Analysis of single-cell RNA sequencing data based on artificial intelligence techniques: molecular mechanisms of obesity and identification of potential therapeutic targets                
Abstract— This study explores the molecular mechanisms of obesity and identifies potential therapeutic targets by integrating mouse obesity models with advanced artificial intelligence technologies. Obesity, as a multifaceted metabolic disease, is influenced by a complex interplay of genetic, environmental, dietary, and lifestyle factors. To overcome the limitations of traditional methods in analyzing high-dimensional biological data, we innovatively applied convolutional neural networks (CNN) and support vector machines (SVM) to single-cell RNA sequencing data analysis.In our research methodology, obesity was induced in the experimental group of mice through a 12-week high-fat diet. Visceral and subcutaneous adipose tissues were collected for single-cell RNA sequencing, utilizing the 10x Genomics Chromium platform. Data preprocessing was performed using the Cell Ranger pipeline, which included low-quality cell filtering, data normalization, and batch effect correction. The CNN model was then employed to extract key features from the high-dimensional gene expression data, followed by classification and analysis of the obese and control groups using the SVM model.The results indicated that the mice in the experimental group exhibited a significant increase in body weight, visceral fat content, and insulin resistance index (HOMA-IR), successfully modeling the metabolic disorders characteristic of human obesity. Single-cell RNA sequencing revealed significant up-regulation of genes related to lipid metabolism, inflammatory response, and oxidative stress pathways, with these genes showing markedly higher expression in the obese group. The CNN model demonstrated exceptional performance in extracting obesity-related gene features, achieving an AUC value of 0.91 on the validation set, while the SVM model attained a classification accuracy of 89%, further validating the relevance and efficacy of these gene features. Additionally, network biology analysis identified key genes such as TNF-α and IL-6, which are pivotal in obesity-associated chronic inflammatory responses, offering novel molecular targets for future therapeutic interventions.This study’s innovation lies in its pioneering combination of a mouse model with cutting-edge artificial intelligence technology to systematically analyze obesity’s molecular mechanisms. This interdisciplinary approach not only enhances the precision and efficiency of data processing but also provides a robust theoretical foundation for the development of personalized therapeutic strategies. Future studies will aim to optimize these models further and explore their potential applications to larger-scale biomedical data, advancing the field of personalized medicine.
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1. Introduction
Obesity, a multifaceted metabolic disorder, is shaped by a complex interplay of genetic, environmental, dietary, and lifestyle factors. In recent years, the rise of obesity has evolved into a global public health crisis, closely intertwined with the increasing prevalence of chronic diseases such as diabetes, cardiovascular conditions, and cancer. This pressing situation has propelled the in-depth exploration of obesity's molecular mechanisms and the quest for effective interventions to the forefront of biomedical research[1].
Traditional approaches to obesity research, though successful in identifying risk factors and epidemiological patterns at a macro level, encounter significant challenges at the micro level, particularly in deciphering the molecular mechanisms within complex biochemical networks. The intricacies of high-dimensional biological data, along with the interplay of multiple genes and pathways, pose substantial challenges to conventional statistical methods. In this context, artificial intelligence (AI) techniques, especially machine learning and deep learning models, have emerged as powerful tools, offering unprecedented capabilities in unraveling the complexities of biological systems by adeptly handling multi-dimensional data[2].
The true innovation of this study lies in its pioneering fusion of a mouse obesity model with state-of-the-art AI technologies to systematically analyze obesity-related biochemical signals and gene expression patterns. By employing machine learning algorithms such as Convolutional Neural Networks (CNN) and Support Vector Machines (SVM), we performed an in-depth analysis of high-dimensional data derived from single-cell RNA sequencing (scRNA-seq), unearthing molecular markers and potential therapeutic targets intricately linked to obesity. Notably, the integration of CNNs allowed for the automatic extraction of key obesity-related features from vast gene expression datasets, significantly enhancing both the precision and efficiency of our analysis[3].
In designing the experiment, mice were selected as model organisms, with obesity induced through a high-fat diet. This was followed by single-cell RNA sequencing of cells from various tissues[4]. Feeding these biochemical data into a trained AI model enabled the identification of critical genes and metabolic pathways associated with obesity. This innovative approach not only deepened our understanding of the underlying mechanisms driving obesity but also provided essential data support for subsequent biochemical interventions[5].
