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[bookmark: _Toc207979730]Abstract
[bookmark: OLE_LINK3]Small extracellular vesicles (sEVs), as important mediators of intercellular communication, carry functional molecules such as miRNAs, mRNAs, and lncRNAs. The composition of sEVs is highly dynamic and can be significantly influenced by different nutritional statuses and disease conditions. For instance, changes in diet, including the supplementation of functional ingredients, can alter the contents of sEVs. This alteration can further modulate immune responses, cellular metabolism, and tissue repair. In addition, under various pathological conditions, such as subclinical mastitis (SCM) or inflammation, sEVs can carry molecular signals that not only reflect the state of disease but also actively participate in regulating immune responses and other physiological processes. Previous studies have demonstrated that inulin supplementation can alleviate SCM and improve milk yield and quality in dairy cows, possibly by modulating microbial composition and metabolites. However, the underlying molecular mechanisms by which inulin affects the composition of sEVs, especially regarding their RNA contents, remain unclear. Moreover, sEVs are not only carriers of information but can also reverse regulatory effects on the organism, influencing processes like immune response, metabolism, and cellular differentiation. Therefore, this study aimed to investigate the effects of inulin supplementation on sEVs-derived miRNAs and other RNA molecules in bovine serum and milk, and to explore the potential signaling pathways involved, providing insights into the molecular basis of inulin's effects. 
Firstly, we profiled sEVs-derived miRNAs in serum from both control and inulin groups (n=5 for each group), and found that inulin supplementation significantly altered the expression of multiple miRNAs, including 23 known miRNAs and 21 novel miRNAs (adjusted p-value < 0.05). Gene ontology (GO) enrichment analysis indicated that the differentially expressed (DE) miRNAs were primarily involved in biological processes such as signal transduction, cell differentiation, cell adhesion, apoptotic processes, actin cytoskeleton organization, and DNA-binding transcription factor activity, highlighting their roles in immune regulation and cellular responses. Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis revealed that these miRNAs were significantly enriched in immune- and metabolism-related pathways, including the NF-κB signaling pathway, MAPK signaling pathway, natural killer cell-mediated cytotoxicity, PPAR signaling pathway, and insulin signaling pathway.
[bookmark: OLE_LINK2]Secondly, the expression analysis of sEVs-derived miRNAs in milk from both control and inulin groups (n=7 for each group), revealed that inulin supplementation also modulated miRNAs associated with local mammary immune regulation. Nine DE miRNAs were identified between the two groups (adjusted p-value < 0.05). GO enrichment analysis showed that the DE miRNAs were involved in biological processes such as transmembrane signaling receptor activity, signaling receptor activity, molecular transducer activity, and ion channel activity, highlighting their roles in cell signaling and immune responses. KEGG pathway analysis identified significant enrichment in pathways such as the thyroid hormone signaling pathway, regulation of actin cytoskeleton, Ras signaling pathway, Rap1 signaling pathway, and inflammatory mediator regulation of TRP channels, all of which are essential for immune regulation and cellular responses.
Furthermore, we analyzed other RNA profiles in bovine milk-sEVs and identified 542 DE lncRNAs and 1300 DE mRNAs (adjusted p-value < 0.05). The GO analysis of DE lncRNAs revealed that they were mainly involved in processes such as tRNA binding, peptide binding, DNA-binding transcription factor activity, cysteine-type deubiquitinase activity, and chromatin binding. These lncRNAs may play significant roles in regulating gene expression. KEGG pathways suggesting that they may play important roles in immune regulation, metabolic balance, and cell survival, including sphingolipid metabolism, retinol metabolism, protein processing in the endoplasmic reticulum, lysosome function, and apoptosis-multiple species. The GO analysis of DE mRNAs revealed their involvement in several crucial biological processes, such as regulation of triglyceride biosynthesis, DNA replication, cell growth, and mRNA metabolism. Additionally, these mRNAs were associated with processes like chromatin remodeling, cellular response to xenobiotic stimulus, and activation of cysteine-type endopeptidase activity involved in apoptosis. These findings suggest that the differentially expressed mRNAs may play significant roles in lipid metabolism, cell cycle regulation, and apoptosis, as well as in responses to external stimuli. KEGG pathway analysis revealed significant enrichment of DE mRNAs in pathways such as Taurine and hypotaurine metabolism, NF-κB signaling pathway, and Inositol phosphate metabolism, which are essential for immune regulation, metabolic balance, and cellular signaling. Furthermore, DE mRNAs were associated with pathways involved in endocrine resistance, cell cycle regulation, biosynthesis of nucleotide sugars, and amino sugar and nucleotide sugar metabolism, highlighting their potential roles in cellular growth, stress response, and metabolic control.
In conclusion, inulin supplementation significantly altered the expression profiles of sEVs-derived miRNAs, mRNAs, and lncRNAs in both bovine serum and milk. These RNA molecules were associated with critical immune regulation and metabolic pathways, including immune signaling, cellular processes, and metabolic regulation. These findings suggest that inulin supplementation could help restore immune balance, reduce inflammation, and support metabolic homeostasis.


[bookmark: _Toc207979731]Résumé
Les vésicules extracellulaires petites (sEVs), en tant que médiateurs importants de la communication intercellulaire, transportent des molécules fonctionnelles telles que des miARN, des ARNm et des lncARN. La composition des sEVs est hautement dynamique et peut être significativement influencée par différents statuts nutritionnels et conditions pathologiques. Par exemple, des changements dans l'alimentation, y compris l'ajout d'ingrédients fonctionnels, peuvent altérer le contenu des sEVs. Cette altération peut moduler davantage les réponses immunitaires, le métabolisme cellulaire et la réparation des tissus. De plus, dans diverses conditions pathologiques, telles que la mastite subclinique ou l'inflammation, les sEVs peuvent transporter des signaux moléculaires qui non seulement reflètent l'état de la maladie, mais participent également activement à la régulation des réponses immunitaires et d'autres processus physiologiques. Des études antérieures ont démontré que la supplémentation en inuline peut atténuer la mastite subclinique et améliorer la production et la qualité du lait chez les vaches laitières, probablement en modulant la composition microbienne et les métabolites. Cependant, les mécanismes moléculaires sous-jacents par lesquels l'inuline affecte la composition des sEVs, notamment en ce qui concerne leur contenu en ARN, restent flous. De plus, les sEVs ne sont pas seulement des transporteurs d'information, mais peuvent également inverser les effets régulateurs sur l'organisme, influençant des processus tels que la réponse immunitaire, le métabolisme et la différenciation cellulaire. Par conséquent, cette étude visait à examiner les effets de la supplémentation en inuline sur les miARN dérivés des sEVs et d'autres molécules ARN dans le sérum et le lait bovins, et à explorer les voies de signalisation potentielles impliquées, afin de fournir des éclairages sur la base moléculaire des effets de l'inuline.
Tout d'abord, nous avons profilé les miARN dérivés des sEVs dans le sérum des groupes témoin et inuline (n=5 pour chaque groupe), et avons constaté que la supplémentation en inuline modifiait de manière significative l'expression de plusieurs miARN, dont 23 miARN connus et 21 miARN nouveaux (valeur p ajustée < 0,05). L'analyse de l'enrichissement de l'ontologie génique (GO) a indiqué que les miARN différentiellement exprimés (DE) étaient principalement impliqués dans des processus biologiques tels que la transduction du signal, la différenciation cellulaire, l'adhésion cellulaire, les processus apoptotiques, l'organisation du cytosquelette d'actine et l'activité du facteur de transcription lié à l'ADN, mettant en évidence leur rôle dans la régulation immunitaire et les réponses cellulaires. L'analyse de l'Encyclopédie Kyoto des génomes et des gènes (KEGG) a révélé que ces miARN étaient significativement enrichis dans des voies liées à l'immunité et au métabolisme, telles que la voie de signalisation NF-κB, la voie de signalisation MAPK, la cytotoxicité médiée par les cellules tueuses naturelles, la voie de signalisation PPAR et la voie de signalisation de l'insuline.
Deuxièmement, l'analyse de l'expression des miARN dérivés des sEVs dans le lait des groupes témoin et inuline (n=7 pour chaque groupe), a révélé que la supplémentation en inuline modulait également des miARN associés à la régulation immunitaire locale des glandes mammaires. Neuf miARN DE ont été identifiés entre les deux groupes (valeur p ajustée < 0,05). L'analyse de l'enrichissement GO a montré que les miARN DE étaient impliqués dans des processus biologiques tels que l'activité des récepteurs de signalisation transmembranaires, l'activité des récepteurs de signalisation, l'activité des transducteurs moléculaires et l'activité des canaux ioniques, mettant en évidence leur rôle dans la signalisation cellulaire et les réponses immunitaires. L'analyse des voies KEGG a identifié un enrichissement significatif dans des voies telles que la voie de signalisation des hormones thyroïdiennes, la régulation du cytosquelette d'actine, la voie de signalisation Ras, la voie de signalisation Rap1 et la régulation des médiateurs inflammatoires des canaux TRP, toutes essentielles pour la régulation immunitaire et les réponses cellulaires.
De plus, nous avons analysé d'autres profils d'ARN dans les sEVs du lait bovin et identifié 542 lncARN DE et 1300 ARNm DE (valeur p ajustée < 0,05). L'analyse GO des lncARN DE a révélé qu'ils étaient principalement impliqués dans des processus tels que la liaison aux tRNA, la liaison aux peptides, l'activité du facteur de transcription lié à l'ADN, l'activité de déubiquitinase de type cystéine et la liaison à la chromatine. Ces lncARN peuvent jouer un rôle important dans la régulation de l'expression des gènes. Les voies KEGG suggèrent qu'ils peuvent jouer des rôles importants dans la régulation immunitaire, l'équilibre métabolique et la survie cellulaire, y compris le métabolisme des sphingolipides, le métabolisme du rétinol, le traitement des protéines dans le réticulum endoplasmique, la fonction des lysosomes et l'apoptose-chez plusieurs espèces. L'analyse GO des ARNm DE a révélé leur implication dans plusieurs processus biologiques cruciaux, tels que la régulation de la biosynthèse des triglycérides, la réplication de l'ADN, la croissance cellulaire et le métabolisme des ARNm. De plus, ces ARNm étaient associés à des processus tels que le remodelage de la chromatine, la réponse cellulaire au stimulus xénobiotique et l'activation de l'activité endopéptidase de type cystéine impliquée dans l'apoptose. Ces résultats suggèrent que les ARNm différentiellement exprimés peuvent jouer des rôles importants dans le métabolisme des lipides, la régulation du cycle cellulaire et l'apoptose, ainsi que dans les réponses aux stimuli externes. L'analyse des voies KEGG a révélé un enrichissement significatif des ARNm DE dans des voies telles que le métabolisme de la taurine et de l'hypotaurine, la voie de signalisation NF-κB et le métabolisme des phosphates d'inositol, essentielles pour la régulation immunitaire, l'équilibre métabolique et la signalisation cellulaire. De plus, les ARNm DE étaient associés à des voies impliquées dans la résistance endocrinienne, la régulation du cycle cellulaire, la biosynthèse des sucres nucléotidiques et le métabolisme des sucres aminés et des sucres nucléotidiques, mettant en évidence leurs rôles potentiels dans la croissance cellulaire, la réponse au stress et le contrôle métabolique.
En conclusion, la supplémentation en inuline a modifié de manière significative les profils d'expression des miARN, des ARNm et des lncARN dérivés des sEVs dans le sérum et le lait bovins. Ces molécules ARN étaient associées à des voies cruciales de régulation immunitaire et métabolique, y compris la signalisation immunitaire, les processus cellulaires et la régulation du métabolisme. Ces résultats suggèrent que la supplémentation en inuline pourrait aider à rétablir l'équilibre immunitaire, réduire l'inflammation et soutenir l'homéostasie métabolique. 
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This thesis consists of four chapters :
Chapter 1 introduces SCM in dairy cows, covering its identification, economic impact, causes, and treatment approaches. It also provides an overview of sEVs and sEVs-derived RNA, particularly miRNAs, lncRNA, and mRNA, as potential biomarkers and mediators of inflammation. Additionally, the chapter discusses inulin, a prebiotic dietary fiber, and its possible role in modulating immune responses and microbial metabolism in dairy cows.
Chapter 2 presents the study "Inulin-induced differences on serum extracellular vesicles derived miRNAs in dairy cows suffering from subclinical mastitis" published in Animal. This chapter describes the experimental design, including animal selection, dietary treatments, and sample collection. It details the methods used for EV isolation and miRNA sequencing, followed by an analysis of differentially expressed miRNAs in the serum and their potential roles in systemic inflammation, immune modulation, and metabolism.
Chapter 3 presents the study "Effect of inulin on extracellular vesicles microRNAs in milk from dairy cows with subclinical mastitis," published in Journal of Animal Science and investigating the impact of inulin supplementation on milk-derived sEVs mRNA and lncRNA expression. This chapter describes the experimental design, including animal selection, dietary treatments, and sample collection. High-throughput sequencing was used to analyze the impact of inulin supplementation on the expression of milk-derived sEVs miRNAs, mRNA, and lncRNA. Functional enrichment analysis was conducted to explore their potential roles in influencing inflammatory responses and milk production. 
Chapter 4 discusses the overall results of the study, integrating the findings from the previous chapters. It compare the effects of inulin supplementation on serum and milk sEVs-miRNAs, highlighting key differences and similarities. The chapter also explores the potential mechanisms by which inulin influences inflammation, immune response, and milk production. Additionally, it addresses the implications of these findings for dairy cow health, the management of SCM, and potential applications of inulin in dairy nutrition. The discussion concludes with suggestions for future research directions to further explore these effects.
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[bookmark: _Toc207979739]Overall background on mastitis in dairy cows
[bookmark: _Toc207979740]Subclinical mastitis in dairy cows
[bookmark: OLE_LINK7]Bovine mastitis is one of the most prevalent and economically significant diseases in the dairy industry, causing inflammation of the mammary gland (Rasmussen et al., 2024). It adversely impacts milk production, milk quality, and overall animal health, leading to substantial economic losses for dairy farmers worldwide (Gasparik et al., 2022, Ibrahim et al., 2023, Sguizzato et al., 2024). A comorbidity-adjusted global analysis estimated total annual losses from dairy cattle diseases at approximately US $65 billion. Clinical mastitis alone accounts for about US $13 billion per year, while subclinical mastitis (SCM) adds roughly US $9 billion, making both forms among the most economically burdensome conditions worldwide (Rasmussen et al., 2024). Mastitis is generally classified into clinical and subclinical forms based on pathological changes and the presence of clinical signs (Jin et al., 2024). Clinical mastitis is characterized by obvious symptoms in the udder such as redness and abnormal milk secretion (Acharya et al., 2022). These visible signs make it easy to diagnose and treat. In contrast, SCM lacks such apparent symptoms, making it more challenging to detect (Acharya et al., 2022).  
SCM, though asymptomatic, is far more prevalent than clinical mastitis and poses a significant threat to dairy production and cow health (Ruegg, 2017). It is often associated with chronic inflammation of the mammary gland, hidden pathological changes, elevated somatic cell counts (SCC) in milk, and the presence of potential microbial infections (Ruegg, 2017, Jin et al., 2024). The early detection of SCM requires advanced diagnostic tools, including somatic cell testing, the California mastitis test (CMT), microbial culture tests, and monitoring inflammatory marker changes in milk (Argaw, 2016, Kumari et al., 2018). Table 1-1 presents an evaluation of mastitis severity in dairy cows based on the CMT results and somatic cell counts, providing a quantitative assessment of disease progression. The stealthy progression of SCM often results in delayed intervention, allowing the condition to progress and causing sustained damage to the mammary tissue (Argaw, 2016). Beyond its direct impact on milk production, SCM deteriorates overall systemic health in dairy cows (Ibrahim et al., 2023). The chronic inflammatory state associated with SCM has been linked to reproductive inefficiencies, reduced lifespans, and declined overall production efficiency (Kumari et al., 2018).


[bookmark: _Toc207979951]Table 1‑1: Evaluation of Mastitis Severity in Dairy Cows Using California mastitis test results and somatic cell counts
	Classification
	California mastitis test results
	Milk somatic cell counts 
(×1,000 cells/mL)

