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MicroRNAs (miRNAs) serve as key regulators in gene expression and play a crucial role in immune responses, holding a significant promise for diagnosing and managing diseases in farm animals. This review article summarizes current research on the role of miRNAs in various farm animal diseases and mycotoxicosis, highlighting their potential as biomarkers and using them for mitigation strategies. Through an extensive literature review, we focused on the impact of miRNAs in the pathogenesis of several farm animal diseases, including viral and bacterial infections and mycotoxicosis. They regulate gene expression by inducing mRNA deadenylation, decay, or translational inhibition, significantly impacting cellular processes and protein synthesis. The research revealed specific miRNAs associated with the diseases; for instance, gga-miR-M4 is crucial in Marek’s disease, and gga-miR-375 tumor-suppressing function in Avian Leukosis. In swine disease such as Porcine Respiratory and Reproductive Syndrome (PRRS) and swine influenza, miRNAs like miR-155 and miR-21-3p emerged as key regulatory factors. Additionally, our review highlighted the interaction between miRNAs and mycotoxins, suggesting miRNAs can be used as a biomarker for mycotoxin exposure. For example, alterations in miRNA expression, such as the dysregulation observed in response to Aflatoxin B1 (AFB1) in chickens, may indicate potential mechanisms for toxin-induced changes in lipid metabolism leading to liver damage. Our findings highlight miRNAs potential for early disease detection and intervention in farm animal disease management, potentially reducing significant economic losses in agriculture. With only a fraction of miRNAs functionally characterized in farm animals, this review underlines more focused research on specific miRNAs altered in distinct diseases, using advanced technologies like CRISPR-Cas9 screening, single-cell sequencing, and integrated multi-omics approaches. Identifying specific miRNA targets offers a novel pathway for early disease detection and the development of mitigation strategies against mycotoxin exposure in farm animals.
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Introduction

Ribonucleic acid (RNA) is an essential macromolecule for biological coding and gene expression in all living organisms (1). RNA is classified into different types based on their role within the biological system: Messenger RNA, transfer RNA, ribosomal RNA, small nuclear RNA, small nucleolar RNA, microRNA, small interfering RNA, and long noncoding RNA are the types of RNA (2). MiRNAs are unique among other RNA types because they can regulate the gene expression coded by mRNA, target gene specificity, and extracellular abundance (3). The diversified functions of miRNAs make them a biomarker for diagnosing various livestock diseases. MicroRNA expression can vary depending on stress (4), toxicities (5), metabolic (6), and infectious diseases (7) Livestock and poultry products, such as milk, meat, eggs, and wool, have a huge impact on the economy of many nations (8). Infectious diseases have an adverse impact on farm income and the nation’s economy. For example, Foot and Mouth Disease, a viral disease in cloven-hoofed animals, is expected to have an annual global economic loss of US$ 6.5 to 21 billion (9). Similarly, the USDA stated that undercooked chicken and turkey consumption contributes 23% to salmonellosis cases. Salmonella-contaminated poultry carcasses cause $2.5 billion in annual economic losses to the poultry industry in the USA (10). In the majority of diseases and toxicities, early detection is a difficult task as they do not show specific clinical signs (11). So molecular-level investigation, such as miRNA detection, can efficiently enhance productivity and control economic losses. In recent molecular studies, miRNA is taking a leading role in acting as a biomarker as its expression is dysregulated within the host cell to counteract or facilitate the pathogen (12). Most pathogens and toxins trigger this dysregulation and lead to either an increase in the immune response or a decrease in inflammatory responses and apoptosis to survive and proliferate within the host body (13, 14). However, this miRNA modulation can serve not only as a tool for early diagnosis but also as an estimator of the level of prognosis.

MiRNAs are naturally occurring, short, non-coding RNAs that play a vital role in immune responses to infection, encompassing innate and adaptive immunity (15). Their complex repertoire of miRNA, coupled with the evolutionary development of higher organisms, indicates that miRNA is a highly conserved and indispensable cellular process integral to every metazoan lineage (16). Within the genome, the sources of miRNA predominantly originate from intragenic regions (introns and partially exons) up to 50% (17), as well as intergenic regions, occasionally organized in clusters (up to 25%) across various genomic regions (18, 19). RNA polymerase II/III acts upon these regions either co-transcriptionally or post-transcriptionally, producing primary transcripts that undergo maturation through the biogenic process (20). miRNA biogenesis is a complex, multi-step process, occurring predominantly through the canonical pathway and occasionally via non-canonical pathways (21). miRNA biogenesis serves as a major regulatory pathway for miRNA transcription, tightly controlled both spatially and temporally due to its inherent nature (18).

Existing in both cellular and circulating forms, miRNAs play diverse roles in the body, ranging from cellular differentiation, growth, and apoptosis (22) to the regulation of alternative splicing (23) and transcriptional gene activation and suppression (24). The suppression of gene expression can occur through endo-nucleolytic cleavage or translational repression, depending on mRNA complementarity to the seed region (25). Circulating miRNAs serve as biomarkers, while cellular miRNAs exhibit highly specific expression patterns, particularly in cells and organs associated with the immune system (26). miRNAs play a significant role in regulating both innate and adaptive immune responses, impacting the progression of various infectious diseases (27) and influencing anti-viral immune responses and pathogenesis (28). They regulate immune cells such as neutrophils, megakaryocytes, granulocytes, dendritic cells, macrophages, and natural killer cells, as well as the immunological signaling pathways in T-cell and B-cell development and functions in adaptive immunity (29). Dysregulation of miRNA is evident in altered miRNA expression profiles observed in various diseases (30).

Recently, there has been numerous research on miRNAs, with scientists trying to understand the regulatory roles of these small non-coding RNAs in diverse biological processes. This review provides a comprehensive overview of miRNA studies in farm animals, specifically focusing on exploring their functional significance, regulatory mechanisms, and potential applications as biomarkers for common diseases affecting farm animals and mycotoxicosis.



History

MiRNA was first characterized in 1993 by Ambros, Lee, and Feinbaum within Caenorhabditis elegans (31). This identification resulted from its anti-sense complementarity with the seed sequence of Lin-4 gene transcript, leading to the suppression of the Lin-14 gene expression (32). Although efforts were made to discover the miRNA molecule, its role in cellular vital functions remained unclear at that time. Subsequently, in 2000, a second small RNA, let-7, was discovered, revealing its role in enhancing the development of C. elegans (33). This discovery marked the recognition of both lin-4 and let-7 as a class of RNA molecules present in C. elegans, humans, and drosophila (34–36). From then on, the term “microRNA” was coined to describe this class of molecules. In 2006, the Nobel Prize in Physiology and Medicine was awarded to Andrew Z. Fire and Craig C. Mello for their work elucidating that small double-stranded RNAs, such as microRNA and small interfering RNA, modulate post-transcriptional gene silencing through RNA interference. Since then, research efforts have expanded to explore how miRNA regulates various physiological and pathological functions across various species, as well as their usage as biomarkers in diagnostic applications.