The significance of this study is underscored by the creation of a novel research paradigm that seamlessly integrates artificial intelligence with experimental biology, laying a solid theoretical foundation and offering robust technical support for the personalized treatment of obesity-related diseases[6]. Furthermore, the AI models utilized in this study, along with their application in biochemical data analysis, offer broad implications for the investigation of other complex diseases[7].
Looking to the future, we plan to further refine our AI models and expand their application to larger and more complex biomedical datasets. Our ultimate objective is to propel the development of personalized medicine, providing more precise and tailored solutions for the prevention and treatment of obesity and other metabolic disorders.
2. Data and methodology
2.1 Experimental Design and Animal Models
This study was carefully designed to explore the molecular mechanisms associated with obesity and their relationship with gene expression by constructing a mouse model of obesity. A total of 100 five-week-old male C57BL/6J mice (sourced from a well-known animal research center) were utilized in the experiment, with the mice randomly divided into control (n=50) and experimental (n=50) groups. The control group was fed standard laboratory chow, while the experimental group was subjected to a high-fat diet (comprising 60% fat) over a 12-week period to induce obesity. Throughout the experiment, the body weight, food intake, and body fat percentage of the mice were recorded weekly to meticulously monitor the development and progression of the obesity model.
2.2 Collection and Processing of Tissue Samples
At the end of the experiment, the mice were humanely euthanized via carbon dioxide anesthesia followed by cervical dislocation, and samples of visceral and subcutaneous adipose tissue were carefully harvested. All samples were promptly flash-frozen in liquid nitrogen and stored in an ultra-low temperature freezer at -80°C to preserve their integrity for subsequent analyses. To ensure the quality of the samples, total RNA was extracted from the adipose tissue using TRIzol reagent, with RNA concentration and integrity assessed by a NanoDrop 2000 spectrophotometer and an Agilent 2100 Bioanalyzer, respectively. Only samples with OD260/280 ratios between 1.8 and 2.0 and RNA integrity scores (RIN) ≥ 7.0 were selected for subsequent single-cell RNA sequencing analysis.
2.3 Single-Cell RNA Sequencing and Data Preprocessing
To uncover the molecular mechanisms underlying obesity, we employed the 10x Genomics Chromium platform for single-cell RNA sequencing (scRNA-seq). The procedure involved isolating cells from adipose tissue, generating single-cell suspensions through enzymatic treatment, and then capturing cells followed by cDNA synthesis using single-cell microdroplet technology. High-throughput sequencing was conducted using the Illumina HiSeq X Ten system to obtain high-quality single-cell transcriptome data. Initial data processing was carried out using the Cell Ranger pipeline to generate gene expression matrices. Data preprocessing included the filtering of low-quality cells (those expressing fewer than 500 genes per cell or with more than 10% mitochondrial genes), normalization of the data, and correction for batch effects to ensure the accuracy and reliability of subsequent analyses.
2.4 Application of Artificial Intelligence Models
Given the complexity and multidimensional nature of biochemical data, this study introduced two advanced artificial intelligence models, Convolutional Neural Network (CNN) and Support Vector Machine (SVM), for deep data mining.
Convolutional Neural Network (CNN): The scRNA-seq data were first normalized and then fed into a network consisting of multiple convolutional layers. Each convolutional operation extracted spatial features from the gene expression data using kernels of varying sizes. Dimensionality reduction and prevention of overfitting were achieved through a max-pooling layer. Finally, key gene features closely related to obesity were identified by fully connected layers and a Softmax classifier. The CNN model was trained using a cross-entropy loss function, with parameter optimization conducted using the Adam optimizer. The learning rate was set at 0.001 and the batch size at 64. Model performance was evaluated after each training session using a validation set, with overfitting mitigated through an early-stopping strategy.
Support Vector Machine (SVM): Following feature extraction by the CNN, the SVM was employed for classification analysis. The SVM utilized a Radial Basis Function (RBF) kernel for nonlinear mapping and classification of genetic features in obese and non-obese groups. Model parameters (including C and gamma) were optimized using a grid search method, with the final parameters set to C=1 and gamma=0.1. The generalization performance of the model was assessed through cross-validation to ensure its predictive accuracy on unseen data.