	Healthy cow
	Negative (-)
	0-200

	Subclinical Mastitis
	Suspected (±)
	200-500

	
	Weakly positive (+)
	500-800

	
	Positive (++)
	800-5,000

	Clinical Mastitis
	Strongly positive (+++)
	>5,000


[bookmark: _Toc207979741][bookmark: _Hlk194882900]Factors and mechanisms influencing bovine mastitis
[bookmark: OLE_LINK8]Bovine mastitis is a multifactorial disease caused by inflammation of the mammary gland, resulting from complex interactions among physiological, environmental, management, and pathogen-related factors. Cow-level characteristics, including days in milk, parity, previous mastitis history, udder conformation, and teat health, strongly influence susceptibility, with early-lactation and multiparous cows being particularly at risk due to metabolic stress, immune suppression, and cumulative udder tissue damage (Green et al., 2007, Steeneveld et al., 2011). Environmental factors such as bedding type, cleanliness, ventilation, humidity, and seasonal conditions, along with management practices, including housing type, stocking density, milking hygiene, machine maintenance, and dry period protocols, further affect infection risk (Ruegg, 2017). Pathogen-specific characteristics, including bacterial species, virulence, and antimicrobial resistance, determine the severity, recurrence, and economic impact of both subclinical and clinical mastitis (Schukken et al., 2011). 
Infection typically occurs via direct entry through the teat canal, particularly when the teat end is damaged or hygiene is inadequate, although bacteria can occasionally spread hematogenously or through skin wounds, respiratory, or oral routes (Ruegg, 2017). Moreover, recent studies suggest that the rumen and intestinal microbiota can indirectly influence mammary health through the gastrointestinal-mammary axis: bacterial components such as lipopolysaccharides (LPS) or inflammatory mediators produced in the rumen or intestine may enter the bloodstream, triggering systemic inflammation and enhancing mammary immune responses, thereby predisposing cows to subclinical or clinical mastitis (Wang et al., 2025). Understanding these diverse factors and infection pathways is crucial for developing effective prevention and control strategies in dairy herds, including dietary interventions.
[bookmark: _Toc207979742]Approaches to manage mastitis : from antibiotics to functional feed additives
Mastitis is one of the leading causes of reduced dairy productivity and quality, making it a critical focus for the global dairy industry (Ruegg, 2017). Addressing SCM is essential not only for maintaining the economic viability of dairy farms but also for improving the health and welfare of dairy cows. However, the traditional use of antibiotics as a treatment poses significant challenges. While antibiotics are effective in managing infections, their widespread and indiscriminate use has contributed to the emergence of antimicrobial resistance and raised concerns about antibiotic residues in milk, which may pose risks to human health (Organization, 1998). These issues have spurred a shift toward sustainable and non-antibiotic approaches for the prevention and treatment of mastitis.
In recent years, the research on antibiotic alternatives has gained significant attention, encouraging researchers and industry stakeholders to explore alternative therapeutic strategies that align with the principles of sustainability and animal welfare (Pandey et al., 2019). Among these approaches, dietary regulation using functional feed additives has emerged as a promising strategy, incorporating probiotics, bioactive proteins, fatty acids, organic minerals, enzymes, and plant-derived compounds. These additives contribute to immune modulation and antimicrobial defense, have anti-inflammatory effects, offering a sustainable and effective alternative for disease management. 
[bookmark: OLE_LINK10]For instance, probiotics, such as Lactobacilli, Lactobacillus casei, and yeast, play a crucial role in maintaining mammary microbiota balance, enhancing immune defense, and inhibiting pathogenic bacteria in dairy cows (Bouchard Damien et al., 2013, Gao et al., 2020). Notably, dietary inulin, as a prebiotic, has also been shown to increase the abundance of beneficial Lactobacillus in both the rumen and milk microbiota, while reducing mastitis-associated pathogens and inflammatory responses (Wang et al., 2021a; Wang et al., 2022). Additionally, bioactive proteins, such as lactoferrin, are not only potential indicators for bovine mastitis but also function as immunomodulators, playing a crucial role in the innate immune system (Soyeurt et al., 2012). They exhibit antimicrobial properties by inhibiting biofilm formation through iron chelation (Abd El Hafez et al., 2013). Short-chain fatty acids (SCFAs) can regulate the adhesion, invasion, and immune evasion of Staphylococcus aureus, contributing to the prevention of S. aureus-mediated mastitis (Akhtar et al., 2022). They help maintain the digestive tract-mammary axis balance and prevent mastitis by modulating immune homeostasis (Akhtar et al., 2022). Moreover, omega-3 polyunsaturated fatty acids, exhibit antimicrobial and anti-inflammatory effects, contributing to mammary gland health and reducing the inflammatory response induced by LPS (Feng et al., 2021). Organic minerals, such as zinc, copper and selenium, play essential roles in immune function and oxidative stress reduction, thereby enhancing the cow’s resistance to infections (Libera et al., 2021). Furthermore, enzymes, such as lysozymes and proteases, can inhibit bacterial growth, participate in mammary tissue damage and inflammation, and enhance the efficacy of other antimicrobial compounds (Carlsson et al., 1989, Mehrzad et al., 2005, Bakeš and Illek, 2006).
Various plants have been shown to possess antimicrobial properties and can also reduce inflammation triggered by pathogens or endotoxins by modulating NF-κB pathways (Cheng and Han, 2020). Among plant-derived compounds, essential oils, flavonoids, and phenolic compounds like thymol and resveratrol have gained significant attention due to their broad-spectrum antimicrobial properties, antioxidative and anti-inflammatory effects, and ability to modulate immune responses. (He et al., 2015, Cheng and Han, 2020, Lopes et al., 2020). These phytochemicals can disrupt bacterial cell walls, suppress inflammatory pathways, making them promising candidates for mastitis control. Collectively, these functional feed additives offer a multifaceted approach to mastitis prevention and treatment, supporting sustainable dairy farming while minimizing the risks associated with antibiotic use.
[bookmark: _Toc207979743]Extracellular vesicles and extracellular vesicles RNAs
[bookmark: _Toc207979744][bookmark: _Hlk195143145]Extracellular vesicles
Extracellular vesicles (EVs) are membrane-bound particles secreted by cells into the extracellular space, playing a vital role in intercellular communication. As shown in Fig. 1-1, they can carry proteins, lipids, RNA, and other bioactive molecules, influencing various biological processes (Stoorvogel et al., 2002). In the context of animal husbandry, EVs are being explored for their potential in improving livestock health, enhancing immune function, and promoting tissue repair. Their ability to transport signaling molecules and regulate immune responses makes them a promising tool for managing diseases and improving productivity in livestock, with potential applications in disease diagnostics, treatment, and vaccine development (Munagala et al., 2016, Colitti et al., 2020, Mecocci et al., 2021).
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[bookmark: _Toc207982989][bookmark: OLE_LINK6]Figure 1‑1: Extracellular Vesicle Transfer of Molecular Cargo Between Cells. Endosomal vesicles form in donor cells, where biomolecules like proteins, lipids, and RNA are selectively packaged and matured into multivesicular bodies. These vesicles are released when multivesicular bodies fuse with the plasma membrane. Target cells take up vesicles via fusion, endocytosis, or receptors. The vesicles release their contents, influencing the target cell's behavior and signaling. Adapted from Zempleni et al. (2019).
Origin of extracellular vesicles
EVs are membrane-bound particles released by cells into the extracellular space (Stoorvogel et al., 2002). They are produced by almost all cell types, including epithelial cells, immune cells, and stem cells, and are found in many biological fluids such as blood, saliva, urine, and milk (Fyfe et al., 2023). EVs are generally classified into three main types based on their size, biogenesis, and content : small EVs (sEVs), medium EVs, and large EVs (Théry et al., 2018).
sEVs are the smallest type of EVs, typically ranging from 30 to 200 nanometers in diameter (Théry et al., 2018). They originate from the inward budding of late endosomes, which form multivesicular bodies (Stoorvogel et al., 2002). These multivesicular bodies can either fuse with the plasma membrane, releasing sEVs into the extracellular environment, or be degraded within the cell (Stoorvogel et al., 2002). sEVs are known to carry a variety of bioactive molecules, including proteins, lipids, RNA, and DNA, which they can deliver to recipient cells, playing a crucial role in intercellular communication (Stoorvogel et al., 2002, Ong et al., 2021).
Medium and large EVs, typically larger than 200 nanometers in diameter, are formed by the outward budding and fission of the plasma membrane, a process that often occurs under conditions of cellular stress or activation (Chatterjee et al., 2020, Fyfe et al., 2023). Medium and large EVs are rich in cellular proteins and nucleic acids and, like sEVs, they participate in cell-to-cell communication by transferring these components to neighboring cells (Stoorvogel et al., 2002).
Function of extracellular vesicles
[bookmark: OLE_LINK11] The functions of EVs are diverse and critical to maintaining cellular homeostasis. One of the primary roles of EVs is to facilitate intercellular communication. By transferring proteins, lipids, and nucleic acids, EVs enable cells to exchange signals, which can influence various cellular processes such as proliferation, differentiation, and apoptosis (Hock et al., 2017). EVs are also involved in the modulation of the immune system, carrying molecules that can either promote or suppress immune responses (Mecocci et al., 2021, Wang et al., 2021c). For instance, EVs derived from yak milk can activate the PI3K/AKT/C3 signaling pathway, increasing the survival of intestinal epithelial cells and lowering the incidence of intestine inflammation (Gao et al., 2021). By carrying anti-inflammatory cytokines or bioactive components, EVs can mitigate chronic inflammation and promote tissue healing (Stefanon et al., 2023).
[bookmark: OLE_LINK12]EVs hold significant potential for improving livestock health and productivity. EVs have been shown to play a role in modulating the immune system, enhancing disease resistance, and promoting gut health in monogastric animals (Zhou et al., 2019). These EVs can be derived from various sources, including microbiota that inhabit in the gut. For example, EVs derived from beneficial microbiota, such as Lactobacillus and Bifidobacterium, carry bioactive molecules, including miRNAs, proteins, and metabolites, which play a role in modulating host biology (Amabebe et al., 2024). These EVs can enhance gut barrier integrity, support the growth of beneficial microorganisms, and improve digestion and nutrient absorption, ultimately promoting gut health (Zhang et al., 2024). Additionally, EVs from immune cells, such as macrophages and dendritic cells, can enhance the immune response by carrying cytokines, antimicrobial peptides, and miRNAs, helping animals better resist infections and reduce reliance on antibiotics (Keshtkar et al., 2022).
Based on these findings in monogastric animals, it can be speculated that similar mechanisms of EV-mediated immune modulation, gut health support, and host-microbe communication may also occur in ruminants such as dairy cows. Although studies in cattle remain limited, emerging evidence suggests that both rumen-derived and host-derived EVs can exert comparable effects on metabolism, immunity, and overall health, potentially via the rumen-mammary gland axis by regulating the rumen microbiota and their secreted extracellular vesicles (Huang et al., 2024). Moreover, this recently unveiled axis indicates that rumen bacteria and their metabolites can influence mammary gland health and function, highlighting a novel pathway through which microbial and host EVs may contribute to systemic physiological regulation in dairy cows.
Potential role of extracellular vesicles in mastitis
[bookmark: _Hlk195143172]EVs are nanoscale, lipid-bound particles secreted by virtually all cell types (Gao et al., 2021). They play a pivotal role in intercellular communication by transporting bioactive molecules, including proteins, lipids, and nucleic acids, such as RNAs (Gao et al., 2021). Among these molecular cargos, small RNAs, particularly microRNAs (miRNAs), have garnered significant attention for their ability to regulate gene expression in recipient cells (Stoorvogel et al., 2002, Stefanon et al., 2023). Through the delivery of miRNAs and other RNAs, EVs can modulate a wide range of biological processes, including inflammation, immune responses, and tissue repair (Chen et al., 2020, Mecocci et al., 2021).
The role of EVs in inflammation and immunity is particularly relevant to mastitis. Studies have shown that the composition and function of EVs are altered during inflammatory and immune-mediated conditions (Colitti et al., 2020). For instance, changes in the miRNA profiles of EVs have been implicated in the pathogenesis and progression of mastitis (Saenz-de-Juano et al., 2022, Stefanon et al., 2023). miRNAs carried by EVs can act as post-transcriptional regulators, silencing genes involved in inflammatory pathways or promoting the resolution of inflammation (Sun et al., 2015, Stefanon et al., 2023). Thus, EVs and their RNA cargos represent promising targets for therapeutic interventions aimed at modulating inflammation and restoring immune homeostasis.
Recent research has revealed that the RNA cargo of EVs, particularly small RNAs like miRNAs, can be influenced by dietary components (Quan et al., 2019, Quan et al., 2020). Feed additives and nutrients have been shown to modulate the metabolic and transcriptional activity of EV-producing cells, thereby altering the expression and packaging of RNAs into EVs. For example, plant extracts such as polyphenols have been found to reshape the miRNA profiles in hyperlipidemic mice, enhancing their roles in immune regulation and metabolism (Joven et al., 2012, Corrêa and Rogero, 2019). Similarly, in human breast milk samples, two plant-derived food miRNAs, miR-156a and miR-168a, were identified in EVs, potentially influencing biological pathways in offspring (Lukasik et al., 2018). Although the exact plant sources were not identified in this study, the types of plant-based foods consumed were recorded, which may have contributed to the presence of these miRNAs in breast milk. These findings suggest that dietary interventions can serve as a novel strategy for modulating EV-mediated intercellular communication. By influencing the RNA cargos of EVs, specific feed components can enhance the ability of EVs to regulate inflammation and immune responses (Quan et al., 2019). This dietary-induced modulation of EV function holds significant promise for managing inflammatory conditions such as SCM.
[bookmark: _Toc207979745]Extracellular vesicles RNAs
EV-encapsulated RNA is protected by the vesicle membrane, which confers resistance to nucleases, proteases, and variations in pH and osmolarity, as well as other environmental factors. This protection facilitates the transfer of RNA from the donor cell to a recipient cell, whether through horizontal transfer to nearby cells or to distant tissues. The transferred RNA molecules, including messenger RNAs (mRNAs) and various noncoding RNAs such as microRNAs (miRNAs) and long noncoding RNAs (lncRNAs), have the potential to modulate gene expression and cellular function in the recipient cell. These RNAs may act as regulators of cellular processes or as templates for protein synthesis in the target cell.
Function of extracellular vesicles RNAs
miRNAs are small, noncoding RNA molecules, typically 19 to 24 nucleotides long, that regulate gene expression at the post-transcriptional level (Colitti et al., 2020). They primarily function by binding to complementary sequences in the 3′ untranslated regions of target mRNAs, leading to mRNA degradation or inhibition of translation (Fernández-Messina et al., 2015). miRNAs can also influence gene transcription by modifying chromatin structure. These molecules are integral to a wide range of biological processes, including growth, development, reproduction, immune responses, and metabolism in livestock species (Sun et al., 2015, Saenz-de-Juano et al., 2022, Stefanon et al., 2023). Through their regulatory actions, miRNAs play a crucial role in modulating gene expression and cellular functions (Fernández-Messina et al., 2015).
Regulation of Growth and Development
miRNAs play an essential role in regulating growth and development in livestock. In muscle tissue, miRNAs regulate myogenesis, the process by which muscle cells differentiate and grow. Specific miRNAs, such as miR-1 and miR-133, are involved in the regulation of muscle differentiation and growth by targeting key genes that control muscle cell proliferation and differentiation (Chen et al., 2006). Additionally, miRNAs like miR-126-5p and miR-23a are involved in controlling muscle hypertrophy (growth in muscle size), making them important regulators of meat production in livestock (Tewari et al., 2021).
In adipose tissue, miRNAs influence fat deposition and lipid metabolism. miRNAs such as miR-6529a is involved in regulating adipogenesis, the process by which pre-adipocytes differentiate into mature fat cells (Ran et al., 2022). The ability to regulate fat deposition is of great significance in livestock production, particularly for improving the efficiency of meat production and enhancing the quality of meat products, such as reducing excessive fat accumulation.
Regulation of Immune System
The immune system in livestock is essential for fighting infections and maintaining overall health, and miRNAs are key regulators of immune responses in cattle and other farm animals. miRNAs govern activation, differentiation, and function of immune cells such as T cells, B cells, macrophages, and dendritic cells-mechanisms conserved between humans and cattle (Trotta et al., 2012). Research on bovine miRNAs shows they modulate the immune gene expression during infection and resolution phases in cattle (Lawless et al., 2014). For instance, bta-miR-146a, the bovine ortholog of miR-146a, is significantly upregulated in mastitic mammary glands and controls pro-inflammatory cytokine production in bovine macrophages, helping to constrain excessive inflammation in mastitis cases (Wang et al., 2017). By modulating immune and inflammatory pathways, miRNAs help livestock defend against pathogens, especially in the context of mastitis, thereby improving health and productivity.
Regulation of Metabolism and Feed Efficiency
miRNAs play a crucial role in regulating metabolism in livestock, affecting feed utilization, growth, and production efficiency. In monogastric animals, miRNAs such as miR-33 regulate cholesterol metabolism and lipid homeostasis, which directly influence energy balance and fat storage in animals (Fernández-Hernando et al., 2011). Moreover, miRNAs are involved in regulating glucose and insulin metabolism, which can impact the overall health and performance of animals (Dávalos et al., 2011).
In terms of feed efficiency, miRNAs can influence how animals process and utilize nutrients from their diet. For example, in ruminants, miRNAs regulate gene expression in the liver and muscle, which are key organs involved in nutrient metabolism (Carvalho et al., 2019, Hu et al., 2022). In the liver of cattle selected for feed efficiency, differentially expressed miRNAs such as bta-miR-449a and bta-miR-AB-2 were identified across breeds (Angus, Charolais, etc.), and their target genes relate to nutrient metabolism including lipids and carbohydrates (Mukiibi et al., 2020). By modulating the expression of genes involved in nutrient uptake, energy expenditure, and fat storage, miRNAs play a significant role in improving feed conversion ratios, which is essential for reducing production costs and increasing the sustainability of livestock farming (De Oliveira et al., 2018).
Disease Resistance and Stress Responses
miRNAs are also involved in regulating the stress responses of livestock. When animals are exposed to environmental stressors such as heat, cold, or transportation, miRNAs help regulate the expression of stress-related genes, allowing animals to adapt to adverse conditions (Miretti et al., 2020). miRNAs such as miR-223 have been implicated in modulating stress responses by regulating the expression of inflammatory cytokines and other stress-related molecules (Zhou et al., 2023).
Recent studies also highlight the role of the rumen–mammary gland axis and bacterial EVs in mediating heat stress responses in dairy cows, suggesting that microbial signals and EV-carried RNAs may interact with host miRNAs to regulate mammary gland function and inflammation during thermal stress (Huang et al., 2024). This provides a novel perspective on how environmental stress can alter systemic communication and miRNA-mediated regulation in ruminants.
[bookmark: OLE_LINK27]Furthermore, miRNAs are involved in disease resistance. For example, miR-146a is known to regulate immune tolerance, which can help livestock manage chronic infections or inflammatory conditions (Nahid et al., 2009, Saba et al., 2014). In dairy cows, for instance, bta-miR-146a is upregulated during mastitis and helps regulate inflammatory pathways by targeting cytokine signaling molecules, thereby preventing excessive immune activation and tissue damage (Lai et al., 2017, Wang et al., 2017). Through such mechanisms, miR-146a contributes to maintaining immune tolerance and controlling chronic inflammation. By modulating host responses to pathogens and environmental stressors, miRNAs enhance disease resistance and support improved animal health, ultimately reducing the reliance on antibiotics and other interventions in livestock production.
lncRNA
lncRNAs are a class of noncoding RNAs that exceed 200 nucleotides in length and, as their name implies, do not encode proteins, similar to miRNAs (Jia et al., 2022). They function as key regulators of gene expression through diverse mechanisms, such as chromatin remodeling, transcriptional modulation, and post-transcriptional regulation (Jia et al., 2022, Mattick et al., 2023). lncRNAs participate in a wide range of cellular processes, such as chromatin organization, gene transcription, mRNA turnover, protein translation, and the assembly of macromolecular complexes (Kim et al., 2017). This functional versatility allows lncRNAs to exert both activating and repressive effects on gene expression, positioning them as critical regulators in complex biological networks.
Regulation of Inflammation
The role of lncRNAs in inflammation and immunity has been increasingly recognized, particularly through evidence from animal studies (Xia et al., 2023, Feng et al., 2024). One example of a lncRNA involved in inflammation is lncRNA H19, which has been implicated in bovine mastitis. In bovine mammary gland tissue affected by mastitis, as well as in primary bovine mammary alveolar cells stimulated with lipoteichoic acid (Théry et al.)- or LPS, the PI3K-AKT signaling pathway has been shown to be activated, leading to increased H19 expression, which subsequently induced epithelial–mesenchymal transition and contributed to reduced milk production (Yang et al., 2017). H19 was however observed to play a protective role by promoting the proliferation of primary bovine mammary alveolar cells, enhancing β-casein synthesis and tight junction protein expression, and inhibiting Staphylococcus aureus adhesion (Li et al., 2019). Furthermore, H19 overexpression was found to activate the NF-κB inflammatory pathway, promoting the release of inflammatory factors, which help clear pathogenic bacteria and restore tissue homeostasis (Li et al., 2019). These findings suggest that H19 has dual roles in inflammation, contributing to both fibrosis and bacterial defense, making it a potential target for therapeutic intervention in bovine mastitis and related inflammatory diseases.
Beyond H19, many other lncRNAs are known to regulate inflammation. For example, lncRNA-TUB has been implicated in bovine mastitis and fibrosis. Identified in an Escherichia coli- and Staphylococcus aureus-induced primary bovine mammary alveolar cell inflammation model, lncRNA-TUB was found to be significantly upregulated in mastitis-affected cells (Wang et al., 2019a). lncRNA-TUB affected mammary alveolar cell (MAC-T) proliferation, migration, and β-casein secretion. It also altered cytokine levels, and activated the TGF-β1/Smad pathway through TUBA1C downregulation and TGF-β1 upregulation, ultimately inducing epithelial-mesenchymal transition (Chen et al., 2017, Wang et al., 2019a). This epithelial-mesenchymal transition process contributes to excessive extracellular matrix accumulation, creating a feedback loop that amplifies inflammation and promotes mammary gland fibrosis (Zeisberg et al., 2003). These findings highlight lncRNA-TUB as a key regulator of mastitis-induced fibrosis, providing insights into the molecular mechanisms underlying bovine mammary gland inflammation and potential therapeutic targets for intervention.
Collectively, this demonstrates that lncRNAs serve as critical regulators of inflammation and immunity, orchestrating various aspects of immune responses through their diverse mechanisms of action. Further research into their roles in immune-related diseases may pave the way for novel therapeutic interventions targeting specific lncRNAs. By manipulating the expression or activity of these lncRNAs, we can potentially control pathological inflammation while preserving beneficial immune functions, opening new avenues in the treatment of infections, and inflammatory disorders.
Regulation of cell communication
In addition to immune regulation, lncRNAs also participate in cell-to-cell communication by influencing cellular proliferation and signaling pathways. For instance, a study on lnc000100 in cattle muscle cells revealed its role in promoting myoblast proliferation (Ma et al., 2023). Moreover, research on bovine milk EVs identified thousands of novel lncRNAs, which were found to be involved in immune function, reproduction, and cell proliferation (Zeng et al., 2019). Notably, these EVs-derived lncRNAs remained stable during in vitro digestion, suggesting their potential role in intercellular communication, even after ingestion. This indicates that lncRNAs not only mediate local cellular interactions by modulating cell proliferation and viability but can also exert biological effects across different tissues and even species through dietary intake, further highlighting their diverse regulatory roles in biological processes.
mRNA
mRNAs are a class of coding RNAs that serve as templates for protein translation and are typically transcribed in the nucleus before undergoing splicing, end modification, and export to the cytosol (Kim et al., 2017). mRNAs play a pivotal role in cellular processes by encoding proteins that regulate a variety of biological functions (Faure et al., 2017, O’Brien et al., 2020). Beyond their canonical role in protein synthesis, mRNAs are now recognized as critical regulators of biological processes, including immune responses and inflammation (Xia et al., 2023). Their stability, localization, and translation efficiency can be tightly regulated, allowing for rapid and dynamic responses to environmental cues, such as infection or injury (Valadi et al., 2007, Carvalho et al., 2019). Additionally, mRNA processing events, such as alternative splicing, RNA editing, and modifications like N6-methyladenosine methylation, can influence the diversity and functionality of the resulting proteins, thereby modulating different signaling pathways (Roundtree et al., 2017). These regulatory mechanisms enable mRNAs to fine-tune immune responses by affecting the expression of pro- and anti-inflammatory mediators, cytokines, and signaling molecules. Recent advances in animal studies have shed light on the diverse roles of mRNAs in modulating immune signaling pathways, particularly in inflammation (Mecocci et al., 2021, Xia et al., 2023). Understanding the mechanisms of mRNA regulation provides insights into the control of immune responses and the maintenance of metabolic homeostasis in animals. Notably, mRNAs are packaged into EVs and can be transferred between cells, where they are translated into functional proteins, thereby contributing to intercellular communication and the modulation of gene expression in recipient cells (Kim et al., 2017). This versatility highlights the importance of mRNAs as essential components in cellular regulation and the broader network of gene expression.
[bookmark: OLE_LINK30]mRNA-Mediated Regulation of Inflammatory Cytokines
One example is the regulation of inflammatory cytokines by specific mRNAs. For instance, TNF-α mRNA is known to undergo rapid degradation under normal conditions, but during inflammatory responses, its stability is increased through interactions with RNA-binding proteins, such as HuR (Dean et al., 2001). Animal studies have demonstrated that this stabilization is critical for the sustained production of TNF-α, a key cytokine involved in acute and chronic inflammation (Anderson, 2009). In mice, disruption of HuR binding to TNF-α mRNA reduces TNF-α expression and alleviates inflammation in conditions such as arthritis and colitis (Hollenbach et al., 2004, Guma et al., 2012). In ruminants in vitro blockade of TNF-α by bovine TNF receptor decoy proteins (TNFR1-Ig, TNFR2-Ig) significantly reduces TNF-α and IL-1β mRNA expression in peripheral blood immune cells, underscoring the functional importance of cytokine mRNA control in bovine immunity (Fujisawa et al., 2019). Additionally, postpartum cows with endometritis display markedly elevated TNF-α mRNA levels in blood mononuclear cells, correlating with disease severity (Islam et al., 2021). These findings highlight the importance of post-transcriptional regulation of mRNAs in controlling inflammatory responses.
Post-Transcriptional Control of Inflammation via Adenine-uridine-Rich Elements
Inflammation is a critical defense mechanism against infections and injuries. The expression of pro-inflammatory cytokines is tightly controlled at the mRNA level to prevent excessive inflammation (Mino and Takeuchi, 2013, Ganguly et al., 2016). A key mechanism involves Adenine-uridine-rich elements in the 3' untranslated regions of cytokine mRNAs, which influence their stability (Mino and Takeuchi, 2013). Adenine-uridine-rich elements-binding proteins, such as tristetraprolin, bind to these regions and promote mRNA degradation, thereby reducing cytokine production (Mino and Takeuchi, 2013). For instance, tristetraprolin-deficient mice exhibited increased levels of TNF-α due to impaired mRNA degradation, leading to systemic inflammation (Ganguly et al., 2016). Interestingly, mRNAs also participate in the resolution of inflammation. For instance, the mRNA encoding for IL-10, an anti-inflammatory cytokine, is tightly regulated at both the transcriptional and post-transcriptional levels to ensure timely production during the later stages of inflammation (Saraiva and O'Garra, 2010). The enhanced translation of IL-10 mRNA was shown to suppress pro-inflammatory cytokines such as IL-6 and TNF-α, reducing systemic inflammation and improving survival (Saraiva and O'Garra, 2010). These findings demonstrate how mRNAs play a dual role, promoting inflammation when needed and facilitating its resolution to restore homeostasis.
Regulatory Interactions Among RNAs
lncRNA-miRNA Interactions
lncRNAs play a crucial role in gene regulation by interacting with miRNAs through various mechanisms. One of the most well-characterized functions of lncRNAs is acting as competitive endogenous RNAs or molecular sponges, sequestering miRNAs and preventing them from binding to their target mRNAs. This interaction indirectly enhances the expression of miRNA-targeted genes, thereby influencing a wide range of biological processes, including metabolism, development, and immune responses (Dehghanian Reyhan et al., 2023). 
In livestock species, lncRNA-miRNA interactions have been implicated in key physiological and metabolic pathways. For example, in beef cattle, lncRNAs contribute to intramuscular fat deposition by sponging specific miRNAs that suppress genes involved in lipid metabolism, including those associated with the thyroid hormone and oxytocin signaling pathways (Dehghanian Reyhan et al., 2023). This regulatory mechanism facilitates lipid accumulation, ultimately affecting meat quality traits.
Similarly, in bovine ovarian follicular development, lncRNA S100PBP has been identified as a key regulator of granulosa cell proliferation. It functions by acting as a sponge for miR-2285bc, which targets the bone morphogenetic protein receptor type 2 gene (Wang et al., 2024). This interaction promotes granulosa cell function, supporting follicular development, highlighting the crucial role of lncRNA-miRNA networks in reproductive physiology.  
Beyond metabolism and reproduction, lncRNA-miRNA interactions have been implicated in immune regulation and disease resistance. In dairy cows, studies have shown that lncRNAs can modulate the inflammatory response by regulating miRNAs involved in cytokine signaling and immune cell activation. For instance, in S. aureus-induced mastitis, the lncRNA CMR acts as a sponge for miR-877, leading to the upregulation of FOXM1, which promotes epithelial cell proliferation and reduces apoptosis (Chu et al., 2024). This regulation promotes tissue recovery and modulated inflammatory responses, highlighting the role of lncRNAs in mastitis resistance and potential therapeutic targets for disease control.
Collectively, these findings underscore the importance of lncRNA-miRNA interactions in shaping gene expression and cellular function across multiple biological processes. Understanding these regulatory networks not only provides insights into fundamental molecular mechanisms but also holds potential for improving livestock health, productivity, and reproductive performance through targeted genetic and epigenetic interventions.
mRNA-miRNA Interactions
mRNAs also interact with miRNAs to fine-tune inflammatory responses (Fig. 1-2). One mechanism through which this interaction occurs is the competitive endogenous RNA mechanism, where certain mRNAs contain sequences that can bind miRNAs, competing with other mRNA targets for miRNA binding (Salmena et al., 2011). This competition modulates the availability of miRNAs and plays a crucial role in regulating the immune responses and metabolism (Thomas et al., 2010, Xiao et al., 2022). Additionally, some mRNAs serve as precursors for miRNA generation, where mRNA processing machinery generates miRNAs that can then regulate other mRNAs involved in inflammation (Bartel, 2009, Salmena et al., 2011). Changes in mRNA translation and stability can influence the stability of miRNA-mRNA complexes, thus modulating the rate of miRNA degradation and their regulatory impact on immune signaling (Carpenter et al., 2014). Finally, an mRNA can regulate miRNA activity by either accelerating its degradation or sequestering it to prevent degradation, thereby fine-tuning gene expression (Tian et al., 2016). These interactions can create bistable regulatory switches that drive hypersensitive responses and state transitions, ultimately influencing cellular fate by modulating the stability and function of key signaling molecules (Tian et al., 2016).
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[bookmark: _Toc207982990]Figure 1‑2: (A) mRNA-miRNA reciprocal regulations. miRNAs can suppress mRNA expression by binding to their 3' untranslated regions, leading to translational repression or degradation, or stimulate translation. Conversely, mRNA can regulate the levels of miRNAs through sequestration or degradation. (B) Regulatory network between miRNA, mRNA, and proteins. miRNAs bind to mRNA, leading to translational repression or mRNA degradation, thus reducing the synthesis of specific proteins. Meanwhile, proteins encoded by mRNAs can regulate miRNA expression through feedback mechanisms, typically by interacting with miRNA genes to influence miRNA transcription. These interactions form a complex regulatory network between miRNAs, mRNAs, and proteins, collectively contributing to the regulation of cellular functions. Adapted from Tian et al. (2016). 
Overall, mRNAs are not merely passive intermediates in the flow of genetic information but active regulators of immune and inflammatory processes. Their ability to respond dynamically to environmental changes, coupled with their regulatory interactions with noncoding RNAs, makes them indispensable for maintaining immune homeostasis. Understanding the intricate roles of mRNAs in immunity and metabolism offers new insights into disease mechanisms and opens up novel therapeutic avenues for inflammatory and immune-mediated diseases.
[bookmark: _Toc207979746]Inulin and its applications in dairy cows
[bookmark: _Toc207979747]Source and structural characteristics of inulin
[bookmark: OLE_LINK9]Inulin, a naturally occurring polysaccharide, is made up of fructose units linked by β-2,1-glycosidic bonds (Mensink et al., 2015). It is predominantly found in plants of the Asteraceae family, including chicory, Jerusalem artichoke, and dandelion (Kango, 2008, Karimi et al., 2025). Chicory and Jerusalem artichoke are considered among the richest sources of inulin and fructo-oligosaccharides, with concentrations reaching as high as 70.5 g/kg and 81.1 g/kg dry weight (Redondo-Cuenca et al., 2021). Chicory (Cichorium intybus L.) is one of the most widely cultivated inulin-rich crops in Europe. Belgium, in particular, is a major producer and consumer of chicory, where it is used both as a vegetable (Belgian endive) and as the primary industrial source of inulin for the food and feed industry (Rambaud et al., 2025). Chicory forage can be included in dairy cow diets. A meta-analysis of 15 studies with 597 cows showed that chicory increased milk yield compared with grass-based diets (Mangwe et al., 2024). It also improved milk solids production, particularly during mid-lactation. When chicory herbage accounted for 50% of dietary intake, it further modified rumen fermentation patterns, increasing polyunsaturated fatty acids and volatile fatty acids, and enhanced feed conversion efficiency (Mangwe et al., 2020). Besides its role as a forage crop for ruminants, chicory roots are also valued for their high and consistent inulin content, making them particularly suitable for industrial-scale extraction (Rambaud et al., 2025). The large-scale chicory industry in Belgium not only supports human nutrition but also provides sustainable raw material for animal feed applications, highlighting its dual role in agriculture and livestock production (Rambaud et al., 2025). Moreover, other plants like garlic, onion, and asparagus also contain inulin, though generally in lower amounts (Karimi et al., 2025). Their ability to thrive in different environments makes them suitable candidates for sustainable large-scale cultivation for inulin production.
The molecular structure of inulin consists of a fructan chain with a terminal glucose residue, and its molecular weight ranges from several hundred to several thousand, depending on the source and degree of polymerization (Karimi et al., 2025). A key characteristic of inulin is the stability of its β-2,1-glycosidic bonds, which prevents enzymatic hydrolysis by host digestive enzymes (Karimi et al., 2025). In ruminants, this structural resistance allows inulin to reach the rumen intact, where it serves as a fermentable substrate for the resident microbiota (Tian et al., 2019). Furthermore, its β-glycosidic linkages also confer high resistance to heat and acidic conditions, ensuring that inulin remains functional during feed processing (Glibowski and Bukowska, 2011).
In animal feed applications, inulin's low molecular weight makes it highly soluble and compatible with other feed components, while its strong hygroscopicity enhances the physical properties of feed, such as improving pellet stability and palatability (Franck, 2002). While few studies have specifically compared inulin fractions by chain length in bovine rumen, a body of evidence suggests that different degree of polymerization classes ferment at distinct rates, leading to staggered volatile fatty acid production and sustained microbial support. For instance, dietary inulin significantly enhances the abundance of propionate- and butyrate-producing bacteria in dairy cows, while improving rumen fermentation profiles (Wang et al., 2021a; Tian et al., 2019). Moreover, in vitro studies demonstrate that high and low degree of polymerization inulin differ in fermentation kinetics and organic acid output (Ozturkoglu-Budak et al., 2019). These findings together imply that chain-length variation in inulin can regulate the temporal dynamics of fermentation in the bovine rumen. As a natural, safe, and environmentally friendly polysaccharide, inulin's structural properties enable it to maintain stability under high-temperature and high-humidity conditions, making it ideal for livestock feed formulations (Glibowski and Bukowska, 2011, Karimi et al., 2025). In recent years, inulin has emerged as a functional ingredient in animal feed, contributing to enhanced feed quality and improved production performance across various animal species (Masanetz et al., 2011, Wang et al., 2022). Its adaptability and functional benefits make it an attractive component in modern, sustainable feed practices.
[bookmark: _Toc207979748]Application prospects of inulin in dairy farming
[bookmark: _Hlk207869517]Inulin has gained increasing attention for its potential applications as a functional prebiotic in livestock production. By selectively stimulating beneficial gut microbiota, inulin contributes to improved nutrient utilization, enhanced digestive efficiency, and overall better animal health and performance (Tian et al., 2019; Wang et al., 2021a). In dairy cows, it plays a crucial role in optimizing the rumen microbiome, leading to improved milk yield and quality (Wang et al., 2021b; Zhao et al., 2022). From an economic and sustainability perspective, inulin enhances feed conversion efficiency, lowers feed costs, and reduces reliance on antibiotics, aligning with the growing demand for sustainable and responsible livestock production practices (Tian et al., 2019). Given its multifaceted benefits, inulin represents a promising feed additive with the potential to improve both productivity and animal welfare in modern dairy farming.
The regulatory mechanism of inulin
[bookmark: OLE_LINK14][bookmark: OLE_LINK13]Inulin plays a crucial role in regulating both immune and metabolic processes, primarily through its effects on digestive treat microbiota composition and metabolic byproducts such as SCFAs (Akhtar et al., 2022; Zhu et al., 2025). As a prebiotic, it promotes the growth of beneficial microbes, alleviating digestive treat-mammary microbial dysbiosis, preserving the integrity of the blood-milk barrier, modulating immune homeostasis via SCFAs, and contributing to host metabolic regulation by influencing energy balance, lipid metabolism, and gluconeogenesis (Huang et al., 2024; Paya et al., 2024; Zhu et al., 2025). Inulin-mediated regulation of SCFAs production and their downstream effects on immune and metabolic pathways may vary between monogastric animals and ruminants due to fundamental differences in their digestive physiology. In monogastric animals, fermentation occurs primarily in the hindgut, where SCFAs directly influence local gut immunity and systemic metabolism (Sheng et al., 2023). In contrast, in ruminants, inulin is fermented in the rumen, and the generated SCFAs not only contribute to host energy metabolism but may also exert systemic immunometabolic effects via cross-organ communication, such as the rumen-mammary axis (Huang et al., 2024). Therefore, the following sections will separately discuss the immunometabolic regulatory mechanisms of inulin through SCFAs in monogastric and ruminant animals.
Inulin-mediated immunometabolic regulation via SCFAs in monogastric animals
Inulin selectively stimulates the growth and activity of beneficial gut bacteria, such as Bifidobacterium and Lactobacillus species, while suppressing the proliferation of pathogenic bacteria like Escherichia coli and Clostridium (Wang et al., 2021a; Sheng et al., 2023). This selective fermentation produces SCFAs, including acetate, propionate, and butyrate. These metabolites exert local effects by strengthening gut barrier integrity, regulating mucosal immune responses, and alleviating intestinal inflammation (Sheng et al., 2023). Butyrate, in particular, has been shown to inhibit NF-κB activation, a key pathway involved in the expression of pro-inflammatory cytokines, thereby mitigating excessive immune responses (Lee et al., 2017). Additionally, butyrate, one of the primary SCFAs produced through inulin fermentation, has been shown to induce regulatory T cell differentiation, suppress pro-inflammatory cytokine production (e.g., TNF-α and IL-6), and enhance gut barrier function (Kim et al., 2014). Propionate and acetate also contribute to gut immune regulation by reducing inflammatory responses and promoting microbial homeostasis (Kim, 2023). In broilers, dietary inulin increased intestinal CD4⁺ T cells, IgA levels, and mucin expression, while reducing IL‑6 and IFN‑γ, indicating enhanced early gut immune function (Huang et al., 2015). In calves, dietary inulin improved gut health by modulating intestinal immune and inflammatory markers and increasing hemoglobin, hematocrit, and ileal proliferation (Masanetz et al., 2011). A compromised intestinal barrier can lead to increased gut permeability, allowing harmful microbes and endotoxins, such as LPS, to enter the bloodstream and trigger systemic inflammation (Kim et al., 2014, Zhang et al., 2018). By fostering a more stable and resilient gut microbiome, inulin indirectly limits the colonization of pathogenic bacteria, thereby lowering the risk of infections and systemic inflammation (Sheng et al., 2023). Additionally, inulin-derived SCFAs help promote intestinal homeostasis by shifting macrophage polarization toward an anti-inflammatory M2 phenotype, further reducing gut-derived inflammation (Liu et al., 2023).
[bookmark: OLE_LINK17][bookmark: OLE_LINK16]Beyond the gut, SCFAs also enter systemic circulation, where they modulate immune cell activity and metabolic pathways, thereby improving glucose and lipid metabolism while maintaining immune homeostasis. In particular, propionate produced from inulin fermentation can reduce hepatic lipogenesis and triglyceride secretion, lower plasma cholesterol, and protect against hepatic steatosis, highlighting a key role of SCFAs in systemic lipid regulation (Beylot, 2005). In growing-finishing pigs, dietary inulin improved growth performance and carcass traits, dressing percentage, serum insulin and IGF-I levels, and modulating muscle growth-related genes such as mTOR and MuRF‑1, indicating beneficial effects on metabolism and muscle development (Wang et al., 2019b). Collectively, inulin-derived SCFAs contribute to both enhanced immune regulation and improved metabolic health in monogastric animals.
Inulin-mediated immunometabolic regulation via SCFAs in ruminants
[bookmark: OLE_LINK18]In ruminant animals such as dairy cows, inulin undergoes extensive fermentation in the rumen, resulting in high yields of SCFAs that serve as key energy substrates and signaling molecules. These SCFAs not only support rumen epithelial health and systemic energy metabolism but also participate in immune regulation by influencing leukocyte activity, cytokine production, and cross-organ communication (Huang et al., 2024). Emerging evidence further highlights the rumen-mammary axis, where SCFAs and microbiota-derived extracellular vesicles may modulate mammary gland immunity and metabolic status (Huang et al., 2024). The rumen-mammary gland axis refers to a functional cross-organ pathway in dairy cows through which the rumen microbiota and their metabolic products influence mammary gland function. Metabolites generated during rumen fermentation, such as SCFAs and lactate, can enter the bloodstream and serve both as energy substrates and as signaling molecules that modulate immune responses and metabolic processes in the mammary gland (Huang et al., 2024). In addition, EVs secreted by rumen microbes carry bioactive molecules including miRNAs, proteins, and metabolites, which can also reach the mammary gland and regulate cellular functions such as cytokine production, barrier integrity, and metabolic activity (Huang et al., 2024). This axis therefore provides a mechanistic link between gut microbial activity and mammary health, and its regulation has implications for improving milk production, enhancing immune homeostasis, and mitigating adverse effects such as those caused by mastitis. Thus, inulin-derived SCFAs in ruminants play a dual role in sustaining metabolic efficiency and enhancing host immune resilience. In lactating ewes, dietary inulin improved rumen fermentation by increasing acetate, and butyrate, enhanced dry matter and fiber digestibility, and elevated milk fat and protein while reducing milk urea nitrogen and unsaturated fatty acids, indicating beneficial effects on both rumen metabolism and milk composition (Paya et al., 2022). In finishing beef steers, inulin supplementation altered ruminal fermentation and improved bacterial microbiota, increasing propionate, butyrate, and enhanced growth performance, however, it did not suppress systemic inflammation induced by high-concentrate diets (Tian et al., 2019). Moreover, inulin enhanced ruminal fermentation by increasing propionate and total volatile fatty acids, reduced ammonia-nitrogen and lactic acid levels, improved dry matter and organic matter digestibility, and decreased methane production (). In goats, dietary inulin enhanced hepatic gluconeogenesis by upregulating PEPCK, G6Pase, and FoxO1, while reducing serum insulin, associated with increased SCFA-producing bacteria and propionate levels in the rumen and elevated metabolites in the TCA cycle and amino acid metabolism (Zhu et al., 2025). Additionally, dietary SCFAs influence the rumen barriers by promoting microbial diversity and maintaining epithelial integrity, thereby supporting host-microbe homeostasis and immune function, with varying effects depending on diet composition (Shen et al., 2019). 
[bookmark: OLE_LINK20]Despite existing studies on the benefits of inulin in improving gut health, modulating inflammation, and influencing metabolism, the specific mechanisms through which inulin affects EVs in the context of SCM remain unclear. It is important to understand how inulin supplementation alters EVs cargo, particularly regarding immune modulation, inflammation resolution, and metabolic processes. This knowledge gap serves as the foundation of this PhD project, where we aim to investigate how inulin supplementation influences sEVs during the alleviation of SCM, with a focus on immune responses and metabolic regulation. In the following chapters, we will explore the impact of inulin on sEVs cargo and its potential role in regulating both immune responses and metabolic pathways. Based on previous reports on effective inulin dosages in ruminants (Table 1-2), we selected 300 g/d as the supplementation level for this study to balance efficacy and practical feasibility.



