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Objective: To clucidate the molecular mechanisms by which aging exacerbates the severity of the Acute Respiratory Distress
Syndrome (ARDS), with a specific focus on identifying and validating a novel signaling axis involving MAPK14, ADM, and MAPKS.
Methods: We performed an integrated analysis of ARDS gene expression data, focusing on aging and immune-related genes. Our
approach included functional enrichment, machine learning, transcription factor prediction, and immune infiltration analysis.
Computational drug repositioning identified potential therapeutics. Findings were validated in an LPS-induced murine ARDS model
using young and aged mice, with assessments via qRT-PCR, H&E staining, BALF cell counts, and cytokine quantification.
Results: Our analysis revealed that MAPK8 was significantly downregulated in ARDS and exhibited a strong negative correlation
with IL-10 (» = —0.63). Conversely, MAPK14 and ADM were upregulated and demonstrated a positive association with pro-
inflammatory M1 macrophages and yd T cells. A robust positive correlation was observed between MAPK14 and the transcription
factor CEBPA (r = 0.86). Co-enrichment analysis of ADM and MAPK14 at the cisbp_ M0666 motif suggested a potential co-
regulatory mechanism. Among the candidate therapeutics identified through drug repositioning, fostamatinib emerged as a promising
agent to counteract the ARDS-associated expression signature. The in vivo experiments corroborated our computational findings,
demonstrating that aging significantly exacerbated ARDS severity. Aged ARDS mice exhibited more severe lung injury, increased
neutrophil infiltration, and elevated levels of IL-1p and IL-6. Furthermore, the upregulation of MAPK14 and ADM was more
pronounced in aged mice compared to their younger counterparts (P < 0.05), while MAPKS8 downregulation was similarly intensified
with aging.

Conclusion: This integrated study reveals a novel MAPK14/ADM/MAPKS signaling axis as a key mechanism of age-related
inflammatory dysregulation in ARDS. Aging amplifies this pro-inflammatory pathway, worsening tissue damage. Targeting this axis
may represent a promising therapeutic strategy for elderly ARDS patients.
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Introduction

Acute respiratory distress syndrome (ARDS) is a severe clinical syndrome characterized by diffuse alveolar damage,
dysregulated pulmonary inflammation, and refractory hypoxemia. Although supportive care has improved, mortality
remains high, particularly among older patients.'” Advanced age is widely recognized as an independent risk factor for
ARDS incidence and poor outcomes, consistent with recent meta-regression and cohort evidence showing increasing
mortality with age and reduced physiological reserve.> Collectively, these observations suggest that the aging lung
resides in a vulnerability-prone biological state; however, the molecular programs that render older individuals hyper-
sensitive to inflammatory lung injury have not been fully elucidated.
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ARDS pathophysiology involves early hyperinflammation driven by innate immune activation and cytokine release
(eg, IL-1p, IL-6, TNF-a), along with impaired resolution that sustains tissue injury.® Specific immune subsets, including
pro-inflammatory M1 macrophages and y8 T cells, have been implicated in amplifying lung damage.”” In older
individuals, these responses unfold on a background of “inflammaging”—chronic low-grade inflammation accompanied
by immunosenescence and senescence-associated secretory phenotypes (SASP).'%!' These senescent cells constitutively
release pro-inflammatory cytokines and matrix-degrading enzymes, creating a “primed” environment that amplifies
cytokine storms upon secondary insults like sepsis or pneumonia.'*'® Consistent with this concept, uncontrolled systemic
inflammation—often described as a cytokine storm—has been implicated as a major driver of ARDS progression toward
multi-organ dysfunction and death.'* Moreover, experimental studies suggest that senescent-cell accumulation can
directly impair vascular repair and promote pulmonary edema, whereas senescent-cell depletion mitigates adverse
remodeling in lung-injury models.'” Together, these findings support a mechanistic link between aging biology and
ARDS severity; nevertheless, the upstream coordination of age-related immune and senescence phenotypes by ther-
apeutically actionable signaling networks remains to be fully elucidated.