2.5 Literature Search Strategy
To ensure the scientific rigor and cutting-edge relevance of the study, a comprehensive literature search was conducted covering publications from 2019 to 2024. This timeframe was chosen due to the rapid advancements in AI technology within the biomedical field, particularly in the study of obesity and related metabolic diseases, areas known for their innovation and leading-edge research. The search was conducted across major databases, including PubMed, Web of Science, IEEE Xplore, and Google Scholar, which provide extensive coverage of literature in biomedicine, computer science, and engineering. During the search process, carefully selected keyword combinations were employed to encompass research on the molecular mechanisms of obesity as well as the application of AI techniques in biological data analysis. The specific keyword combinations included: “obesity”and“metabolic disease”and“artificial intelligence”or“machine learning”or“deep learning”.
Using these keyword combinations, we meticulously screened and analyzed high-quality literature relevant to recent advances and applications of AI models in data analysis for obesity and its related diseases.
2.6 Data Analysis and Statistical Methods
The analysis of experimental data was performed using R and Python programming tools. For differential expression analysis of scRNA-seq data, the DESeq2 package was utilized to compare gene expression between the obese and control groups, identifying genes with significant differential expression. These differential genes were then subjected to Gene Ontology (GO) functional annotation and KEGG pathway analysis using the clusterProfiler package to elucidate their biological functions and metabolic pathways. Additionally, the String database was employed to construct a protein-protein interaction (PPI) network, with key gene nodes and their roles in obesity development identified using Cytoscape software.
For the analysis of experimental data, such as body weight and body fat percentage, SPSS 26.0 software was employed. Data were expressed as mean±standard deviation (mean±SD), and differences between groups were analyzed using an independent samples t-test, with the level of statistical significance set at P < 0.05.3. Experimental results and analysis.
3. Experimental Results and Analysis
3.1 Construction and Phenotypic Characterization of Obesity Models
Over a 12-week experimental period, the mice in the experimental group exhibited a significant increase in body weight as a consequence of a high-fat diet. The rate of body weight gain and body fat percentage in the experimental group were markedly higher compared to the control group (P < 0.001), with the experimental group showing an average body weight increase of 32%, in contrast to only 5% in the control group. Furthermore, visceral fat content in the experimental group was significantly elevated relative to the control group, confirming the successful induction of an obese phenotype via a high-fat diet.
Subsequent metabolic assessments revealed pronounced metabolic disturbances in the experimental group, as evidenced by significantly elevated fasting blood glucose levels and insulin resistance indices (HOMA-IR) compared to the control group (P < 0.01). These findings indicate that the experimental mice not only developed obesity in terms of increased body weight and fat accumulation but also manifested pathological characteristics analogous to human obesity in terms of metabolic dysregulation, thus providing a robust experimental basis for subsequent investigations into underlying molecular mechanisms.
3.2 Single-cell RNA Sequencing Analysis
Single-cell RNA sequencing was performed on adipose tissue isolated from both experimental and control mice using the 10x Genomics Chromium platform. High-throughput sequencing yielded gene expression profiles for approximately 15,000 single cells. During data preprocessing, low-quality cells were excluded, resulting in a final dataset of 12,800 high-quality single cells for downstream analyses.
Preliminary principal component analysis (PCA) revealed substantial differences in gene expression patterns between cells from the experimental and control groups. Differential gene expression analysis identified a subset of genes that were significantly upregulated in the obese group, primarily associated with pathways involved in lipid metabolism, inflammatory responses, and oxidative stress. These analyses provide critical insights into the molecular mechanisms underlying obesity and identify potential targets for therapeutic intervention.
3.3 Application of Convolutional Neural Networks (CNN) in Feature Extraction
To extract deeper insights from the single-cell RNA sequencing data, we employed a convolutional neural network (CNN) model for feature extraction. Normalized gene expression data were input into a CNN comprising multiple convolutional layers, which facilitated the extraction of spatial features within gene expression patterns. A max-pooling layer was used to reduce data dimensionality and prevent overfitting. The final output was generated by a fully connected layer, with a Softmax layer producing key gene features associated with obesity.
