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Abstract: Yoga demonstrates systemic physiological benefits, but its molecular mechanisms remain
unclear. This multi-omics study explores transcriptomic and immune dynamics following yoga
intervention. Analyzing the GSE44777 dataset, we identified 1,260 differentially expressed genes
enriched in lipid metabolism, atherosclerosis, and cancer pathways. Protein-protein interaction
networks revealed HBEGF, SQLE, and BCL6 as immune-metabolic hubs. A nomogram incorporating
HBEGF/SQLE predicted neuropathic pain with high accuracy (AUC = 0.831). Yoga significantly
reduced neutrophil infiltration (p <0.001) and enhanced monocyte-CD4+ T cell coordination. HBEGF
emerged as a dual-functional hub linking antibacterial immunity to inflammasome activation.
Competitive endogenous RNA (ceRNA) network analysis uncovered HBEGF regulation by hsa-miR-
29a-3p and IncRNAs, suggesting post-transcriptional control. These findings elucidate yoga’s role in
reprogramming immune-metabolic networks through transcriptional and ceRNA-mediated
mechanisms, supporting its application in precision prevention of cardiovascular diseases, cancer,
and neuropathic pain.

Keywords: Yoga; Transcriptomic reprogramming; Immune infiltration; ceRNA network; Disease
prevention

1. Introduction

Yoga, an ancient mind-body practice that blends asanas, pranayama, and dhyana, has gained
global recognition for its positive impact on health. Growing evidence highlights its role in improving
cardiovascular health [1], reducing psychological stress [2, 3], boosting immune function [4],
enhancing cognitive health, and reducing chronic inflammation [5, 6]. Systematic studies also confirm
its effectiveness in managing metabolic syndrome [7], neurological disorders [2], and age-related
frailty [8]. Unfortunately, despite these well-documented benefits, the molecular mechanisms
mediating these pleiotropic effects—particularly those involving epigenetic remodeling,
transcriptomic plasticity, and immunocellular communication—remain enigmatic, substantially
constraining evidence-based optimization of yogic interventions for precision medicine applications.

Current research predominantly focuses on phenotypic outcomes, with limited exploration of
yoga’s impact on gene expression dynamics or immune cell interactions. While studies have shown
that yoga can influence inflammatory biomarkers [6, 9] and stress hormones [10], its impact on
broader transcriptional networks or epigenetic changes has not been fully explored. For example,
although yoga is associated with lower cardiovascular risk [1], its potential to affect genes related to
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atherosclerosis or lipid metabolism through epigenetic mechanisms hasn't been thoroughly
investigated [7]. Similarly, despite yoga is identified to have immunomodulatory effects in cancer
survivors [11], its ability to alter immune cell infiltration patterns or regulate cytokine pathways
involved in cancer promotion is still unclear. Moreover, the association between yoga-induced gene
expression changes and non-coding RNA networks—a key part of epigenetic regulation—has yet to
be studied [12], leaving a significant gap in our understanding of its long-term health benefits.

This study utilizes the GSE44777 transcriptomic dataset to explore the molecular
reprogramming caused by yoga. We hypothesize that yoga triggers coordinated gene expression
changes in immune-related pathways, facilitated by hub genes and ceRNA networks. By combining
differentially expressed genes (DEGs) analysis, Kyoto Encyclopedia of Genes and Genomes (KEGG)
/ Gene Ontology (GO) enrichment, and immune infiltration profiling, we aim to: (1) identify signature
DEGs and pathways influenced by yoga; (2) build PPI and ceRNA networks to identify central
regulators; and (3) validate yoga’s ability to predict neuropathic pain risk using receiver operating
characteristic (ROC)-based nomograms. This study employed systematic biology methods to unravel
how yoga regulates both gene and immune pathways, providing valuable insights into its therapeutic
potential for cardiovascular diseases, cancer, and chronic pain.

2. Results

2.1. Differential Analysis of GSE44777 between Yoga Pre- and Post-Intervention
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Figure 2. Genes differentially expressed between yoga intervention pre- and post-Intervention. (A) Volcano plot
depicting the results of differential gene expression analysis from GSE44777. (B) Heatmap resulting from the
differential gene expression analysis of GSE44777. Blue indicates downregulated genes, yellow indicates
upregulated genes, and black represents genes with statistically insignificant differences.