MicroRNA biogenesis and post-transcriptional regulation

MiRNA biogenesis is a complex process encompassing nuclear and cytoplasmic processing produce mature miRNA molecules (37). The primary pathway for miRNA biogenesis termed the canonical pathway, regulates miRNA through the microprocessor complex (38). In this pathway, the RNAase III domain dimers of Drosha form a complex with DGCR8, known as the microprocessor complex (39). This complex cleaves the extended primary transcript into a precursor microRNA (pre-miRNA). Subsequently, the pre-miRNA is transported to the cytoplasm by the Exportin 5/Ran GTP complex (21). In the cytoplasm, DICER and TRBP (transactivating region RNA-binding protein) cleave the pre-miRNA and produce a miRNA duplex (40). The duplex is then loaded onto the Argonaute protein complex (AGO proteins 1–4), creating the RNA-induced silencing complex (RISC) (41). This RISC complex regulates the target mRNA (42). Depending on the complementarity of the seed region, miRNAs can bind to target mRNA, resulting in deadenylation or rapid decay (43). This phenomenon is known as the miRNA-mediated gene repression (44). On the other hand, translation repression may occur during the cap-cap-recognition stage (45) or 60S subunit binding stage (46), which leads to degradation or storage of the mRNA in P-bodies. Repression may also manifest post-translation initiation (47), leading to proteolytic breakdown of the peptide or inhibiting elongation through ribosomal drop-off by miRNAs (48). The complete process of miRNA biogenesis and post-transcriptional regulation is shown in Figure 1. This comprehensive regulatory network underscores the complexity and versatility of miRNA-mediated gene expression control.
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FIGURE 1
 The canonical and non-canonical pathways of miRNA biogenesis. Created with Biorender.com (accessed on 21 December 2023).




Methodology

The diseases covered in this review article include the most commonly occurring infectious diseases and mycotoxicosis in farm animals. Comprehensive research was conducted using scholarly databases like PubMed and Google Scholar by using keywords and phrases, both broad and specific, like miRNA, miRNA in animal disease, miRNA and mycotoxin studies in animals, and miRNA as a biomarker for animal diseases, “by specifically searching for a disease in particular,” and we identified articles related to this review. The literature review for each disease was written chronologically, covering seminal works as well as new research in the field. Articles that are relevant to the topic were identified by skimming through titles and abstracts. These selected articles were then read and used to write the literature review. Citation management software like EndNote was used to organize the references.

The inclusion criteria for this review article involved selecting studies that are directly relevant to the roles of miRNAs in farm animal diseases and mycotoxicosis. This included both experimental and review literature that provides insights into the mechanisms of miRNA, disease associations, and potential for diagnostics or applications for disease intervention. Studies were excluded if they were not directly related to the subject, were of low quality, or had conflicting or not clear findings of biomarkers for a particular disease. The number of papers referred for diseases at the species level and mycotoxicosis are given in Table 1.



TABLE 1 The number of papers referred to diseases in farm animals at the species level and mycotoxicosis.
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MicroRNAs in farm animal diseases

There has been an increasing interest in using miRNAs as biomarkers for various diseases, and it has gained significant attention, especially in the context of managing diseases in farm animals (49). In farm animal disease management, various effective approaches, such as genome editing (50), RNA interference (51), and the selection of animals with genetic traits resistant to diseases (52), have been used. Moreover, targeting epigenetic markers (53) and miRNAs (54) has emerged as promising tools.

To manage farm animal diseases, researchers usually follow a three-step process to identify miRNAs (7). The first step involves the identification of potential markers associated with specific diseases. Subsequently, these markers undergo validation and confirmation to assess their utility across different populations. In the final step, the most efficient tests are selected to use the identified markers for prognostic, therapeutic, or diagnostic purposes.

The utilization of miRNA biomarkers in farm animal disease management offers numerous advantages, as described by Tribolet et al. (55). Early detection of diseases through miRNA biomarkers improves prognosis and limits the spread of pathogens. Timely intervention is possible by identifying pathogens at the onset of the disease. Identifying latent infections can help prevent the spread of pathogens and minimize productivity losses. Furthermore, using miRNA as a biomarker can facilitate the identification of effective therapies for livestock diseases, ultimately improving animal well-being and productivity. However, there are several challenges in using miRNAs as biomarkers, as there is a need to understand temporal patterns in their expression during disease progression (55), detecting miRNAs with high specificity and sensitivity in a disease (56), and technical limitations in their identification (12). In addition, the incubation period, prodromal stage, and pathogenesis significantly vary for different pathogens. Understanding the miRNA expression and ontogeny of specific pathogens is necessary to comprehend the molecular mechanisms underlying various diseases.

In this context, several important diseases impacting farm animals are discussed in this review, shedding light on the role of miRNAs in disease management. The total number of studies conducted on miRNA in various farm animals is summarized in Table 2, emphasizing the growing significance of miRNA research in the field of veterinary science.



TABLE 2 Number of microRNA studies in different farm animal species.
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miRNAs involved in poultry diseases

miRNAs play a crucial role in regulating gene expression and immune responses, which impact the susceptibility and resistance of birds to diseases (57). Research in this area has gained valuable insights into the role of miRNAs in poultry diseases. Notably, RNA cloning and genome sequencing efforts led to the identification of 25 microRNA sequences in chicken embryos and adults for the first time (58). The roles of miRNAs in some important chicken diseases are discussed below (Figure 2).
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FIGURE 2
 List ofmiRNAs dysregulation in chicken diseases. Created with Biorender.com (accessed on 2 January 2024).



Marek’s disease

Marek’s disease is a lymphoproliferative disease caused by a herpes virus (59, 60). Significant insights into the molecular mechanisms underlying Marek’s disease virus (MDV) infections have been gained through various in vitro techniques investigating the functions of host-encoded miRNAs in different aspects of MDV diseases (59–61). Several studies have contributed to advancing our understanding of the complex interactions between host miRNAs and MDV infections. Zhang et al. (62) reported that MDV-miR-M4, an ortholog of miR-155, is crucial for the induction of T-cell lymphomas and was found to be over-expressed in the natural host. Eight small RNAs were identified as MDV miRNAs, contributing to the promotion of MDV pathogenesis and aiding in the transformation of chicken T cells (63). Overexpression of gga-miR-21 was reported during oncogenic RB-1B strain infection compared to non-oncogenic strain CVI988 (58). Li et al. (60) reported that a downregulation of gga-miR-26a in spleens infected with Marek’s disease virus compared to the control group chickens. The expression of gga-miR-103-3p was found to be downregulated in MDV-infected tissues using quantitative polymerase chain reaction (qPCR) (59). gga-miR-219b was identified as suppressing tumor growth by inhibiting cell proliferation, apoptosis, migration, and invasion (61). Small RNA-seq analysis identified 54 novel miRNAs that were differentially expressed in MDV and control birds (64). The study demonstrated that miR-126 plays a role in suppressing tumors in Marek’s disease lymphoma (65). A potential regulatory network of miR-29b-3p and its target gene was identified, which regulates the characteristics of the MD lymphoma transformation (66). These findings collectively contribute to our understanding of the intricate roles played by miRNAs in the context of Marek’s disease, offering potential avenues for disease interventions and management strategies.