A critical knowledge gap persists in linking these cellular phenotypes to specific, actionable molecular pathways.
Within the landscape of inflammatory signaling, the Mitogen-Activated Protein Kinase (MAPK) pathways are central
regulators. In particular, MAPK14 (p38a) is a well-established mediator of cytokine production, stress adaptation, and
apoptosis, and its activation has been associated with adverse outcomes across inflammatory lung conditions and
senescence-related programs.'®'” In parallel, adrenomedullin (ADM)—a vasoactive peptide with endothelial and immu-
nomodulatory functions—is frequently elevated in sepsis and ARDS and may reflect, or contribute to, barrier stress
responses.'® However, prior studies have often examined these molecules in isolation or primarily in young models,
leaving unresolved whether they participate in an integrated, age-sensitive network. In addition, contemporary machine-
learning approaches (eg, Random Forest and support vector machine—based feature selection) provide robust tools to
prioritize biologically relevant drivers from high-dimensional transcriptomic data, although these computational outputs
require experimental validation to establish their pathophysiological relevance.'®** Consequently, an important unmet
need is a coherent, experimentally supported framework that explains how MAPK14, ADM, and MAPKS (JNK1) may
interact as a signaling axis to shape the exaggerated inflammatory injury observed in aged ARDS.

To address this gap, the present study employed a rigorous “in silico to in vivo” translational strategy. We first utilized
advanced machine learning algorithms, including Random Forest (RF) and Support Vector Machine-Recursive Feature
Elimination (SVM-RFE), to unbiasedly screen for robust molecular drivers at the intersection of ARDS, aging, and
immune regulation. This computational approach identified a novel MAPK14/ADM/MAPKS signaling axis. Crucially,
we moved beyond bioinformatic prediction to experimentally validate this axis in a murine model of LPS-induced
ARDS, directly comparing young (3-month-old) versus aged (18-month-old) mice. Our findings demonstrate that aging
does not merely alter the baseline but significantly amplifies the induction of this pro-inflammatory axis during lung
injury. By elucidating this mechanism and identifying potential repositioned drugs such as fostamatinib, this study aims
to provide a mechanistic basis for the age-related severity of ARDS and propose novel therapeutic strategies for this
vulnerable population.

Materials and Methods

Data Acquisition and Preprocessing
The gene expression profile of dataset GSE76293 was retrieved from the Gene Expression Omnibus (GEO) database
(https://www.ncbi.nlm.nih.gov/geo/, accessed October 11, 2022). This dataset comprises comprehensive transcriptomic

data from 12 patients with ARDS and 12 healthy controls. Raw data were processed and normalized using the limma
package (version 3.58.1) in R software (version 4.3.0; R Foundation for Statistical Computing, Vienna, Austria).
Differential expression analysis was performed to identify Differentially Expressed Genes (DEGs) based on the criteria
of an adjusted p-value (adj.P.Val) < 0.05 and [log2 fold change (FC)| > 1.0. Three curated gene sets were assembled for
downstream intersection analyses: ARDS-related genes (n = 3867), sourced from the GeneCards database (https:/www.
genecards.org/, accessed on October 11, 2022); Aging-related genes (n = 273), retrieved from the Molecular Signatures
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Database (MSigDB) (https://www.gsea-msigdb.org/, accessed October 11, 2022); Immune-related genes (n = 1793),

obtained from the Immunology Database and Analysis Portal (ImmPort) (https://www.immport.org/, accessed
October 11, 2022).

Functional Enrichment Analysis
Functional enrichment analysis was performed using the Metascape online platform (https://metascape.org/, accessed

November 2, 2022). This tool was employed for the integrated annotation of Gene Ontology (GO) terms and Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathways using the list of differentially expressed genes. The analysis was
conducted with the platform’s standard parameters: a minimum overlap (gene count) of 3, a p-value cutoff of 0.01, and
the use of the hypergeometric test with Benjamini-Hochberg correction for multiple comparisons. Statistically significant
enrichment terms were selected based on these criteria.

Machine Learning-Based Hub Gene ldentification
To screen for the most robust hub genes from the DEGs, two independent machine learning algorithms were employed,
and their results were intersected.

e Support Vector Machine-Recursive Feature Elimination (SVM-RFE): This algorithm was implemented using the
el071 and caret packages. The linear kernel was used. A recursive procedure embedded within a 5-fold cross-
validation framework was employed to rank features. In each iteration, a linear SVM classifier (with cost parameter
C=10) was trained, and features were ranked based on the squared weight coefficients (for high-dimensional data,
ranked by mean (w?)/sd (w?)). The feature with the smallest ranking criterion was recursively eliminated until the
optimal feature subset was identified. The final feature set was determined as the subset yielding the lowest average
cross-validation error.”’

e Random Forest (RF): The classification model was constructed using the randomForest package. The algorithm was
configured with 500 trees (ntree = 500), and the optimal number of variables tried at each split (mtry) was
determined based on the minimum out-of-bag (OOB) error rate. Feature importance was quantified using the %
IncMSE (percent increase in mean squared error) metric. Genes with an importance score greater than 2.0 were
retained as candidate features.