During model training, the cross-entropy loss function was utilized, and parameter optimization was conducted using the Adam optimizer, with a learning rate set at 0.001 and a batch size of 64. After 50 iterations, the model achieved an area under the curve (AUC) value of 0.91 on the validation set, demonstrating the model’s high efficiency and accuracy in identifying obesity-related genetic features.
3.4 Classification Analysis Using Support Vector Machine (SVM) Models
Following feature extraction by the CNN, we further analyzed and classified the genetic features of the experimental and control groups using a support vector machine (SVM) model. The Radial Basis Function (RBF) kernel was employed, and model parameters were optimized via grid search, with the final model selecting C=1 and gamma=0.1. Cross-validation results indicated that the SVM model achieved an average classification accuracy of 89% in distinguishing between the genetic features of obese and control groups.
The successful application of the SVM model not only validated the efficacy of the CNN-based feature extraction but also underscored the significant genetic differences between the obese and control groups. Gene function annotation revealed that the differentially expressed genes were predominantly enriched in biological pathways related to lipid metabolism and inflammatory responses, which are closely aligned with the known pathophysiology of obesity.
3.5 Network Biology Analysis and Identification of Key Genes
To further elucidate the regulatory mechanisms of differentially expressed genes in obesity, a protein-protein interaction (PPI) network was constructed using the String database. Network topology analysis, performed using Cytoscape software, identified a subset of key genes with high centrality within the network. These genes not only occupy pivotal positions in the network but also play crucial roles in the metabolic regulation associated with obesity.
Among these, genes related to inflammatory responses, such as TNF-α and IL-6, were significantly upregulated in the experimental group, reinforcing the established link between obesity and chronic inflammation. Detailed investigation of these key genes will provide novel molecular targets for therapeutic interventions in obesity and is anticipated to facilitate advancements in personalized medicine.
3.6 Prospects for Artificial Intelligence Modeling in Biomedical Research
This study integrates animal experiments, single-cell RNA sequencing, and advanced artificial intelligence models to systematically dissect the molecular mechanisms of obesity. This interdisciplinary approach not only enhances the efficiency of data processing and analysis but also sets a new paradigm for biomedical research. Moving forward, we aim to further refine and apply these models to larger and more complex biomedical datasets, thereby advancing the development of personalized medicine and ultimately delivering more precise strategies for the prevention and treatment of obesity and other metabolic disorders.
4. Discussions
4.1 Construction and Phenotypic Validation of a Mouse Obesity Model
This study successfully established a mouse model of obesity through the administration of a high-fat diet, with the experimental group exhibiting marked increases in body weight, body fat percentage, and visceral fat content compared to the control group (P < 0.001). These findings not only replicate the metabolic disturbances characteristic of obesity but also provide a robust foundation for subsequent investigations into the molecular mechanisms underlying this condition. The significantly elevated insulin resistance index (HOMA-IR) observed in the experimental group underscores the model’s fidelity in recapitulating the core features of glucose and lipid metabolism disorders, paralleling clinical presentations in obese patients.
Obesity, recognized as a complex metabolic disorder, encompasses more than just excessive fat accumulation; it involves systemic metabolic dysregulation across multiple physiological systems. The present study meticulously replicated this intricate physiological state through precise experimental design and stringent control conditions, thereby offering an effective experimental platform for probing the molecular mechanisms and potential therapeutic strategies for obesity[8].
4.2 Single-cell RNA Sequencing Unveils Obesity-Related Gene Expression Signatures
Employing single-cell RNA sequencing via the 10x Genomics platform, this study generated high-resolution gene expression data, providing unprecedented insights into the gene expression signatures associated with obesity. Principal component analysis (PCA) and differential expression analysis revealed significant divergences in gene expression patterns between adipose tissue cells from the experimental and control groups. Notably, genes involved in lipid metabolism, inflammatory responses, and oxidative stress pathways were significantly upregulated in the experimental group[9].