Avian leukosis

Avian Leukosis Virus (ALV), a retrovirus belonging to the Retroviridae family, is associated with tumorigenicity along with decreased fertility, egg production, and growth retardation in chickens (67–69). Several studies have investigated the role of miRNAs in ALV infections and tumorigenesis, providing insight into the molecular mechanisms underlying these conditions. Using miRNA microarray analysis in 10-week-old chickens, Li et al. (70) identified 12 differentially expressed miRNAs in ALV chickens. Among them, gga-mir-221, gga-mir-222, gga-mir-1456, gga-mir-1704, gga-mir-1777, gga-mir-1790, and gga-mir-2127 were upregulated, and gga-let-7b, gga-let-7i, gga-mir-125b, gga-mir-375, and gga-mir-458 were downregulated in the context of tumor suppression. Li et al. (71) suggested that gga-miR-375 plays a regulatory role in ALV tumorigenesis by controlling cancer cell proliferation and functioning as a tumor suppressor. Dai et al. (72) proposed that gga-miR-221 and gga-miR-222 may have a significant effect on genes for tumor formation in chickens, promoting unregulated differentiation and metastasis of cancer cells while inhibiting apoptosis (73).

Research by Ji et al. (74) suggested that miR-34b-5p targets the MDA5 signaling pathway, facilitating the migration and proliferation of ALV-J-infected cells and favoring ALV-J replication. miRNAs act as tumor suppressors, which are critical in tumorigenesis. The expression of gga-let-7b and gga-let-7i in liver and bone marrow tissues infected with ALV-J suggests that these miRNAs act as tumor suppressors during the process of tumorigenesis (27). Further, co-infection of reticuloendotheliosis virus (REV) and avian leukosis virus subgroup J (ALV-J) in vitro promotes viral replication by synergistically increasing exosomal miRNAs (miR-184-3p, miR-146a-3p, miR-146a-5p, miR-3538, and miR-155). Further, the downregulation of gga-miR-375 and the upregulation of YAP1 caused by ALV-J infection affect the cell cycle, leading to tumor formation (75). Together, these studies contribute to our understanding of the complex relationship between miRNAs and ALV infections and provide potential targets to control ALV-associated diseases in chickens.



Infectious bursal disease

The infectious bursal disease is a highly contagious and immunosuppressive viral disease that primarily affects young chickens by targeting the B cells in the Bursa of Fabricius (76). This disease is characterized by severe destruction of B lymphocytes, resulting in immunosuppression (lymphopenia) and increased susceptibility to secondary infections (77). An interaction between miRNAs and IBDV (Infectious Bursal Disease Virus) sheds light on the intricate regulatory mechanisms governing viral replication and host response. Inhibition of IBDV replication through miRNA delivery specific for VP1 and VP2 through a recombinant avian adeno-associated virus (rAAAV). Results suggested that rAAAV expressing VP1 and VP2-specific miRNAs is a potent inhibitor of IBDV replication (78). Bursal miRNA gga-miR-9 plays an important role in IBDV replication in SPF (Specific Pathogen Free) chickens. Increased expression of gga-miR-9 after infection inhibited interferon (IFN) production and promoted IBDV replication (79). Fu et al. (80) showed that direct targeting of the IBDV genome by miR-130b prevents viral replication by reducing the expression of VP3 and SOCS5 (suppressor of cytokine signaling 5). Various miRNAs that play a significant role against IBDV, including gga-miR-130b-3p (80), gga-miR-454-3p (81), gga-miR-155-5p (82), gga-miR-27b-3p (83), and gga-miR-20b-5p (84), have been identified as antiviral factors inhibiting IBDV replication. On the other hand, viruses can exploit host miRNAs, including gga-miR-9-3p (79), gga-miR-2127-3p (85), gga-miR-142-5p (86), and gga-miR-16-5p (87) to enhance replication and spread infection. These above studies provide the complex relationship between miRNAs and IBDV, emphasizing host defense mechanisms and viral strategies to exploit host cellular mechanisms.



Avian influenza disease

Avian influenza (AI) viruses, classified under the Influenza A genus and the Orthomyxoviridae family (88), pose a significant threat to the poultry industry (89). The two types of avian influenza viruses, namely high-pathogenic avian influenza (HPAI) and low-pathogenic avian influenza (LPAI) (90), exhibit varying degrees of virulence and impact on poultry health. In order to gain insight into the molecular mechanisms behind the regulation of host responses to avian influenza infections, numerous studies have examined the role of miRNAs. These investigations have also helped to identify potential targets for therapeutic interventions (91). AI-infected chickens have differentially expressed miRNAs in different organs. Using the molecular sequencing approach, Wang et al. (92) discovered that 73 and 36 differentially expressed miRNAs were found in the lungs and trachea, respectively, in AI-infected chickens. Differentially expressed miRNAs are also associated with immunity. In chickens infected with AI, some of the miRNA candidates are controlling the host’s mRNA response. Peng et al. (93) identified differentially expressed miRNAs, including gga-miR146c, gga-miR-181a, gga-miR-181b, gga-miR-30b, gga-miR-30c, gga-miR-30e, and gga-miR-455, in chicken embryo fibroblasts related to immunity during AI infection. Wang et al. (94) suggested that the targeted mRNA gene expressions of gga-miR-34a, gga-miR-122-1, gga-miR-122-2, gga-miR-146a, gga-miR-155, gga-miR-206, gga-miR-1719, gga-miR-1594, gga-miR-1599, and gga-miR-451 miRNAs are promising candidates for controlling the host response to AIV infection in the lungs, along with mRNA gene expression, MX1, IL-8, IRF-7, and TNFRS19. In a study investigating the spleen miRNA expression in H5N1 strain-infected chickens and ducks, Li et al. (95) used high-throughput sequencing. This research revealed various miRNA expression patterns between the two avian species, shedding light on the underlying molecular mechanisms contributing to their distinct susceptibility to H5N1 avian influenza. The identified differences in miRNA expression suggest a potential role of these small regulatory molecules in modulating the host response to the virus. This information is crucial in deciphering the interactions between the avian influenza virus and its hosts, providing valuable insights into the species-specific variations in susceptibility and immune responses. The identification of specific miRNAs, including miR-146a, miR-146b, miR-205a, miR-205b, and miR-449, stands out as a noteworthy discovery with possible implications for treating avian influenza virus (AIV) infections in chickens (96). The research suggests that these miRNAs could serve as promising candidates for developing novel antiviral agents or vaccine adjuvants. The identification of these miRNAs and their possible functions in regulating AIV infection opens avenues for more research into their modes of action and potential therapeutic applications. Utilizing the regulatory potential of miRNAs offers a targeted approach to mitigating the impact of AI, providing the opportunity for innovative strategies in poultry health management. Using miRNA-based interventions could be a breakthrough in creating efficient antiviral techniques to protect poultry populations as researchers continue to explore the functional features of these newly discovered miRNAs. A critical study of miRNA expression during H9N2 infection revealed important new information about the complex regulatory mechanisms in chicken dendritic cells (97). This study identified a total of 66 known and 36 novel differentially expressed miRNAs, shedding light on miRNA involvement in key signaling pathways such as endocytosis, p53, lysosome, RIG-I-like, and NOD-like receptor signaling pathways. The findings emphasize the multifaceted nature of the host response to H9N2 influenza infection, revealing specific miRNAs that play crucial roles in modulating these intricate cellular pathways. Understanding the molecular intricacies of H9N2 infection is important because this information could lead to the development of targeted treatments that enhance the host’s antiviral defenses against a specific influenza subtype. In their exploration of the regulatory dynamics of miRNA during HPAIV H5N1 infection Vu et al. (98) identified the role of gga-miR-26a-5p in infected chickens. Gga-miR-26a-5p was identified as a potential regulator of the melanoma differentiation-associated protein 5 (MDA5) signaling pathway, a critical component of the innate immune system’s detection mechanism for viral infections. The research identified the network of molecular interactions orchestrated by gga-miR-26a-5p during HPAIV H5N1 infection, emphasizing its potential as a therapeutic target or diagnostic marker. The elucidation of this miRNA role adds a valuable piece to the puzzle of host-virus interactions, providing insights that may contribute to the development of targeted strategies for mitigating the impact of highly pathogenic avian influenza in chickens. A recent study by Kang et al. (99) identifying differentially expressed miRNAs in an H5N1-infected chicken cell line has revealed a set of key players associated with the progression of influenza A virus infection. The findings highlighted several miRNAs, including miR-22-3p, miR-146b-3p, miR-27b-3p, miR-128-3p, miR-2188-5p, miR-451, miR-205a, miR-203a, miR-21-3p, and miR-200a-3p, whose expression profiles were significantly changed in response to the viral challenge. The identification of these miRNAs suggests their potential roles as modulators of viral pathogenesis and host defense strategies.