The intersection of candidate genes identified by both RF and SVM-RFE algorithms was designated as the final set of
hub genes for downstream validation.

Immune Infiltration Analysis

The relative abundance of 22 distinct immune cell types in the lung tissue samples was estimated using the CIBERSORT
algorithm (Cell-type Identification By Estimating Relative Subsets of RNA Transcripts, v 0.1.0, assessed November 2,
2022). This deconvolution method utilizes the LM22 leukocyte gene signature matrix. Permutations were set to 1000 to
robustly estimate statistical significance. Only samples with a CIBERSORT p-value < 0.05 were included in the
subsequent correlation analysis. The association between hub gene expression and immune cell infiltration levels was
evaluated using Spearman’s rank correlation analysis.

Regulatory Network Construction and GSEA

To explore the transcriptional regulatory network, transcription factor (TF) enrichment analysis was performed using the
RcisTarget R package (version 1.19.2). Motif enrichment was evaluated using the hg19 ranking database rcistarget.hg19.
motifdb.cisbpont.500bp, which provides motif rankings for 500-bp regulatory regions as defined in the database.
Enrichment was quantified by the area under the recovery curve (AUC), and the normalized enrichment score (NES)
was calculated by normalizing motif AUC values to the background distribution across all motifs, following the standard
ReisTarget workflow.”> Motifs with NES > 3.0 were considered significantly enriched.
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Gene Set Enrichment Analysis (GSEA) was conducted to determine whether predefined gene sets were enriched at
the extremes (top or bottom) of a ranked list of genes ordered by differential expression between ARDS and control
samples. Signaling pathways dysregulated in high- and low-expression groups of hub genes were identified using GSEA,
with 1000 permutations and a phenotype-based permutation type.

miRNA Network Construction and Drug Repositioning Analysis
Putative miRNA-mRNA interactions involving the hub genes were obtained from the Mircode database (http://mirtools
gallery.tech/mirtoolsgallery/node/1189, assessed November 2, 2022) and visualized as a regulatory network. Potential

therapeutic compounds targeting the ARDS-associated gene signature were predicted using the Connectivity Map
(CMap) database (https://www.broadinstitute.org/connectivity-map-cmap, accessed on November 2, 2022). The top

upregulated and downregulated genes were submitted as the query signature. Compounds with an enrichment score <
—0.90 were prioritized as candidates predicted to reverse the ARDS-associated transcriptional signature.

Experimental Animals and ARDS Modeling

Ethical Approval for Animal Experiments

All animal procedures were approved by the Institutional Animal Care and Use Committee (IACUC) of Xuanwu
Hospital, Capital Medical University (approval number: XW-20231220-1). The experiments were conducted in strict
accordance with a comprehensive framework that integrates Chinese national standards and internationally recognized
guidelines, including the Guideline for Ethical Review of Laboratory Animal Welfare (GB/T 35892-2018), the Guideline
of Assessment for Humane Endpoints in Animal Experiment (RB/T 173-2018), the NIH Guide for the Care and Use of
Laboratory Animals (United States), and the ARRIVE guidelines 2.0. Humane endpoints were predefined as body weight
loss exceeding 20%, severe neurological deficits, or inability to access food or water. Mice were monitored every 6 hours
and any animal meeting these criteria was immediately euthanized by cervical dislocation under deep anesthesia.

Animal Housing and Conditions

Male C57BL/6 mice were divided into two age groups: Young (3-month-old, weighing 23 + 2 g) and Aged (18-month-
old, weighing 32 + 3 g). Mice were obtained from Zhishan Institute of Healthcare Research Co., Ltd. (Beijing, China)
and housed in groups of 3—5 under specific pathogen-free conditions, with environmental enrichment, at a temperature of
22 + 2°C, 40-60% relative humidity, and a 12-hour light/dark cycle. Standard rodent diet and water were provided ad
libitum. All animals were acclimatized for one week prior to experimentation.