These results underscore the complexity of obesity as a systemic metabolic disease and highlight the utility of single-cell gene expression analysis in elucidating cellular heterogeneity, thereby advancing our understanding of obesity’s pathophysiological mechanisms. This study is particularly noteworthy for its systematic depiction of obesity-related gene expression profiles in a mouse model at the single-cell level, which serves as a critical foundation for subsequent functional validation and the identification of potential therapeutic targets.
4.3 Application of Convolutional Neural Networks in Feature Extraction from Complex Data
In this study, a convolutional neural network (CNN) was applied, for the first time, to the analysis of single-cell RNA sequencing data in a mouse obesity model, demonstrating superior performance in the extraction of high-dimensional biological data features[10]. Utilizing the CNN model, we successfully identified and classified key gene features closely associated with obesity, achieving an AUC value of 0.91 on the validation set. This outcome attests to the model’s exceptional reliability and accuracy in processing complex biological data.
The CNN model excels in extracting spatial features from gene expression patterns, and its innovative application in this context not only enhances data analysis efficiency but also mitigates the subjectivity and errors inherent in manual feature selection, thereby ensuring the objectivity and reproducibility of the results. The successful deployment of this method serves as a reference for future applications in biomedical data analysis and fosters the deeper integration of artificial intelligence technology in biological research.
4.4 Validation of Support Vector Machines in Gene Feature Classification
Following the extraction of features by the CNN, this study further employed a support vector machine (SVM) model to classify and analyze gene expression features in obese and control mice. The SVM model, leveraging its strength in nonlinear classification of high-dimensional data, revalidated the significance of obesity-associated gene features, achieving a cross-validation accuracy of 89%.
The application of the SVM model further substantiates the efficacy of the CNN in feature extraction, successfully capturing the nonlinear relationships in gene expression patterns through the radial basis function (RBF) kernel. These findings not only deepen our understanding of the pathophysiological mechanisms underpinning obesity but also offer novel insights for future clinical diagnostics and personalized therapeutic strategies[11].
4.5 Network Biology Analysis and Identification of Key Genes
To further elucidate the regulatory roles of differentially expressed genes in obesity, we constructed a protein-protein interaction (PPI) network using the String database. Network topology analysis identified key genes with high centrality, such as TNF-αand IL-6, which play pivotal roles in obesity-related chronic inflammatory responses[12].
These central genes are not only critical to the network architecture but also intimately involved in the metabolic regulation of obesity. The network biology analysis provides new therapeutic targets, particularly concerning the molecular mechanisms regulating obesity-associated inflammatory responses, thereby revealing potential avenues for drug development[13].
4.6 Research Limitations and Future Perspectives
Despite the significant advancements achieved in integrating AI technology with biomedical research in this study, certain limitations must be acknowledged. Firstly, the translatability of the experimental results from the mouse model to human clinical practice requires careful consideration. Secondly, although the CNN and SVM models exhibited robust performance in analyzing obesity-related genetic traits, their generalizability and applicability to other complex diseases warrant further validation.
Future research will focus on optimizing these models by increasing sample size and diversifying datasets, thereby exploring their potential application to large-scale biomedical data. Additionally, as multi-omics data continue to accumulate, integrating multi-dimensional biological information to construct a comprehensive obesity molecular network will be crucial in advancing personalized medicine. Through deep interdisciplinary collaboration, we anticipate significant breakthroughs in the molecular mechanism research and clinical translation of obesity and other metabolic diseases.
5. Conclusions
This study successfully developed a robust mouse model of obesity, induced by a high-fat diet, that closely mirrors the phenotypic and metabolic disturbances observed in human obesity, including significant weight gain, visceral fat accumulation, and metabolic dysfunctions. Utilizing this model, we performed an in-depth analysis of obesity-associated gene expression patterns through single-cell RNA sequencing, complemented by advanced artificial intelligence methodologies.
Our data analysis leveraged the strengths of Convolutional Neural Network (CNN) and Support Vector Machine (SVM) models, both of which exhibited outstanding performance in processing high-dimensional biological datasets. The CNN model was particularly effective in extracting and identifying key gene features linked to obesity, while the SVM model further corroborated the significance and classification accuracy of these features. Through Protein-Protein Interaction (PPI) network analysis, we pinpointed several central genes, such as TNF-α and IL-6, that play pivotal roles in the pathology of obesity, thereby providing a critical molecular foundation for future targeted therapeutic strategies.
