Immunohistochemical results of the lung tissue from the negative control group sheep
(sheep No. 1), scale: 200 µm.

3.2. Differential Proteomic Analysis
3.2.1. Proteomics Identification Results and Data Quality Assessment

Based on the Direct DIA quantitative technology, the lung tissues of sheep in the
JSRV infection and negative control groups were subjected to protein mass spectrometry
analysis. After searching the sheep UniProt reference database, 98,746 peptide segments and
8611 proteins were identified. Among these, 8429 proteins were suitable for quantitative
analysis and met the requirements for subsequent analysis. Through quality control, we
confirmed appropriate enzyme digestion, chromatographic separation, and quantitative
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stability, with high intra-group sample repeatability and reliable data (detailed quality
control data can be found in Supplementary Figure S1).

3.2.2. Overall Protein Expression Patterns of the JSRV and Control Groups Were
Significantly Separated

To clarify the overall differences in protein expression profiles between the two groups,
we conducted correlation analysis, PCA, hierarchical clustering, and Venn diagram construc-
tion. The results showed that the intra-group samples of the two groups were consistent
(Figure 3A), the overall protein expression patterns were significantly separated (Figure 3B),
and could be clearly clustered according to the groups (Figure 3C). There were a total
of 8022 proteins in the two groups, and the specific proteins unique to the JSRV and NC
groups were 253 and 154, respectively (Figure 3D), confirming that JSRV infection can drive
a systematic change in the protein profile of the host lung tissue.

Figure 3. Quality control and overall expression profile analysis of proteomic data from lung tissues
of sheep in the JSRV infection and negative control (NC) groups. (A) Pearson correlation heatmap
showing pairwise correlation coefficients between all samples. The colour gradient (blue to orange)
represents correlation strength (0.775−1.000). (B) Principal component analysis (PCA) score plot
based on the total protein expression profile. PC1 accounts for 56.1% of the variance, and PC2
accounts for 9.3%. Blue dots = JSRV group, red dots = NC group, green dot = quality control (QC)
sample. (C) Global hierarchical clustering heatmap of all quantified proteins. The colour bar (orange
to blue) indicates normalised protein expression levels (2 to −2). Rows represent proteins, columns
represent samples, with dendrograms showing clustering relationships. (D) Venn diagram illustrating
the overlap of quantified proteins between the JSRV and NC groups. A total of 8022 proteins were
shared between groups, while 253 and 154 proteins were uniquely detected in the JSRV and NC
groups, respectively.
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3.2.3. Identification of Differentially Expressed Proteins

Based on the criteria |log2 (FC)| > 1 and FDR < 0.05, 1631 differentially expressed
proteins (DEPs) were identified (DEPs upregulated: 686; downregulated: 945; Figure 4A).
The hierarchical clustering heatmap of the differential proteins showed that the samples
of the JSRV and NC groups could be clearly distinguished, and the expression patterns
within the groups were consistent, confirming that JSRV infection accompanies significant
remodelling of the protein profile in the lung tissue (Figure 4B). Further clustering analysis
of the top 50 DEPs revealed that the two groups of samples could be clearly distinguished
and that most of the top differential proteins in the JSRV group showed a downward trend
(Figure 4C). Combined with the analysis of protein functional annotations, these downreg-
ulated proteins are mainly involved in biological processes such as cytoskeleton assembly
and adhesion regulation (LIMCH1, TNS1, ITGB1, etc.), metabolism and oxidative stress
homeostasis maintenance (FABP1, GGT1, CAVIN3, etc.), and key kinase anchoring and
proliferation-related signal cascade transmission (AKAP2, ARMC6, etc.), suggesting that
JSRV infection can drive cytoskeletal remodelling in the lung tissue, metabolic homeostasis
changes, and proliferation-related signal network perturbations.

 

Figure 4. Screening and hierarchical clustering analysis of differentially expressed proteins (DEPs)
induced by JSRV infection. (A) Statistical bar chart of DEPs between the negative control (NC)
and JSRV groups. Orange bars represent upregulated proteins (n = 686) and blue bars represent
downregulated proteins (n = 945). (B) Global hierarchical clustering heatmap of all identified DEPs.
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Rows represent proteins, columns represent samples from the NC and JSRV groups. The colour
bar indicates normalised protein expression levels (1 to −1). (C) Hierarchical clustering heatmap
of the top 50 most significantly DEPs. Rows represent proteins (labelled on the right), columns
represent samples from the two groups. The colour bar indicates normalised protein expression
levels (1.5 to −1.5).