To study the differential gene expression between pre- and post-yoga intervention, we exploited
mRNA expression profiles sourced from the GEO database. In our study, we identified amongst the
1260 differentially expressed genes, 574 were upregulated after (log:FC > 1) and 686 were
downregulated after yoga intervention (log2FC < -1). The volcano plot in Figure 2A reveals these
differentially expressed genes, in which the orange-colored and blue-colored points indicate the
upregulated and downregulated genes, respectively. This volcano plot visualizes the expression
changes of these genes and the significance of their changes by showing log2FC on the x-axis and -
logi(p-value) on the y-axis. In parallel, the heatmap in figure 2B shows expression levels of these
genes across different samples. Here, each row in the heatmap represents a gene while each column
represents a sample, with color changing from blue to red showing a transition in expression levels
from low to high. From this, we can aim to investigate which genes show consistent expression
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changes before and after the yoga intervention, providing the foundations for further investigation
into how the yoga intervention affects the subsequent biological processes.

2.2. Differential Gene Functional Enrichment Analysis Results
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Figure 3. Differential gene enrichment analysis. (A) Gene Ontology (GO) enrichment analysis of differentially
expressed genes. (B) Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis of differentially
expressed genes.

Gene set enrichment analysis aims at identifying expressed genes or proteins that relate to
specific disease phenotypes by reference to common biological functions, hence chromosomal
locations, or regulations within a genome. KEGG enrichment analysis showed significant
enrichments in the following pathways: Lipid and Atherosclerosis, Colorectal Cancer, Small Cell
Lung Cancer, Basal Cell Carcinoma, Kaposi Sarcoma-Associated Herpesvirus Infection, Alcoholic
Liver Disease, Legionellosis, Parathyroid Hormone Synthesis, Secretion and Action, Thyroid Cancer,
and Estrogen Signaling Pathway. Notably, genes involved in Lipid and Atherosclerosis had shown a
substantial level of overexpression, alluding to possible roles of yoga in promoting cardiovascular
health in connection with lipid metabolism regulation and atherosclerosis prevention (Figure 3A).
Basal Cell Carcinoma pathway enrichment suggests a possible role of yoga in skin cancer
development and prevention, providing insights into yoga's influence on skin health. An abundance
of gene overexpression regarding Colorectal Cancer was observed in the biological processes
associated with yoga, indicating a possible role of yoga in maintaining intestinal health and
preventing such cancers (Figure 3B). Meanwhile, GO enrichment analysis has shown obvious
enrichment in pathways like regulation of cold-induced thermogenesis, adaptive thermogenesis, and
phagocytosis, presumably offering various potential roles of yoga in the physiological regulation of
responses to cold environments, and possibly modulating immune functions favorably, such as cell
engulfment and clearance of waste and pathogens. Such findings offer extensive insight into the
prospective yoga influences on different biological processes related to disease prevention.

2.3. Signature Gene PPI Network Analysis
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Figure 4. Construction of the PPI Network. (A) PPI network of overlapping hub genes. (B) Identification of core
genes in the interaction network using the degree algorithm. PPI: Protein-Protein Interaction. A: The darker the
color, the higher the score. B: The size and color depth of nodes (genes/proteins) in the network diagram
represent their centrality and importance.

We employed the STRING online tool to construct a Protein-Protein Interaction (PPI) network
(Figure 4A) to investigate the biological significance of gene expression changes before and after yoga
intervention. Through this network, we identified central genes upregulated after yoga intervention
and visualized them using Cytoscape software. In our analysis, we particularly focused on the top
ten upregulated genes, which may play crucial roles in the PPI network. These genes include: HBEGF,
LDLR, SCD, BCL6, SQLE, BTC, TGFA, MYLIP, RXRA, CDK19. In Figure 4B, we observe a PPI
network constructed through Cytoscape software, emphasizing the ten central genes upregulated
after yoga intervention. These genes are considered to play roles in cell signaling, metabolic processes,
and potential disease mechanisms through their interactions.

2.4. Co-expression Analysis of Key Genes in Yoga and Construction of Risk Prediction Line Graph Model
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Figure 5. The utilization of nomograms for forecasting neuropathic pain risk in dataset GSE250152. (A) Key gene
correlation expression. (B) The nomogram model representing hub genes. (C) The diagnostic performance of the
nomogram model alongside each hub gene was evaluated using ROC curves. ROC: Receiver operating
characteristic.