Group Allocation and LPS-Induced ARDS
A total of 24 mice were allocated to four groups (n = 6 per group) using a computerized random number generator to
ensure unbiased assignment:

Young Control (YC): 3-month-old mice receiving normal saline
Young ARDS (YA): 3-month-old mice receiving LPS (3 mg/kg)
Aged Control (AC): 18-month-old mice receiving normal saline
Aged ARDS (AA): 18-month-old mice receiving LPS (2.25 mg/kg)

After anesthesia with intraperitoneal pentobarbital sodium (90 mg/kg), mice were placed in a supine position with a 60°
head-up tilt. The jaw and tongue were extended, and lipopolysaccharide (LPS, from E. coli O55:B5, Sigma-Aldrich) or
normal saline (NS) was administered into the oropharynx via a 24-gauge angiocatheter (BD Biosciences). To obtain
a comparable injury window and reduce excessive mortality in aged mice, the LPS dose was adjusted based on pilot
titration, resulting in 3 mg/kg (young) and 2.25 mg/kg (aged). LPS was administered at a dose of 3 or 2.25 mg/kg
dissolved in 50 pL of sterile normal saline. Control mice received an equal volume of NS. Aspiration of the instillate was
visually confirmed. The order of intratracheal instillation was randomized across all groups. Although cage location was
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not systematically rotated to avoid stress, all cages were maintained in the same room under standardized environmental
conditions.

Sample Size Calculation

The sample size was determined by a priori power analysis using SPSS. The primary outcome was the Bronchoalveolar
Lavage Fluid (BALF) protein concentration at 24 hours post-modeling. Based on pilot data (n=3 per group) showing
BALF protein concentrations of 120.59 + 20.84 pg/mL (control) and 325.68 + 108.1 pg/mL (LPS), an effect size
(Cohen’s d) of 2.63 was estimated. For an independent #-test with 80% power and a two-tailed a of 0.05, 4 mice per
group were required. The sample size was increased to 6 per group to account for potential procedural mortality.

Randomization and Blinding

Randomization was performed at the level of individual mice. An independent researcher generated the allocation
sequence using the =RAND() function in Microsoft Excel and concealed it in sealed, opaque envelopes. The experi-
menter performing the procedures opened each envelope immediately prior to the first intervention, ensuring allocation
concealment. Solutions of LPS and normal saline were prepared by an independent technician, and the operator
conducting intratracheal instillation and subsequent assessments was blinded to group identity throughout the experi-
ment. Data were analyzed by a statistician blinded to group codes, which were revealed only after the final analysis.

Sample Collection and Processing

Twenty-four hours post-instillation, mice were euthanized via anesthetic overdose. The left lung was lavaged with PBS to
collect BALF, which was centrifuged, and the supernatant was stored at —80°C. The right lung was divided: one lobe was
fixed in 4% paraformaldehyde for histology, and the remainder was snap-frozen for further analysis.

Histopathological Examination of Lung Tissues

For histopathological evaluation, lung tissues were fixed in 4% paraformaldehyde, processed through paraffin embed-
ding, and sectioned. Tissue sections were then stained with hematoxylin and eosin (H&E; Vector Labs, Burlingame, CA,
USA) using a standard protocol. All pathological assessments were conducted in a blinded manner by an experienced
investigator using well-defined criteria, as referenced.”

BALF Total Protein and Cytokines Quantification

The total protein content in BALF supernatants was measured using a bicinchoninic acid (BCA) assay kit (Pierce
Biotechnology, Rockford, IL, USA). Simultaneously, the levels of key inflammatory cytokines (TNF-a, IL-1p, IL-6, and
IL-10) were evaluated using specific commercial enzyme-linked immunosorbent assay (ELISA) kits (Nanjing Jiancheng
Bioengineering Institute, Nanjing, China). All assays were performed in duplicate according to the manufacturers’
instructions, and sample concentrations were interpolated from standard curves.

BALF Cell Counts and Differentials

After collection, BALF samples were immediately centrifuged to pellet the cells. The total cell count was enumerated
manually using a hemocytometer. For differential analysis, the cell pellets were resuspended and used to prepare cytospin
slides, which were then stained with Giemsa. A blinded observer counted and classified at least 200 cells per slide based
on standard morphological criteria to determine the proportions of different leukocyte types.

Quantitative Real-Time PCR (qRT-PCR)
Total RNA was extracted from the snap-frozen lung tissues using TRIzol reagent (Invitrogen, Carlsbad, CA, USA). RNA

concentration and purity were assessed using a NanoDrop spectrophotometer. First-strand cDNA was synthesized from
1 pg of total RNA using the PrimeScriptTM RT Reagent Kit (Takara, Shiga, Japan) as per the manufacturer’s
instructions. qRT-PCR was performed on an Applied Biosystems 7500 Real-Time PCR System using the Maxima
SYBR Green qPCR Master Mix (Thermo Fisher Scientific, USA). The thermal cycling conditions were: initial
denaturation at 95°C for 10 minutes, followed by 40 cycles of denaturation at 95°C for 15 seconds and a combined
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annealing/extension at 60°C for 1 minute. Each sample was run in triplicate. A melt curve analysis was performed at the
end of each run to confirm amplification specificity. Relative gene expression was calculated using the 2-AACt method,
with GAPDH serving as the internal normalization control. The primer sequences are designed and synthesized by
Tsingke Biological Technology (Beijing, China) and the specific primer sequences are listed in Supplementary Table S1.