3.2.4. GO Enrichment Analysis of Differential Proteins

Based on the functional clues of the TOP differential proteins, we conducted GO
functional enrichment analysis on all the differential proteins and selected the top 30 entries
for analysis to systematically analyse the biological functions of the differentially expressed
proteins induced by JSRV infection (Figure 5A). The differentially expressed proteins were
significantly enriched in three major aspects: biological process (BP), cellular component
(CC), and molecular function (MF). The core aspects indicated adhesion remodelling and en-
doplasmic reticulum stress. In the BP aspect, significant enrichment was observed for core
entries such as cell adhesion, integrin-mediated signalling pathways, and actin cytoskele-
ton organisation; in the CC aspect, adhesion and scaffold-related structures such as focal
adhesions and stress fibres were mainly enriched, while the endoplasmic reticulum–Golgi
complex-related membrane structures also showed significant enrichment, suggesting ab-
normal intracellular endoplasmic reticulum homeostasis and activation of stress responses;
in the MF aspect, the core enriched entries were muscle protein binding. Overall, JSRV
infection may regulate muscle protein binding function, systematically restructure the cell
adhesion-related structures, drive core protein-level changes in adhesion remodelling, and
activate intracellular endoplasmic reticulum stress. Enrichment of secondary pathways
such as blood coagulation and protein translation also suggests that related processes are
jointly involved in OPA disease progression.

3.2.5. KEGG Enrichment Analysis of Differential Proteins

Based on the GO enrichment results, we conducted a KEGG pathway enrichment
analysis of the differentially expressed proteins to further analyse the molecular regulatory
mechanism of JSRV infection (Figure 5B). The results showed that 76 of the 338 annotated
pathways were significantly enriched (p < 0.05), and the enrichment features were highly
consistent with those of the GO analysis. The core was mainly concentrated in three path-
ways: adhesion remodelling, immune inflammatory activation, and endoplasmic reticulum
stress. Among these, the adhesion remodelling-related pathway was the most significantly
enriched. ECM–receptor interaction, focal adhesion, and cell adhesion molecules were
highly enriched pathways, directly corresponding to entries such as cell adhesion and actin
cytoskeleton organisation in GO analysis, confirming that JSRV infection can drive the
systematic reconfiguration of cell adhesion and the cytoskeleton. Simultaneously, immune
inflammation-related pathways such as complement and coagulation cascade reactions,
leukocyte transendothelial migration, and endoplasmic reticulum protein processing were
significantly enriched, suggesting that infection reconfigures the pulmonary immune mi-
croenvironment and activates intracellular endoplasmic reticulum stress. Enrichment of the
alanine/aspartate/glutamate metabolism pathway also reflected the abnormal amino acid
metabolism accompanying the infection. Pathway interaction network analysis showed
that these core pathways formed an associated functional network through shared dif-
ferential proteins (Figure 5C), suggesting that adhesion remodelling, immune activation,
endoplasmic reticulum stress, and metabolic reprogramming participate synergistically in
the pathogenic process of JSRV infection.
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Figure 5. Functional enrichment analysis of differentially expressed proteins (DEPs) and construction
of core regulatory protein interaction networks. (A) Bubble plot of the top 30 Gene Ontology (GO)
functional enrichment terms for DEPs, categorised into biological process (BP), cellular component
(CC), and molecular function (MF). The x-axis represents the rich factor, the y-axis represents GO
terms, the colour gradient represents adjusted p values (blue to red, from small to large), and the
bubble size represents the number of enriched proteins. (B) Bubble plot of Kyoto Encyclopedia of
Genes and Genomes (KEGG) pathway enrichment for DEPs. The x-axis represents the rich factor,
the y-axis represents pathway names, the colour gradient represents adjusted p values, and the
bubble size represents the number of enriched proteins. (C) KEGG pathway enrichment network
diagram. Nodes represent enriched pathways, with node colour indicating −log10 (p value) and
node size indicating the number of enriched DEPs. Lines represent associations between pathways.
(D) Protein–protein interaction (PPI) network of DEPs. Nodes represent proteins, with node size
indicating protein connectivity, and line thickness indicating the strength of the interaction.

3.2.6. Protein–Protein Interaction Analysis

Based on the GO and KEGG enrichment results, we constructed a protein–protein
interaction (PPI) network using the DEPs to identify the key regulatory hubs involved in
JSRV infection (Figure 5D). A total of 36 strong interaction core proteins were screened,
and their functions were concentrated in the two modules of endoplasmic reticulum stress
regulation and metabolic inflammation-coordinated regulation. Among these, HYOU1,
SSR1, and SSR3 are the core molecules of endoplasmic reticulum stress, whereas ASS1,
GFPT1, PTGS2, and ARG1 are the core nodes of metabolic inflammation regulation. Thus,
JSRV infection can synergistically drive the abnormal remodelling of metabolic and inflam-
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matory pathways through these core molecules, promoting the malignant transformation
of lung epithelial cells and tumour occurrence.