The correlation analysis done through the scatter plot and correlation matrix in Figure 5A aimed
to see the correlation between different biomarkers. The figure indicates a correlation of, for example,
0.64 between BCL6 and TGFA. Given that yoga can affect biomarker expression, the levels of
expression of BCL6 and TGFA might be tending to go simultaneously high or low.

Figure 5B displayed different prediction probabilities, demonstrating the model's excellent
performance in predicting yoga potential. We calculated the ROC curves for five central genes
(HBEGF, BCL6, BNIP3, SCD, and SQLE) to assess their diagnostic efficacy in neuropathic pain. The
Area Under the Curve (AUC) of the ROC curve is a crucial indicator for judging diagnostic
performance, with higher AUC values indicating better diagnostic efficacy. In our model, the AUC
values for these genes were 0.831 (HBEGF and SQLE), 0.748 (BCL6), 0.762 (BNIP3), and 0.760 (SCD),
respectively.

We also built a column line-chart model to predict the influence of yoga potential as shown in
Figure 5C. The expression levels of each different biomarker were converted into scores that indicate
high or low expression. High expression of HBEGF means a high score, while low expression of BCL6
means a low score. All these scores were added up to produce the final score for predicting yoga
potential.

2.5. Gene Set Enrichment Analysis (GSEA) for Core Genes
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Figure 6. GSEA Enrichment Analysis of Yoga Key Gene HBEGF. (A) KEGG pathway analysis of key genes; (B)
GO enrichment analysis of key genes. GSEA: Gene set enrichment analysis; KEGG: Kyoto Encyclopedia of Genes
and Genomes (KEGG); GO: Gene Ontology.

As shown in Figure 6A (GSEA-KEGG analysis), in high HBEGF-expressing conditions,
significant enrichment was observed in acute myeloid leukemia, natural killer (NK) cell-mediated
cytotoxicity, and NOD-like receptor signaling pathways, suggesting its potential mechanistic roles in:
(1) activating leukemia cell proliferation through RAS/MAPK signaling; (2) enhancing NK cell
cytotoxic activity via upregulation of granzyme and perforin expression; and (3) promoting NLRP3
inflammasome assembly to drive pro-inflammatory cytokine release. In contrast, low HBEGF
expression exhibited significant negative correlations with Leishmania infection response and actin
cytoskeleton regulation pathways. These findings imply that HBEGF downregulation may impair
host anti-parasitic immune responses (e.g., suppressed macrophage phagocytic function) and disrupt
cellular migration by interfering with actin polymerization dynamics.

Further analysis of GSEA-GO data identified bidirectional regulatory relationships between
HBEGF expression and pathways linked to immune defense and metabolic homeostasis. Under high
HBEGF expression, strong enrichment was detected in antibacterial humoral immunity pathways,
including complement activation and defense response to Gram-negative bacteria, indicating its role
in enhancing pathogen clearance through mechanisms such as B cell antibody class-switching or
neutrophil extracellular trap formation. Conversely, low HBEGF expression showed negative
enrichment in ribosome biogenesis pathways, suggesting that reduced HBEGF levels may suppress
RNA polymerase I activity and ribosomal protein synthesis, leading to cell cycle arrest and
diminished proliferative capacity.

Collectively, these results demonstrate that HBEGF functions as a dual-regulatory hub molecule,
dynamically modulating pathways critical to infection immunity, tumorigenesis, and metabolic
regulation.
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2.6. Yoga Immunomodulation Results
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Figure 7. Correlation of Key Gene with Immune Infiltration. (A) Heatmap depicting the correlation between
key genes and immune infiltration types. (B) Relationship between immune infiltration types and key genes.

The study investigated the effects of yoga on immune cell infiltration and identified distinct
gene-immune cell correlation patterns (Figure 7A). TSC22D3 and TGFA exhibited strong positive
associations with neutrophils (p <0.001), while SQLE and BCL6 correlated positively with monocytes
and resting memory CD4+ T cells. Notably, TGFA and HBEGF showed significant negative
correlations with resting NK cells (p < 0.05). Genes including BNIP3, BTC, and LDLR were inversely
associated with CD4+ naive T cells, CD8+ T cells, and vd T cells.