Table 1‑2: Effect of inulin supplementation on milk compositions and performance in dairy cows with subclinical mastitis
	Item
	Data for groups (n=8)
	
	

	
	Con
	I-100
	I-200
	I-300
	I-400
	P value

	Milk yield (kg/d)
	31.2 C
	31.7 C
	33.7 B
	34.2 A
	33.6 B
	0.031

	Milk fat (%)
	3.95
	3.93
	3.71
	3.73
	3.84
	0.073

	Milk protein (%)
	3.03 C
	3.05 C
	3.32 A
	3.38 A
	3.27 B
	0.034

	Milk lactose (%)
	4.01 C
	4.02 C
	4.28 A
	4.31 A
	4.22 B
	0.027

	SCC (×103/mL)
	716 A
	706 A
	593 BC
	541 C
	647 B
	<0.01


[bookmark: OLE_LINK31][bookmark: _Toc207979749]Hypothesis and objectives
Previous studies have demonstrated that inulin supplementation can alter the rumen and mammary gland microbiota by promoting the growth of beneficial bacteria while suppressing harmful ones (Wang et al., 2021a, Wang et al., 2022). It also influences metabolic profiles, particularly the composition of SCFAs, and enhances antioxidant and immunity functions, ultimately improving SCM in dairy cows (Zhao et al., 2022). However, the role of EV-RNA in this process remains unclear. We hypothesize that inulin influences EV-RNA profiles in both serum and milk through distinct mechanisms :
Effects on Serum EV-RNA
Inulin-induced modulation of the rumen microbiota may alter the production of microbial metabolites, such as SCFAs, which are known to regulate immune function. These metabolic changes could influence immune cell activity, leading to modifications in the secretion and composition of circulating EVs. Specifically, we speculate that inulin may enhance the release of EVs carrying anti-inflammatory miRNAs that regulate immune signaling pathways and systemic inflammation. Moreover, beyond host-derived EVs, microorganisms themselves can secrete EVs that may translocate into the bloodstream. An increased abundance of beneficial microbes could thus alter the profile of microbe-derived EVs, which may further contribute to the regulation of immune responses and metabolic processes. Together, these mechanisms may help maintain immune homeostasis and reduce inflammation associated with SCMs.
Effects on Milk EV-RNA
Inulin may also influence EV-RNA profiles within milk by modulating the mammary gland microbiota and local immune responses. Changes in microbial composition within the mammary gland could affect the types of RNAs packaged into milk-derived EVs, potentially leading to shifts in miRNA expression that promote mammary tissue repair and inflammation resolution. Furthermore, systemic effects from inulin, such as improved immune regulation via serum EVs, may secondarily impact mammary epithelial cells and their EV-RNA cargo, contributing to enhanced mammary gland health.  
This study aims to investigate the changes and functions of EV-RNA in both serum and milk during inulin-mediated regulation of SCM. By analyzing how inulin influences EV-RNA profiles and their potential involvement in inflammatory pathways, we hope to provide new insights into the molecular mechanisms underlying inulin’s anti-inflammatory effects. Our findings could offer a scientific basis for utilizing inulin as a natural and sustainable dietary strategy for preventing and managing mastitis in dairy cows, contributing to improved animal health and dairy production efficiency. 
Inulin induced changes of serum and milk extracellular vesicles and their function in lactating dairy cows with subclinical mastitis
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[bookmark: _Toc207979750]

Effects of inulin on serum-derived small extracellular vesicles miRNA from dairy cows with subclinical mastitis