3.3. Differential Metabolomic Analysis
3.3.1. Quality Control Assessment and Differential Metabolite Screening and
Chemical Classification

To investigate the JSRV infection-associated metabolic changes, we conducted a non-
targeted metabolomic analysis of lung tissues from the two groups of sheep. Quality control
verification indicated stable instrument operation and good intra-group sample repeatabil-
ity. The overall metabolic profiles between the two groups were significantly different and
the data were reliable (Figure 6A,B, Supplementary Figure S2). Univariate analysis revealed
extensive metabolic differences between the two groups. Strict screening identified 748 key
differential metabolites, including 336 upregulated and 412 downregulated metabolites.
The two groups of samples were clearly distinguished by differential metabolites through
clustering (Figure 6C). The metabolite annotation results revealed a total of 1215 metabo-
lites, with lipids and lipid molecules accounting for the highest proportion, suggesting that
lipid remodelling is the core feature of the JSRV infection (Figure 6D).

Figure 6. Quality control and overall characteristic analysis of metabolomics data from lung tissues
of sheep in the JSRV infection group and negative control (NC) group. (A) Principal component
analysis (PCA) score plot based on the expression profiles of all metabolites. Red dots represent the
JSRV group, and cyan dots represent the NC group. PC1 accounts for 25% of the variance, and PC2

https://doi.org/10.3390/biology15130982

https://doi.org/10.3390/biology15130982


Biology 2026, 15, 982 13 of 24

accounts for 10.3% of the variance, showing clear separation between the two groups. (B) Pearson
correlation heatmap of all samples. The orange gradient represents correlation coefficients (ranging
from 0.8 to 1.0). Intra-group correlation coefficients are all greater than 0.8, confirming high biological
reproducibility within groups. (C) Volcano plot of differential metabolites between the JSRV and
NC groups. The x-axis represents log2(Fold Change), and the y-axis represents − log10(Q value).
Red dots indicate upregulated metabolites (n = 1675), blue dots indicate downregulated metabolites
(n = 2080), and grey dots indicate non-differential metabolites (n = 12,308). (D) Pie chart showing the
chemical classification of all identified metabolites. The main categories include lipids and lipid-like
molecules (412, 33.91%), organic acids and derivatives (291, 23.95%), organoheterocyclic compounds
(173, 14.24%), and other classes, with counts and percentages labelled for each category.

3.3.2. Identification and Clustering of Differential Metabolites

To assess the metabolic differences between the two groups, we conducted OPLS-DA
analysis, which revealed significant differences in the metabolic profiles between the JSRV
and NC groups (Figure 7A); the permutation test confirmed the model stability with no
overfitting (Q2 = 0.865, post-permutation Q2 = 0.04, Figure 7B). Based on the criteria of
VIP > 1 and Q value < 0.05, 748 key differential metabolites were obtained (upregulated 336,
downregulated 412), and hierarchical clustering analysis showed that the samples from
the two groups were clearly distinguished by the differential metabolites, confirming their
high correlation with JSRV infection (Figure 7C).

Figure 7. Screening and functional enrichment analysis of differential metabolites between the JSRV
infection group and negative control (NC) group. (A) Principal component analysis (PCA) score plot
based on the total metabolite expression profile. Red dots represent the JSRV group, and cyan dots
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represent the NC group. PC1 accounts for 25% of the variance, and PC2 accounts for 10.3% of the vari-
ance, showing clear separation between the two groups. (B) Permutation test result of the Orthogonal
Partial Least Squares Discriminant Analysis (OPLS-DA) model. The green points represent R2 values,
and the blue points represent Q2 values (R2 = (0.0, 0.99), Q2 = (0.0, 0.04)), indicating no overfitting
risk of the model. (C) Hierarchical clustering heatmap of differential metabolites. Rows represent
metabolites, columns represent samples from the JSRV and NC groups. The colour gradient (red
to blue) indicates normalised metabolite expression levels (high to low). (D) Bubble plot of KEGG
pathway enrichment for differential metabolites. The x-axis represents the rich factor, the y−axis
represents pathway names, the colour gradient represents Q values (from 0 to 0.001), and the bubble
size represents the number of enriched metabolites.