Statistical Analysis

All quantitative data are presented as mean + SD unless otherwise stated. Statistical analyses were performed using
R (version 4.3.0) and GraphPad Prism (version 10.1.2). For in vivo experiments involving multiple groups, differences
were assessed by two-way ANOVA followed by Tukey’s post hoc test for multiple comparisons. For comparisons
between two groups, an unpaired two-tailed Student’s ¢-test was used for normally distributed data with homogeneous
variance; otherwise, the Mann—Whitney U-test was applied. Correlations were assessed using Pearson’s correlation for
approximately normally distributed variables and Spearman’s rank correlation otherwise. A two-tailed P < 0.05 was
considered statistically significant. No data or animals were excluded. Statistical analyses were performed in a blinded
manner by two independent investigators.

Results
|dentification of an ARDS-, Aging-, and Immune-Related Gene Signature

The analysis workflow is summarized in Figure 1. To systematically investigate the molecular basis of age-related ARDS
severity, we first analyzed the GSE76293 dataset. Differential expression analysis identified 3428 DEGs between ARDS
patients and controls (adjusted P < 0.05; Figure 2A). By intersecting these DEGs with predefined ARDS-, aging-, and
immune-related gene sets, we identified 10 common genes: MAPK14, MAPKS8, MAP2K1, ADM, EDNRB, RETN,
PTGS2, HAMP, TFRC, and CAT (Figure 2B). Functional enrichment analysis revealed that these intersecting genes were
significantly enriched in biological processes such as “response to lipopolysaccharide” and “regulation of apoptotic
signaling pathway” (Figure 2C and D), suggesting that these molecules serve as critical convergence points integrating
aging signals with acute inflammatory responses.

Robust Selection of Hub Genes via Machine Learning

To pinpoint the most robust drivers among the identified candidates, we employed an integrated machine learning
approach. The SVM-RFE algorithm identified a subset of genes with minimal generalization error (Figure 3A), while the
Random Forest algorithm ranked genes based on classification importance (Figure 3B). The intersection of top
candidates from both algorithms yielded three core hub genes: MAPK14, ADM, and MAPKS (Figure 3C). This multi-
algorithmic validation ensures that these targets are not artifacts of a single method but represent stable features of the
disease state.

Hub Genes Correlate with Immune Infiltration in ARDS

The immune microenvironment, composed of immune-related stromal cells, infiltrating immune cells, extracellular
matrix components, and multiple cytokines and growth factors, plays an important role in disease diagnosis, prognosis,
and therapeutic responsiveness. To explore potential mechanisms by which the hub genes contribute to ARDS progres-
sion, we examined the relationship between hub gene expression and immune cell infiltration in the ARDS dataset. The
estimated proportions of immune cell subsets in each sample are shown in Figure 4A. Correlation analysis among
immune infiltration levels revealed multiple significant relationships between immune cell subsets (Figure 4B).
Compared with controls, the ARDS group exhibited significantly higher levels of naive CD4+ T cells and yd T cells
(P < 0.05; Figure 4C). We further assessed the associations between hub genes and immune cell subsets. ADM
expression was positively correlated with M1 macrophages, naive CD4+ T cells, and yd T cells, but negatively correlated
with CD8+ T cells and follicular helper T cells (Figure 4D). MAPKS expression was negatively correlated with MO
macrophages (Figure 4E). In addition, MAPK14 expression was positively correlated with vy T cells and negatively
correlated with CD8+ T cells and follicular helper T cells (Figure 4F). Collectively, these results suggest that the hub
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Figure | Schematic workflow of the integrated bioinformatic and experimental study. The flowchart outlines the key steps: acquisition and processing of ARDS
transcriptomic data (GSE76293), identification of differentially expressed genes (DEGs) intersecting with aging and immune gene sets, hub gene selection via machine
learning (Random Forest and SVM-RFE), subsequent immune infiltration, regulatory network, and drug prediction analyses, and final experimental validation in a murine
model of LPS-induced ARDS comparing young and aged mice.

genes are closely associated with immune cell infiltration patterns in ARDS and may be involved in the immune

microenvironment in ARDS.