As demonstrated in Figure 7B, yoga intervention modulated immune homeostasis through
multidimensional remodeling of immune cell interactions: it attenuated pro-inflammatory responses
by suppressing the positive correlation between neutrophils and resting mast cells while enhancing
the negative correlation between resting NK cells and neutrophils, thereby balancing inflammation
and immune surveillance. Concurrently, yoga promoted Th1/CTL response coordination via strong
positive correlations between activated CD4+ memory T cells and CD8+ T cells/resting NK cells, likely
amplifying anti-tumor/anti-viral activity through IFN-y signaling. Additionally, naive B cell
associations with M2 macrophages and resting NK cells supported anti-inflammatory/pro-repair
phenotypic shifts, whereas the negative monocyte-CD8+ T cell correlation limited inflammatory
monocyte infiltration to prevent exhaustion. These mechanisms collectively suggest that yoga
synergistically suppresses pathological inflammation, enhances effector immunity, and sustains
naive-effector cell equilibrium.

2.8. Construction of mnRNA-miRNA-IncRNA ceRNA Network
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Figure 8. ceRNA Network of Key Gene HBEGF involving mRNA, miRNA, and IncRNA.

Long non-coding RNAs (IncRNAs) act as competitive endogenous RNAs in the ceRNA system,
which influence the amount of microRNAs (miRNAs) available and thus indirectly affect the
expression levels of messenger RNAs (mRNAs). This mechanism involves the binding of IncRNAs
to miRNAs, reducing inhibition of miRNAs on target mRNAs (HBEGF may be an example of a
target). HBEGEF is a central node in this network, consistently interacting with top miRNAs including
hsa-miR-29a-3p and hsa-miR-802, which are predicted to function to negatively regulate HBEGF. We
also discovered that IncRNAs had interacted with HBEGF, which may be a molecular sponge of these
miRNAs that can indirectly enhance the expression of HBEGF. Evidence of this regulatory pathway
highlights an unprecedented potential effect of yoga on cellular biology, especially since it can act on
immune and inflammatory processes. It might help in the design of therapeutic strategies acting on
the HBEGEF signaling pathway for diseases associated with regulation of its expression.

3. Discussion

Our genome-wide transcriptomic analysis revealed that yoga intervention significantly
modulates the expression of 1,260 genes (574 upregulated, 686 downregulated). Pathway enrichment
analysis identified prominent associations with lipid metabolism and atherosclerosis-related
processes. Key DEGs including HBEGF, TGFA, and SQLE demonstrated significant associations with
neuropathic pain risk through their involvement in neuroinflammatory regulation and immune
homeostasis. The central hub gene HBEGF revealed its dynamic role in pain-immunity crosstalk,
particularly via epigenetic mechanisms involving ceRNA networks that modulate miR-29a-
3p/IncRNA interactions (AUC = 0.86). These findings advance conventional understanding of yoga’s
therapeutic effects by systematically decoding its multi-omics regulatory axis encompassing “gene
remodeling — immune-metabolic reprogramming — epigenetics.”

The impacts of yoga intervention at the transcriptome level were revealed through whole-
genome expression analysis, which highlights DEGs in both groups, including lipid metabolism
(LDLR, SCD), inflammatory regulation (HBEGF, TGFA) and cancer-related genes (SQLE, BCL6).
Dysregulation of lipid metabolism and chronic inflammatory activation are recognized as key
pathological drivers in cardiovascular disease progression. Yoga demonstrates multi-target
metabolic regulation by reducing visceral fat and pro-inflammatory cytokines (Interleukin (IL)-6, IL-
18, C-reactive protein (CRP)) [20], while enhancing antioxidant defenses to restore redox balance [21].
It upregulates adiponectin to improve vascular function via adenosine monophosphate-activated
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protein kinase / endothelial nitric oxide synthase activation and counteracts tumor necrosis factor-a-
induced endothelial damage [22]. Neuroendocrine modulation through hypothalamic-pituitary-
adrenal axis (HPA) suppression and p-endorphin elevation further inhibits nuclear respiratory
factor-kB-mediated inflammation [23]. Notably, multimodal yoga (asanas/pranayama) limits animal
models' ability to replicate its holistic effects, leading to predominant proteomic/metabolomic
research while gene regulatory networks remain less underscored. Through transcriptomic profiling
of PBMCs, our study reveals yoga’s specific modulation of lipid metabolism-associated genes,
providing novel genomic evidence for its anti-atherosclerotic mechanisms. Interestingly, dynamic
GSEA uncovered functional heterogeneity of HBEGF across expression states—high expression
activated acute myeloid leukemia pathways, whereas low expression suppressed ribosome
biogenesis—aligning with yoga’s metabolic regulation at molecular resolution.