3.3.3. KEGG Enrichment Analysis of Differential Metabolites

To further analyse the functional regulation mediated by the differential metabo-
lites, we conducted a KEGG pathway enrichment analysis (Figure 7D). The enrichment
characteristics of the differential metabolites were highly consistent with the proteomic re-
sults, mainly focusing on three major pathways: metabolic transport, inflammation-related
metabolism, and tumour-related metabolism. Among these, pathways such as ABC trans-
porters, protein digestion and absorption, and amino acid biosynthesis showed highly sig-
nificant enrichment, suggesting that JSRV infection is associated with systemic alterations
in amino acid metabolism and metabolite transport in lung tissues. Significant enrich-
ment of the arachidonic acid metabolism pathway indicates that infection is accompanied
by inflammation-related metabolic disorders, and enrichment of the carbon metabolism
pathway in the cancer centre suggested the presence of metabolic reprogramming-related
alterations in lung tissues following JSRV infection. Pathways such as serotonergic synapses
and neural activity ligand–receptor interactions were also significantly enriched, suggesting
a potential association between infection and metabolic processes related to neuroimmune
regulation in lung tissue, providing a core clue for analysing JSRV infection-mediated
metabolic disorders.

3.4. Joint Analysis of the Protein and Metabolism Groups

To explore the coordinated molecular regulatory characteristics at different omics
levels, we conducted a multi-omics integration analysis by combining the protein and
metabolic group data. PCA results of the integrated dataset showed a clear distinction
between the JSRV infection and negative control (NC) groups, and samples in the same
group were clustered closely. This confirmed that the integrated dataset effectively reflected
the differences in molecular expression between groups (Figure 8A). Furthermore, the
O2PLS model was used to analyse the cross-omics covariance association between the
two omics methods. The overall degree of fit of the model was good, with explanatory
rates of the independent variable R2X = 0.968 and the explanatory rate of the dependent
variable R2Y = 0.878. After correction, the correlation parameters R2X (corr) = 0.953 and
R2Y (corr) = 0.823 were obtained, suggesting substantial covariance between the proteomic
and metabolomic datasets and indicating that JSRV infection is associated with coordinated
alterations in protein expression and metabolite abundance (Figure 8B).
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Figure 8. Multi-omics integration analysis and validation of key proteins in JSRV-induced OPA.
(A) PCA score plots for metabolome (left) and proteome (right) expression profiles. (B) Venn diagram
of shared and unique KEGG pathways enriched by the proteome and metabolome. (C) Scatter plot
comparing KEGG pathway enrichment results between the proteome and metabolome. (D) Bubble
plot of co-enriched KEGG pathways across the two omics datasets. (E) Correlation network diagram
of key proteins and metabolites (|r| > 0.8, p < 0.05). (F) Western blot bands of key proteins (GFPT1,
PTGS2, ARG1) in the JSRV and NC groups, with β−actin as the internal reference. (G) Relative
expression levels of key proteins, with statistical significance marked (* p < 0.05, ** p < 0.01).
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3.4.1. Common Pathway Enrichment Analysis

To identify the pathways that underwent synchronous changes at both the protein
and metabolic levels, we compared the KEGG enrichment results of the two omics meth-
ods. Venn analysis revealed that 140 pathways were commonly enriched, accounting
for 40.7% of all enriched pathways. These included 197 protein-specific enriched path-
ways and seven metabolic-specific enriched pathways, suggesting that JSRV infection trig-
gered a coordinated perturbation of shared biological programmes (Figure 8C). Common
enrichment pathway analysis showed that the core common pathways included arachi-
donic acid metabolism, alanine/aspartate/glutamate metabolism, glutathione metabolism,
glycine/serine/threonine metabolism, and folate-mediated one-carbon unit metabolism,
collectively indicating integrated changes in inflammatory lipid signalling, amino acid
metabolism, redox regulation, and stress-related cellular processes (Figure 8D).

3.4.2. Analysing Potential Interaction Links Between Proteins and Metabolites Through
Network Analysis

To further elucidate the molecular regulatory relationships within the co-enriched
pathways, we constructed a correlation network based on the key proteins and metabo-
lites of the core pathways (Figure 8E). Using a threshold of |r| > 0.8 and p < 0.05, we
identified several significant protein–metabolite associations wherein negative correla-
tions were dominant with some positive correlations. Among the key proteins, GFPT1,
PTGS2, NIT2, and CAMK2 were negatively correlated with multiple metabolites; GFPT1
was negatively correlated with 1-stearoyl lysophosphatidylcholine and citrate; ASL and
NIT2 were negatively correlated with succinate, and CAMK2 was negatively correlated
with 1-stearoyl lysophosphatidylcholine; RAC1 was positively correlated with 1-stearoyl
lysophosphatidylcholine and prostaglandin E2 (PGE2); and PTGS2 had a complex asso-
ciation pattern, negatively correlated with PGE2 and positively correlated with succinate
and 1-stearoyl lysophosphatidylcholine. Notably, although PTGS2 was upregulated, it was
negatively correlated with its classical metabolite PGE2, indicating an inverse association
between PTGS2 abundance and PGE2 levels, the biological basis of which remains unclear.