Functional Enrichment and Transcriptional Regulation Analysis
To elucidate the downstream mechanisms of the hub genes, we performed GSEA. High expression of MAPK14 and
ADM was enriched in pathways related to “nitrogen metabolism” and “Fc gamma R-mediated phagocytosis™ (Figure 5SA
and B), implicating them in metabolic-immune crosstalk. In contrast, MAPKS8 was associated with fundamental cellular
processes such as “protein export” and “autophagy regulation” (Figure 5C).

Motif enrichment analysis suggested candidate upstream transcriptional regulators, with cisbp M0666 showing the
highest enrichment (NES = 8.25) and identifying MAPK 14 and ADM as putative motif-associated genes (Supplementary

Journal of Inflammation Research 2026:19 https: 7


https://www.dovepress.com/article/supplementary_file/573372/573372%20Supplementary%20Material.pdf

Liu et al

A Volcano B

ARDS gene Immune gene
N

O

)

ko)

o
f f f f I Aging gene GSE76293-diff
0 2 4 6 8
-log10(adj.P.Val)
G0:0007568: aging
GO0:0031667: response to nutrient levels
G0:0032496: response to lipopolysaccharide
G0:0043434: response to peptide hormone
hsa04668: TNF signaling pathway
G0:0001890: placenta development
| GO0:0003018: vascular process in circulatory system
| hsa05200: Pathways in cancer

GO0:0071345: cellular response to cytokine stimulus

0 2 a 6 8 10 12 14

D -log10(P)

M aging

B response to nutrient levels

B response to lipopolysaccharide

B response to peptide hormone

1 hsa04668: TNF signaling pathway
placenta development

B vascular process in circulatory system

[ Pathways in cancer

W cellular response to cytokine stimulus

Figure 2 Identification of shared gene signatures linking ARDS, aging, and immune response. (A) Volcano plot displaying differentially expressed genes (DEGs) between
control and ARDS samples (adjusted P < 0.05). Red and green dots represent up- and downregulated genes, respectively. (B) Venn diagram showing the intersection of 3428
DEGs with ARDS-, aging-, and immune-related gene sets, identifying 10 common candidate genes. (C) Bar graph of the top enriched functional terms (GO and KEGG) for
the intersecting genes. (D) Network diagram depicting interactions among the enriched pathways. These results highlight a molecular convergence of aging and immune
signaling in the pathogenesis of ARDS.

Figure S1 and Supplementary Table S2). This suggests they may be co-regulated, forming a coherent module.
Furthermore, correlation analysis with established ARDS-related regulatory genes from GeneCards revealed highly

significant associations: MAPKI14 expression was strongly positively correlated with CEBPA (r = 0.86),
a transcription factor critical in inflammation, while MAPKS8 was strongly negatively correlated with IL-10 (r =
—0.63), a key anti-inflammatory cytokine (Figure 6A and B). These correlations directly link the novel hub axis to
established molecular players in ARDS immunopathology.
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Venn diagram showing the intersection of top candidates from RF and SVM-RFE. Three key hub genes—MAPK 4, ADM, and MAPK8—were identified as the most robust
molecular features distinguishing ARDS.

Construction of the miRNA-mRNA Network and Drug Repositioning

To explore translational implications, we constructed a regulatory network of miRNAs targeting the three hub genes,
identifying 73 miRNAs forming 122 regulatory pairs (Figure 7A). More importantly, querying the Connectivity Map
database with the ARDS-specific gene signature identified several compounds whose expression signatures negatively
correlated with the disease perturbation. Among the top hits were fostamatinib (a SYK inhibitor), ZG-10, mitomycin-C,
and nialamide (Figure 7B-E). This in silico drug repositioning suggests these agents, particularly fostamatinib, have the
potential to reverse the disease-associated gene expression pattern centered on our identified axis.