Chronic respiratory disease

One of the most important mycoplasmas that are commonly related to avian chronic respiratory diseases is Mycoplasma gallisepticum (MG) (100), which causes acute inflammation in the lungs and trachea of chickens and turkeys (101, 102). Zhao et al. (103) identified miRNAs associated with MG infection in chicken lungs at 3 and 10 days post-infection, revealing 45 and 68 differentially expressed miRNAs, respectively. These miRNAs were found to target numerous genes, playing regulatory roles in various signaling pathways, such as the JAK/STAT pathway, the focal adhesion regulatory pathways, the Wnt pathway, and the MAPK pathway. Chen et al. (104) highlighted that gga-miR-101-3p expression was upregulated in DF-1 cells and chicken embryonic lung tissues infected with MG, leading to the arrest of the cell cycle. Zhao et al. (105) highlighted the downregulation of gga-miR-99a and increased expression of SMARCA5 (a component in cancer resistance to substances that damage DNA) in MG-infected cells, suggesting a protective mechanism against MG infection. Yuan et al. (106) revealed that MG infection upregulates miR-130b-3p, suppressing PTEN expression and promoting cell proliferation. Additionally Zhang et al. (107), found that upregulation of gga-miR-146c in MG infection facilitates cell proliferation and cell cycle progression. The immune protein Let-7d acts as a defense mechanism against MG infection in chick embryos by inhibiting the MAPK pathway, reducing MG adhesion, inflammatory response, and cell death. These findings provide insights into the intricate molecular interactions of miRNA during MG infection, suggesting miRNAs could be a potential diagnostic indicator for the effective control and prevention of MG-related diseases in poultry.



Chicken necrotic enteritis

Necrotic enteritis (NE) caused by Clostridium perfringens poses a significant threat to the poultry broiler industry (108). It is necessary to comprehend and understand the molecular mechanisms of how miRNA molecules regulate gene expression and various physiological and pathological processes during NE.

In NE-induced chickens, 12 differentially expressed miRNAs were identified using high-throughput sequencing of small RNA (109). The upregulation of miR-215, miR-217, miR-194, miR-200a, miR-200b, miR-216a, miR-216b, and miR-429 in the intestine, as well as the upregulation of miR-34b and miR-1684 in the spleen, and downregulation of miR-1782 and miR-499 in the intestine. The upregulation of the above miRNAs in the intestine and in the spleen suggests a complex interplay of miRNAs in different tissues during NE. The studies by Truong et al. (110) further emphasized the significance of miRNAs in NE by exploring their role in genetically distinct chicken lines infected with Clostridium perfringens and Eimeria maxima. They revealed six miRNAs (let-7c, miR-199, miR-200a, miR-200b, miR-429, and miR-499) targeting BMP7, indicating their potential involvement in the transforming growth factor-beta (TGF-β) signaling pathway. Several studies provided insights into specific miRNAs, such as gga-miR-200a-3p and gga-miR-10a-5p, and their roles in regulating the MAPK signaling pathway and Toll-like receptor (TLR) signaling pathway, respectively, in chickens during NE infection (111). These miRNAs could serve as a potential biomarker during NE and contribute to understanding the immune response in chicken lines susceptible to and resistant to Marek’s disease (112). Additionally, Zhao et al. (113) extended the investigation by analyzing the miRNA expression patterns during probiotic supplementation in broilers during subclinical NE. The identification of 57 differentially expressed miRNAs related to chicken immunity and inflammation responses provides a foundation for exploring therapeutic interventions and dietary strategies to mitigate the impact of NE on poultry health (113). Overall, these studies understand the complex interplay between miRNAs and the pathogenesis of NE. The identified miRNAs hold promise as diagnostic markers and potential tools for devising strategies to enhance poultry health and mitigate the economic losses associated with necrotic enteritis. Further research is warranted to unravel the regulatory networks and validate the practical applications of these miRNAs in poultry health management.




miRNAs involved in swine diseases

miRNA research in swine diseases has significantly contributed to the identification of potential biomarkers for disease diagnosis, prevention, and control in the swine industry (114). The pioneering work by Sawera et al. (115) marked an important milestone in this field by identifying the first porcine miRNA cluster miR-17-92, localized in chromosome 11. This discovery was achieved by using human miRNA data sequences as a reference and employing northern blot hybridization for expression analysis to provide the foundation for subsequent investigation into the roles of miRNAs in swine health.

The application of miRNA research to swine diseases has been critical for understanding the molecular mechanisms underlying various health challenges in swine farming. The knowledge gained from such studies contributes to developing targeted interventions and strategies to enhance disease management in swine populations. Several major swine diseases have been subjects of miRNA research, furthering our comprehension of the interactions between miRNAs and disease pathogenesis. This ongoing research holds promise for identifying novel targets for disease intervention and implementing precision treatment approaches in swine farming practices. Some of the major swine diseases in relation to miRNA research are listed below (Figure 3).
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FIGURE 3
 List ofmiRNAs dysregulation in swine diseases. Created with Biorender.com (accessed on 2 January 2024).



Porcine reproductive and respiratory syndrome (PRRS)

PRRS is a serious threat to the global swine industry, causing significant economic losses due to respiratory and reproductive failures in the swine population (116). With an estimated annual economic loss of USD 664 million in the US alone (117), understanding the molecular mechanisms underlying PRRS is crucial for developing effective strategies for disease diagnosis, prevention, and control. The comprehensive analysis of miRNA expression during PRRS infection has revealed a complex regulatory network influencing the course of the disease. Illumina deep-sequencing demonstrated significant alterations in miRNA profiles in porcine alveolar macrophages infected with PRRSV, showing the dynamic nature of host miRNA responses (118). Important findings include the differentially expressed miRNAs miR-30a-3p, miR-132, miR-27b, miR-146a, and miR-9-2 suggesting their involvement in signaling pathways critical for immune system activation. The therapeutic potential of miRNAs in combating PRRSV has been highlighted by Guo et al. (119), where the administration of miR-181 exhibited antiviral efficacy by reducing viral load and alleviating fever. These findings open avenues for exploring miRNAs as novel antiviral strategies against PRRS. Additionally, miR-125b was identified as a key regulator that inhibits PRRSV replication by suppressing NF-kB activation (120). The discovery of miR-23, miR-378, miR-505 as antiviral factors further underscores the regulatory role of miRNAs in host defense mechanisms against PRRS (121). Further studies into miR-26a and miR-30c inhibiting viral replication while miR-22 facilitates it reveal the dual role of miRNAs in the host-virus interaction (122). In this study, miR-26a pre-treatment inhibited PRRSV replication and cytopathic effects in MARC-145 cells for 120+ hours. A study reported that miR-30c is upregulated in PRRS by NF-kB activation (123). Studies with miR-373, miR-10a-5p, and miR-218 during PRRSV infection revealed their distinct regulatory roles, potential targets for therapeutic interventions, and biomarker identification (124–126). Moreover, miR-376-3p was implicated in impairing anti-PRRSV activity, emphasizing its significance in influencing viral replication dynamics (127). Further, more research exploring miR-c89, miR-142-3p, and their roles in preventing PRRSV entry into porcine alveolar macrophages provides promising avenues for therapeutic development (128, 129). Moreover, recent investigations into miRNAs associated with immune-related genes, including CTLA4 and SAMHD1, and their associated miRNAs, LncRNAs, and circRNA offer potential targets for controlling PRRSV infections (130, 131). The multifaceted roles of miRNAs in PRRS indicate their significance in regulating host-pathogen interactions.