In summary, succinate, PGE2, and 1-stearoyl lysophosphatidylcholine are key
metabolic nodes connecting the protein group remodelling mediated by JSRV infection
and metabolic changes. These observations suggest that alterations in key proteins may
be associated with changes in metabolic homeostasis during JSRV infection, ultimately
causing abnormal metabolism in the lung tissue.

3.5. Confirmation of Key Protein Regulation by Western Blot Analysis

To validate the proteomics results, we selected three key proteins, GFPT1, PTGS2, and
ARG1, from the PPI network for Western blot detection. Western blot bands (Figure 8F)
and relative expression analysis (Figure 8G) showed that, compared with the NC group,
the JSRV group showed significantly elevated expression levels of these three proteins
(GFPT1: p < 0.01; PTGS2: p < 0.05; ARG1: p < 0.001), consistent with the quantitative results
of proteomics. This result supports the reliability of the proteomics data and confirms the
upregulation of these candidate proteins in JSRV-infected lung tissues.

4. Discussion
As an oncogenic retrovirus, JSRV induces OPA, which is highly similar to human lung

adenocarcinoma in terms of pathological histology, imaging features, and oncogenic path-
ways, providing significant value for translational medical research [14,15]. The pathogenic
mechanism of JSRV is mainly studied at the transcriptome level; however, owing to the
influence of post-transcriptional regulation, translation efficiency, and protein degrada-
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tion, the changes in transcript, protein, and metabolite levels are not fully consistent.
Simple transcriptome sequencing cannot fully reveal the host molecular regulation and
functional changes mediated by viral infection. This study is the first to combine Direct
DIA proteomics and non-targeted metabolomics to systematically map the protein and
metabolic molecular profiles of JSRV-infected lung tissues, overcoming the limitations of
single-omics studies and revealing that JSRV infection is associated with widespread molec-
ular alterations in lung tissue. Cell adhesion remodelling, endoplasmic reticulum stress,
and metabolic reprogramming appear to represent three major molecular programmes
associated with JSRV infection and may interact with each other during disease progression.

Cell adhesion remodelling is the most prominent proteomic feature of JSRV infection.
Functional annotation of the top 50 differentially expressed proteins showed that the most
significantly downregulated proteins in the JSRV-infected group were concentrated in
cytoskeleton assembly and cell adhesion regulation pathways, including LIMCH1, TNS1,
and ITGB1. Downregulation of these proteins may be associated with early changes in
epithelial cell polarity and migratory potential [22], highly consistent with the existing
research conclusions; for instance, low LIMCH1 expression in lung cancer increases the
risk of poor prognosis through interaction with the LRIG protein [23]; ITGB1 promotes
tumour proliferation by activating the PI3K/AKT pathway [24]; in non-small cell lung
cancer and renal cell carcinoma, low TNS1 expression disrupts epithelial cell adhesion
homeostasis and may be associated with epithelial–mesenchymal transition (EMT) and
early malignant transformation [25–27], consistent with the significant downregulation of
TNS1 in the JSRV-infected group in this study.

GO analysis showed that the differentially expressed proteins are significantly enriched
at the biological process level in cell adhesion, integrin-mediated signalling pathways, and
actin cytoskeleton organisation; at the cellular component level in focal adhesions and
stress fibres; and at the molecular function level with actin binding as the core enriched
item (Figure 5A); KEGG analysis showed significant enrichment of the ECM–receptor
interaction, focal adhesion, and cell adhesion molecule pathways, consistent with the
GO results (Figure 5B). Multiple lines of evidence from protein and pathway analyses
indicate altered cell adhesion, focal adhesion and cytoskeleton-related pathways. These
changes may correlate with shifts in epithelial polarity and tissue architecture during OPA
progression. Combined with the pathological observation results, this decline in molecular-
level structural stability may be associated with the morphological changes in HE staining,
such as the proliferation of AT2 cells and their protrusion into the alveolar cavity.