Adapted from:
Yu, W., Nan, X., Schroyen, M., Wang, Y., & Xiong, B. (2023). Inulin-induced differences on serum extracellular vesicles derived miRNAs in dairy cows suffering from subclinical mastitis. animal, 17(9), 100954.
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[bookmark: _Toc207979751]Abstract
MicroRNA (miRNA) profiles vary with nutritional and pathological conditions of cattle. In this study, we aimed to investigate the effects of inulin supplement on miRNA profiles derived from serum small extracellular vesicles (sEVs). Our goal was to determine the differences in miRNA expressions and analyses the pathways in which they are involved. Based on the results of California mastitis test and milk somatic cell counts, ten lactating cows with subclinical mastitis (SCM) were randomly divided into two groups: an inulin group and a control group (n = 5 in each group). The inulin group received a daily supplement of 300g of inulin while the control group did not receive any supplementation. After a 5-week treatment period, serum-derived sEVs-miRNAs from each cow were isolated. High-throughput sequencing was conducted to identify differentially expressed miRNAs. Gene ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) bioinformatics analysis was performed to examine the target genes of these differentially expressed miRNAs. The sEVs-RNA concentration and small RNA content were not affected by the inulin treatment. A total of 162 known miRNAs and 180 novel miRNAs were identified from 10 samples in the two groups. Among the known miRNAs, 23 miRNAs were found to be differentially expressed between the two groups, with 18 upregulated and 5 downregulated in the inulin group compared to the control group. Pathway analysis revealed the involvement of these differentially expressed miRNAs in the regulation of cell structure and function, lipid oxidation and metabolism, immunity and inflammation, as well as digestion and absorption of nutrients. Overall, our study provides a molecular-level explanation for the reported beneficial health effects of inulin supplementation in cows with SCM.
[bookmark: _Toc207979752]Introduction
Small extracellular vesicles (sEVs) are extracellular vesicles with a diameter of 30-150 nm, that contain lipids, proteins, RNAs, and DNA inside, and are protected by a lipid bilayer membrane (van Niel et al., 2022). They are released by cells into the extracellular space (Yun et al., 2021). By binding to surface receptors, their cargos can be transferred from donor cells to recipient cells for achieving cell to cell communication (Stoorvogel et al., 2002). sEVs can be secreted by most cultured cell types in both physiological and pathological conditions and naturally exist in practically all body fluids including blood (Stoorvogel et al., 2002). Following blood circulation, sEVs can accumulate in different organs or tissues, such as liver, spleen, pancreas, kidney, lung, intestinal mucosa, and brain (Munagala et al., 2016; Manca et al., 2018), and exert an influence on the proportion of sEVs of the original cells, resulting in body condition changes. Beninson and Fleshner (2015) found that sEVs derived from fetal bovine serum may offer immunosuppressive by influencing macrophage IL-1β and pro-inflammatory protein responses, and even cross-species protection to cultured cells, altering the immunological activity of these cells (Beninson and Fleshner, 2015). Exogenous sEVs could accumulate in several organs, release their cargos to affect the protein expression of recipient cells, and participate in the immune response (Manca et al., 2018). They exhibit anti-inflammatory activities, promote the colonization of healthy gut microbiota (He et al., 2021), and contribute to enhancing cell proliferation and viability (Hock et al., 2017). However, it should be noted that sEVs are also implicated in the development and progression of various diseases through the transfer of certain miRNAs (Samuel et al., 2021).
sEVs contain a substantial number of microRNA (miRNA), which are bioactive molecules that play a vital role in immune responses and gene regulation (Zempleni et al., 2017; Wu et al., 2019; Gao et al., 2021). Among the mechanisms involved, miRNAs can modulate the expression of target genes by binding to complementary sequences, primarily located in the 3’ or 5’ untranslated regions of mRNAs (Stoorvogel et al., 2002). Since sEVs are covered with a bilayer membrane, miRNAs in sEVs are relatively stable and bioactive even in acid condition or enduring an RNase rich environment (Kosaka et al., 2010). 
miRNAs vary among different species, breeds, conditions, lactation periods, etc. (Gu et al., 2012; Yun et al., 2021), and various factors can influence the expression profiles of miRNAs. A pathogen infection or being in a disease state could lead to the alterations in the composition and expression levels of miRNAs (Cai et al., 2021). Abnormal expression of miRNAs has been associated with numerous cancers (Colitti et al., 2020). Likewise, in cows with pathological conditions including inflammatory diseases such as SCM (Lai et al., 2017; Cai et al., 2021) and metritis (Kasimanickam and Kastelic, 2016), the expression levels of certain miRNAs differ compared to those in healthy animals. For example, in Streptococcus uberis infected tissue, three miRNAs were downregulated 3- to 5-fold, and one miRNA was upregulated 2.5-fold and these miRNAs play roles in the regulation of metabolic, immune/oxidative stress, and cellular proliferation/differentiation (Naeem et al., 2012). The changes in certain miRNAs in a pathological state provide insights into the potential use of sEVs as disease biomarkers for monitoring metabolic conditions and immune response, as well as their roles in transmitting disease information through long-range regulation (Colitti et al., 2020). 
[bookmark: OLE_LINK29]Different feed components can alter rumen microbial fermentation, thereby affecting the composition of microbial metabolites. These changes may influence immune- and metabolism-related signaling pathways in the host. Quan et al. (2019) found that 15 immune-related miRNAs derived from bovine serum sEVs were changed when whole cotton seed and soybean hull in feed were substituted partly with alfalfa hay (Quan et al., 2019). The miRNA expressions may very among different adipose depots (Romao et al., 2012). High levels of dietary fat result with a dysregulated miRNA profile, which affected the regulations of lipid metabolic processes, lipid biosynthetic, and Ras protein signal transduction (Sui et al., 2021). Therefore, the differences in miRNA composition and expression levels influenced by variations in feed composition need further attention.
Inulin, a type of fructo-oligosaccharide, can be efficiently fermented by the microbial community in the rumen (Tian et al., 2019). It is commonly used as a prebiotic to promote the growth of healthy bacteria (Usman et al., 2021). In addition, along with the ban of antibiotics in animal feed, the use of inulin in the treatment of mastitis has gained increasing attention. It has been confirmed that inulin, as a feed additive or active substance, has positive effects on promoting production performance, enhancing antioxidant activity as well as improving immunity function in dairy cows (Wang et al., 2021; Zhao et al., 2022). According to the previous research, a dosage of 300 g/d of inulin reduced mastitis-causing pathogens, upregulated the levels of anti-inflammatory metabolites, and potentially help restore milk production losses under SCM (Wang et al., 2022). However, the cellular and molecular mechanisms underlying these effects remain unknown. Thus, in this study, we hypothesized that inulin supplementation could induce changes in bovine sEVs-miRNA profiles. Since serum represents the aggregation of information released by multiple cells, analyzing the changes in sEVs composition is conducive to understand the mitigating process of mastitis induced by inulin. In the current study, we aim to provide new insights into inulin-induced changes in miRNA expression in cases of bovine SCM.
[bookmark: _Toc207979753]Materials and methods
[bookmark: _Toc207979754]Animal experiment and sample collection
[bookmark: _Ref312400727]The experimental animal management, experimental operation, animal welfare and ethics protocol of the current study were in accordance with the academy’s guidelines for animal research and approved by the Animal Ethics Committee of the Chinese Academy of Agricultural Sciences (Beijing, China; approval number IAS-2020-92). 
Experimental animals
This study was carried out at a large-scale dairy farm from July to August in 2020 in Beijing, China. California mastitis test (CMT) was conducted by mixing an equal volume of milk with reagent. Based on the colour changes and vascular gel formation of milk, the results were graded as negative (-), suspected (±), weakly positive (+), positive (++), and strongly positive (+++) (Wang et al., 2020). Ten Holstein dairy cows, suffering from SCM, were selected (days in milk = 143 ± 32 d; parity = 3.6 ± 1.7; milk yield = 32.1 ± 16.9 kg/d; milk somatic cell counts = 702 ± 100×103 cells/mL, Table 2-1; with weakly positive or positive CMT results; without clinical symptoms in udders) and randomly divided into two groups (control and inulin group, respectively; n = 5). The control group was fed with total mixed rations (TMR) (concentrate: forage ratio = 40:60, Supplemental Table S1), while the inulin group was fed with TMR supplemented with inulin in a powder form at 300 g/d per cow. The inulin (>85% purity, other sugars containing fructose, sucrose and glucose) was supplied by the Langfang Academy of Agriculture and Forestry Sciences (Langfang, Hebei, China). Cows were individually housed and fed diets three times daily (08h00, 14h00, and 20h00), with ad libitum intake and free access to water. The experiment was conducted for 6 weeks, including 1 week adaptation and 5 weeks treatment.
[bookmark: _Hlk195021187][bookmark: _Toc207979952]Table 2‑1: Basic information of dairy cows suffering from subclinical mastitis in control and inulin groups
	
	DIM
	Parity
	Milk yield
kg/d
	CMT results
	Milk SCC
×103 cells/mL

	Control Group
	162 ± 34
	4.4 ± 1.1
	43.1 ± 18.1
	+/++
	648 ± 89

	Inulin Group
	124 ± 13
	2.8 ± 1.9
	21.0 ± 3.6
	+/++1
	754 ± 88

	Average 
	143 ± 32
	3.6 ± 1.7
	32.1 ± 16.9
	/
	702 ± 100


Abbreviations: DIM: days in milk; CMT: California mastitis test; SCC: somatic cell counts.
1+, ++ represent weakly positive and positive, respectively.
Sample collection
Blood samples were collected from the caudal vein of each cow at 07h00 before morning feeding on the last day of the experiment. Serum of each cow was isolated at 3,000×g for 15 min at room temperature, and subsequently stored at -80°C for further analysis.
[bookmark: _Toc207979755]Separation of small extracellular vesicles
The Capturem Extracellular Vesicle Isolation Kit (Maxi) (Cat. No. 635748, TAKARA, Japan) was used to isolate sEVs from serum according to the manufacturer’s protocol. In summary, the serum sample was thawed in a water bath at room temperature. One mL of serum was centrifuged at 3,000×g for 10 min to remove any cellular debris. The supernatant was mixed with 3mL PBS, and pre-cleared by centrifuging at 3,000×g for 2 min using a pre-clearing column to remove all large membrane fragments, apoptotic bodies, smaller cell fragments, etc. The flowthrough thereafter was loaded on a centrifugal filter unit and centrifuged at 3,000×g until the retentate volume reached 300uL or less. This step further eliminated nonspecific protein aggregates, lipoproteins, cytokines, etc., resulting in higher purity of the sEVs. The retentate was collected and the filter was further rinsed with PBS to wash off any remaining sEVs. After this step, the total sample volume was adjusted to 20 mL with PBS. Then, the samples were loaded into an isolation column, and sEVs were bound to the membrane after centrifugation at 500×g for 60 min. Next, the sEVs were washed out by centrifuged at 500×g for 2 min using a wash buffer, and eluted in a final volume of 1mL. The final eluate was collected and stored at -80°C for further analysis.
The nanoparticle tracking analysis was conducted to determine the concentration and size distribution of sEVs. The physical characteristics of the isolated sEVs was identified using ZetaView Electrophoresis, followed by Brownian Motion Video Analysis Laser Scattering Microscopy (S/N 252, Particle Metrix, Germany). The sEVs were diluted in PBS with a dilution factor of 200. The size distribution of particles was analyzed using ZetaView software, 8.04.02 SP2, with a camera resolution of 0.703 µm/px.
Twenty µL of the sEVs suspension was dropped onto a copper wire and left for over 1 min. Subsequently, the sample was fixed with uranyl acetate solution (GZ02625, EMCN, China) for negative staining for 1-10 mins. After drying at room temperature, the sEVs were observed using Transmission Electron Microscopy (Griffiths-Jones et al., 2003) (HT-7700, Hitachi, Japan).
[bookmark: _Toc207979756]Small RNA library construction and sequencing
The RNeasy Mini Kit (cat. No. 74104, QIAGEN, Germany) was used to isolate RNAs from the serum sEVs. The small RNA sequencing was conducted by OE biotech Co., Ltd. (Shanghai, China), using the Illumina Hiseq X Ten, PE150. Briefly, 3’ and 5’ adapters were ligated to the end of the RNA molecules with T4 RNA Ligase (catalog no. LR2D1132K, Epicentre, US). Then, the libraries were subjected to reverse transcription by the SuperScript II Reverse Transcriptase kit (catalog no.18064-014, Invitrogen, US), followed by amplification through polymerase chain reaction. The cDNA constructs were purified and recovered, and the libraries were checked using the Agilent Technologies 2100 Bioanalyzer and eventually normalized.
[bookmark: _Toc207979757]Bioinformatics analysis
The bioinformatics analysis was conducted by OE biotech Co., Ltd. (Shanghai, China). The basic reads were converted into raw data by base calling. The clean reads were obtained by filtering out those reads without 3’adapters and insert tags, reads with 5’ primer contaminants and poly (A), low-quality reads, as well as reads shorter than 15 nt and longer than 41nt. The Fastx_toolkit (version 0.0.13) was used for quality control (Gordon and Hannon, 2010). The reads containing N bases were filtered by the NGSQC Toolkit (version 2.3.2) (Patel and Jain, 2012). The length distribution of the clean sequences in the reference genome was determined for primary analysis. Non-coding RNAs were annotated as rRNAs, tRNAs, small nuclear RNAs (snRNAs), and small nucleolar RNAs and subjected to the BLAST (Altschul et al., 1990) search against the Rfam (v.10.1) (Griffiths-Jones et al., 2003) and GenBank databases. The known miRNAs were identified by aligning them against the miRBase v.21 database (Kozomara et al., 2019), and their expression patterns were analyzed. Novel miRNAs were predicted using mirdeep2 (Friedlander et al., 2012) and RNAfold (http://rna.tbi.univie.ac.at/cgi-bin/RNAWebSuite/RNAfold.cgi). Based on the hairpin structure of a pre-miRNA and the miRBase database, the corresponding miRNA star sequence was also identified. The targets of differentially expressed miRNAs were predicted using the miranda software (Enright et al., 2003), with the following parameters: S ≥ 150 ΔG ≤ -30 kcal/mol, and a strict 5’ seed pairing demand. Gene ontology (GO) enrichment and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analyses were performed using the predicted target genes.
[bookmark: _Toc207979758]Statistical analysis of data
Differentially expressed miRNAs were identified based on a threshold of an adjusted p-value < 0.05. The p-value was calculated using Audic-Claverie statistics in the R package and adjusted using the Benjamin-Hochberg correction for multiple testing (Tino, 2009). GO enrichment and KEGG pathway enrichment analysis of differentially expressed miRNA target genes were respectively performed using R (version R3.5.1) based on the hypergeometric distribution.
[bookmark: _Toc207979759]Results
[bookmark: _Toc207979760]Identification of Bovine Serum small extracellular vesicles
The Transmission Electron Microscopy analysis showed the morphology of the sEVs (Fig.2-1A). The sEVs were observed to be round in shape, covered by double-layer membranes. The nanoparticle tracking analysis showed the particle size distribution of sEVs (Fig.2-1B). The diameter of sEVs peaked at 111.0 nm, with particle diameters ranging from 30 nm to 150 nm accounting for 98.1 % of all particles.
[image: ]
[bookmark: _Toc207982991]Figure 2‑1: Characterization of the isolated serum-derived small extracellular vesicles from cows suffering from subclinical mastitis. (A) Micrograph of bovine serum-derived small extracellular vesicles captured using Transmission Electron Microscopy. (B) Particle size distribution of bovine serum-derived small extracellular vesicles.
[bookmark: _Toc207979761]Small RNA profiling of serum small extracellular vesicles
The amount of annotated small RNAs is shown in Fig.2-2A, including cis-regulatory elements, rRNAs, snRNAs, tRNAs, miRNAs, and other RNAs. The length of the miRNAs ranged from 18 to 25 nt, with most lengths concentrated on 22 nt (59.21% and 92.91% for control and inulin group, respectively).
The number of clean reads obtained from all samples ranged from 1.47 to 25.38 M. The distribution of genome alignment rates ranged from 21.07% to 61.79%, with a miRNA alignment rates distribution from 0.01% to 0.61%. A total of 162 known miRNAs and 180 novel miRNAs were identified from all samples in the two groups. As shown in Fig.2-2B, there were 148 known miRNAs and 67 novel miRNAs found in the control group, while 123 known miRNAs and 67 novel miRNAs were found in the inulin group.
[image: ]
[bookmark: _Toc207982992]Figure 2‑2: (A) Annotated small RNA profiling with classification of cis-regulatory elements, other Rfam RNA, ribosomal RNA, small nuclear RNA, transfer RNA, and microRNA derived from serum small extracellular vesicles in dairy cows suffering from subclinical mastitis in control and inulin groups. (B) Numbers of the serum-derived small extracellular vesicles microRNAs identified from cows suffering from subclinical mastitis in control and inulin groups.

[bookmark: _Toc207979762]Most abundant microRNAs in bovine serum-derived extracellular vesicle microRNAs
The top 20 of highly expressed miRNAs in the two groups are displayed in Table 2-2. These miRNAs account for 79.92% and 96.62% in the control and inulin groups, respectively. Among these 20 highly expressed miRNAs, 10 of them (miR-148a, miR-122, miR-184, let-7b, let-7a-5p, miR-21-5p, miR-26a, miR-3596, let-7f, let-7i) were highly expressed in both groups.


[bookmark: _Toc207979953]Table 2‑2: Top 20 highly expressed microRNAs derived from serum small extracellular vesicles in dairy cows suffering from subclinical mastitis in the experiment
	
	miRNAs
	Control group
(Mean reads)
	Percentage
(%)
	Inulin group
(Mean reads)
	Percentage
(%)

	1
	miR-148a
	775.20
	7.58
	23,808.00
	44.42

	2
	miR-122
	929.40
	9.09
	14,389.80
	26.85

	3
	miR-184
	437.00
	4.27
	3,039.80
	5.67

	4
	let-7b
	1,318.60
	12.90
	2,009.40
	3.75

	5
	miR-143
	45.20
	0.44
	1,798.40
	3.36

	6
	miR-206
	0.00
	0.00
	1,725.80
	3.22

	7
	let-7a-5p
	736.60
	7.20
	642.00
	1.20

	8
	miR-10a
	7.00
	0.07
	1,167.00
	2.18

	9
	miR-21-5p
	586.00
	5.73
	240.00
	0.45

	10
	miR-26a
	394.80
	3.86
	412.00
	0.77

	11
	miR-100
	8.40
	0.08
	721.20
	1.35

	12
	miR-23a
	719.00
	7.03
	0.00
	0.00

	13
	miR-3596
	421.80
	4.13
	253.00
	0.47

	14
	let-7f
	267.40
	2.62
	383.20
	0.71

	15
	let-7i
	143.80
	1.41
	464.40
	0.87

	16
	miR-10b
	2.00
	0.02
	501.80
	0.94

	17
	let-7g
	408.00
	3.99
	81.40
	0.15

	18
	miR-99a-5p
	424.40
	4.15
	4.80
	0.01

	19
	miR-423-5p
	290.60
	2.84
	61.80
	0.12

	20
	miR-375
	257.20
	2.52
	83.20
	0.16

	
	Total
	
	79.92
	
	96.62


[bookmark: _Toc207979763]Effects of inulin supplementation on the expression of microRNAs in bovine serum-derived small extracellular vesicles
A total of 44 miRNAs were differently expressed between the two groups. Among these, 23 were identified as known miRNAs. In the inulin group, 18 miRNAs were up-regulated, while 5 miRNAs were down-regulated compared to the control group (Table 2-3). Besides, miR-499 and miR-6529a were particularly expressed in the control group, while miR-206 and miR-3432a were particularly expressed in the inulin group (Table 2-4). Out of the top 20 highly expressed miRNAs, 13 of them (miR-148a, miR-122, miR-184, miR-143, miR-206, miR-10a, miR-26a, miR-100, miR-23a, let-7f, let-7i, miR-10b, miR-99a-5p) were differentially expressed between the two groups.


[bookmark: _Toc207979954]Table 2‑3: Identification of differentially expressed known microRNAs derived from serum small extracellular vesicles in dairy cows suffering from subclinical mastitis when comparing the control group with the inulin group
	
	miRNAs
	Base mean1
	Regulation2
	Fold Change3
	Adj p-value4

	1
	let-7c
	110.52
	Up
	43.66
	0.00

	2
	let-7f
	396.09
	Up
	5.24
	0.01

	3
	let-7i
	415.12
	Up
	11.13
	0.00

	4
	miR-100
	584.04
	Up
	231.48
	0.00

	5
	miR-10a
	946.24
	Up
	514.04
	0.00

	6
	miR-10b
	427.56
	Up
	663.13
	0.00

	7
	miR-122
	12,562.51
	Up
	55.70
	0.00

	8
	miR-128
	198.59
	Up
	87.11
	0.00

	9
	miR-143
	1,448.97
	Up
	98.94
	0.00

	10
	miR-148a
	19,568.12
	Up
	99.82
	0.00

	11
	miR-148b
	53.72
	Up
	14.94
	0.00

	12
	miR-184
	2,606.03
	Up
	31.50
	0.01

	13
	miR-206
	1,461.41
	Up
	460,869,393.90
	0.00

	14
	miR-215
	147.32
	Up
	3,515.50
	0.00

	15
	miR-218
	86.65
	Up
	1,311.18
	0.00

	16
	miR-23a
	293.23
	Down
	0.00
	0.00

	17
	miR-26a
	544.95
	Up
	4.84
	0.01

	18
	miR-30b-5p
	179.37
	Up
	124.77
	0.00

	19
	miR-3432a
	80.71
	Up
	27,784,329.49
	0.00

	20
	miR-486
	98.50
	Down
	0.01
	0.00

	21
	miR-499
	5.10
	Down
	0.04
	0.00

	22
	miR-6529a
	115.94
	Down
	0.00
	0.00

	23
	miR-99a-5p
	156.95
	Down
	0.04
	0.01


1Base mean: the standard read counts of all samples. 
2Regulation: compared the control group, the miRNAs were either up-regulated or down-regulated in the inulin group. 
3Fold change: the ratio of miRNA expression in the inulin group versus the control group. 
4Adj p-value was adjusted for multiple testing.
[bookmark: _Hlk195036200][bookmark: _Toc207979955]Table 2‑4: Differentially expressed serum-derived small extracellular vesicles microRNAs exclusively expressed in either the control or inulin group of dairy cows suffering from subclinical mastitis
	miRNAs
	Control Group
(Mean reads)
	Inulin Group
(Mean reads)