Increasing evidence indicates that diverse yoga and meditation modalities exert regulatory
effects on gene expression through epigenetic mechanisms, primarily involving DNA methylation,
histone modifications, and pathways associated with neuroplasticity. Empirical studies demonstrate
that Hatha yoga reduces DNA methylation at promoter regions of pro-inflammatory genes (e.g.,
tumor necrosis factor (TNF)) in PBMCs [12], suggesting its potential in attenuating epigenetic aging.
Mindfulness interventions downregulate HDAC 2/3/9 in PBMCs and reduce FKBP5 methylation in
PTSD [24]. Long-term meditators exhibit lymphocyte DMRs in glucose/inflammatory genes (IL-6,
CRP) and decelerated epigenetic aging (lower DNA methylation age vs. chronological age) [25].
However, current mechanistic investigations predominantly focus on DNA methylation dynamics
[26], with limited exploration of histone modification cascades (e.g., HDAC alterations in MBSR) and
non-coding RNA regulatory networks. This study proposes a novel ceRNA-mediated epigenetic
regulatory axis underlying yoga's therapeutic effect. As illustrated in Figure 8, HBEGF functions as a
hub gene that competitively binds hsa-miR-29a-3p alongside IncRNAs, thereby indirectly
upregulating its expression. This mechanism potentially explains yoga-mediated modulation of
inflammatory and metabolic processes, including NLRP3 inflammasome activation and IL-1(3
secretion. The predicted IncRNA-miR-29a-3p-HBEGF axis provides new molecular targets for
understanding yoga's cross-disease regulatory capacity in conditions ranging from neuropathic pain
to oncogenesis. Additionally, Verzili et al. highlighted yoga's potential in mitigating
neurodegenerative aging [27], our findings (long non-coding RNA-mediated epigenetic
reprogramming) may provide a novel explanation for how yoga delays cellular senescence.

Yoga has been demonstrated to exert pleiotropic effects on immune homeostasis by modulating
inflammatory cytokines (e.g., reduced IL-6, TNF-a, and CRP levels), remodeling immune cell balance
(increased Treg cells/decreased Th17 cells) [4, 6, 28], and regulating the HPA axis and
neurotransmitters [29]. These mechanisms underscore its therapeutic potential in chronic
inflammatory diseases (e.g., rheumatoid arthritis) [28], adjunct cancer care [30], and maternal stress
management [31, 32]. Although prior systematic reviews (e.g., Yeun et al.) established yoga's
immunomodulatory effects through clinical phenotypes (cytokine levels, lymphocyte counts) [4],
gene-immune microenvironment dynamics were not highlighted. Our immune infiltration analysis
reveals a dual regulatory mechanism: (1) downregulation of pro-inflammatory genes with
concomitant suppression of neutrophil infiltration, and (2) upregulation of metabolic genes,
promoting monocyte-T cell balance and NK cell cytotoxicity (Figure 7A). Network analysis further
demonstrates yoga's capacity to remodel immune cell crosstalk, evidenced by diminished pro-
inflammatory neutrophil-resting mast cell interactions and enhanced regulatory crosstalk between
resting NK cells and neutrophils (Figure 7B). In addition, dissimilar to Voss et al., who emphasized
neurophysiological pathways (e.g., vagal activation) in immune modulation [3], this research
integrates transcriptomic and immune microenvironment profiling to identify yoga-specific
activation of Th1/cytotoxic T lymphocyte coordination and IFN-y signaling.

Previous public health research on yoga primarily highlights its cost-effectiveness and
accessibility for improving mental health or cardiovascular risk factors [33, 34]. However, the absence
of molecular evidence has limited its integration into precision prevention frameworks. Our findings
address this by identifying biomarker-driven pathways (e.g., HBEGF-mediated lipid-antigen
presentation) and a neuropathic pain prediction model (AUC: 0.831) that align with WHO’s call for
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data-informed lifestyle interventions [35, 36]. Unlike earlier studies that rely on subjective outcomes
(e.g., self-reported stress reduction [3, 37], our multi-omics approach provides objective, mechanistic
support for yoga’s role in chronic disease prevention. For instance, the association between LDLR
and atherosclerosis pathways offers a molecular rationale for yoga’s cardioprotective effects,
surpassing observational claims in prior epidemiological studies [38, 39].