Endoplasmic reticulum stress is the core hub connecting viral infections and cell fate
determination. GO enrichment analysis shows that the differentially expressed proteins are
significantly enriched at the cellular component level in endoplasmic reticulum–Golgi complex-
related membrane structures. “Protein processing in the endoplasmic reticulum” pathway is
also significantly enriched in KEGG analysis (Figure 5B), overall suggesting that the endo-
plasmic reticulum homeostasis of the host cell undergoes systematic abnormalities after
JSRV infection. The PPI network further confirmed that the core molecules of endoplasmic
reticulum stress, such as HYOU1, SSR1, and SSR3, have strong interactive relationships
and are core components of the regulatory network (Figure 5D). Viral infection is often
accompanied by the synthesis and misfolding of a large number of viral proteins, which
triggers the unfolded protein response (UPR) [28,29]. Moderate endoplasmic reticulum
stress helps cells adapt to microenvironmental changes, whereas persistent or excessive
stress triggers apoptosis [30]. The enrichment results suggest that endoplasmic reticulum
stress-related processes may participate in OPA progression, and a continuous stress state
may contribute to the metabolic reprogramming observed in lung tissues in this study,
although the causal relationship remains to be further investigated [31].
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Alterations in proteins associated with metabolic reprogramming and immune-
inflammatory responses were observed concurrently and may represent an important
molecular feature of JSRV infection. Among the top 50 differentially expressed proteins,
proteins related to metabolism and oxidative stress homeostasis maintenance, such as
FABP1, GGT1, and CAVIN3, were widely downregulated, suggesting that JSRV infection
can trigger the remodelling of the lung tissue metabolic network at the protein level. These
proteins maintain lipid metabolism homeostasis, antioxidant defence systems, and redox
balance in alveolar type II epithelial cells (AT2 cells, the target cells of JSRV infection).
Downregulation of FABP1 expression in hepatocellular carcinoma has been shown to
upregulate the expression of proteins related to lipid metabolism synthesis, increase the
level of cellular oxidative stress, and be associated with enhanced invasive behaviour and
malignant phenotypes of tumour cells [32]; GGT1 is a reliable marker for assessing cellular
dysfunction, and in breast cancer, GGT1 is significantly upregulated with a carcinogenic
effect [33], contrary to the significant downregulation of GGT1 in the JSRV infection group
in this study, suggesting that GGT1 may show functional heterogeneity in different tissue
sources and different tumour-driving factors, and that JSRV infection may downregulate
GGT1 to disrupt the antioxidant defence system of AT2 cells, exacerbate oxidative stress
imbalance, which may contribute to epithelial cell transformation-associated molecular
alterations. However, the underlying mechanisms require further verification. CAVIN3, a
key tumour suppressor protein, is expressed at significantly low levels in lung cancer, breast
cancer, and other malignant tumours and can exert tumour suppressor effects by inhibiting
the PI3K/Akt signalling pathway and maintaining oxidative stress homeostasis [34,35],
consistent with the study results. Thus, JSRV infection may downregulate CAVIN3, poten-
tially relieving PI3K/Akt pathway inhibition and exacerbating oxidative stress imbalance,
which may be associated with molecular changes linked to AT2 cell transformation.

In KEGG pathway analysis, significant enrichment of alanine/aspartate/glutamate
metabolism and cytochrome P450-related pathways further supported the abnormality
of amino acid and exogenous substance metabolism. The PPI network provides a more
detailed regulatory picture of metabolic reprogramming. In addition to the endoplasmic
reticulum stress module, the other core module of the network comprises metabolic and
inflammatory-related proteins such as ASS1, GLS2, GFPT1, ARG1, and PTGS2, which me-
diate key pathways such as arginine metabolism, glutamine metabolism, and arachidonic
acid metabolism, and are potential molecular nodes linking metabolic reprogramming
with immune-inflammatory processes [36–39]. In breast cancer, high ARMC6 expression
is associated with poor prognosis, and may contribute to tumour cell proliferation and
immune regulatory alterations by regulating the CDC42 pathway and upregulating COX2
expression [40]. In ovarian cancer, AKAP2 anchors PKA to activate the β-catenin/TCF
signalling pathway and upregulate target genes such as Snail and c-Myc, potentially con-
tributing to cancer cell growth and migration [41]. This opposite expression pattern may
reflect species-specific or virus-driven differences in tumorigenesis mechanisms.

This difference may stem from the heterogeneity of cross-species and tumour mi-
croenvironments: OPA tumours are mainly composed of AT2 cells, and their unique lipid
metabolism microenvironment (downregulation of proteins such as FABP1 leading to oxida-
tive stress) results in different dependencies on signalling pathways compared with human
cancer cells—human breast cancer cells highly rely on the ARMC6-CDC42 axis to maintain
cytoskeletal reorganisation and malignant proliferation [40], whereas in the specific stress
microenvironment of OPA, loss of scaffold proteins such as AKAP2 may facilitate tumour
cells to bypass the growth limitations of the classical PKA and Wnt pathways. Further, the
core reason lies in the “pathway dependence” of the JSRV-specific oncogenic mechanism.
Human spontaneous tumours need to accumulate various mutations to gradually activate
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the upstream proliferation pathways [40,41], whereas the envelope protein (Env) of JSRV
itself has strong oncogenic activity and can independently activate the downstream pro-
liferative network directly through host upstream signalling molecules [42,43]. Therefore,
after JSRV induces tumour formation, the viral Env protein continuously activates down-
stream proliferative signals, and the tumour cells can selectively downregulate the original
upstream or parallel oncogenic molecules (AKAP2 and ARMC6), which may simultane-
ously mediate negative regulatory functions such as cell differentiation, contact inhibition,
and apoptosis; thus, their downregulation may provide a selective advantage under the
JSRV-associated oncogenic environment.