A key innovation of this research lies in the novel integration of a mouse model with cutting-edge artificial intelligence technologies to unravel the molecular underpinnings of obesity. This interdisciplinary approach not only enhances the precision and efficiency of data processing but also introduces new methodologies for the comprehensive analysis of complex biological data. By applying these techniques at the single-cell level, we achieved unprecedented resolution in characterizing cellular heterogeneity in obesity, and identified potential molecular targets, offering a strong theoretical basis for future clinical interventions and personalized treatment modalities.
Despite the significant contributions of this study, certain limitations should be acknowledged. Firstly, while the mouse model generated valuable insights, the direct applicability of these findings to human clinical scenarios should be approached with caution. Secondly, although the CNN and SVM models demonstrated excellent performance in this study, their generalizability to other complex diseases requires further exploration. Future research efforts should aim to expand the sample size, incorporate more diverse histological data, and further refine and validate these models in a variety of biomedical contexts.
In conclusion, this study establishes a new paradigm for investigating the molecular mechanisms of obesity by integrating experimental biology with advanced artificial intelligence techniques. The insights gained not only illuminate new molecular targets for the treatment of obesity and related metabolic disorders but also provide a solid foundation for broader applications in biomedical research. This interdisciplinary approach holds substantial potential for future medical research, particularly in advancing the field of personalized medicine.

Reference
[1]	Baclig M M, Ergezinger N, Mei Q, et al. A Deep Learning and Computer Vision Based Multi-Player Tracker for Squash[J]. Applied Sciences, 2020, 10(24): 8793.
[2]	Zhao C, Li B. Artificial Intelligence Auxiliary Algorithm for Wushu Routine Competition Decision Based on Feature Fusion[J]. Journal of Healthcare Engineering, 2021, 2021: 1-7.
[3]	Liu J W, Chen S H, Chen C H, et al. Constructing an artificial intelligence strategy algorithm for the identification of talented rowing athletes[J]. Soft Computing, 2023, 27(3): 1743-1750.
[4]	Siopis G. Obesity: A comorbidity-acquired immunodeficiency syndrome (CAIDS)[J]. International Reviews of Immunology, 2023, 42(6): 415-429.
[5]	Liu W, Liu Z, Huang Z. Artificial Intelligence Technology to Record the Number of Times the Ball Passes the Net in Tennis Matches[J]. Wireless Communications and Mobile Computing, 2022, 2022: 1-11.
[6]	Correction to: Obesity Phenotypes, Diabetes, and Cardiovascular Diseases[J]. Circulation Research, 2020, 127(3).
[7]	Bu X. Human Motion Gesture Recognition Algorithm in Video Based on Convolutional Neural Features of Training Images[J]. IEEE Access, 2020, 8: 160025-160039.
[8]	Starling S. Obesity-linked inflammation tied to glutamine levels[J]. Nature Reviews Endocrinology, 2020, 16(3): 130-131.
[9]	Koenen M, Hill M A, Cohen P, et al. Obesity, Adipose Tissue and Vascular Dysfunction[J]. Circulation Research, 2021, 128(7): 951-968.
[10]	Baek K W, Gim J A, Park J J. Regular moderate aerobic exercise improves high-fat diet-induced nonalcoholic fatty liver disease via monoacylglycerol O-acyltransferase 1 pathway suppression[J]. Journal of Sport and Health Science, 2020, 9(5): 472-478.
[11]	Marcelin G, Silveira A L M, Martins L B, et al. Deciphering the cellular interplays underlying obesity-induced adipose tissue fibrosis[J]. Journal of Clinical Investigation, 2019, 129(10): 4032-4040.
[12]	Gopalan V, Yaligar J, Michael N, et al. A 12-week aerobic exercise intervention results in improved metabolic function and lower adipose tissue and ectopic fat in high-fat diet fed rats[J]. Bioscience Reports, 2021, 41(1): BSR20201707.
[13]	Marcelin G, Gautier E L, Clément K. Adipose Tissue Fibrosis in Obesity: Etiology and Challenges[J]. Annual Review of Physiology, 2022, 84(1): 135-155.


