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Abstract
Acne is a prevalent skin condition that significantly impacts the quality of life for millions worldwide. In recent years, microRNAs (miRNAs) have gained recognition as crucial regulators of gene expression, playing a pivotal role in the pathogenesis and progression of acne. This review synthesizes current knowledge on the applications of miRNAs in acne treatment, elucidating their mechanisms in regulating inflammatory responses, sebaceous gland function, bacterial infections, and skin repair processes. Additionally, we explore the potential of miRNA-based therapeutic strategies and their future directions, offering new insights for clinical approaches to acne management.
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A
cne vulgaris is a prevalent inflammatory skin disorder, primarily affecting adolescents and young adults, characterized by excessive sebum production, abnormal keratinization, bacterial colonization, and inflammatory responses. The pathogenesis of acne is multifactorial, involving intricate interactions between the pilosebaceous unit and Cutibacterium acnes (C. acnes), contributing to the formation of comedones, papules, pustules, and nodules[1]. Recent advances in molecular biology have highlighted the significant role of microRNAs (miRNAs) in regulating various physiological and pathological processes, including skin conditions like acne. These small, non-coding RNA molecules modulate gene expression post-transcriptionally, influencing inflammatory pathways and cellular responses in the skin[2]. The therapeutic potential of targeting miRNAs in acne treatment has gained attention due to their ability to regulate key inflammatory mediators and signaling pathways involved in the disease's pathogenesis. For instance, specific miRNAs such as miR-21, miR-146a, and miR-223 have been implicated in the inflammatory processes associated with acne, making them promising candidates for therapeutic intervention [3]. As research continues to elucidate the role of these molecules, the prospect of utilizing miRNA modulation as a novel treatment strategy appears increasingly viable. This review aims to explore the mechanisms by which miRNAs influence acne pathogenesis, their potential as biomarkers for disease severity, and their prospects for clinical applications in acne management. Understanding the interplay between miRNAs and acne pathophysiology could pave the way for innovative therapeutic approaches, potentially leading to more effective treatments with fewer side effects compared to traditional therapies. Given the chronic nature of acne and its impact on the quality of life, the development of targeted therapies that leverage the regulatory functions of miRNAs could represent a significant advancement in dermatological care. This review will analyze current findings on miRNA involvement in acne, discuss the underlying mechanisms, and evaluate the future prospects of miRNA-targeted therapies in clinical settings [3][2].
miRNA in Acne Treatment
2 Basic Concepts and Classification of microRNA
MicroRNAs (miRNAs) are small, non-coding RNA molecules that play a crucial role in regulating gene expression at the post-transcriptional level. Typically ranging from 18 to 25 nucleotides in length, miRNAs function by binding to complementary sequences in messenger RNAs (mRNAs), leading to mRNA degradation or inhibition of translation. This regulatory mechanism is essential for various biological processes, including development, differentiation, proliferation, and apoptosis. The discovery of miRNAs has significantly advanced our understanding of gene regulation and has opened new avenues for therapeutic interventions in various diseases, including cancer and cardiovascular disorders [4][5].
miRNAs are classified based on their biogenesis and functional characteristics. The primary classification includes canonical and non-canonical miRNAs. Canonical miRNAs are processed from primary transcripts (pri-miRNAs) through a series of enzymatic steps involving the Drosha and Dicer enzymes, while non-canonical miRNAs may bypass these steps or utilize alternative pathways for their generation. Additionally, miRNAs can be categorized based on their target specificity and tissue distribution, which is critical for understanding their roles in specific physiological and pathological contexts [1][6].
2.1 Structure and Function of microRNA
For miR-192-5p overexpression or knockdown, an miR-192-5p mimic or inhibitor and corresponding NC (miR-NC) were purchased from GenePharma (Shanghai, China). SW1990 cells were transfected with either the miR-192-5p mimic, miR-192-5p inhibitor or miR-NC at a final concentration of 50 nM using Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA), according to the manufacturer’s protocol. Cells were used for miR-192-5p expression analysis or other experiments after 48 h of transfection. For ATXN7 overexpression, recombinant lentiviral overexpressing ATXN7 (GenePharma) was used to increase ATXN7 expression, with empty carrier recombinant lentiviral serving as an NC.The structure of miRNAs is characterized by a stem-loop configuration in their precursor forms (pri-miRNAs), which is crucial for their processing and function. The initial processing of pri-miRNAs by the Drosha enzyme results in precursor miRNAs (pre-miRNAs), which are subsequently exported to the cytoplasm and further processed by Dicer into mature miRNAs. This mature miRNA is incorporated into the RNA-induced silencing complex (RISC), where it can bind to target mRNAs, leading to translational repression or degradation [7][8].

The functional diversity of miRNAs is vast, as they can regulate numerous target genes simultaneously, influencing various signaling pathways and biological processes. For instance, certain miRNAs are known to modulate inflammatory responses, cellular proliferation, and apoptosis, making them critical players in both normal physiology and disease states [9][10]. Their dysregulation has been implicated in a range of diseases, including cancer, cardiovascular diseases, and neurological disorders, highlighting their potential as biomarkers and therapeutic targets [5][6].
2.2 Classification of microRNA and its Expression in Skin
MicroRNAs can be classified based on their expression patterns in various tissues, including the skin. In the context of dermatology, specific miRNAs have been identified that are involved in skin development, homeostasis, and response to environmental stressors. For example, miR-21, miR-146a, and miR-31 have been shown to play significant roles in skin inflammation, wound healing, and the pathogenesis of skin disorders such as acne and psoriasis [1][11].