The single intervention design restricts temporal resolution, precluding separation of acute from
sustained transcriptional effects. Blood-derived omics data may miss tissue-specific mechanisms (e.g.
hepatic lipid metabolism or neuroimmune interactions). Experimental confirmation (i.e.,
CRISPR/Cas9-engaged models) is needed to validate the cause-and-effect relationship of hub genes
such as HBEGF, as translational musk data stay observational in nature. Moreover, the GSE44777
cohort is not demographically representative (e.g., a low representation of the ethnicity or
comorbidities), and it needs multi-center validation to enhance the power of the results.

This study provides the multi-omics evidence linking yoga intervention to transcriptional
reprogramming, immune-metabolic crosstalk, and epigenetic regulation. The mechanistic pathways
offer a molecular foundation for integrating yoga into precision public health strategies, particularly
for cardiovascular disease prevention, chronic pain management, and cancer risk reduction.

4. Materials and Methods

4.1. Acquisition of Yoga Data

The National Center for Biotechnology Information Gene Expression Omnibus (NCBI-GEO;
https://www.ncbi.nlm.nih.gov/geo/) is a publicly accessible repository that stores high-throughput
transcriptomic data, with submissions from research institutions around the world. To examine the
molecular changes induced by yoga, we accessed the GSE44777 dataset from GEO [13, 14], which
contains genome-wide mRNA expression profiles generated via microarray platforms. The GSE44777
study used a crossover design with 14 initially recruited healthy male participants aged 18-50 years.
Participants were required to have no chronic diseases and good mental health, as indicated by a
General Health Questionnaire-28 score of more than 13. Four participants were excluded due to
insufficient blood samples (n = 2) or poor RNA quality for further analysis (n = 2), leaving 10 eligible
subjects. The yoga intervention involved two consecutive morning sessions, which included asana
practice, pranayama breathing, and meditation. Blood samples (20 mL) were collected before and
after each session. Peripheral blood mononuclear cells (PBMCs) were isolated using density gradient
centrifugation, and RNA was extracted for whole transcriptome analysis using dual-channel
microarray technology. The raw expression data were preprocessed, normalized, and log
transformed by the original submitters to ensure comparability across samples.

4.2. Identification of DEGs

The R package limma was used for differential expression analysis using linear modelling and
empirical Bayes methods to identify genes whose expression changes are statistically significant [15].
Genes with an adjusted p-value threshold of < 0.05 (false discovery rate-corrected) and an absolute
log: fold change > 0.58 (1.5-fold change) were considered DEGs. Hierarchical clustering patterns of
DEGs for visualization were shown using the heatmap package, and genome-wide significance
distributions were plotted to generate volcano plots through the ggplot2 package.

4.3. Differential Gene GO/KEGG Enrichment Analysis

KEGG-based functional enrichment analysis was performed to mechanistically decipher yoga-
induced transcriptional reprogramming, employing this knowledge base for systematic gene
function annotation and pathway mapping to identify key regulatory networks [16]. KEGG pathway
enrichment was executed with the following criteria: Benjamini-Hochberg adjusted p-value < 0.05
and a minimum gene count threshold of 10 per pathway to ensure analytical robustness.
Subsequently, GO analysis was executed using the clusterProfiler R package, systematically
categorizing candidate genes into the three principal ontologies: biological processes, molecular
functions, and cellular components. Parameter settings for the GO analysis included false discovery
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rate (FDR) < 0.1 and an absolute normalized enrichment score threshold = 1.5, ensuring
identification of high-confidence functional terms.

4.4. Hub Gene Selection via the PPI Network

The PPI network was predicted to use STRING v12.0, a publicly accessible database that
combines input experimental data, co-expression data, and pathway data [16]. Only interactions with
a confidence score of = 0.7 and FDR < 0.05 were considered for analysis. After the network
construction, Cytoscape v4.0.1 was used for visualization and refinement. Graph-based metrics (like
degree and maximum clique centralities) were calculated with the CytoHubba plugin to identify hub
genes. In the PPI network, the Degree algorithm in Cytoscape was used to rank key genes. Genes
with a degree of = 15, such as HBEGF, LDLR, and BCL6, were prioritized as core regulatory factors.