	miR-206
	0
	1,725.80

	miR-3432a
	0
	94.60

	miR-499
	14.60
	0

	miR-6529a
	283.80
	0


The GO enrichment analysis result of top 10 functional categories of target genes from the differentially expressed miRNA is shown in Fig.2-3A. The categories of biological process, cellular component, and molecular function were influenced by inulin supplementation. The biological process mainly included positive and negative regulation of transcription by RNA polymerase II, cell differentiation, adhesion and apoptotic, regulation of transcription, and signal transduction. The cellular component included nucleus, cytoplasm, cytosol, plasma membrane, etc. The molecular function included binding of metal ion, ATP, DNA, and RNA. KEGG pathway analysis revealed 20 top pathways that were influenced by differentially expressed miRNAs (Fig.2-3B). These pathways include signal transduction, transport and catabolism, cellular community-eukaryotes, signaling molecules and interaction, endocrine system, immune system, digestive system, excretory system, development and regeneration, and replication and repair, cell motility.
[image: ]
[bookmark: _Toc207982993]Figure 2‑3: (A) Gene ontology enrichment analysis for the genes of the top 10 differentially expressed serum-derived small extracellular vesicles microRNAs from cows suffering from subclinical mastitis in three categories. (B) Kyoto Encyclopedia of Genes and Genomes pathway analysis for target genes of the top 20 differentially expressed serum-derived small extracellular vesicles microRNAs in cows suffering from subclinical mastitis.
[bookmark: _Toc207979764]Discussion
Bovine mastitis is an inflammatory reaction of breast parenchyma due to the invasion of pathogenic bacteria or caused by physical and chemical factors. The disease occurs frequently in summer (Dahl and McFadden, 2022). Mastitis has adverse impacts on animal welfare and the economic viability of dairy farms, as it increases the culling and mortality rates of dairy cows. SCM, which lacks apparent physical symptoms, is the most prevalent form of mastitis and causes more severe than clinical mastitis. Given the potential risks associated with the use of conventional antibiotics, it is imperative to find new solutions to prevent mastitis in dairy cows. In recent years, plant-derived bioactive compounds have gained considerable attention in the field of cow mastitis prevention and treatment. These compounds possess the abilities of inhibiting pathogenic microorganisms responsible for mastitis, alleviating inflammatory reactions, and improving lactation function (Khan et al., 2018; Olagaray et al., 2019). 
As one of the plant-derived bioactive compounds, inulin is wildly used as prebiotic to regulate the structure of intestinal microflora (Zhu et al., 2020). Moreover, it has been reported that inulin has multiple nutritional and health promoting functions. Previous studies have demonstrated that inulin supplementation in dairy cows leads to increased milk production and volatile fatty acid concentration, which benefitted their antioxidant and immune function (Zhao et al., 2022). Likewise, inulin supplementation modulated the abundance of microbiota and downregulated lipid metabolism in the rumen, as well as improved milk performance (Wang et al., 2021). Besides, inulin intake could modulate the microflora and metabolites in the mammary gland, upregulating beneficial bacteria, and downregulating mastitis-causing and proinflammatory microbiota in the milk (Wang et al., 2022). Based on these findings, the current study focused on exploring the changes of miRNA profile derived from the serum sEVs in dairy cows with SCM following inulin supplementation. Serum transports substances released by all organs and tissues, thereby reflecting the overall status of the body. Consequently, exploring the transformation of serum sEVs profiles will provide valuable insights into the mechanisms underlying the mitigation of inflammation induced by inulin supplementation.
sEVs are bilayer membrane particles that are released into extracellular space by cells (van Niel et al., 2022). The results of the nanoparticle tracking analysis showed that the particles derived from serum were within the range of particle size of sEVs. Moreover, the observed double-layer structure of the particles, as observed through Transmission Electron Microscopy, provides further evidence that the particles were indeed sEVs.
A total of 162 known miRNAs were identified in the current study, which is a lower number compared to other studies such as Quan et al. (2019), who found 359 miRNAs in bovine serum sEVs, and by Zhao et al. (2016), who reported 282 miRNAs in serum exosomes. The inulin supplementation had no effect on the RNA concentration. The read number of miRNAs had no significant difference between the two groups. However, the known miRNA number in the control group was higher than that in the inulin group (p<0.01). Since miRNA could pass through the digestive track and absorbed by the animal, which may lead to the release of cargos that can affect the original miRNA profiles (Kosaka et al., 2010; Manca et al., 2018). It can be speculated that some of the novel miRNAs found in our study may be caused by the plant sources in the feed, and the differences in number of novel miRNAs between the two groups may thus have been mainly induced by the inulin supplementation. Among the top 20 highly expressed miRNAs, 10 of them (miR-148a, let-7b, miR-143, let-7a-5p, miR-21-5p, miR-26a, let-7f, miR-10b, miR99a-5p, and miR-423-5p) were also found in the highly expressed serum sEVs-derived miRNAs from healthy cows (Zhao et al., 2016; Quan et al., 2019), suggesting their fundamental function in the growth, development, and lactation of dairy cows. Except for the miRNAs that present in healthy animals, some of the highly expressed miRNAs may be involved in the regulation of inflammation. For instance, miR-122 and miR-21-5p were found to be upregulated in mastitis milk, and breed disparity led to a different change in miRNA profiles (Ozdemir, 2020). Lai et al. (2021) also observed an increased expression of miR-21 in the serum of mastitis cows, which have a potential for the use as a biomarker for mastitis (Lai et al., 2021). Similarly, miR-23a was highly expressed in the inflammatory responses (Cai et al., 2021), implying their function in responding and regulating inflammation. Although, in our results, miR-21-5p showed no significant changes between the two groups, it was numerically decreased by half in the inulin group, potentially indicating the alleviation of mastitis. In addition, miR-23a was significantly decreased in the inulin group, which hints towards a potential suppression of inflammation mediated through miRNAs. 
The samples from individuals within the same group varied immensely, which could be explained by the different background of the animals. The patented high immune response technology revealed that dairy cows have distinct levels of immune responses (Ross et al., 2021), which can lead to or be caused by diverse miRNA expression levels. Despite these individual differences, the differences between the two groups in our study could be attributed to the supplementation of inulin in the diet. Moreover, the inulin intake shifts the pattern of rumen fermentation, modulates the structure of the microbiota, which might also have had an influence on the miRNA profiles in the exosomes and might have affected the results.
In this study, a total of 44 differentially expressed miRNAs were detected, including 23 known miRNAs and 21 novel miRNAs. The inulin group had 18 known miRNAs upregulated and 5 known miRNAs downregulated compared to the control group. Among the upregulated miRNAs, let-7c, let-7f, let-7i, miR-10, miR-128, miR-148a, and miR-143 have been associated with anti-inflammatory effects and shown to suppress proliferation and migration of cancer cells in various diseases (Wu et al., 2013; Xie et al., 2014; Yu et al., 2016; Wang et al., 2018; Zhao et al., 2019; Egea et al., 2021; Yang et al., 2021). For example, let-7c in alveolar macrophages inhibited LPS-induced inflammatory responses by targeting STAT3 (Yu et al., 2016). Similarly, let-7i regulated NFκB activation through modification of the SIRT1 protein expression, playing a role in immune response (Xie et al., 2014). miR-128 inhibited LPS-induced inflammation and apoptosis by targeting TGFBR2 in HK2 cells (Yang et al., 2021). miR-143 exhibited a tumor suppressive effect in gastric cancer by regulating the target of COX-2 (Wu et al., 2013). Additionally, miR-122 (Hu et al., 2012), miR-10 (Wang et al., 2018), miR-100 (Huang et al., 2017) have been associated with regulating cell proliferation and differentiation. The inhibition of miR-10 suppressed the proliferation of microglia cells by regulating NgR (Wang et al., 2018). miR-122, which is abundant in the liver, plays a role in lipid metabolism regulation (Hu et al., 2012) by negatively regulating forkhead box O3 (Duckett and Greene, 2022). This may provide an explanation for the previously observed down-regulation of lipid metabolism following inulin supplementation (Wang et al., 2021). In this study, miR-206 was exclusively found in the inulin group, and has been reported to have a positive correlation with bone mineral density and regulation of cell proliferation (Lu et al., 2021). On the other hand, 4 out of the 5 downregulated miRNAs (miR-23a, miR-486, miR-499, miR-99a-5p) have been found to be highly expressed in various diseases, promoting the migration and proliferation of cancer cells, and have been used as biomarkers for potential diagnostic or unfavorable prognostics (Tang et al., 2019; Gao et al., 2020; Garrido-Cano et al., 2021; Mao et al., 2022). For instance, miR-23a was highly expressed in mice with acute lung injury, and was involved in the modulation of LPS-induced inflammation and oxidative stress (Chen et al., 2021). The silencing of miR-486 could mediate the SIRT1 expression and alleviate inflammatory responses induced by LPS (Huang et al., 2019). The inhibition of miR-6529a could promote the proliferation and differentiation of preadipocytes by up-regulating TRIM21 expression in yaks (Ran et al., 2022).
According to the KEGG analysis, the differentially expressed miRNAs in our study are involved in the maintenance of cell and tissue structure and function (including cell adhesion, proliferation, survival, growth, migration, differentiation and apoptosis), lipid oxidation and metabolism, cellular processes (membrane trafficking, intracellular signal transduction), immunity and inflammation, etc. These findings are consistent with previous studies that have shown the ability of inulin, as a probiotic, to modulate the activations of MAPK and NFκB, leading to a dampening of inflammatory responses (Wu et al., 2017). Another study demonstrated that inulin supplementation elevated the level of prostaglandin A1, which exhibits anti-inflammatory properties by preventing the degradation of the NFκB inhibitor (Wang et al., 2022). Furthermore, our results indicate that endocytosis was the most affected pathway, suggesting that the process of sEVs entering the cell was influenced by the inulin supplementation. This can explain the observed changes in miRNA profiles. In addition, the pathways related to the digestion and absorption of nutrients such as carbohydrates, vitamins and calcium were affected by the inulin supplementation. This suggests that the nutrient digestibility should be considered when supplementing diets with inulin. 
[bookmark: _Toc207979765]Conclusion
Inulin supplementation affected the expressions of bovine serum-derived sEVs-miRNAs, influencing the processes such as the regulation of cell structure and function, lipid oxidation and metabolism, cellular processes, immunity and inflammation, as well as digestion and absorption of nutrients. This study provides insights into the molecular-level mechanisms through which inulin supplementation exerts its effects, offering a possible explanation for the observed outcomes at the molecular level.
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Inulin induced changes of serum and milk extracellular vesicles and their function in lactating dairy cows with subclinical mastitis
Chapter 3 Effects of inulin on milk-derived small extracellular vesicles RNAs from dairy cows with subclinical mastitis



In the previous chapter, through the detection and analysis of small extracellular vesicle-derived microRNAs (sEVs-miRNAs) in serum, differentially expressed (DE) miRNA molecules were successfully identified. Functional enrichment results showed that these DE miRNAs participate in the physiological regulation of dairy cows mainly by regulating immune and metabolic pathways, providing evidences at the serum level for revealing the molecular regulatory mechanisms of dairy cows under stressed states.
However, as an important product secreted by the mammary glands of dairy cows, milk contains sEVs-RNA molecules (including miRNAs, messenger RNAs (mRNAs), and long non-coding RNAs (lncRNAs)) that not only reflect mammary gland health but may also be closely related to milk quality and maternal-offspring signal transmission. At present, it remains unclear whether there are differences in expression characteristics and pathway regulation between these milk sEVs-RNAs and serum sEVs-miRNAs.
Therefore, this chapter will focus on milk samples, systematically detect the expression profiles of miRNAs, mRNAs, and lncRNAs therein, identified RNA molecules with significant differential expression through differential expression analysis, and further explore the biological pathways mainly affected by these milk-derived sEVs-RNAs (such as pathways related to mammary gland development, milk component synthesis, and immune defense) by combining functional enrichment analysis. This will allow a comparison of the similarities and differences between sEVs-RNA regulatory networks in serum and milk, thereby providing a more complete evidence chain for comprehensively deciphering the RNA-mediated molecular regulatory mechanisms in dairy cows.
[bookmark: _Toc207979767]Abstract
Milk contains small RNAs (miRNA, mRNA, lncRNA) that are shielded by small extracellular vesicles (sEVs). Beyond variations among individuals, many factors, including nutrition, play a role in shaping miRNA expression profiles. Inulin has the potential to regulate milk composition and reduce inflammation in bovine subclinical mastitis (SCM). This study is to explore milk-derived sEVs-RNAs variations induced by inulin supplementation in SCM-suffering cows. Fourteen lactating cows diagnosed with SCM were equally assigned to either an inulin or a control group. Apart from total mixed rations, cows in the inulin group were provided with 300 g/d inulin during the morning feeding, while the control group did not receive any supplement. Following 1 week of adaptation and 5 weeks of treatment, sEVs-miRNA, sEVs-mRNA, lncRNA, and sEVs-circRNA were isolated from the milk of each cow. RNAs were subjected to high-throughput sequencing and differentially expressed (DE) miRNAs (p < 0.05 and ∣log2FC∣> 1) were detected through bioinformatics analysis. Gene Ontology (GO) enrichment and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analyses were conducted to examine the target genes of DE RNAs. A total of 350 miRNAs, 10,187 lncRNAs and 19,861 mRNAs were identified in the study. Among these molecules, comparative analysis between the two groups revealed 9 DE miRNAs, 542 DE lncRNAs and 1,300 DE mRNAs. The target genes of DE RNAs influence organismal systems, cellular processes, signal transduction, metabolism, potentially affecting inflammatory response and milk production. Overall, our results provide evidences for the finding of changes in milk composition and mitigation in bovine SCM.
[bookmark: _Toc207979768]Introduction
Milk contains abundant nutrients and bioactive substances, providing a comprehensive source of essential nutrients and immune protection for newborns and juvenile animals. Bioactive substances in milk have shown regulatory potential in immunity, infection, and inflammation control (Hill and Newburg, 2015). In recent decades, extracellular vesicles, particularly small extracellular vesicles (sEVs) with a size range of 30-150 nm, have been widely studied as bioactive compounds for their biological functions (Gao et al., 2021).
Exogenous sEVs have a double-layer structure and are resistant to acidic conditions and RNases (Izumi et al., 2015). They protect their cargo from harsh conditions, allowing passage through the gastrointestinal tract and absorption in the small intestine (Stoorvogel et al., 2002). These vesicles carry a diverse array of bioactive molecules known as cargos, including proteins, lipids, and various types of RNAs (Stoorvogel et al., 2002). Among the RNA species inside sEVs, messenger RNA (mRNA), long non-coding RNA (lncRNA), and circular RNA (circRNA) are of particular interest due to their heterogeneous and significant biological functions. A study examining miRNA profiles prior to and after a Staphylococcus aureus infection in cattle identified 22 mammary-expressed objective genes from the revealed differentially expressed (DE) miRNAs. These objective genes participate in modulating immune processes and inflammation responses (Sun et al., 2015). Milk-derived sEVs can also regulate tumor occurrence and transition, mediating apoptosis and inflammation (Samuel et al., 2017; El-kattawy et al., 2021). Bovine milk-derived sEVs have revealed protective effects from oxidative stress, affected metabolism processes, and improved energy status (Chen et al., 2020; Wang et al., 2021a). Additionally, they were shown to alter microbial communities in mice through milk intake containing sEVs (Zhou et al., 2019). Conversely, sEVs can also have negative effects in certain situations. For instance, despite reducing tumor growth, milk sEVs can also accelerate cancer metastasis by inducing epithelial-to-mesenchymal transition in cancer cells (Samuel et al., 2021).
As the key cargo of sEVs, miRNAs modulate genes expression at the post-transcriptional level by base-pairing with complementary messenger RNA targets, influencing protein synthesis (Kuokkanen et al., 2010; Ong et al., 2021). They play vital roles in biological processes, cellular components, and molecular functions by modifying gene expression (Zhang et al., 2022b) and influencing numerous pathways, including signal transduction, diseases, and cellular processes (Quan et al., 2020). The miRNA expressions vary widely in different studies, influenced by factors such as breed, environment, and lactation period (Fan et al., 2021a; Yun et al., 2021). Furthermore, miRNAs are significantly altered during different lactation periods, abundant miRNAs regulate basic metabolic, cellular and immunological functions (Do et al., 2017). And 7 milk-specific miRNAs consistently expressed, offering the potential for quality control (Chen et al., 2010). 
Moreover, variations in sEVs-miRNAs may reflect the health conditions of animals. Abnormal miRNA expression can contribute to disease pathogenesis (Do et al., 2021). The expression levels of miR-142-5p and miR-223 were increased after Streptococcus uberis infection (Sun et al., 2015). Similarly, lipoteichoic acid can activate inflammatory responses and increase miR-23a targeting of PI3K to regulate inflammation (Cai et al., 2021). Uterine infections in dairy cow result in 30 DE miRNAs compared to healthy cows. These miRNAs play a crucial role in combating pathogen infestation and regulating inflammation (Kasimanickam and Kastelic, 2016). The above studies suggest the capability of miRNA profiles as disease biomarkers and metabolic condition detection (Colitti et al., 2020). Different feed compositions also lead to variations in miRNA expression. Feed restrictions affected the abundance of miRNAs in milk sEVs (Leduc et al., 2023). Similarly, substituting a portion of alfalfa hay with a mixture of byproducts in cattle feed resulted in 9 DE miRNAs in milk (Quan et al., 2020). These miRNAs are shown to participate in processes such as fat metabolism, taurine and hypotaurine metabolism, and glycosphingolipid biosynthesis. The diversity of miRNA composition and expression under various nutritional and health conditions warrants further attention. 
mRNAs are a type of RNA that serve as a template for protein synthesis in cells (Faure et al., 2017). They can be delivered into recipient cells, and can be translated into proteins, thus influencing cellular functions and phenotypes (Valadi et al., 2007). The mRNA cargo within sEVs reflects the physiological state of the parent cell, and their transfer can modulate gene expression patterns in target cells (Valadi et al., 2007). This process is critical in various biological contexts. It can influence histone modification, lipid catabolism, oxidative stress, and transcriptional regulation in response to stress in different species (Mecocci et al., 2021).
LncRNAs are a type of non-coding RNA that exceeds 200 nucleotides in length (Beermann et al., 2016). They do not encode proteins, but they do play essential roles in regulating cellular functions and gene expression at transcriptional and post-transcriptional stages (Jia et al., 2022). lncRNA influence the expression level of mRNA, and thus affects the translation process (Chen et al., 2022; Feng et al., 2024). sEVs-lncRNAs are involved in various physiological and pathological processes, including anti-apoptotic effects, inflammation and immune response (Lin et al., 2021; Wang et al., 2021b; Chen et al., 2022). Moreover, lncRNAs were shown to influence the fundamental biological properties and functions of bovine mammary epithelial cells under inflammatory conditions (Wang et al., 2019a).
CircRNAs are a type of non-coding RNAs characterized by a covalently closed circular structure, making them stable and resistant to exonucleases (Bai et al., 2023b). They regulate cellular events by binding microRNAs, interacting with RNA-binding proteins, or being translated into polypeptides (Sadhukhan et al., 2024). CircRNAs contribute to various biological processes such as cell dynamics and inflammatory responses and may regulate bovine mastitis through the modulation of inflammation-related microRNAs (Wang et al., 2022a).
Mastitis refers to inflammation on the mammary gland caused by various pathogens, including bacteria such as Staphylococcus aureus and Escherichia coli (Ali et al., 2022). Mastitis is an economically significant disease in dairy cows, affecting both animal welfare and milk production (Antanaitis et al., 2021). It commonly occurs in summer and autumn, and is classified into clinical or subclinical forms (Antanaitis et al., 2021). While clinical mastitis presents evident symptoms, subclinical mastitis (SCM) often goes undetected due to the absence of observable signs, thereby posing a persistent challenge in dairy herd management (Ali et al., 2021). Bovine SCM negatively affects production quality and cow health (Antanaitis et al., 2021). The milk from cows with SCM has a lower fat and protein percentage, a lower concentration in lactose, and a higher somatic cell count (Antanaitis et al., 2021; Ali et al., 2022). Moreover, the udder health status affects the composition of milk microbiota (Kaczorowski et al., 2022; Steinberg et al., 2022). Since the milk can be infected with diverse microbiota, the SCM milk may be harmful for the descendants or other consumer (Antanaitis et al., 2021). The health conditions of the mammary gland affect miRNA profiles, leading to DE miRNAs between healthy and SCM cows (Stefanon et al., 2023).
Plant components are widely used in preventing and treating inflammations to reduce the use of antibiotics during farming (Khan et al., 2023). Inulin is often utilized for its prebiotic properties, given its capability to promote the growth of microorganisms in the hindgut (Usman et al., 2021). Additionally, it can promote the health condition of the animal. Studies have shown that both antioxidant and immune functions are enhanced in cows when their feed is supplemented with inulin (Zhao et al., 2022). Similarly, inulin supplementation may help mitigate SCM by regulating microbial communities and metabolites within the mammary tissue (Wang et al., 2022). Moreover, supplementing with inulin has been shown to increase milk production and to improve the milk fatty acid profile (Zhao et al., 2022). However, the molecular-level changes behind these results are unclear. We hypothesize that supplementing inulin in the diet could alter bovine milk-derived sEVs-miRNA profiles.
Based on a previous study, a supplementation with inulin at 300 g/d showed the best results in reducing pathogenic bacteria in the mammary tissue (Wang et al., 2022). Therefore, we have chosen the same dose of inulin for this study. The health condition of the mammary tissue can be reflected in milk. Analyzing changes in milk-derived sEVs-RNA profiles induced by inulin may help understand the mitigation process of inflammation due to inulin by identifying involved pathways. The objective of this study is to supply new evidence for differences in miRNA, mRNA, lncRNA, and circRNA expression induced by inulin in SCM-suffering cows.
[bookmark: _Toc207979769]Materials and methods
[bookmark: _Toc207979770]Animal experiment and sample collection
The animal management, experimental procedures, animal welfare and ethics protocol of this study were in compliance with the academy’s guidelines for animal research and approved by the Animal Ethics Committee of the Chinese Academy of Agricultural Sciences (Beijing, China; approval number IAS-2020-92).
Experimental animals
The current study was performed in July and August 2020 at a commercial dairy farm in Beijing, China. The selection of the animals was according to the outcomes of California mastitis test (CMT), milk cell count data, and clinical features. Briefly, milk was mixed with an equal volume of reacting solution of the CMT, and four levels were graded according to milk color and form (Wang et al., 2020). The cows that tested positive or weakly positive in CMT and showed no diagnostic signs in their udders were defined as SCM-suffering cows. Fourteen SCM-suffering Holstein dairy cows (days in milk = 161 ± 28 d; parity = 2.9 ± 1.3; milk yield = 28.3 ± 5.4 kg/d; milk somatic cell counts = 659 ± 97 ×103 cells/mL, Table 3-1) were divided into a control and an inulin group at random (n = 7 each). The feeding regimen remained consistent with our previous research (Yu et al., 2023b). Cows were individually housed and received total mixed rations (Supplemental Table S1) with or without 300 g/d of inulin supplement for the inulin and control group, respectively (Wang et al., 2022). Total mixed rations were provided at 08.00, 14.00, and 20.00 h, with unrestricted access to water. Inulin with the purity over 85% was supplemented to each cow in inulin group through oral administration using a feeder (Boehringer-Ingelheim, Biblach, Germany) during morning feeding (Wang et al., 2022). The experiment constituted of a 1-week adaptation phase followed by a 5-week treatment phase.
[bookmark: _Toc207979956]Table 3‑1: Basic information (Mean) on dairy cows with subclinical mastitis in control (n = 7) and inulin group (n = 7)
	