Continued research in this field promises to enhance our understanding of the molecular mechanisms behind PRRSV infections, ultimately facilitating the development of effective strategies for disease management in swine populations.



Swine influenza

Swine influenza caused by influenza A virus is a highly contagious respiratory disease with substantial implications for animal welfare and agricultural economies (132). For the purpose of developing efficient control measures, it is essential to understand the molecular responses that occur during swine influenza infections, especially those involving miRNAs. In pigs, in-depth studies of miRNA expression profiles in the lungs provide insight into the complex host-virus interactions and possible functions of miRNAs in immune response modulation. Skovgaard et al. (132) studied the miRNA expression in pigs experimentally infected with the H1N2 strain and identified differentially expressed miRNAs (miR-15a, miR-21, miR-146, miR-206, miR-223, and miR-451) compared to the control group. These miRNAs may serve as key regulators during swine influenza, influencing host responses to the viral infection. The study by Jiang et al. (133) provided insights into the dynamic changes in miRNA expression in porcine alveolar macrophages during the H1N1 SwIV virus infection. They found that most host miRNAs were downregulated during the acute phase, which contributed to the defense against H1N1 SwIV infection. However, during the recovery phase, miRNA expression levels gradually return to normal to prevent excessive lung damage. Huang et al. (134) identified 50 spleen miRNAs that were affected by the A/Swine/GD/2/12 (H1N1) virus. Notably, miR-124-3p was upregulated and associated with innate immune-related pathways such as the Toll-like receptor pathway, RIG-I-like receptor signaling pathway, NOD-like receptor signaling pathway, and JAK–STAT signaling pathway, suggesting its significant role in the anti-inflammatory response during swine influenza. Zhang et al. (135) studies highlighted the antiviral roles of ssc-miR-204 and ssc-miR-4331 targeting viral components to inhibit replication of the swine H1N1/2009 Influenza A virus. These miRNAs play a crucial role in restricting cross-species infection, showing their potential as therapeutic targets for the influenza A virus. Brogaard et al. (136) discovered miRNAs (ssc-miR-15a, ssc-miR-18a, ssc-miR-21, ssc-miR-29b, and hsa-miR-590-3p) in the lung tissue of pigs infected with the H1N2 strain of the Influenza A virus. These miRNAs, including known and novel candidates, may act as modulators for viral pathogen recognition and apoptosis, influencing the course of swine influenza. In addition, according to a study by Song et al. (137), swine miRNAs, such as miR-221-3p and miR-222, were found to hinder the replication and infection of avian influenza in PAM cells by directly targeting the viral genome. These miRNAs can have the capability of inducing cell apoptosis by inhibiting the anti-apoptotic protein HMBOX1 expression, showing a multifaceted role in the host defense against influenza viruses.



Salmonellosis

Salmonella enterica serovar Typhimurium, a causative agent of gastroenteritis in both humans and animals, poses a substantial threat to public health, particularly through its ability to colonize pigs (138). Salmonella-carrying pigs have become a significant concern, as it not only leads to enterocolitis but also presents a risk of bacterial transmission to pork during slaughter, potentially posing a significant health risk to humans (139). Understanding the involvement of these miRNAs provides insights into the host’s defense against Salmonella and the intricate interplay between miRNAs and signaling pathways. Huang et al. (140) identified a critical link between miR-155 expression and persistent shedding of Salmonella in pigs, emphasizing the role of microRNA regulation in the host response to Salmonella infection. This downregulation of miR-155 may contribute to establishing and maintaining Salmonella carrier status in pigs. A microarray analysis study by Hoeke et al. (141), examined miRNA-mRNA interactions in Salmonella-infected piglet intestines. Their findings highlighted the role of miR-29a in controlling the growth of intestinal epithelial cells by targeting caveolin-2, a focal adhesion protein. This indicates the complex regulatory mechanisms of miRNA involved in the host’s response to Salmonella infection. Yao et al. (142) identified the key players in the Salmonella infection signaling pathway, including miR-221 (FOS), miR-125b (MAPK14), and miR-27b (IFNG). A study by Huang et al. (143), explored the peripheral blood miRNA expression profile after Salmonella enterica serovar Typhimurium infection revealed that 29 miRNAs had different expressions. In addition, studies with miR-146a induction on the fecal bacterial load in pigs suggest its potential role in modulating the fecal bacterial load in pigs during Salmonella infection (144). Further, the functional analysis of porcine miR-194a-5p, analogous to human miR-194-5p, revealed its significant role in regulating the expression of the TLR4 gene. This TLR4 gene is a critical component in recognizing and activating innate immunity in Salmonella infection, emphasizing the pivotal role of miRNAs in combating pathogen virulence.



Other swine diseases

Several pathogens pose significant threats to the swine industry, causing diseases that affect pig health and overall productivity. Some of the impacts of miRNAs in the context of infections caused by E. coli F18, Clostridium perfringens type C, the porcine whipworm Trichuris suis, Toxoplasma gondii, and Porcine Circovirus (PCV).

Ye et al. (145) identified 12 differentially expressed miRNAs associated with E coli F18 infection in piglets. This study proved that these 12 miRNAs are not only involved in immune response and transcriptional regulation but could also serve as disease markers against E. coli F18. In the regulatory network of miRNAs in response to bacterial infections, Wu et al. (146) suggested miR-218-3p as a potential miRNA involved in an E. coli F18 infection targeting DLG5. Clostridium perfringens type C is a major pathogen causing diarrhea in piglets. Wang et al. (147) compared miRNA expression profiles in control, susceptible, and resistant groups, identifying specific miRNA-target gene pairs associated with resistance. These findings suggest that these miRNA-target gene pairs may provide resistance against C. perfringens type C infection in piglets. This discovery provides valuable insights into the genetic basis and potential markers for resistance. Against C. perfringens type C infection in piglets.

The porcine whipworm (Trichuris suis) induces higher expression of ssc-let-7d-3p (148). Similarly, Toxoplasma gondii infection alters microRNA expression profiles in porcine alveolar macrophages. The study identified 81 miRNAs with different expressions and targeted genes involved in various signaling pathways, such as FcγR-mediated phagocytosis, the AMPK signaling pathway, the mTOR signaling pathway, and the FcγRI signaling pathway (149). Further, the study revealed that miR-664-5p, miR-451, and miR-15a are promising miRNA candidates for Actinobacillus pleuropneumoniae infection (150).