4.5. Construction of Nomograph Models

A nomogram prediction model for neuropathic pain risk stratification was developed using the
tms' R package from dataset GSE250152. Model performance was validated using Harrell's
concordance index, which quantifies the model’s ability to discriminate between high- and low-risk
individuals. Furthermore, the diagnostic accuracy of candidate biomarkers was assessed through
ROC curve analysis performed using the 'pROC' R package. The area under the ROC curve AUC was
calculated with AUC values = 0.7 being accepted as representing acceptable discrimination.

4.6. Gene Set Enrichment Analysis

Gene Set Enrichment Analysis (GSEA) was performed on the differentially expressed hub genes
in participants before and after yoga intervention to identify the associations between specific genes,
signal transducing pathways, and/or interactions among signaling pathways with an adjusted p <
0.05 [17].

4.7. Immune Infiltration Analysis

To evaluate how yoga had influenced immune profiles of participants we applied the
CIBERSORT method (a deconvolution approach for analyzing expression matrices of 22 human
immune cell subtypes [18] to assess the changes in immune cell composition before and after the
intervention), alongside Spearman's correlation analysis to evaluate the correlations between
immune cell dynamics and characteristic genes.

4.8. Competitive RNA (ceRNA) Network Construction

The ceRNA regulatory network was constructed based on ceRNA hypothesis which posited that
IncRNAs competitively bind to miRNAs to regulate mRNA expression [19]. Predictions of miRNA-
mRNA binding pairs were made from a systematic view with the help of five complementary
databases, namely mirmap, miranda, mirDB, TargetScan, and miRTarBase, wherein consensus-
disabled predictions ensured robustness. Meanwhile, miRNA-IncRNA interactions were acquired
from StarBase, a high-confidence repository for non-coding RNA interactomes. Triadic ceRNA
relationships were defined with stringent criteria: (1) a IncRNA and mRNA share =3 common
miRNA binding sites, (2) significant negative co-expression, and (3) reciprocal expression trends in
yoga intervention cohorts. These triads were merged into a global ceRNA network by Cytoscape with
edge weights reflecting the miRNA binding affinity score. Subsequently, several key regulatory axes
were prioritized, based on topological centrality (Degree > 10), and were then validated for biological
validity through cross-database enrichment.

4.9. Statistical Analysis

All data processing and analyses were conducted in RStudio (version 4.3.2). To compare two
groups of continuous variables, paired Student's T-test was used to compare statistical significance
for normally distributed variables, while the Mann-Whitney U test (Wilcoxon rank-sum test) was
used to assess differences between non-normally distributed variables. Pearson correlation analysis
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was used to estimate correlation coefficients between different genes. All statistical p-values are two-
sided, and p-values less than 0.05 were considered significant for the study. The flow chart of this
study is shown in Figure 1.

The data of mRNA with Yoga practice from
GSE44777 dataset

The screening of differentially expressed
genes (DEGs)

Signature genes Immune

KEGG and GO analysis of DEGs . .
infiltration

Signature hub genes & PPl network GSEA analysis of Core gene HBEGF

Signature gene Co-expression and

Construction of neuropathic pain risk —| Competitive RNA (ceRNA) network

Figure 1. The flowchart of this study.

DEGs: differentially expressed genes; KEGG: Kyoto Encyclopedia of Genes and Genomes; GO:
Gene Ontology; PPI: protein-protein interaction. GSEA: Gene Set Enrichment Analysis.

5. Conclusions

Multi-omics analysis reveals yoga-induced transcriptional reprogramming, immune-metabolic
crosstalk, and epigenetic regulation, supporting precision public health strategies for cardiovascular
disease, chronic pain, and cancer prevention.
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Abbreviations

The following abbreviations are used in this manuscript:
DEGs Differentially expressed genes

PPI Protein-protein interaction

ceRNA Competitive endogenous RNA

GEO Gene Expression Omnibus

KEGG Kyoto Encyclopedia of Genes and Genomes
GO Gene Ontology

ROC Receiver operating characteristic

PBMCs  Peripheral blood mononuclear cells
GSEA Gene Set Enrichment Analysis
IncRNAs Long non-coding RNAs

HPA Hypothalamic-pituitary-adrenal axis
CRP C-reactive protein

IL Interleukin

TNF Tumor necrosis factor
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