	Control group
	Inulin group
	Average
	SEM1
	P values

	Days in milk
	174
	149
	161
	7.51
	0.09

	Parity
	2.6
	3.1
	2.9
	0.35
	0.43

	Milk yield (kg/d)
	30.7
	25.8
	28.3
	1.43
	0.09

	Milk somatic cell counts
(×103 cells/mL)
	641
	677
	659
	26.01
	0.51

	CMT2 results
	+/++3
	+/++
	/
	/
	/


1SEM = standard error of the mean.
2CMT = California mastitis test.
3+ = weakly positive, ++ = positive.
Sample collection
Milk samples were obtained from a bottle connected to the automatic milking system at 06.00, 12.00, and 18.00 h at the last day of the experiment. The samples were mixed at a ratio of 4:3:3, and preserved at -80 °C for subsequent procedures.
[bookmark: _Toc207979771]Separation of milk small extracellular vesicles
Milk samples were defrosted in a room temperature water bath. Five mL of milk sample was centrifuged for 10 min at 1,200×g at 4 °C two times to eliminate fat and large debris. Collecting the clarified supernatant and centrifuged at 21,500×g at 4 °C for 50 min to eliminate casein and remnant fat. sEVs were isolated following the previously described protocol (Yu et al., 2023b). In summary, the supernatant was balanced to 15 mL by mixing with PBS, transferred into the pre-cleaning column, and centrifuged to eliminate the cellular debris. Nonspecific protein aggregates, lipoproteins, and cytokines were eliminated by repeatedly centrifuging the flow-through in an Amicon Ultra-15 filter. Then, an isolation column was used to isolate sEVs. Equilibration buffer (5 mL) was incorporated into the column and centrifuged at 3,000×g for 2 min. After replacing the tube, the sample was loaded into the same column and centrifuged to make sEVs bound with the membrane. sEVs were washed out by the wash buffer. The ultimate eluate was obtained and preserved at -80 °C.
Nanoparticle tracking analysis was conducted using ZetaView (S/N 252, Particle Metrix, Germany) with resolution of 0.703 µm/px, to identify the concentration and particle size of sEVs. The dilution factor was 500 with PBS.
[bookmark: _Toc207979772]RNA library construction and sequencing
The isolation of small RNAs followed the protocol of miRNeasy Mini Kit (cat. No. 217004, QIAGEN, Germany). Concisely, sEVs samples were initially lysed and homogenized in a highly denaturing buffer, effectively deactivating RNases and ensuring the preservation of intact RNA during purification. By mixing with ethanol, the samples were loaded into the column. The contaminants were pass through the membrane and washed away. The eluted, high-quality RNAs were acquired for subsequent examination.
The small RNA sequencing was executed by VivaCell (Shanghai, China) using the Illumina NovaSeq 6000, PE150. Briefly, T4 RNA Ligase connected 3’ and 5’ adapters to the ends of RNA molecules, and the library was reverse transcribed and then amplified. The purified and recovered cDNA constructs were subjected to library checking and normalization. mRNAs and non-coding RNAs were retained by removing rRNA. The RNA samples were micro amplificated following the instructions of the RNAlib Single cell WTA Kit (cat. No. A5001, Lifeint, Fujian, China). Following the instructions of the Lifeint Transpose DNA Library Prep Kit (cat. No. A5005, Lifeint, Fujian, China) for Illumina, the RNAs were convert to cDNA and connected to adapters to form libraries.
[bookmark: _Toc207979773]Bioinformatics analysis
The bioinformatics analysis was executed by VivaCell (Shanghai, China). In brief, raw data were converted from basic reads by base calling. Reads with 3’ adapters, without 5’ primer contaminants, and ranging between 15 nt and 41 nt were kept. The quality of the read was controlled by Fastx_toolkit (version 0.0.13) (Gordon and Hannon, 2010). The clean reads were acquired by filtering reads containing N bases using Fastq (Patel and Jain, 2012). Non-coding RNAs, including miRNAs, long non-coding RNAs, other small RNAs, ribosomal RNAs, and small nucleolar RNAs, were annotated by searching through the Rfam (v.10.1) database using bowtie (Griffiths-Jones et al., 2003). The miRBase (v.21) database was used to recognize miRNAs and investigate their expression modes (Kozomara et al., 2019). The miRDeep2 was used for quantitative statistical analysis of small RNAs and for predicting potential miRNA precursors and mature miRNA sequences (Friedländer et al., 2011). The analyses of Gene ontology (GO) enrichment and the Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway were conducted according to the forecasted DE RNA target genes.
[bookmark: _Toc207979774]Statistical analysis of data
Bacic information, annotated small RNAs, length distribution of miRNAs, and the number of known miRNAs were analysed for differences using a T-test with SPSS 26, with p < 0.05 considered as significant difference. The DE miRNAs, mRNAs, lncRNAs, and circRNAs were analysed using the R packages “DESeq2” (Au - Liu et al., 2021) and selected based on p < 0.05 and ∣log2FC∣> 1. The miRNA names were present as miRNA/precursor. The padj was obtained for multiple testing by adjusting p-value using the Benjamin-Hochberg correction (Tino, 2009). GO and KEGG analysis was carried out by hypergeometric distribution with R (version R3.5.1), and taking padj < 0.05 as the significant enrichment standard.
[bookmark: _Toc207979775]Results
[bookmark: _Toc207979776]Confirmation of Bovine Milk Small Extracellular Vesicles
The sEVs particle size distribution was analyzed by nanoparticle tracking (Fig.3-1A). The diameter of sEVs reached its peak at 102.2 nm, with 97.7% of all particles falling within the range of 30 to 150 nm.
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[bookmark: _Toc207982994]Figure 3‑1: (A) Particle size distribution of bovine milk-derived small extracellular vesicles from cows with subclinical mastitis. (B) Profiling of annotated small RNAs derived from milk small extracellular vesicles in dairy cows with subclinical mastitis in the control and inulin group. (C) The length distribution of microRNAs derived from milk small extracellular vesicles in dairy cows with subclinical mastitis in the control and inulin group. (D) The number of known milk small extracellular vesicles derived microRNAs in the control and inulin group.
[bookmark: _Toc207979777]miRNA analysis
Profiling of small extracellular vesicles-RNA in bovine milk
The total numbers of annotated RNAs, including cis-regulatory elements, long non-coding RNAs, other small RNAs, ribosomal RNAs, small nucleolar RNAs, and miRNAs, are shown in Fig.3-1B. The miRNAs (Fig.3-1C) varied in length from 18 to 25 nt, and the most were 22 nt long (45.49% and 43.72% for the control and inulin groups, respectively).
A combined total of 350 miRNAs were detected among all samples. There were 332 miRNAs in control group and 249 miRNAs in inulin group (Fig.3-1D).
Most abundant small extracellular vesicles-microRNA in bovine milk
Table 3-2 displays the top 20 miRNAs with the highest expression levels in both groups. Among them, 18 miRNAs (let-7b/let-7b, let-7a-5p/let7a-1, let-7a-5p/let7a-2, let-7a-5p/let7a-3, miR-1246/mir-1246, miR-423-5p/mir-423, let-7f/let-7f-1, let-7f/let-7f-2, let-7c/let-7c, let-7g/let-7g, miR-16a/mir-16a, miR-26a/mir-26a-1, miR-26a/mir-26a-2, miR-320a/mir-320a-1, miR-320a/mir-320a-2, miR-200c/mir-200c, miR-191/mir-191, miR-151-5p/mir-151) were expressed at high levels in both groups.
[bookmark: _Toc207979957][bookmark: _Hlk208211753]Table 3‑2: Top 20 highly expressed sEVs derived miRNAs in milk from dairy cows with subclinical mastitis in two groups
	
	Group

	
	Control (n = 7)
	Inulin (n = 7)

	miRNAs
	Mean
	Percentage (%)
	Mean
	Percentage (%)