Aging Exacerbates ARDS Severity and Amplifies the MAPK14/ADM Axis in vivo

To experimentally validate our computational findings, we established an LPS-induced ARDS model in young (3-month) and
aged (18-month) mice. Notably, despite receiving a lower dose of LPS, aged mice developed significantly more severe lung
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pathology, characterized by extensive alveolar septal thickening and hyaline membrane formation (Figure 8 A and B). This
aggravated phenotype was accompanied by greater pulmonary permeability (increased BALF protein, Figure 8C) and a more
profound “cytokine storm,” with significantly higher levels of IL-1p, IL-6, and IL-10 in aged mice compared to their young
counterparts (Figure 8D—G).Consistent with the immune infiltration analysis, aged ARDS mice showed increased recruitment
of neutrophils and monocytes (Figure 8H-J). Most importantly, qRT-PCR analysis confirmed the specific dysregulation of the
identified axis: while MAPK 14 and ADM were upregulated in all ARDS mice, this induction was significantly amplified in
the aged group (P <0.05 vs. Young ARDS; Figure 8K and L). In parallel, MAPK8 downregulation was observed (Figure 8M).
These in vivo data provide definitive evidence that aging does not merely alter the baseline, but specifically potentiates the
MAPK14/ADM-driven inflammatory response during ARDS.
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Abbreviation: ns, not significant.
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Discussion

In this study, we integrate transcriptomic bioinformatics with in vivo validation to define a focused, mechanistically
informative MAPK14/ADM/MAPKS axis associated with ARDS severity. Our central finding—that aging does not
merely alter the baseline but specifically amplifies the induction of MAPK14 and ADM while suppressing MAPKS
during lung injury—supports a model of “frail” inflammatory regulation.

ARDS outcomes are disproportionately poor in older individuals, yet the molecular mechanisms linking age-
associated immune dysregulation to severe inflammatory lung injury remain incompletely defined. In the present
study, transcriptomic analyses integrated with in vivo validation delineated a MAPK14/ADM/MAPKS expression pattern
associated with ARDS and accentuated by aging. Aging was accompanied by greater induction of MAPK 14 and ADM
and deeper suppression of MAPKS during LPS-induced lung injury, together with more severe histopathology, increased
alveolar permeability, and higher inflammatory readouts. These observations were consistent with the concept of
inflammaging and immunosenescence, in which chronic low-grade inflammation and impaired immune regulation
predispose older hosts to exaggerated responses to acute insults.***

p38 MAPK14 was prioritized as an upregulated hub gene and showed stronger induction in aged ARDS mice. Prior
mechanistic studies have established p38 MAPK as a central stress-activated kinase that regulates inflammatory cytokine
production and has been implicated in senescence-associated secretory phenotypes (SASP).>?? In parallel, studies in
lung injury and ARDS have linked p38 MAPK signaling to inflammatory amplification, including chemokine and
cytokine cascades that promote neutrophil recruitment and tissue injury.’*? Viewed together, these lines of evidence
suggest that p38 MAPK is plausibly positioned at the interface between aging-associated inflammatory priming and acute
lung injury. Our results extended this literature by indicating that MAPK 14-associated transcriptional activation was age-
sensitive in this model and occurred alongside a broader axis shift involving ADM and MAPKS. The observed
correlation between MAPK 14 and CEBPA (r = 0.86) suggested that MAPK 14-linked programs were associated with
established inflammatory regulatory nodes; however, this relationship remained associative and did not establish
directionality. Consistent with reports of prolonged neutrophilia and delayed resolution in aging-associated lung
injury,31+33

enhanced MAPK14 induction may reflect, and potentially contribute to, an age-biased inflammatory state. Establishing

neutrophil accumulation was most pronounced in aged ARDS mice, which supported the interpretation that

causality will require targeted perturbation of MAPK14 signaling in age-stratified models.

A distinctive feature of our findings was the age-dependent amplification of ADM. Clinical studies have reported that
circulating bioactive ADM or MR-proADM levels are associated with disease severity, endothelial dysfunction, and
adverse outcomes in critical illness, including ARDS-related contexts, a pattern often interpreted as a marker of barrier
disruption rather than unequivocal protection.***® Experimental studies have nevertheless suggested that ADM can
reduce vascular hyperpermeability and improve outcomes in septic settings, indicating that its role may be context- and
stage-dependent.”’ In aging, ADM regulation appears altered, with evidence for elevated basal expression accompanied
by impaired dynamic responsiveness to acute stress.***° In this context, the stronger ADM induction observed in aged
ARDS mice suggested an intensified barrier-stress response in the aged lung. ADM also showed a positive association
with M1 macrophage fractions in immune deconvolution analyses, indicating that ADM upregulation co-occurred with
a pro-inflammatory immune milieu. Because computational deconvolution and correlation do not establish cellular
sources or mechanistic effects, these observations should be interpreted as indicating linkage rather than proving ADM-
driven macrophage polarization. Together with prior clinical and experimental evidence, our data support a testable
model in which ADM reflects compensatory endothelial stress signaling that may become insufficient or dysregulated in
aged ARDS.