Porcine circovirus causes post-weaning multisystemic wasting syndrome (PMWS), a major swine disease worldwide. Zhao et al. (151) found that PCV-infected pigs had elevated levels of miR-122, miR-451, miR-486, and miR-192 in the lungs while downregulating miR-504. miR-122 has the ability to control the expression of PCV protein and viral DNA replication in PK15 cells, emphasizing its role in regulating viral replication (152). Li et al. (153) examined the interaction between differentially expressed miRNAs and mRNAs during PCV infection and identified some miRNAs that disrupted cellular inflammatory responses. This study demonstrated the impact of PCV infection on host miRNAs and mRNA expression.




miRNAs involved in cattle diseasess


Bovine viral diarrhea

Bovine viral diarrhea is an immunosuppressive disease affecting both the dairy and beef industries, leading to substantial economic losses (154). The causative agent, Bovine Viral Diarrhea Virus (BVDV), is a Pesti virus responsible for the onset of BVD (155). In 2014, a novel miRNA study (156), on Madin-Darby bovine kidney cells (MDBK) elucidated the important molecular mechanisms underlying BVDV infection. This research highlighted the role of various miRNAs, such as bta-miR-29b, in regulating apoptotic pathways (caspase-7) and nuclear apoptosis-inducing factor 1 (NAIF1), suppressing BVDV replication by decreasing the availability of viral envelope glycoprotein E1 mRNA and regulating autophagy-associated proteins, ATG14 and ATG9A (157). Subsequent studies into the anti-viral effect were achieved by targeting specific genes and silencing DNA (cytosine-5) methyltransferase 1 (DNMT 1), leading to enhanced miR-29b expression and thereby inhibiting BVDV replication (158). Additional miRNAs, such as bta-miR-2411, bta-miR-2904, contribute to regulating BVDV replication by repressing the Pelota on 3’UTRs (159). However, not all miRNAs show promise as biomarkers, as has been demonstrated by the limited use of bta-miR-423-5p, bta-miR-151-3p in BVDV infection. The expression pattern in BVDV-challenged calves of miR-423-5p was upregulated during early infection in the serum, but by the end of the study, there was no variation between the challenged and control groups (160). The contribution of argonaute 2 and host miR-on BVDV replication further determined the complexity of the host-virus interactions (161).



Foot and mouth disease (FMD)

Foot-and-mouth disease (FMD) is a highly infectious and economically significant viral disease that affects cloven-hoofed animals, including cattle, pigs, sheep, and goats (162, 163). The causative agent foot and mouth disease virus (FMDV) belongs to the Aphthovirus genus within the Picornaviridae family (164). The disease is characterized by vesicular lesions on the animals’ feet and mouths, leading to significant economic losses in affected regions (162, 163). Understanding the dynamics of miRNA expression during different phases of FMDV infection is critical for developing targeted interventions due to the virus’s transmissibility and devastating impact.

Chang et al. (165) conducted a promising approach by using dual-miRNA consisting of two miRNA hairpin structures for efficient inhibition of FMDV replication. An in-vitro study with co-transfection of BHK-21 cells targeting the internal ribosome entry site (IRES) was considered a more efficient strategy than single miRNA sequences, suggesting the potential use of this approach for both in-vitro and in-vivo antiviral applications. This study opens opportunities for further exploration into the development of therapeutic interventions based on miRNA modulation.

In the investigation of identifying differential miRNA profiling during subclinical FMDV persistence Stenfeldt et al. (166) discovered that during acute infection and persistence infection phases, they exhibit different expression patterns for bta-miR-17-5p, bta-miR-31, and miR-1281. The dynamic nature of host miRNA responses during FMDV infection, linked to various stages of infection, could potentially serve as markers for disease progression and persistence. Basagoudanavar et al. (167) provided further insights into the host response by examining serum miRNA expression in cattle during FMDV serotype O infection. The significant upregulation of 39 miRNAs with 9 miRNAs matching the genome sequence of FMDV serotype O highlights the relationship between host miRNA and the infecting virus. This suggests a potential role for these miRNAs in modulating host responses to FMDV infection.

Despite these advancements, challenges remain in translating these findings into practical applications. The complexity of host-virus interactions demands further research to understand the specific roles of individual miRNAs and their target genes. Additionally, the development of antiviral strategies based on miRNA modulation requires careful consideration of potential off-target effects and safety concerns. Moreover, the dynamic nature of FMDV and the diversified serotypes pose challenges for developing universal treatment approaches. Future studies should explore the broader application of identified miRNAs across different FMDV strains and investigate their potential as broad-spectrum antiviral agents.



Brucellosis

Brucella, a genus of gram-negative, intracellular bacteria, poses a significant impact on ruminants and causes abortions and early embryonic deaths (168). Ruminants are mostly infected with B. abortus, and small ruminants are infected with B. melitensis (169). Modulation of miRNA expression has emerged as a key player in identifying the relationship between Brucella and host cellular mechanisms, including the persistence of chronic infections. A luciferase assay was used to explore the interaction between miR-1981 and its target genes Bcl-2 and Bid in B. melitensis-induced RAW264.7 cells (170). The findings demonstrated an upregulation of the luciferase activity of psiCHECK-2 Bcl-2 3′ UTR by miR-1981 c, suggesting that Brucella modifies miRNA expression to establish a chronic infection in the host.

In a study by Lecchi et al. (171), next-generation sequencing and RT-PCR were used to identify 20 dysregulated miRNAs in the blood serum and vaginal fluids of water buffaloes infected with B. abortus. Notably, miR-let-7f, miR-151, miR-30e, miR-191, miR-150, and miR-339b in vaginal fluids were identified as potential biomarkers for brucellosis. This discovery holds promise for the development of diagnostic tools for the early detection and monitoring of brucellosis in ruminants.

Singh et al. (172) used small RNA sequencing on blood samples from Brucellosis-positive and Johne’s disease-positive and healthy groups using an Ion Torrent Personal Genome Machine (PGM) sequencer and validated for differential expression of miRNAs. Their findings revealed specific miRNA expression patterns associated with brucellosis. Bta-miR-1434-5p, − 188 and −200c were up-regulated, while bta-miR-27a-5p, −34b, and -2285x were down-regulated. These differentially expressed miRNAs may play critical roles in the host response to Brucella infection and could serve as potential biomarkers in diagnostic applications.



Tuberculosis (TB)

TB in cattle is a chronic disease mainly caused by the Mycobacterium tuberculosis complex, primarily M. bovis, M. caprae, and, to a lesser extent, M. tuberculosis (173). In vitro study using J774a.1 and murine bone marrow monocyte-derived macrophage (BMDM) cells treated with M. bovis. This study revealed that upregulated miR-199a regulates the innate immune response by silencing the target TANK-binding kinase 1 (TBK1). This mechanism inhibits the maturation of autophagosomes and contributes to the intracellular survival of M. bovis (174).

Iannaccone et al. (175) explored the potential use of miR-146a as a biomarker in milk samples infected with TB. This study suggested that miR-146a, as a non-invasive biomarker in milk samples, offers a promising avenue for early detection and prognosis in TB-infected cattle.