Non-targeted metabolomics results confirmed the metabolic and inflammatory re-
modelling observed at the proteomic level. Chemical classification of the differential
metabolites indicated that lipids and lipid-like molecules accounted for the highest pro-
portion (33.91%), suggesting that lipid remodelling is the core metabolic feature of JSRV
infection. KEGG enrichment analysis of the metabolome revealed four major abnormal
pathways: (1) Widespread disturbances in amino acid metabolism represent the most
prominent metabolic phenotype of JSRV infection. ABC transporters, protein digestion
and absorption, and amino acid biosynthesis pathways are significantly enriched with an
overall downward trend, providing a direct metabolic explanation for ARG1 and GFPT1 up-
regulation in the proteome: High ARG1 expression indicates a shift in arginine metabolism
towards polyamine synthesis, potentially providing metabolic substrates that support in-
creased cellular biosynthetic activity and inhibiting T-cell function by consuming arginine
in the microenvironment, thus providing metabolic cues for forming the local immune-
suppressive microenvironment of OPA [44,45]; GFPT1 upregulation can accelerate the
amino transfer from glutamine to the amino acid hexose synthesis pathway [46–49]; this
metabolic pattern is consistent with features reported in rapidly proliferating and trans-
formed cells owing to their high dependence on glutamine metabolism to support rapid
proliferation [49]. Thus, under the JSRV Env-driven activation of downstream prolifera-
tive signals (such as PI3K/Akt/mTOR), the demand for amino acids and other biological
macromolecular precursors by tumour cells increases significantly, leading to the extensive
consumption of free amino acids within the tissue. This confirms the downregulation of
metabolic homeostasis maintenance proteins such as GGT1 in the proteome and reveals
the metabolic pattern by which tumour cells consume host nutrient resources. (2) The
arachidonic acid metabolism pathway was significantly enriched, providing key metabolic
evidence for the local inflammatory immune state in OPA. Arachidonic acid is a direct
substrate in the catalytic synthesis of prostaglandin E2 (PGE2) by PTGS2 (COX-2) [50].
The overall activation of this pathway was highly consistent with the significant upregula-
tion of PTGS2 protein, reflecting the active pro-inflammatory lipid signalling cascade in
OPA tumour tissues and its abnormal interweaving with the central carbon metabolism
(TCA cycle) pathway, jointly representing a metabolic signalling pattern consistent with
tumour-associated metabolic reprogramming. This discovery also provides a new per-
spective for the paradoxical phenomenon of “high expression of PGE2 synthase and low
accumulation of intracellular products”. The activation of arachidonic acid metabolism
may reflect altered prostaglandin and lipid mediator metabolism in OPA tissues. Although
PTGS2 upregulation and metabolomic alterations are consistent with enhanced inflam-
matory lipid signalling, the precise role of PGE2 and related lipid mediators in shaping
the OPA tumour microenvironment remains to be determined. These findings suggest
a potential association between arachidonic acid-mediated lipid metabolism and carbon
metabolism reprogramming. However, the specific contributions of these metabolic al-
terations to tumour microenvironmental regulation remain to be clarified. (3) Abnormal
carbon metabolism pathways in the cancer centre indicate that the energy metabolism
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network of the lung tissue undergoes adaptive changes. The TCA cycle is a core hub of
cellular energy metabolism and biomolecule synthesis [51,52], and abnormal key interme-
diate products suggest that under the continuous proliferative signal driven by JSRV Env
protein activation, the observed alterations in TCA cycle intermediates may reflect adaptive
changes in cellular energy metabolism associated with increased biosynthetic demands
during OPA development. (4) Abnormal neural activity, ligand–receptor interactions, and
serotonergic synapse pathways reveal a nonclassical regulatory dimension of metabolic
reprogramming [53,54]. Metabolomics revealed significant disorders of neuroregulatory
small molecules, such as tryptophan derivatives and lipid signalling molecules, and exist-
ing studies confirmed that neurotransmitters in the tumour microenvironment can directly
regulate the chemotactic activity of tumour immune cells and the EMT process through
paracrine pathways [55], suggesting the potential involvement of neuroimmune-associated
metabolic processes in OPA. However, the functional significance of these alterations and
their relationship to local immune regulation require further investigation.