	1
	let-7b/let-7b
	17,004.86
	14.95 
	24,012.14
	19.34 

	2
	let-7a-5p/let-7a-3
	17,868.43
	15.71 
	22,381.71
	18.03 

	3
	let-7a-5p/let-7a-1
	17,862.43
	15.70 
	22,384.71
	18.03 

	4
	let-7a-5p/let-7a-2
	17,859.71
	15.70 
	22,377.43
	18.02 

	5
	miR-1246/mir-1246
	12,212.71
	10.74 
	6,965.57
	5.61 

	6
	miR-423-5p/mir-423
	7,105.71
	6.25 
	3,811.00
	3.07 

	7
	let-7f/let-7f-2
	3,107.14
	2.73 
	2,894.43
	2.33 

	8
	let-7f/let-7f-1
	3,011.57
	2.65 
	2,801.57
	2.26 

	9
	let-7c/let-7c
	2,080.14
	1.83 
	3,360.86
	2.71 

	10
	let-7g/let-7g
	1,283.86
	1.13 
	1,037.71
	0.84 

	11
	miR-16a/mir16a
	1,366.14
	1.20 
	785.71
	0.63 

	12
	miR-26a/mir26a-2
	1,366.14
	1.20 
	779.00
	0.63 

	13
	miR-26a/mir-26a-1
	1,365.71
	1.20 
	778.86
	0.63 

	14
	miR-320a/mir-320a-1
	819.57
	0.72 
	869.43
	0.70 

	15
	miR-320a/mir-320a-2
	819.57
	0.72 
	869.43
	0.70 

	16
	miR-200c/mir-200c
	858.43
	0.75 
	760.57
	0.61 

	17
	miR-191/mir-191
	821.57
	0.72 
	355.14
	0.29 

	18
	miR-151-5p/mir-151
	439.14
	0.39 
	706.14
	0.57 

	19
	miR-30a-5p/mir-30a
	583.71
	0.51 
	316.43
	0.25 

	20
	let-7i/let-7i
	384.29
	0.34 
	380.00
	0.31 

	
	Total
	
	95.13 
	
	95.55 


Differentially expressed small extracellular vesicles-microRNAs in bovine milk
Between the two groups, there were 9 miRNAs that demonstrated differential expression. Compared to control group, miR-7/mir-7-3, miR-7/mir-7-2, and miR-7/mir-7-1 were upregulated, while miR-6529a/mir-6529a, miR-423-5p/mir-423, miR-339b/mir-339a, miR-339b/mir-339b, miR-339a/mir-339a, miR-22-3p/mir-22 were downregulated in the inulin group (Fig.3-2A). One of the DE miRNAs (miR-423-5p) was also found to be highly expressed.
The predicted target genes of DE miRNAs were applied for a GO enrichment analysis. The top 20 functional categories are shown in Fig.3-2B. A total of 16 target genes were significantly enriched in the categories of molecular function and cellular component. In the KEGG pathway analysis, 111 target genes were significantly enriched, with the top 20 pathways displayed in Fig.3-2C. These include organismal systems (sensory system, endocrine system, development and regeneration), cellular processes (cell motility, cellular community), signal transduction, and human diseases (cancer, drug resistance, cardiovascular disease).
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[bookmark: _Toc207982995]Figure 3‑2: Differentially expressed milk-derived small extracellular vesicle microRNAs and functional analysis of their target genes in cows with subclinical mastitis between the control and inulin group. (A) Differentially expressed milk-derived small extracellular vesicles microRNAs from cows with subclinical mastitis between the control and inulin group. (B) Gene ontology enrichment analysis for the top 20 functions of target genes related to differentially expressed milk-derived small extracellular vesicles microRNAs from cows with subclinical mastitis. (C) Kyoto Encyclopedia of Genes and Genomes analysis for the top 20 pathways influenced by target genes from differentially expressed milk-derived small extracellular vesicles microRNAs in cows with subclinical mastitis.
[bookmark: _Toc207979778]lncRNA analysis
Taken all animals together, there were 3,888 known lncRNAs and 6,299 novel lncRNAs identified (Fig.3-3). The DE lncRNAs are shown in Fig.3-4. There were 190 known and 352 novel lncRNAs differentially expressed between the two groups (Fig.3-4A). A total of 226 lncRNAs were up-regulated, of which 72 known lncRNAs. A total of 316 lncRNAs were down-regulated, of which 118 known lncRNAs (Fig.3-4B).
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Figure 3‑3: Number of lncRNA genes identified in bovine milk derived EVs with subclinical mastitis.
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Figure 3‑4: Differential expression of milk-derived small extracellular vesicles lncRNA genes from cows with subclinical mastitis between the control and inulin group. (A) The number of known and novel differentially expressed lncRNAs. (B) Volcano plot of up-regulated and down-regulated known lncRNAs between the two groups.
The top 20 functions of DE lncRNAs cis target genes are shown in Fig.3-5A. There were 64 cis targets identified, participating in tRNA binding, peptide binding, nuclear receptor binding, isomerase activity, exonuclease activity, DNA-binding transcription repressor activity, DNA-binding transcription factor activity, RNA polymerase Ⅱ-specific, cysteine-type deubiquitinase activity, cyclosporin A binding, chromatin DNA binding, chromatin binding, catalytic activity, acting on a protein, cargo receptor activity, and amide binding, 3’-5’ exonuclease activity, etc.
The top 20 KEGG pathways influenced by DE lncRNA cis target genes are shown in Fig.3-5B, including VEGF signaling pathway, sphingolipid metabolism, retinol metabolism, protein processing in endoplasmic reticulum, primary immunodeficiency, mucin type O-glycan biosynthesis, lysosome, lipid and atherosclerosis, hedgehog signaling pathway, endometrial cancer, apoptosis-multiple species, etc.
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Figure 3‑5: Functional analysis of cis target genes associated with differentially expressed milk-derived extracellular vesicle lncRNAs in cows with subclinical mastitis. (A) Gene ontology (GO) enrichment analysis for the top 20 functions. (B) Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis for the top 20 pathways.
[bookmark: _Toc207979779]mRNA analysis
A total of 19,861 mRNAs were identified in the experiment, with 578 out of 1,300 DE mRNAs up-regulated and 722 down-regulated (Fig.3-6). The top 20 functions of DE mRNAs are shown in Fig.3-7A. These DE mRNAs participated in U2-type precatalytic spliceosome, transcription repressor complex, spliceosomal complex, regulation of triglyceride biosynthetic process, regulation of DNA replication, regulation of cell growth, nucleotide-sugar metabolic process, mRNA metabolic process, early endosome, chromatin organization, etc.
The top 20 pathways influenced by DE mRNAs including taurine and hypotaurine metabolism, osteoclast differentiation, NF-kappa B signaling pathway, inositol phosphate metabolism, herpes simplex virus 1 infection, endocrine resistance, cell cycle, breast cancer, biosynthesis of nucleotide sugars, amino sugar and nucleotide sugar metabolism, etc. (Fig.3-7B).
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Figure 3‑6: Number of differentially expressed milk-derived small extracellular vesicles mRNAs from cows with subclinical mastitis between the control and inulin group.
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Figure 3‑7: Functional analysis of target genes associated with differentially expressed milk-derived extracellular vesicle mRNAs in cows with subclinical mastitis. (A) Gene ontology (GO) enrichment analysis for the top 20 functions. (B) Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis for the top 20 pathways.
[bookmark: _Toc207979780]circRNA analysis
The number of different types of circRNAs are shown in Fig.3-8 There were no significant differences in the abundance of circRNA between the two groups in this study (Fig.3-9).
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Figure 3‑8: Statistical distribution of source characteristics of milk-derived small extracellular vesicles circRNAs in cows with subclinical mastitis.
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Figure 3‑9: Volcano plot of Volcano plot of differentially expressed milk-derived small extracellular vesicles circRNAs in cows with subclinical mastitis between the control and inulin group.
[bookmark: _Toc207979781]Discussion
Daily milk production and its fluctuations are indicators of the health of dairy cows (Kok et al., 2021). Mastitis, including SCM, is mammary inflammation in lactating cows caused by bacterial infections and physical factors such as excessive milking settings and improper operation (Cai et al., 2021; Gasparik et al., 2022). SCM, like clinical mastitis, negatively impacts animal welfare and the farm economy but is more challenging to detect due to the absence of significant changes in milk and clear clinical signs in the udder (Ibrahim et al., 2023; Cai et al., 2021).
Currently, antimicrobials are widely employed as an effective treatment for mastitis (Smulski et al., 2020). However, their overuse has led to antibiotic resistance, reducing drug efficacy. It is often unnecessary to treat non-severe mastitis in dairy cows (Nobrega et al., 2020). With the prohibition of feed antibiotics and a trend toward reducing antimicrobials in farming, plant extracts are gathering considerable interest in contemporary research. These extracts contain various bioactive components, including polyphenols, polysaccharides, and essential oils. Numerous studies have focused on their potential for disease prevention and antibacterial activity against multiple microorganisms. Several plant compounds have been found to have antimicrobial potential and to improve antioxidant and immune functions, suggesting that plant extracts can reduce inflammation, enhance production performance, and benefit animal health (Blaxland et al., 2022; Cao et al., 2023; Guo et al., 2023). Furthermore, plant extracts can impact the microbiota structure (Su et al., 2023; Yu et al., 2023a).
Inulin, a plant extract, is often used as a prebiotic supplement to modulate digestive tract microbiota (Zhu et al., 2020; Wang et al., 2021b). Inulin also increases milk production, reduces inflammatory factors, and alleviates bovine mastitis symptoms (Wang et al., 2021b; Zhao et al., 2022). Recently, inulin has been used in bovine mastitis therapy. To understand its molecular impact on bovine mastitis, in this study, we monitored differences in mastitis mitigation and investigated inulin's anti-inflammatory mechanism.
The extracellular vesicles are small nanovesicles, classified into sEVs and ectosomes, based on particle size, cargo sorting and biogenesis (Gao et al., 2021). According to nanoparticle tracking analysis, 97.7% of milk-derived particles are sEVs. sEVs-RNAs, including microRNAs, mRNAs, lncRNAs, and circRNAs, forms complex regulation networks that contribute to the maintenance of cellular functions and metabolism (Liu et al., 2023; Xiao et al., 2022). They have diverse functions, which are all interconnected with each other. By the interaction with microRNA, mRNA could be degraded or inhibited, thereby affecting protein synthesis (Schnall-Levin et al., 2011). Both lncRNA and circRNA could act as a miRNA sponge, influencing the gene expression and cellular processes (Zhou et al., 2023).
This study identified 350 miRNAs, with 332 in the control group and 249 in the inulin group. These numbers align with previous findings by Tsukada et al. (Tsukada et al.) who found 277 miRNAs in milk-derived sEVs from healthy cows (Tsukada et al., 2022), along with the findings of Quan et al. (2020b) who illustrated the presence of 276 miRNAs in milk-derived sEVs (Quan et al., 2020). We found that inulin supplementation did not significantly affect miRNA length, known miRNA numbers, or small RNA read numbers (including cis-regulatory elements, long non-coding RNAs, other small RNAs, ribosomal RNAs, small nucleolar RNAs, and miRNAs). Nineteen out of the top 20 miRNAs with high expression levels in this study, excluding miR-1246, were earlier reported in milk sEVs from healthy cattle (Quan et al., 2020; Li et al., 2022). These miRNAs may influence milk's basic functions in growth, development, and immunity. For instance, the let-7 family, including let-7a-5p, let-7b, let-7c, let-7f, and let-7g in this study, is known for regulating cell proliferation, differentiation, apoptosis, invasion, and migration (Liu and Jiang, 2020; Egea et al., 2021). These miRNAs likely contribute to regulating breast tissue growth and lactation process (Quan et al., 2020). Besides, miR-16a can target large tumor suppressor kinase 1 and has been demonstrated to manipulate milk lipid metabolism in the epithelial cells of bovine breast tissue (Chen et al., 2019). In addition, miR-423-5p, miR-26a, let-7a-5p, let-7c, and let-7f may modulate inflammation (Kreuzer-Redmer et al., 2016; Zhang et al., 2021; Yu et al., 2022). These miRNAs highlight the fundamental mechanism of the immune response in milk. The highly expressed miR-1246 was found upregulated in cows suffering from mastitis (Lai et al., 2020) or those challenged with LPS (Sullivan et al., 2022). Although we found no significant changes in miR-1246 between the two groups, the normalized mean reads decreased numerically from 12,212.71 to 6,965.57, suggesting the potential alleviation of mastitis.
Individual differences are one of the factors that induce variations in miRNA profiles. Dairy cows show distinct levels of immunoglobulin and specific antibody concentrations in milk, which reflects their diverse immune response levels (Ross et al., 2021). The current study demonstrated significant individual differences within each group due to the animals' diverse backgrounds. Furthermore, the variations between the control and inulin group might be associated with changes in nutritional factors. Moreover, inulin, as a prebiotic, not only alters the microbiota profile in the gastrointestinal tract but can also modulate the microbiota and metabolite levels in mammary organ (Wang et al., 2022). Therefore, consuming inulin may affect the miRNA profile directly through cell communication or indirectly by modulating the microbiota composition. Among the DE miRNAs, the upregulated miR-7 is known to targeting FAK through the ERK/MAPK signaling pathway which suppress cellular activities (Cao et al., 2016). The downregulation of miR-6529a promotes preadipocyte multiplication, differentiation, and lipid deposition (Ran et al., 2022). This lipid deposition also explains the suppression of lipid metabolism in another inulin supplement study (Wang et al., 2021b). The inhibition of miR-423-5p targets GRIM-19 and suppresses prostate cancer (Lin et al., 2019). miR-339 and miR-22, can regulate cell motility, inflammation, and apoptosis, suggesting their roles in alleviating mastitis (Xie et al., 2020; Fan et al., 2021b).
The GO enrichment analysis revealed that DE miRNAs target genes affect key (top 20) molecular functions and cellular components. They primarily participate in maintaining cell and tissue structure and function, as well as in signal transduction. The KEGG analysis of DE miRNA target genes suggests that inulin may regulate signaling pathways, including MAPK, cAMP, Ras and Rap1. These signaling pathways influence cellular processes such as cell proliferation, migration, apoptosis, etc (Olson and Marais, 2000). The activation of the MAPK pathway can accelerate the inflammation process by stimulating the secretion of inflammatory factors (Zhang et al., 2022a). Rap1 can regulate MAPK activity and plays a role in immune regulation (Minato et al., 2007). In a like manner, another study found that inulin acts as a potent modulator of inflammation through MAPK activation (Wu et al., 2017). The activation of TRP channels influences the MAPK signaling pathway, consequently inducing an inflammatory response (Zhang et al., 2023). Moreover, thyroid hormone regulates growth, development, and metabolism, and is essential for maintaining immune function and response (Lasa and Contreras-Jurado, 2022). Additionally, DE miRNAs target genes may influence milk production. The cAMP signaling pathway participates in the regulation of lipolysis by influencing protein expression levels (Ikoma-Seki et al., 2015). The growth hormone and oxytocin signaling pathway stimulate milk secretion and influence milk composition (Sadiq and Tadi, 2024). These findings may explain the effect of inulin on mitigating inflammation and improving milk production in cows with mastitis.
In healthy bovine milk sEVs, there were 3,475 novel and 6 annotated lncRNAs identified, and their expression levels showed significant variation across lactating stages (Zeng et al., 2019). The number of lncRNA identified in our study differs from their findings, which may be attributed to variations in the environment, origin of lncRNA, lactating period, feed structure, health condition, and inulin supplement.
lncRNAs have been reported to regulate gene expression that are located in close spatial proximity (Engreitz et al., 2016). The cellular function of lncRNA can be carried out by forming macromolecular complexes through interaction with proteins (Engreitz et al., 2016). The prediction of lncRNA functions can be carried out by identifying the DE protein-coding genes near the lncRNA loci (Derrien et al., 2012). The top 20 GO enrichment terms influenced by DE lncRNA cis target genes were molecular functions including enzymatic activity, molecular binding, and transcription regulation. More specifically, three terms are of importance: cyclosporin A binding, peptidyl-prolyl cis-trans isomerase activity, and cis-trans isomerase activity in general. The genes PPWD1 and PPIL1 identified in these GO terms, were found to influence protein folding and pre-mRNA splicing (Rajiv and Davis, 2018). They could influence the binding of cyclosporin A, which is involved in the steps of pre-mRNA splicing (Horowitz et al., 2002). Moreover, these genes are enriched in peptide binding, which influences mRNA transcription (Jackson et al., 2010). These outcomes confirmed the regulatory effects of lncRNA on mRNA. The KEGG pathway analysis shows that the DE cis genes were enriched in human diseases, metabolism, genetic information processing, cellular processes, signal transduction, and environmental adaptation. One of the significant pathways pointed to lysosome activation. Lysosomes can regulate the formation and secretion of sEVs by affecting their contents, therefore influencing sEVs functions (Eitan et al., 2016). Another pathway found involved the sphingolipid metabolism. As a structural component of the cell membrane, sphingolipids also affect the cellular signal transduction of sEVs (Burrello et al., 2020). Additionally, it has the potential to provide health benefits, such as promoting gut health (Jiang et al., 2022). Various pathways were found to influence the immune response, such as those involving lysosomes and apoptosis (Watts, 2022; Pinkoski and Green, 2005). Moreover, the enrichment of the sphingolipid metabolism pathway may explain the previous result of the changes of fat composition in SCM milk (Wang et al., 2021a). The VEGF signaling pathway was found to be associated with the regulation of breast cancer, and the CASP9 gene, enriched in this pathway in the present study, is consistent with other findings that illustrate it as a key gene in various diseases (Ferrero et al., 2018; Xie et al., 2022). 
In contrast to the findings by Zeng et al. (2019), who reported that lncRNAs have a higher expression than mRNAs in bovine milk sEVs, we found a higher mRNA level in the current study. A total of 1,300 DE mRNAs were found in two groups, 578 of them were up-regulated and 722 down-regulated. The top 20 GO functions of DE mRNA genes were involved in two categories: cellular components and biological processes. These GO terms ranged from terms involved in gene expression and metabolism to cell signaling and structural integrity. The DE mRNA genes participated in the regulation of mRNA metabolism, gene transcription and expression, signaling transduction, early endosome formation, lipid metabolism, and cellular processes including cell shape maintenance, motility, division, and apoptosis. The results suggested that inulin supplementation affected sEVs formation, milk lipid content, and physiological and pathological processes. In addition, genes involved in pathways of human diseases, signal transduction, metabolism, and cellular processes were significantly different. For example, the NF-kappa B signaling pathway, found to contribute to promoting the development and progression of different cancers (Tong et al., 2015), was one of the differentially enriched pathways. TLR4/NF-kappa B was demonstrated to act as a vital inflammatory signaling transduction pathway, playing a role in cell proliferation, apoptosis, and pro-inflammatory response (Yu et al., 2022). In the same manner, TLR4, an important player in the NF-kappa B signaling pathway, was found to be DE in the current study. This suggests that inulin contributes to the regulation of inflammation. Moreover, the disruption of the normal cell cycle may result in carcinogenesis (Johansson and Persson, 2008). The pathways of various cancers developments enriched in this study can be attributed to the DE mRNA genes that influence cell growth and death. Furthermore, other DE mRNA genes pointed to the carbohydrate pathway or the amino acid metabolism, which may explain the changes in milk protein and lactose content found previously (Wang et al., 2021a).
The DE RNAs identified in the current study provide evidence of inulin’s potential to reduce bovine SCM at the molecular level. Due to the fact that inulin can directly modulate host mucosal signaling to influence response to bacterial infection (Wu et al., 2017), further in vitro studies could determine whether inulin supplements affect RNA expression straightforwardly or through an intermediate products or compounds generated by the supplement within the animal body.
[bookmark: _Toc207979782]Conclusion
Inulin supplementation impacts the expression of bovine milk sEVs-miRNAs, sEVs-lncRNAs, sEVs-mRNAs, and alters the highly expressed miRNAs in cows with SCM. The target genes of these DE miRNA, mRNA, and lncRNA influence organismal systems, cellular processes, signal transduction, metabolism, and inflammation, which may affect inflammatory response and milk production. 
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[bookmark: _Toc207979784]General discussion
This PhD study investigated the effects of inulin supplementation on the composition of sEVs-RNAs in the serum and milk of SCM cows. By integrating sEVs-miRNAs, lncRNAs, and mRNAs data, the potential regulatory role of inulin in SCM cows was explored. The results suggest that inulin could influence immune and metabolic signaling pathways via sEVs-RNAs, highlighting a potential role for sEVs-RNAs in reflecting functional feed effects. This discussion will focus on comparing changes in sEVs-miRNAs between serum and milk, analyzing the miRNA-lncRNA-mRNA interactions in milk, exploring potential mechanisms of sEVs regulation by inulin, and summarizing the PhD study’s significance, limitations, and future research directions. 
In this study, although we aimed to assess the effects of inulin, other factors could also influence the outcomes. These include individual cow-level variations such as lactation stage, parity, baseline somatic cell count, and genetic background, all of which may alter immune status and metabolic activity. Environmental factors, including housing conditions, temperature, humidity, and farm management practices, could also affect cow physiology and consequently the sEVs profile. Future studies could minimize these interferences by using a paired design or controlling for these variables.
[bookmark: _Toc207979785]Inulin modulates serum sEVs-miRNAs
This PhD study analyzed the effects of inulin on GO and KEGG pathway alterations mediated by serum sEVs-miRNAs in SCM cows. The results suggest that inulin may influence systemic immune homeostasis, intercellular communication, and metabolic adaptation by regulating transcription, cell signal transduction, cytoskeletal remodeling, immune responses, and metabolic pathways.
[bookmark: OLE_LINK22]When analyzing the sEVs-miRNAs that were differentially expressed (DE) between the inulin and control group, GO analysis on the target genes revealed significant enrichment of terms related to positive/negative regulation of transcription by RNA polymerase II, DNA and RNA binding, and DNA-binding transcription factor activity, suggesting that inulin may affect the ability of sEVs-miRNAs to regulate gene expression, thereby influencing inflammatory signaling and cellular functions (Liu et al., 2015, Consortium, 2020, Wang et al., 2020a). In the context of dairy cows, transcriptional regulation is crucial for mammary epithelial cell responses to pathogen invasion and for coordinating immune signaling during mastitis. (Günther et al., 2009). Additionally, terms associated with signal transduction, intracellular signal transduction, cell differentiation, cell adhesion, and apoptosis were significantly enriched, indicating that sEVs may play a role in regulating inflammatory cell differentiation, migration, and survival, thereby affecting the inflammatory process (Dragovich et al., 1998, Wang et al., 2020a). These processes are directly relevant to the mammary gland, where immune cell infiltration and apoptosis of epithelial cells play critical roles in the progression and resolution of mastitis. Apoptosis, for instance, has a dual role: controlled apoptosis helps remove damaged or infected cells to resolve inflammation, whereas excessive apoptosis can compromise mammary barrier integrity and exacerbate tissue damage (Van Oostveldt et al., 2002; Zhao and Lacasse, 2008). The enrichment of terms related to actin cytoskeleton organization, microtubule, and cell adhesion further supports the importance of sEVs in tissue remodeling and repair (Clarke and Martin, 2021). In dairy cows, effective cytoskeletal remodeling and cell adhesion are required for maintaining mammary epithelial barrier integrity, which is essential to prevent bacterial penetration and to promote recovery from subclinical mastitis (Burvenich et al., 2003).
[bookmark: OLE_LINK4]KEGG analysis revealed several molecular pathways potentially mediated by the target genes of DE serum sEVs-miRNAs, particularly those related to inflammation, immunity, and tissue repair. For example, the NF-κB signaling pathway, a key regulatory pathway in mastitis, may be influenced by sEVs-miRNAs in modulating downstream inflammatory factors such as TNF-α and IL-6, thereby regulating the inflammatory response (Khan et al., 2020). In our study, we did not detect TNF-α and IL-6 differences directly as we did not analyze differentially mRNAs in serum. IL-6 mRNA was detected in milk but showed no significant difference. To investigate the potential post-transcriptional regulation mediated by miRNAs, we analyzed their target genes and expression patterns. We identified IL1R1, TAB1, ERC1, TNFRSF1A, as predicted target genes of unknown novel miRNAs (novel124_mature, novel136_mature, novel40_mature>novel137_mature>novel229_mature), which were significantly upregulated in the inulin group. IL1R1, TAB1, ERC1, and TNFRSF1A are known to activate the NF-κB signaling pathway through different mechanisms. IL1R1 initiates NF-κB activation via the MyD88-dependent pathway in response to IL-1 signaling (Dinarello, 2009). TAB1 and ERC1 serves as critical regulators in NF-κB activation, with TAB1 mediating TNF-α and IL-1 signaling through TAK1, and ERC1 contributing to TNF-α pathway signal transduction. (Sigala et al., 2004, Sato et al., 2005). TNFRSF1A encodes a transmembrane receptor for TNFα and serves as a key mediator of TNFα-induced NF-κB activation, playing a crucial role in regulating inflammatory responses (Egusquiaguirre et al., 2018). The upregulation of the aforementioned unknown miRNAs may lead to the post-transcriptional repression of their target genes, thereby inhibiting the NF-κB pathway and potentially alleviating inflammation. Additionally, pathways such as the MAPK signaling pathway, the Ras signaling pathway, and the Rap1 signaling pathway, which are associated with inflammation and cell proliferation, indicate that inulin may regulate inflammatory signaling and epithelial cell survival through sEVs, promoting mammary gland repair (Khan et al., 2020, Yan et al., 2022). sEVs may also impact endocytosis, affect their uptake and signaling transduction, while the phospholipase D signaling pathway may play a role in inflammation and membrane remodeling (Gomez-Cambronero, 2010, Platta and Stenmark, 2011).
Moreover, sEVs-miRNAs may be involved in regulating metabolism and nutritional processes in dairy cows. For instance, differential enrichment of the PPAR signaling pathway in inulin-fed cows suggests a potential role in modulating lipid metabolism and anti-inflammatory responses in the mammary gland. Similarly, pathways related to carbohydrate digestion and absorption, as well as insulin signaling, may contribute to energy metabolism and support cellular repair processes (Fanale et al., 2017, Qiao et al., 2024). The enrichment of the vitamin digestion and absorption pathway suggests that inulin may influence the metabolism of vitamins A, B, D and E through sEVs, which may further regulate anti-inflammatory, antioxidant, and epithelial repair machanisms in the mammary gland (Zhai et al., 2022, Khan et al., 2024).
Serum serves as a critical medium that reflects systemic physiological and pathological changes, making serum-derived sEVs valuable indicators of whole-body regulatory processes. Unlike localized mammary gland responses, the alterations observed in serum sEVs-miRNAs suggest broader systemic effects of inulin supplementation. These sEVs-associated changes likely reflect the dynamic interplay between immune cells, metabolic tissues, and signaling networks throughout the body. Through modulation of sEVs-mediated gene regulation, inulin may be involved in processes such as inflammation resolution, immune adaptation, and metabolic regulation beyond the mammary gland, thereby contributing to systemic homeostasis and disease resilience.
[bookmark: _Toc207979786]Inulin modulates milk sEVs-miRNAs
We also investigated the effects of inulin on the GO and KEGG pathway changes mediated by milk sEVs-miRNAs in SCM cows. In contrast, milk-derived sEVs-miRNAs primarily reflect local regulatory mechanisms within the mammary gland. Our findings indicate that inulin may contribute to mammary gland health by modulating pathways associated with cell structure and function, lipid oxidation and metabolism, immunity and inflammation, as well as digestion and absorption of nutrients. These localized effects highlight the role of sEVs in mediating tissue-specific adaptations that complement systemic regulatory processes.
[bookmark: OLE_LINK24]The GO analysis revealed significant enrichment in terms related to transmembrane signaling receptor activity, molecular transducer activity, and ion channel activity, all of which highlight the involvement of sEVs-miRNAs in regulating cellular communication and ion homeostasis in the mammary gland (Ma et al., 2020, Xuan et al., 2022). These processes are crucial for maintaining cellular function and integrity, especially during the inflammatory response in mastitis (Wang et al., 2024). Additionally, terms related to the plasma membrane region and Golgi apparatus point to the involvement of membrane-associated proteins in the trafficking and functional modulation of sEVs within mammary cells. This suggests that sEVs are likely involved in the delivery of regulatory miRNAs to target cells, thereby modulating inflammation and cellular responses within the mammary gland (Dai et al., 2022, Wang et al., 2024). Terms like cell junction and anchoring junction further emphasize the role of sEVs in maintaining the structural stability and intercellular communication within the mammary tissue, which is important during tissue remodeling and repair after inflammation (Chen et al., 2020).
In the KEGG analysis of the target genes of DE miRNAs in milk sEVs between the inulin and control group, the MAPK signaling pathway, the Ras signaling pathway, and the Rap1 signaling pathway were enriched, similar to our findings with the serum sEVs-miRNAs. These pathways are closely related to cell proliferation, migration, and inflammatory responses (Khan et al., 2020, Yan et al., 2022). Although some cancer-related signaling pathways (such as breast cancer) were enriched, this does not imply that dairy cows are prone to cancer. The enrichment of these pathways more likely reflects the role of sEVs-miRNAs in regulating processes such as cell proliferation, migration, immune response, and tissue repair within mammary tissue. While these pathways are involved in cancer development, in this study, they are more likely to represent the biological mechanisms underlying normal inflammatory responses, repair, and immune responses in the mammary gland.
Additionally, focal adhesion and the Hippo signaling pathway are involved in cell-matrix interactions and tissue remodeling (Seo and Kim, 2018). The enrichment of focal adhesion pathways highlights the importance of interactions between cells and the extracellular matrix in the inflammatory and repair processes within the mammary gland (Jones and Jones, 2024). Meanwhile, the Hippo signaling pathway may be involved in cell proliferation, differentiation, and inflammatory repair, further supporting its role in maintaining mammary tissue function and promoting repair (Seo and Kim, 2018).
The endocrine resistance and EGFR tyrosine kinase inhibitor resistance pathways suggest that hormonal and signaling molecule regulation may play a role in the adaptive response of mammary tissue during inflammation (Huszenicza et al., 2004, Zhang et al., 2016, Sharifi et al., 2019). Lastly, the cAMP signaling pathway and axon guidance pathways point to the potential for sEVs-miRNAs to regulate neuroendocrine signaling and cell communication, which could contribute to modulating inflammatory responses and cellular adaptation during tissue repair (Vitali et al., 2015, Zheng et al., 2024). Activation of these pathways may contribute to the alleviation of mammary inflammation and tissue repair. Similarly, the enrichment of the oxytocin signaling pathway, which is crucial for mammary gland contraction and milk release, suggests that inulin may regulate milk production and secretion in dairy cows by modulating oxytocin-related signaling in the mammary gland (Gutman-Ido et al., 2022).
The sEVs components in milk can reflect the health status of mammary tissue because they contain miRNAs, proteins, and other biomolecules derived from the mammary gland. These components play crucial roles in the immune response, inflammation repair, and regulation of cell function within the mammary gland. By regulating these biomolecules, the sEVs in milk can reflect the physiological changes in the mammary gland and its response to inflammation or injury. Therefore, the sEVs components in milk are not only biomarkers of mammary health but also important mediators in regulating immune responses and promoting repair when the mammary tissue faces stress or inflammation. Analyzing the sEVs components in milk can provide a better understanding of the dynamic changes in mammary health and offer new insights into evaluating and intervening in the pathological status of the mammary gland.
[bookmark: _Toc207979787]Inulin Modulates milk sEVs-lncRNAs and mRNA
In addition to miRNA, lncRNA and mRNA also represent crucial cargo carried by sEVs. The GO analysis of lncRNAs in milk revealed a range of functional categories related to cellular processes, molecular functions, and interactions. These lncRNAs are involved in various activities such as tRNA binding, peptide binding, isomerase activity, and DNA binding. The presence of DNA-binding transcription factor activity suggests that lncRNAs may play roles in regulating gene expression at the transcriptional level, potentially impacting the inflammatory and repair processes within the mammary gland (Wang et al., 2020a). Additionally, activities like exonuclease activity, chromatin binding, and cyclosporin A binding indicate that lncRNAs could participate in chromatin remodeling, protein degradation, and other cellular regulatory mechanisms that influence the function of mammary cells (Chang et al., 2015, Liddicoat and Lavelle, 2019, Manils et al., 2022).
The KEGG pathways associated with milk lncRNAs further support their involvement in key physiological and pathological processes. For example, the VEGF signaling pathway plays a key role in angiogenesis, participating in vascular remodeling and tissue repair, suggesting that lncRNAs may be involved in mammary gland tissue repair (Roy et al., 2008). Additionally, the VEGF pathway is also implicated in immune regulation and oxygen modulation under heat stress conditions, revealing its potential role in immunity and antioxidation (Wang et al., 2021a). The sphingolipid metabolism and retinol metabolism pathways indicate that these lncRNAs could regulate lipid and vitamin metabolism, which are essential for maintaining cellular integrity and function (Blomhoff and Blomhoff, 2006, Yu et al., 2023). Moreover, pathways like the lysosome pathway and apoptosis-related pathways highlight the potential role of lncRNAs in regulating cellular degradation processes and controlling cell survival in response to injury or stress (Du et al., 2017, Yu et al., 2022). Cell survival and apoptosis are critical for mammary gland recovery during mastitis, as apoptosis facilitates the clearance of damaged or infected cells while the survival of healthy epithelial cells supports tissue repair and restoration of glandular function (Slama et al., 2020).
[bookmark: OLE_LINK25]The enrichment of primary immunodeficiency and viral-infection related pathways (e.g., HIV, Hepatitis C), does not imply that dairy cows are susceptible to these diseases. The activation of such pathways could represent the mammary tissue's immune response and repair mechanisms in response to external immune challenges or cellular damage. These enriched pathways indicate the involvement of cellular and molecular processes, such as immune activation, cell survival, and apoptosis, which are essential for maintaining tissue integrity and function (Fischer, 2007, Favaloro et al., 2012). Thus, these viral infection-related pathways provide insight into the biological mechanisms by which the mammary gland responds to stress or injury, rather than suggesting an actual viral infection like HIV in dairy cows.
LncRNA may help improve the protein synthesis capacity of mammary cells by regulating the protein processing in the endoplasmic reticulum, thereby influencing the protein content and quality in milk. Additionally, the health of the endoplasmic reticulum is closely related to the stress response of mammary cells. Under conditions of inflammation or other stress, lncRNA helps mammary cells restore normal function by regulating the protein processing mechanisms associated with the endoplasmic reticulum (Winkler et al., 2015).
In the GO and KEGG analysis of the mRNA, several signaling pathways related to cell proliferation, immune response, metabolism, and cancer were enriched. First, the spliceosomal complex and precatalytic spliceosome, upregulated in the GO analysis for the inulin-fed animals, indicate that mRNA may play an important role in RNA splicing and gene expression regulation. By regulating these splicing mechanisms, mRNA can influence processes such as cell growth, DNA replication, and fat synthesis, thus indirectly affecting mammary health and milk yield (Yang et al., 2021).
In the KEGG analysis, several cancer-related signaling pathways were enriched, such as thyroid cancer, small cell lung cancer, and breast cancer. In the present study, the activation of these pathways is more likely associated with the normal processes of cell proliferation, differentiation, and repair in mammary tissue. For example, the NF-κB signaling pathway plays an important role in immune and inflammatory responses, and its activation may help the mammary tissue respond to inflammation or injury (Khan et al., 2020). Although NF-κB is involved in cancer development, its enrichment in this study more likely reflects the normal immune response and repair processes in the mammary tissue (Hoesel and Schmid, 2013). By activating this pathway, the mammary tissue can regulate the activity of immune cells and promote repair, helping the mammary gland recover its healthy function after inflammation or damage.
Additionally, KEGG pathways such as the amino sugar and nucleotide sugar metabolism and the biosynthesis of nucleotide sugars indicate that mRNA regulates the processes of fat synthesis and sugar metabolism, which may influence fat and sugar metabolism in the mammary gland, thereby affecting the composition and quality of milk. By regulating these metabolic processes, mRNA plays an important role in the energy metabolism and cellular function regulation of mammary tissue.
[bookmark: _Toc207979788]Comparison of sEVs-miRNAs in Serum and Milk: Similarities and Differences
[bookmark: OLE_LINK37]sEVs-miRNAs have been increasingly recognized as regulators of cellular processes and intercellular communication. They are detectable in various biological fluids, including serum and milk, and may participate in a range of physiological and pathological processes. Although both serum and milk contain sEVs-miRNAs, their molecular profiles and potential roles could differ depending on tissue origin and physiological conditions. In this study, serum and milk samples were collected from different cows, which may contribute to variability in sEVs-miRNA profiles. Comparative analysis may reveal shared and distinct features, but individual variability between cows limits the strength of conclusions. In this section, we discuss the similarities and differences between serum and milk sEVs-miRNAs, focusing on their possible biological functions, signaling pathways, and implications for cellular communication and tissue health, while acknowledging the limitation of sampling from different individuals.
Similarities in Biological Functions and Pathway Enrichment
sEVs-miRNAs in both serum and milk play crucial roles in various biological processes. Although they originate from different sources, they exhibit many similarities in function and pathway enrichment, providing valuable insights into their roles in different physiological environments.
Firstly, according to the results of GO analysis, both serum and milk sEVs-miRNAs are closely related to cellular structures such as the integral component of plasma membrane, ATP binding, and the Golgi apparatus. The plasma membrane and Golgi apparatus are essential components of cells involved in material transport and signal transduction (Stalder and Gershlick, 2020). In both environments, sEVs-miRNAs, through their association with these cellular structures, may participate in cell-to-cell interactions, signal transduction, and the regulation of material exchange (Su et al., 2024). Furthermore, the common feature of ATP binding suggests that sEVs-miRNAs in both serum and milk may play a role in cellular energy metabolism and functional regulation (Linden et al., 2019).
Secondly, both serum and milk sEVs-miRNAs are enriched in multiple GO terms related to cytoskeletal regulation. The regulation of the cytoskeleton is fundamental to various cellular functions, including maintaining cell shape, movement, and division (Ivanov et al., 2010). Cytoskeletal regulation plays a key role in immune responses, tissue repair, and cell migration (Ivanov et al., 2010). Therefore, the shared enrichment of these GO terms in both fluids suggests that sEVs-miRNAs may have similar roles in regulating cell movement, immune responses, and tissue repair.
However, despite the shared GO terms in serum and milk sEVs miRNA, the magnitude of enrichment differs to some extent. For example, the integral component of the plasma membrane is more significantly enriched in milk sEVs, which may be related to the sEVs secretion mechanisms of mammary epithelial cells and their specific roles in milk. During lactation, mammary epithelial cells may preferentially secrete sEVs enriched in plasma membrane components to facilitate the transfer of nutrients and immune regulatory functions in milk (Yan et al., 2015, Zhang et al., 2021).
Conversely, we found that the enrichment of Golgi apparatus and ATP binding in serum and milk sEVs is similar, indicating that these functions may be conserved in sEVs from both fluids. Serum and milk sEVs may undergo similar organelle processing and secretion mechanisms, supporting the idea that they may play similar roles in both environments. Moreover, sEVs in both serum and milk may be broadly involved in energy metabolism and ATP-related biological processes. This similarity may help maintain the functional stability of sEVs, allowing them to perform energy-dependent biological functions, such as signal transduction and substance transport, in different physiological environments. Therefore, these conserved biological processes support the generality of sEVs as mediators of intercellular communication, suggesting that they may have similar regulatory functions in different bodily fluids.
According to the KEGG pathway analysis, serum and milk sEVs-miRNAs are both involved in the Ras signaling pathway, the Rap1 signaling pathway, the MAPK signaling pathway, focal adhesion, axon guidance, and regulation of actin cytoskeleton. These signaling pathways are crucial for cell proliferation, migration, immune responses, and repair. Specifically, the Ras and MAPK signaling pathways are widely involved in regulating cell growth, differentiation, and immune responses (Ragab et al., 2011). Focal adhesion and regulation of the actin cytoskeleton are related to cell interaction with the extracellular matrix and changes in cell shape and movement (Svitkina, 2018, Jones and Jones, 2024). Both serum- and milk-derived sEVs are involved in the regulation of apoptosis. In serum, apoptosis-related sEVs-miRNAs may reflect systemic immune adaptation to inflammation, while in milk, they act locally within the mammary gland to remove infected or damaged epithelial cells. Together, these systemic and local apoptotic processes contribute to the resolution of mastitis and the restoration of mammary tissue integrity. The shared enrichment of these pathways suggests that sEVs-miRNAs in both serum and milk may play similar roles in regulating cell activity, immune responses, and repair processes.
[bookmark: OLE_LINK26]Although these pathways were enriched in both serum and milk sEVs, the enrichment levels varied between serum and milk. Serum sEVs showed generally higher enrichment in these pathways, possibly because serum is part of the systemic circulation, which involves a wider range of physiological processes. The broad range of functions in serum may require stronger enrichment of sEVs in multiple signaling pathways. In contrast, while milk sEVs also participate in these pathways, their enrichment levels were lower than those in serum, which may indicate that milk sEVs play a more localized role within the mammary gland environment, with their functions being more specialized or constrained, particularly in processes related to mammary gland physiology. The differences in pathway enrichment may reflect the varying functional focus of serum and milk EVs in different physiological environments.
In summary, serum and milk sEVs-miRNAs exhibit similar functions in multiple key cellular processes and signaling pathways. These shared GO terms and KEGG pathways reflect their regulatory roles in different physiological environments. While they may have specific physiological significance and context in each environment, their roles in cell communication, immune regulation, and repair processes are common. This provides important clues for further exploring the potential biological functions of sEVs-miRNAs in serum and milk and their applications in health monitoring.
Differences in Biological Functions and Pathway Enrichment
Although sEVs-miRNAs in serum and milk exhibit similarities in many aspects, there are also significant differences in certain characteristics and functions. First, sEVs-miRNAs in serum usually originate from various tissues throughout the body, such as the immune system and liver among others. In contrasts, sEVs-miRNAs in milk mainly come from the mammary gland (Alberro et al., 2021). Therefore, sEVs-miRNAs in serum are more likely to reflect systemic physiological conditions and immune responses, whereas sEVs-miRNAs in milk more directly reflect the health status of the mammary gland and its response to endocrine, nutritional, and immune stimuli.
In terms of GO analysis, sEVs-miRNAs in serum are more involved in functions related to immune responses and inflammation, such as regulation of transcription and processes related to the cytoskeleton and cell adhesion, reflecting their important role in systemic immune surveillance and cell function regulation (Chen et al., 2020). In contrast, sEVs-miRNAs in milk are more involved in processes related to mammary gland function, such as transport function and membrane protein regulation, indicating that sEVs-miRNAs in milk play a larger role in the mammary gland’s specific metabolic and secretion processes.
We observe a similar trend when looking at the KEGG analysis. sEVs-miRNAs in serum are more involved in pathways related to immune responses and inflammation, such as the NF-κB signaling pathway and natural killer cell-mediated cytotoxicity, suggesting that they may play a broader role in systemic immune surveillance and inflammatory responses (Chen et al., 2020, Khan et al., 2020). sEVs-miRNAs in milk, on the other hand, are more enriched in pathways related to mammary gland function and lactation, such as the oxytocin signaling pathway and growth hormone synthesis, secretion and action, reflecting their important role in the regulation of mammary gland-specific functions (Rezaei et al., 2016, Gutman-Ido et al., 2022).
In addition, sEVs-miRNAs in serum are more involved in systemic metabolic pathways, such as fat and sugar metabolism, suggesting that inulin may improve the health status by regulating energy metabolism (LeBlanc, 2012). sEVs-miRNAs in milk, on the other hand, are more related to the specific metabolic and secretion processes of the mammary gland, which are likely mainly regulated by the mammary microenvironment and local immune cells. These miRNAs may further influence milk yield and composition by modulating mammary epithelial cell function, nutrient transport, and lipid metabolism (Dysin et al., 2021). These differences indicate that although there is overlap in some signaling pathways between sEVs-miRNAs in serum and milk, their functions exhibit significant differences in terms of tissue specificity and physiological environment.
In conclusion, sEVs-miRNAs in serum and milk show clear differences in biological functions, signaling pathways, and tissue specificity. These differences reflect their distinct roles in different physiological environments. Serum-derived sEVs-miRNAs are primarily involved in immune regulation, inflammation, and systemic metabolic processes, suggesting that specific miRNAs can be screened as biomarkers related to immune status, inflammatory conditions, and metabolic health. Milk-derived sEVs-miRNAs, on the other hand, are closely associated with mammary gland function, lactation regulation, and local metabolic pathways, indicating that miRNAs can be identified as biomarkers for mammary gland health, milk production, and milk composition. These differences highlight the functional specialization of sEVs in different biofluids and provide valuable insights for their potential application in health monitoring and disease assessment.
[bookmark: _Toc207979789]miRNA-lncRNA-mRNA Interaction Network in Inflammatory and Metabolic Regulation
There are complex interactions and influences between sEVs-miRNAs, lncRNAs, and mRNAs in milk. We have found that the interactions between them and their joint regulatory effects provide new insights into understanding the functions of these molecules within cells. As RNA molecules, both miRNA and lncRNA, in addition to their direct regulatory effects, can also regulate mRNA expression through mutual sponge effects (Xiao et al., 2022). Therefore, the interactions between miRNA, lncRNA, and mRNA are of great significance in regulating multiple biological processes and signaling pathways (Dehghanian Reyhan et al., 2023). By analyzing their distribution and functions in GO and KEGG pathways, we can explore how they mutually regulate and jointly regulate the physiological functions and immune responses of the mammary gland.
miRNA Regulation of mRNA
miRNAs regulate protein synthesis by binding to the 3' untranslated region of mRNAs, inhibiting their expression or promoting their degradation (Fernández-Messina et al., 2015). In milk, miRNAs play an important role by targeting genes involved in immune response, cell migration, metabolism, and apoptosis. For example, miRNAs target genes like CASP9 and TAB1, regulating processes such as cell apoptosis, immune response, and inflammation (Chen et al., 2022, Zhang et al., 2022). CASP9 is a key gene associated with apoptosis, and miRNAs may play an important role in immune surveillance and cell growth in the mammary gland by inhibiting its mRNA expression (Zhang et al., 2022). In our study, we found an upregulation of miR-7 and the downregulation of its target gene CASP9, suggesting that miR-7 inhibits the expression of CASP9 through binding. This change affected biological processes related to the thyroid hormone signaling pathway and prostate cancer, both of which play important roles in cell proliferation, metabolism, and stress responses. The downregulation of CASP9 may indicate that cells could shift toward reduced apoptosis and enhanced survival following inulin supplementation.
Meanwhile, we observed the downregulation of miR-6529a and the upregulation of its target gene TAB1, indicating that the reduced miR-6529a weakens its effect on TAB1, leading to the upregulation of TAB1 expression. The upregulation of TAB1 is involved in regulating the MAPK signaling pathway, which plays an important role in cellular processes. It may enhance immune responses or regulate cell adaptive responses, particularly in processes such as inflammation and cell migration.
lncRNA Regulation of mRNA
lncRNAs regulate mRNA expression in various ways, one of which is through sponge effects by binding with miRNAs to relieve their inhibitory effect on mRNA (Ma et al., 2023). In milk, lncRNAs, especially those associated with the cell cycle, immune response, and metabolism, may regulate mRNA expression related to immune response and cell repair via this mechanism (Dehghanian Reyhan et al., 2023, Ma et al., 2023). For example, the PPWD1 and PPIL1 genes are involved in protein folding and pre-mRNA splicing, processes that are critical for maintaining cellular homeostasis and proper gene expression (Thapar, 2015). Both PPWD1 and PPIL1 were upregulated in our study, suggesting their potential role in enhancing protein synthesis and mRNA processing. These genes participate in the pre-mRNA splicing process, which is essential for the generation of mature mRNA that can be translated into functional proteins (Thapar, 2015). As a result, the upregulation of PPWD1 and PPIL1 could facilitate more efficient protein folding and splicing, leading to better regulation of gene expression at the post-transcriptional level. The discovery that PPWD1 and PPIL1 are linked to novel lncRNAs indicates that these non-coding RNAs may have previously unrecognized roles in regulating gene expression, particularly in processes related to mRNA splicing and protein synthesis. This could be due to the genes originating from novel lncRNAs, which are not fully annotated in the gene libraries used in the current study. Additionally, some lncRNAs may be expressed only in specific species or cell types and have not been extensively annotated in public databases. These, lncRNAs may play a crucial role in regulating mRNA involved in immunity, cell proliferation, and metabolism.
Interaction of miRNA, lncRNA, and mRNA
KEGG analysis shows that miRNA, lncRNA, and mRNA in milk are enriched in multiple key signaling pathways, including those related to immune response, cell migration, and metabolism. For instance, miRNAs are closely related to pathways such as the the Ras signaling pathway and the MAPK signaling pathway, which play key roles in cell proliferation, migration, and immune regulation (Ragab et al., 2011, Yan et al., 2022). lncRNAs and mRNAs regulate pathways such as NF-κB signaling pathway, sphingolipid metabolism, and Retinol metabolism, influencing cell growth, metabolism, and immune response (Blomhoff and Blomhoff, 2006, Hoesel and Schmid, 2013, Yu et al., 2023). The overlap of these signaling pathways further demonstrates the potential synergistic roles of miRNA, lncRNA, and mRNA in the physiological processes of the mammary gland.
The miRNA, lncRNA, and mRNA in milk jointly regulate the immune response, metabolism, and cell proliferation processes in the mammary gland through a complex interaction network. miRNAs directly regulate the expression of mRNA, while lncRNAs influence mRNA transcription and translation through sponge effects and regulation of gene splicing and transcription. The synergistic actions of the three in the regulation of multiple biological processes highlight their important roles in mammary gland physiology and immune surveillance. These interactions provide a deeper understanding of the potential applications of sEVs-RNAs in health monitoring and disease prevention.
[bookmark: _Toc207979790]Inulin Regulation of sEVs Composition and Secretion
Inulin, as a prebiotic, can promote the growth of beneficial microbiota (such as bifidobacteria and lactobacilli). These probiotics ferment inulin to produce SCFAs, such as acetate, propionate, and butyrate. These metabolic products not only provide energy for rumen bacteria but also regulate the rumen fermentation, immune responses, and metabolic pathways (Wang et al., 2021b). In dairy cows, SCFAs have been reported to alleviate mastitis by modulating immune homeostasis, reducing inflammation, and enhancing epithelial barrier function, potentially acting through the rumen-mammary gland axis to influence sEVs and their signaling in the mammary gland (Akhtar et al., 2022; Huang et al., 2024).
SCFAs regulate immune, metabolic, and cell growth processes by activating a series of signaling pathways, such as the insulin signaling pathway, the MAPK signaling pathway, and the NF-κB signaling pathway (Yao et al., 2022). These metabolic products play a key role in maintaining metabolic homeostasis in the body, while also reducing inflammation through their action on the immune system, and influencing processes like fat and glucose metabolism (He et al., 2020). In dairy cows, SCFAs have been shown to alleviate mastitis by enhancing mucosal immunity, modulating inflammatory responses, and improving host-pathogen interactions, suggesting their potential as a therapeutic strategy against infections such as Staphylococcus aureus-induced mastitis (Akhtar et al., 2022).
By regulating microbial metabolic products, inulin may affect the function of digestive treat and other organ cells, and these changes may be reflected in the composition and secretion of sEVs (Wang et al., 2020b). When inulin modulates the microbiota and metabolic pathways, it may influence the expression of genes related to immune responses and metabolism (Wang et al., 2021b), thereby altering the RNA composition carried by sEVs. For example, SCFAs may cause changes in the expression of immune-related RNAs or metabolism-related RNAs in sEVs, thereby impacting immune surveillance and metabolic process through activation of signaling pathways like NF-κB (He et al., 2020). Environmental factors, such as mastitis-associated bacterial infections, can influence rumen microbiota composition and activity, which may in turn impact mammary gland health via the rumen-mammary gland axis (Huang et al., 2024). EVs secreted by both host and microbial cells act as important mediators of intercellular communication and immune regulation in this context. Targeting the rumen microbiota and their extracellular vesicles, while modulating the rumen-mammary gland axis, could enhance mammary gland health and support the resolution of inflammation in mastitis-affected cows (Huang et al., 2024).
sEVs can be secreted by cells into the bloodstream and circulate to various tissues throughout the body (Doyle and Wang, 2019). They have specific receptors or ligands on their surface that allow them to bind with membrane receptors of target cells, transmitting the signals they carry to the target cells (Mathieu et al., 2019). Mammary gland cells, through interactions with blood and local immune cells, may absorb and process sEVs (Dysin et al., 2021). In this way, the molecules in sEVs can regulate immune responses, metabolic activities, and secretion processes in the mammary gland, ultimately affecting its physiological functions.
In our study, comparing inulin-fed animals with control-fed animals revealed significant changes in sEVs-RNA profiles, including miRNAs, mRNAs, and lncRNAs. These differences suggest that inulin supplementation may be associated with alterations in RNAs related to immune and metabolic pathways, such as those involved in NF-κB signaling and metabolic regulation, although direct effects on systemic immune or metabolic outcomes were not measured. These changes in immune and metabolic pathways, in turn, influence the composition of sEVs, as the signaling pathways affect the RNA content carried by the sEVs. The molecules in sEVs can then impact these pathways, creating a feedback loop that regulates both immune responses and metabolic processes.
These findings suggest that inulin supplementation alters the RNA composition of circulating and milk sEVs, which are involved in immune and metabolic signaling pathways. Such changes may contribute to the regulation of systemic immune responses, metabolic health, and mammary gland function. In this way, the present study provides new evidence that sEVs-RNAs can reflect dietary modulation of immune and metabolic processes in cows, offering potential as indicators for functional feed evaluation.
[bookmark: _Toc207979791]Limitations and Perspectives
This study explores the regulatory effect of inulin on the composition and secretion of sEVs. However, in this last part, we would like to highlight several limitations and give directions for future research.
Firstly, this study only compared cows with subclinical mastitis that were either supplemented with inulin or not. A more comprehensive design would include healthy cows with and without inulin supplementation as additional controls. Such groups would help clarify whether the observed effects are specific to cows with subclinical mastitis or represent a more general response to inulin across different health states. Moreover, in the present design, samples were collected from different individuals between groups, which may introduce individual variation as a confounding factor. A more robust design would involve four groups in which both serum and milk samples were collected from the same animals. This approach would allow paired comparisons within the same individuals, reduce inter-animal variability, and provide stronger evidence of inulin’s specific effects on sEVs-RNAs and related pathways.
Secondly, the source of sEVs is not clear. Microorganisms, as important entities in the gut, may also secrete sEVs. Since inulin can alter the microbial composition in the rumen and mammary gland, it is possible that microbial-derived sEVs may also be affected and subsequently enter the systemic circulation or reach the mammary gland through the rumen-mammary axis, contributing to the sEVs pool detected in plasma and milk. In addition, the observed changes in sEVs might result from indirect effects, whereby inulin alters the microbial metabolites that modulate host signaling pathways, thereby influencing sEV biogenesis and secretion. Future studies could involve isolating rumen microorganisms, culturing specific microbial populations, and extracting their sEVs-miRNAs. By comparing the RNA composition and functional changes of sEVs before and after inulin intervention, the role of microbial sEVs in regulating physiological processes in the host can be further elucidated.
Thirdly, the miRNA-lncRNA-mRNA interaction network, while identified in this study, still needs validation through in vitro experiments. The results provide a theoretical framework, but to better understand the regulatory roles of these molecules in sEVs and their mechanisms, more specific experimental evidence is needed. Further research can refer to the method in the article where a circRNA/lncRNA-miRNA-mRNA regulatory network was constructed to identify potential relationships (Xiao et al., 2022), and then evaluate the impact on sEVs-RNA composition and its biological functions in vivo through overexpression or knockdown experiments of miRNA or lncRNA in animal models.
[bookmark: OLE_LINK19]Lastly, sample size and individual variation remain important limitations of this study. Dairy cows differ in lactation stage, parity, and SCC, factors that are known to influence mastitis status and could potentially confound the outcomes. To minimize such effects, future studies should expand the sample size and carefully select animals with comparable health status and SCC. Alternatively, a before-and-after design within the same cows could be applied to minimize between-group differences, thereby providing a clearer assessment of the effects of inulin supplementation.
In conclusion, this study provides preliminary data on the effects of inulin on sEVs, but several limitations remain. These can be addressed by refining experimental design, conducting validation experiments, and verifying theoretical hypotheses. Such future research will further explore the potential role of inulin in regulating the composition and function of sEVs, offering a solid theoretical foundation for understanding the role of prebiotics in immune modulation, metabolic regulation, and mammary gland function.
[bookmark: _Toc207979792]General Conclusion
This study investigated whether inulin supplementation influences the composition of sEVs-RNAs in serum and milk of cows with subclinical mastitis. The results showed that inulin was associated with alterations in the composition of miRNAs, lncRNAs, and mRNAs in sEVs, which may be involved in immune and metabolic signaling pathways. In cows fed with inulin, miRNAs related to inflammation and immune regulation were differentially expressed, and some of these miRNAs may interact with lncRNAs and downstream signaling pathways, potentially influencing immune responses. Additionally, certain RNAs associated with energy metabolism also showed differential expression, suggesting that inulin could modulate host metabolic signaling. These changes in sEVs-RNAs indicate possible effects on immune and metabolic pathways, providing a perspective for considering sEVs-RNAs as indicators in the evaluation of functional feed additives.
These findings further expand our understanding of how dietary fiber influences host physiological processes through the sEVs-RNAs pathway and provide new insights into developing dietary-based strategies for mastitis prevention. This study suggests that sEVs may serve as important molecular carriers mediating dietary interventions in dairy cows, and changes in their RNA composition could be potential biomarkers for assessing mammary gland health. Furthermore, the miRNA-lncRNA-mRNA interaction network may play a crucial role in inflammation regulation, offering a new perspective for studying RNA-mediated inflammation alleviation mechanisms.
However, this study still has some limitations, such as the unclear origin of sEVs and the need for further validation of the miRNA-lncRNA-mRNA regulatory network. Future studies should incorporate in vitro experiments to elucidate the underlying mechanisms and expand sample sizes to enhance result stability and applicability. These efforts will contribute to a more comprehensive understanding of the regulatory effects of dietary fiber on dairy cow health and provide a scientific basis for the early diagnosis and intervention strategies of mastitis based on sEVs.
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Table S1: TMR1 ingredients and nutrient components for dairy cows suffering from subclinical mastitis in both control and inulin groups
	Ingredient, % of DM
	Content