Fu et al. (176) reported elevated levels of miR-325-3p in M. tuberculosis infection. They identified that the ligand of numb-protein X 1 (LNX1), an E3 ubiquitin ligase of NIMA-related expressed kinase 6 (NEK6), leads to aberrant accumulation of NEK6-stimulated STAT3 signaling and prevents apoptosis. This process facilitates the intracellular survival of M. tuberculosis, providing the cellular mechanism used by M. bovis to evade host immune responses. Inflammatory dermal exudates from water buffaloes were injected with purified protein derivatives of M. bovis (PPD-B) and purified protein derivatives of M. avium (PPD-A) (177). This study identified that miR-148a-3p is highly expressed in the M. bovis group compared to the M. avium group. This miR-148a-3p was found to downregulate the host’s inflammatory responses, potentially promoting the survival of M. bovis within the host.



Johne’s disease

Mycobacterium avium subspecies paratuberculosis (MAP) is responsible for Johne’s disease in cattle, a chronic, highly contagious disease that primarily targets the small intestine of ruminants (178). This disease causes intestinal thickening, decreasing absorption of nutrients, causing diarrhea, weight loss, and ultimately increasing the death rate (179). The interplay between MAP and macrophages is a key determinant in the progression of disease (180). Earlier studies identifying potential miRNA expression, miR-21, and miR-150 in bovine alveolar macrophages (181, 182) played pivotal roles in regulating antimicrobial peptide expression, immune responses, and apoptosis in macrophages during MAP infection. Further research identified that more miRNAs, such as bta-mir-19b, bta-mir-19b2, bta-mir-1271, and miRNA 14-7917, were differentially expressed in serologically positive MAP groups and unexposed groups (183). Further studies identified miRNAs such as miR-1976, miR-873-3p, miR-520f-3p, and miR-126-3p as potential biomarkers to differentiate healthy and severely MAP-infected animals (49). These above miRNAs could potentially differentiate healthy animals from those severely infected with MAP during early disease detection. Further blood small RNA sample sequencing by Singh et al. (172) identified more miRNAs:bta-miR-1434-5p, − 2,340, and −2,484 in the Johne’s disease-positive group.

High-throughput sequencing Wang et al. (184) identified the patterns of miRNA expression in macrophages challenged with MAP infection. miR-150 was found to target programmed cell death protein-4 (PDCD4) and macrophage apoptosis.

Understanding the manipulation of host lipid metabolism and miRNA expression during MAP infection in murine and bovine macrophage cell lines Wright et al. (185) indicated that MAP controls miRNA expression to facilitate intracellular persistence within the host. Exogenous lipid administration altered the miRNA’s expression with miR-19a, miR-129, miR-24, and miR-24-3p suggesting these miRNAs are involved in regulating the cellular response to MAP infection.



miRNAs involved in small ruminant diseases

Research on miRNA in these animals has predominantly focused on developmental and physiological aspects. However, emerging studies showed miRNA involvement in various diseases affecting small ruminants. In this discussion, we explore the role of miRNAs in bluetongue (BT), peste des petits ruminants (PPR), and scrapie, highlighting the potential for miRNAs as biomarkers in disease diagnosis (Figure 4).
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FIGURE 4
 List ofmiRNAs dysregulation in ruminant diseases. Created with Biorender.com (accessed on 3 January 2024).




Bluetongue (BT)

An insect-borne viral disease economically impacts the sheep farming industry. An in vitro study on the Aedes albopictus cell line treated with BT virus identified 140 dysregulated miRNAs, comprising 15 known and 125 novel miRNAs, with 414 and 2,307 annotated target genes, respectively (186). Further deep sequencing identified the differentially expressed miRNA in BT virus-infected sheep testicular cells (187). They found 25 known and 240 novel candidates and 8,428 predicted target genes, respectively. Recently, a whole transcriptome genomic analysis was done by Lu et al. (188) in the embryonic sheep testicular cells treated with the BT virus, which identified 78 differentially expressed miRNAs along with several other circular RNAs, long noncoding RNAs, and mRNAs.



Peste des-petits ruminant (PPR)

Peste des-petits ruminant (PPR) is a highly contagious viral disease caused by the morbillivirus in small ruminants (189). A species-wise study in sheep and goats investigated the differentially expressed miRNA in PPR virus-infected lung and spleen tissues (190). Amongst these differentially expressed miRNAs, 20 and 11 were common among sheep and goats in spleen and lung tissues, respectively. miR-21-3p, miR-1246, miR-27a-5p, miR-760-3p, miR-320a, and miR-363 are differentially expressed and regulate immune response signaling pathways, with more significance in goats than in sheep.



Scrapie

Scrapie, or transmissible spongiform encephalopathy (TSE), a prion disease in sheep and goats, affects the nervous system (191). Plasma from a clinical case of sheep that has pathognomonic symptoms of scrapie was investigated for scrapie-associated miRNA expression by Sanz Rubio et al. (192) and found miR-342-3p and miR-21-5p are significantly altered with TSE infection. Studies by López-Pérez et al. (193) detected differential miRNA expression in plasma as well as cerebrospinal fluid in the classical scrapie sheep, emphasizing the high expression of miR-342-3p, miR-146a-5p, miR-128-3p, and miR-21-5p in CSF. While these studies provide a deep understanding of miRNA involvement in diseases affecting small ruminants, there is a need for increased research on other diseases like hydatidosis and tumor-causing viruses.

Further exploration of miRNA signatures in diverse diseases will contribute to developing miRNAs as potential biomarkers for disease diagnosis and management in small ruminants.




MicroRNA and mycotoxins

miRNA expression is often influenced by the ongoing battle between infectious agents, such as viruses or bacteria, and the host immune system (194). The host defense mechanisms, including viruses and bacteria, are critical in shaping the miRNA expression profile during infections (195). The host-pathogen interactions modulating miRNA expression to regulate various cellular pathways, such as immune responses (196), apoptosis (197), and inflammation (198), play a critical role in regulating gene expression and act as key players in host-pathogen interactions (199). However, the changes in miRNA expression observed in response to mycotoxin exposure are primarily a reflection of the body’s response to toxins rather than a direct interaction with an infectious agent (200). These changes may involve miRNAs regulating processes related to detoxification, stress responses, and tissue damage repair.

Mycotoxins are toxic secondary metabolites produced by fungi that contaminate feed and pose a threat to animals and humans (201). Contaminated feed can introduce mycotoxins such as aflatoxin (AFB), ochratoxin (OTA), zearalenone (ZEA), deoxynivalenol (DON), fumonisin B1 (FB1), and T2 toxin into the food chain. It is estimated that three types of mycotoxins (aflatoxins, fumonisins, and deoxynivalenol) result in an annual economic impact of approximately 900 million US dollars in the United States (202). Mycotoxins can cause damage to the kidneys and liver suppress the immune system, and have the potential to cause cancer, mutations, and birth defects (203). Mycotoxins can induce toxic effects by targeting the expression levels of miRNAs within the cells. miRNAs play a critical role in post-transcriptional regulation of gene expression, which can lead to significant cellular changes.

Despite the establishment of guidelines by the European Food Safety Authority (EFSA) and the Food and Drug Administration (FDA) on the permissible levels of major mycotoxins in animal feed, the presence of subclinical doses of mycotoxins, either alone or in combination, has been shown to induce metabolic and immunologic disturbances (204). The presence of mycotoxins in the gastrointestinal tract of animals compromises gut health and integrity (205), and their presence will increase the severity of diseases such as coccidiosis (206) and necrotic enteritis (204) and increase the susceptibility to bacterial diseases like salmonellosis in poultry (207), leading to substantial economic losses (208, 209). The current challenge lies in the lack of biomarkers for farm animals that can accurately quantify mycotoxin exposure and toxicity in real time. Instead, damage assessment is often retrospective, based on decreased production parameters, highlighting the immediate need for biomarkers to detect early mycotoxicosis.