The combined proteomic and metabolomic analyses further confirmed the synergistic
regulatory relationship between the three core molecular programmes at a statistical level.
The O2PLS model showed a highly coordinated molecular variation pattern between the
two omics approaches (R2X = 0.968, R2Y = 0.878), confirming the intrinsic consistency of
protein expression changes driven by JSRV infection and metabolite level changes. Com-
mon pathway analysis revealed pathways significantly enriched in both omics, including
arachidonic acid metabolism, multiple amino acid metabolism, glutathione metabolism,
and one-carbon unit metabolism, collectively indicating integrated changes in inflammatory
lipid signalling, amino acid metabolism, redox regulation, and stress-related cellular pro-
cesses. The co-pathway analysis further revealed molecular interaction relationships within
the common pathways: with |r| > 0.8 and p < 0.05 as the threshold, significant correlations
were identified between key proteins such as GFPT1, PTGS2, and RAC1 and metabolic
nodes such as succinate, PGE2, and 1-hydroxyethylphosphatidylcholine, among which
succinate, PGE2, and 1-hydroxyethylphosphatidylcholine are the core metabolic nodes
connecting the proteomic remodelling and metabolomic changes. Notably, the co-network
analysis identified a negative correlation between PTGS2 and PGE2. This association may
reflect altered prostaglandin metabolism in OPA tissues; however, the underlying regula-
tory mechanisms and their potential implications for tumour microenvironmental changes
remain unclear and require further investigation.

The expression levels of key node proteins in the multi-omics collaborative network
were verified using Western blot analysis. Compared with the NC group, the expression
levels of GFPT1, PTGS2, and ARG1 in the JSRV group were significantly increased, which
is consistent with the quantitative proteomics results. These three proteins correspond
to the aspartic acid sugar synthesis pathway, arachidonic acid—prostaglandin signalling
axis, and arginine—polyamine metabolic branch, covering the three major core metabolic
reprogramming directions identified in this study. This further verifies the authenticity and
reliability of the cross-omics collaborative regulatory network at the experimental level.

Compared with traditional genetically engineered mouse models, OPA, a naturally oc-
curring large animal tumour model, has irreplaceable advantages in terms of tumour hetero-
geneity, immune microenvironment complexity, and imaging assessment feasibility [16–18].
The protein–metabolism collaborative regulatory map drawn in this study provides a new
perspective for understanding OPA pathogenesis and provides candidate molecules that
may warrant future investigation in human lung adenocarcinoma studies (especially early
lung adenocarcinoma with negative driver genes), such as GFPT1, PTGS2, and ARG1,
which are key metabolic and immune regulatory molecules. However, the direct functional
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roles of GFPT1, PTGS2, and ARG1 in OPA pathogenesis remain to be elucidated and require
further validation through gene manipulation and mechanistic studies.

This study has certain limitations. First, as an exploratory atlas study, the sample size
was relatively small (n = 3). Although strict quality control procedures and non-parametric
statistical analyses were applied to improve the robustness of the dataset, validation in
larger independent cohorts will be necessary to further strengthen the generalizability
of these findings. In addition, independent validation cohorts were not available in the
present study. Second, this study adopted a strategy of comparing lesion areas with
corresponding healthy tissues, which can capture the global characteristics of tumour
and microenvironment cell communication; however, it is difficult to precisely attribute
specific molecular changes to a single cell type. In the future, spatial multi-omics tech-
niques need to be combined to complete the precise dissection of cell sources. Third, the
protein–metabolite interactions revealed by the association network are mainly statistical
correlations. Although GFPT1, PTGS2, and ARG1 were validated at the protein expression
level by Western blotting, broader orthogonal validation approaches were not available
in the present study, and their direct functional roles and causal regulatory relationships
in OPA pathogenesis remain to be verified through gain- and loss-of-function studies,
targeted proteomic and metabolomic analyses, and additional independent validation
cohorts. Fourth, although previous studies have established alveolar type II pneumocytes
and Clara/club cells as the principal target cells of JSRV infection and major components
of OPA lesions, the present analyses were conducted using whole-lesion tissues. Conse-
quently, some molecular signals may also reflect contributions from stromal and immune
cell populations. Future spatial omics and single-cell studies will be valuable for resolving
cell-type-specific molecular alterations.

5. Conclusions
In summary, through an integrated analysis of proteomics and non-targeted metabolomics,

this study provides, for the first time, an integrated overview of proteomic and metabolomic
alterations associated with JSRV-induced ovine pulmonary adenocarcinoma, with adhe-
sion remodelling as the basis of cell morphology and endoplasmic reticulum stress as the
intracellular signal-sensing hub, both associated with alterations in amino acid and lipid
metabolic reprogramming as well as immune microenvironmental changes, potentially
contributing to OPA pathogenesis. These findings provide a resource for future mechanis-
tic studies of retrovirus-associated tumorigenesis and may facilitate the identification of
candidate pathways for further investigation.
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