In contrast to MAPK14 and ADM, MAPKS8 was downregulated in ARDS and further suppressed in aged mice.
Although JNK signaling has historically been linked to stress-induced apoptosis, more recent evidence indicates context-
dependent roles in immune regulation, macrophage plasticity, and antimicrobial responses.***' Accordingly, reduced
MAPKS8 expression could indicate diminished stress-response balance or impaired immune adaptability rather than
simply reduced pro-apoptotic signaling. The negative correlation between MAPKS8 and IL10 (r = —0.63) suggested that
MAPKS suppression co-occurred with reduced anti-inflammatory signaling, which may indicate weakened “braking”
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capacity; however, this inference remained indirect and requires mechanistic validation. This interpretation is broadly
consistent with the notion that aging preferentially dysregulates immune response termination rather than initiation.**
Such a shift could contribute to persistent inflammation and susceptibility to late complications, including secondary
infections that are common contributors to mortality in ARDS.*

The immune remodeling patterns identified in ARDS samples were generally consistent with prior ARDS immuno-
pathology literature implicating innate immune activation, neutrophil-driven tissue injury, and macrophage-mediated
inflammatory amplification, with roles proposed for yd T cells and pro-inflammatory macrophage states.” *>* In our
analysis, increased yd T-cell fractions and correlations between hub gene expression and immune-cell fractions (including
MAPK14—y3 T cells and ADM—M1 macrophages) suggested that the MAPK14/ADM/MAPKS pattern was embedded
within an inflammatory cellular context rather than representing isolated transcriptional changes. Nonetheless, because
immune infiltration estimates were computational, cell-type—resolved validation (eg, flow cytometry, immunostaining, or
single-cell transcriptomics) will be important to confirm cellular sources and map axis activity across immune and
structural cell compartments, particularly in aged lungs.

Connectivity Map analysis prioritized fostamatinib (a SYK inhibitor) as a compound predicted to reverse the ARDS-
associated transcriptional signature. SYK lies upstream of multiple inflammatory cascades and may influence MAPK-
related pathways, providing a plausible rationale for evaluating SYK inhibition as a strategy to dampen excessive
inflammatory amplification. A randomized clinical trial reported clinical benefit of fostamatinib in hospitalized COVID-
19 patients with hypoxemia,** supporting the plausibility of SYK inhibition in severe inflammatory lung disease.
However, viral hypoxemic illness is not equivalent to non-viral ARDS, and efficacy in elderly-specific ARDS popula-
tions cannot be inferred directly. Therefore, our drug-repurposing results should be viewed as hypothesis-generating and
best validated through age-stratified preclinical studies that include mechanistic readouts of MAPK14/ADM/MAPKS8
modulation, barrier integrity, immune resolution kinetics, and host-defense competence.

Several limitations define clear directions for future work. First, the transcriptomic findings were derived from
a public dataset and computational deconvolution; replication in independent cohorts and platforms, together with
protein-level validation in human samples, will strengthen generalizability and clinical relevance. Second, the present
study established associations and coordinated expression changes but did not establish causality or pathway direction-
ality within the proposed axis. This can be addressed through genetic perturbation (eg, cell-type—specific manipulation of
Mapk14 or Mapk8) and pharmacologic intervention in aged models, coupled with standardized ARDS endpoints to test
whether altering the axis shifts injury and resolution trajectories Third, LPS doses differed between age groups to
maintain a comparable injury window while limiting excessive mortality in aged mice; additional studies incorporating
severity-matched designs and complementary ARDS models will further assess robustness across injury contexts.
Finally, candidate drugs were prioritized computationally; intervention experiments in aged animals will be essential
to determine efficacy, optimal timing, and safety.

Conclusion

Our integrated bioinformatic and experimental study reveals that aging exacerbates ARDS severity through a novel and
dysregulated MAPK14/ADM/MAPKS signaling axis. We identified this axis as a core molecular signature linking
inflammaging with acute lung injury, where aging specifically amplifies the upregulation of MAPK14 and ADM and
deepens the suppression of MAPKS, correlating with a more severe pro-inflammatory immune microenvironment and
tissue damage. Furthermore, computational drug repositioning nominated the SYK inhibitor fostamatinib as a promising
therapeutic candidate capable of reversing this disease-associated gene signature. To advance these findings, future work
must establish causality within this axis using targeted perturbations in age-stratified models, validate the therapeutic
potential of candidate agents like fostamatinib in preclinical studies of aged subjects, and confirm the clinical relevance
of this pathway in independent human ARDS cohorts to explore its utility for patient stratification and age-tailored
therapy development.
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