The metabolization of mycotoxins into various degradation derivatives within the host and the traditional methods of quantification of these mycotoxins and their metabolites in feces, urine, plasma/serum/blood, tissues, and animal products act as biomarkers of mycotoxicosis (210). Techniques such as liquid chromatography–tandem mass spectrometry (LC–MS/MS) and LC-high resolution mass spectrometry (LC-HRMS), while useful, have their drawbacks, particularly in detecting phase I and II mycotoxin metabolites and interaction products for which commercial standards are not available (211). In the identification of serum sphinganine to sphingosine ratio as a biomarker of fumonisin toxicity in poultry, the major concern is that although mycotoxin was identified in the feed, liver, and muscle of birds, the birds had no clinical signs of toxicity (212–215). Mycotoxins have been shown to cause decreased serum immunoglobulin levels and serum protein levels, increased liver pro-inflammatory cytokines, and apoptotic death in the liver (216). Hence, gut inflammatory markers and apoptosis-related markers could be potential biomarkers for identifying mycotoxicosis. However, the dependence on mycotoxin contents in the feed and liver as a biomarker highlights the challenges in accurately predicting mycotoxicosis and its impact on food safety and animal health.

In recent years, miRNAs have emerged as a new class of biomarkers with the potential to revolutionize the monitoring of toxicity and disease processes in farm animals (5). The ability of miRNAs to exhibit alterations before pathophysiological changes make them desirable molecular biomarkers responsive to acute environmental cues (217). Differential expression of miRNAs such as miR-27b, miR-21-5b, and miR-31-59 in response to mycotoxin exposure illustrates their potential as multipurpose biomarkers in toxicodynamics (218). This novel approach to biomonitoring mycotoxin toxicity in poultry and potentially other farm animals is promising but needs to be explored, offering a valuable tool for tracking subclinical mycotoxin toxicity and disease severity in real-time.

Several studies have indicated that mycotoxins can affect important signaling pathways, including MAPK, Wnt, p53, and inflammatory reactions (219). Altered miRNA expression in relation to a specific mycotoxin is presented in Table 3.



TABLE 3 MicroRNAs (miRNAs) linked to mycotoxins in various tissues with their target genes and biological effects.
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Studies on miRNA and mycotoxins in farm animals

Studies investigating the relationship between mycotoxins and miRNAs in farm animals have revealed connections between mycotoxin exposure and miRNA expression. These findings provide a better understanding of the potential mechanisms of toxicity and cellular response.



Chickens

Mycotoxins are normally present in common poultry feed ingredients (246). Corn is the primary source of feed (up to 65–70% of the diet) and is often contaminated with multiple mycotoxins. The presence of multiple mycotoxins in feed causes significant economic losses by lowering productivity even at subclinical doses (247). There has been limited research on the impact of mycotoxin on chicken miRNA expression. Given the global public health concern associated with aflatoxin B1 (AFB1), particularly due to its carcinogenic properties, understanding the molecular events triggered by this mycotoxin is significantly important. The study by Liu et al. (248) contributed critical information to the poultry industry and provided an opportunity for more investigation into the function of miRNAs, non-coding RNAs, and protein-coding genes in AFB1 toxicity in chickens. This study identified a specific long non-coding RNA [lncRNA (TU10057)] and miRNAs (gga-miR-301a-3p, gga-miR-301b-3p) associated with fat storage regulation in the liver. This suggests that the AFB1 toxin may induce changes in the expression of these molecules, leading to alterations in lipid metabolism and contributing to the development of a fatty liver. Another set of molecules, including lncRNA (TU45776) and miRNA gga-miR-190a-3p, along with the Bcl-6 gene, trigger responses leading to apoptosis in liver cells.



Swine

Mycotoxins, such as deoxynivalenol (DON) and zearalenone (ZEA), pose a significant threat to animal health, particularly in pigs (249). Segura-Wang et al. (250) identified four miRNAs (ssc-miR-16, ssc-miR-128, ssc-miR-451, and ssc-miR-205) as candidates for detecting DON toxicity in porcine serum and as potential biomarkers for toxin detection and addressing pathways that have been disrupted related to cell proliferation and survival. Zearalenone (ZEA) is a non-steroidal mycotoxin produced by Fusarium fungi. All farm animals, especially female pigs, are highly sensitive to the ZEA (251, 252). A study by Brzuzan et al. (253) showed the alterations of miRNA pairs during ZEA exposure. A significant alteration in miR-21 + miR-192 and miR-15a + miR-34a pairs in the ascending colon of immature gilts suggests disruptions in cell proliferation and survival pathways. Further, ZEA toxicity modulates mir-7, targeting the FOS gene, and inhibits follicle-stimulating hormone (FSH) synthesis and secretion, leading to reproductive defects (240). Another study by Grenier et al. (217) investigated the impact of zearalenone (ZEN) on microRNA expression in piglets’ uterine tissue, jejunum, and serum. While the jejunum did not exhibit any significant changes, the uterine tissue showed dose-dependent alterations in 14 microRNAs, specifically from the miR-503 cluster. These findings suggested potential biomarkers for detecting ZEN exposure. Further exploration into the genes regulated by these miRNAs is required to understand the biological effects of mycotoxins.



Ruminants

The exploration of miRNA expression in response to mycotoxin exposure in farm animals is an emerging field with limited existing research. The absence of extensive research on miRNA expression and mycotoxin exposure in cattle, sheep, and goats emphasizes the significant gap in our understanding of the exploration of miRNA regulation in farm animals. A study by Greene et al. (254) showed that lambs exposed to ergot alkaloids in utero modulate 120 differentially expressed miRNAs during gestation.




Future directions

Studies on miRNA and mycotoxin interactions in farm animals show interesting associations between mycotoxin exposure and miRNA regulation. Although research on this relationship is minimal, the findings suggest its potential importance, necessitating further exploration. Future studies should identify specific miRNA-mycotoxin associations, clarify fundamental mechanisms, and examine the long-term effects on animal well-being and productivity. Thereby, miRNA expression-related research can improve our understanding of farm animal diseases, reduce the risks of mycotoxin exposure, and improve animal welfare.



Conclusion and prospectives

In the last few decades, significant research has been conducted to understand miRNA functions and their pivotal roles in regulating the immune system, disease processes, and response to toxins in farm animals. This emerging field of research has shed light on how miRNAs circulate throughout the body and are able to be detected in various body fluids such as blood, serum, milk, and urine that can serve as potential biomarkers for early identification and development of mitigation strategies for diseases in farm animals.

The use of advanced technologies such as single-cell sequencing, CRISPR-Cas9 screening, long-read sequencing, integrated multi-omics approaches, and circulating exosome analysis is expected to result in significant progress in the field of miRNA research, particularly in relation to farm animal health and disease management. These advanced techniques promise to improve our ability to determine the functions of miRNAs in biological systems and their roles in states of health and disease. However, the challenge of identifying specific miRNAs that are dysregulated in association with diseases underlines the need for extensive research. This research is crucial for developing more accurate diagnostic strategies and understanding the ontogeny of miRNAs and their disease associations, thereby paving the way for novel approaches in the early detection and timely intervention of diseases and the improvement of growth and production in farm animals.
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