	Corn silage
	48.27

	Steam-flaked corn
	10.45

	Alfalfa hay
	8.18

	Cottonseed
	7.36

	Oat grass
	3.18

	Extruded soybean
	0.45

	Sprayed corn husk
	2.27

	Megalac2
	0.45

	Fatty powder
	0.91

	Beet granules
	1.36

	Rapeseed meal
	2.20

	Hulless oat straw
	2.30

	Sunflower meal
	0.64

	5% Premix3
	4.91

	DDGS
	4.42

	NaHCO3
	1.50

	MgO
	0.80

	Sodium diacetate
	0.33

	Nutrient composition, % of DM
	

	CP
	16.91

	NDF
	30.09

	ADF
	17.32

	EE
	4.93

	Ca
	0.81

	P
	0.48

	NEL, Mcal/kg
	1.72


1Abbreviations: TMR: total mixed rations; DDGS: distiller’s dried grain with soluble; EE: ether extract; NEL: net energy for lactation. 
2Megalac: a complex fatty acid calcium (Jianhe Animal Husbandry Co., Ltd., Shanghai, China).
35% Premix: including (per kg of DM) 400 000 IU of vitamin A, 320 000 IU of vitamin D3, 1200 IU of vitamin E, 1 400 mg of Cu, 12 000 mg of Zn, 60 000 mg of Fe, 12 000 mg of Mn, 40 mg of Se, 400 mg of I, 160 mg of Co, 28% of Ca and 5.4% of P.
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