The expression of miRNAs in the skin is regulated by various factors, including UV exposure, inflammation, and hormonal changes. This regulation is crucial for maintaining skin integrity and function. Dysregulated miRNA expression in the skin has been associated with several conditions, including skin cancer and chronic inflammatory diseases, underscoring the importance of understanding miRNA dynamics in dermatological contexts [6][11]. Furthermore, the potential for miRNAs as therapeutic targets in skin diseases is an area of active research, with ongoing studies exploring their roles in modulating inflammatory pathways and promoting skin regeneration [12][13].
3 The Role of microRNA in the Pathogenesis of Acne
Acne vulgaris is a prevalent inflammatory skin disorder primarily affecting adolescents and young adults. The pathogenesis of acne involves complex interactions between the pilosebaceous unit and Cutibacterium acnes (C. acnes) bacteria, leading to the formation of comedones, papules, pustules, and nodules. Recent research has highlighted the significant role of microRNAs (miRNAs) in regulating various biological processes involved in acne development, including sebaceous gland function, inflammatory responses, and bacterial infections. miRNAs are small, non-coding RNA molecules that modulate gene expression and play crucial roles in cellular processes. Understanding the involvement of miRNAs in acne pathogenesis offers potential new avenues for therapeutic interventions aimed at mitigating this common skin condition [1].
3.1 Regulation of Sebaceous Gland Function
The sebaceous glands are integral to the development of acne, as they produce sebum, which can contribute to the obstruction of hair follicles. Recent studies have shown that specific miRNAs, such as miR-146a, play a pivotal role in regulating sebocyte function and lipid production. miR-146a is significantly induced in sebocytes upon activation of Toll-like receptors (TLRs), which are crucial for the inflammatory response. This miRNA modulates the secretion of inflammatory cytokines, such as IL-8, and influences sebocyte proliferation and lipid synthesis. By regulating these processes, miR-146a helps maintain sebaceous gland homeostasis and may contribute to the pathogenesis of acne when dysregulated. Additionally, the interplay between miRNAs and signaling pathways, such as the mTOR pathway, further underscores their importance in sebaceous gland function and acne development [14][15].

3.2 Regulation of Inflammatory Responses
Inflammation is a central feature of acne vulgaris, and miRNAs are key regulators of inflammatory pathways. For instance, miR-21 and miR-155 have been implicated in the modulation of the immune response in acne. These miRNAs can regulate the expression of pro-inflammatory cytokines and influence the activation of immune cells, thereby exacerbating the inflammatory milieu associated with acne lesions. Furthermore, miR-146a has been shown to downregulate inflammatory responses in sebocytes, indicating a complex regulatory network where miRNAs can either promote or inhibit inflammation. The dysregulation of these miRNAs may lead to an exaggerated inflammatory response, contributing to the severity of acne. Understanding how miRNAs interact with inflammatory pathways can provide insights into novel therapeutic strategies aimed at reducing inflammation in acne patients [2][15].
3.3 Impact of Bacterial Infections
C. acnes, a commensal bacterium, plays a significant role in the pathogenesis of acne by inducing inflammatory responses in the skin. miRNAs are involved in the host's response to bacterial infections, influencing both the immune response and bacterial proliferation. For example, miR-146a has been shown to modulate the inflammatory response triggered by C. acnes through its interactions with TLR signaling pathways. This regulation can affect the expression of various inflammatory mediators, thereby influencing the overall inflammatory response in acne. Additionally, other miRNAs, such as miR-155, have been associated with the modulation of innate immune responses during bacterial infections, which can further complicate acne pathogenesis. The interplay between miRNAs and bacterial infections highlights the potential for targeting these molecules to develop new therapeutic approaches for acne treatment [1][15].
4 microRNA and Acne-Related Signaling Pathways
MicroRNAs (miRNAs) play a crucial role in the regulation of gene expression and are increasingly recognized for their involvement in various skin disorders, including acne vulgaris. Acne is characterized by inflammation, hyperseborrhea, and the presence of Cutibacterium acnes (C. acnes), which triggers inflammatory responses. Understanding the signaling pathways influenced by miRNAs can provide insights into the pathogenesis of acne and potential therapeutic targets.
4.1 Wnt/β-catenin Pathway
The Wnt/β-catenin signaling pathway is essential in regulating various cellular processes, including cell proliferation, differentiation, and inflammation. Recent studies have indicated that this pathway is significantly implicated in the pathogenesis of acne vulgaris. Activation of the Wnt/β-catenin pathway has been shown to enhance sebocyte proliferation and lipid production, contributing to the formation of acne lesions. For instance, 5-aminolevulinic acid photodynamic therapy (ALA-PDT) has been demonstrated to modulate the Wnt/β-catenin pathway, reducing lipogenesis in sebocytes and potentially offering a novel therapeutic approach for acne management [16]. Furthermore, specific miRNAs, such as miR-21, have been found to interact with components of the Wnt signaling pathway, influencing sebaceous gland activity and the inflammatory response associated with acne [14]. Understanding the intricate relationships between miRNAs and the Wnt/β-catenin pathway could lead to targeted therapies that mitigate acne's inflammatory and hyperseborrheic features.
4.2 NF-κB Pathway
The nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) pathway is a critical regulator of inflammation and immune responses. In the context of acne vulgaris, NF-κB is activated by C. acnes, leading to the production of pro-inflammatory cytokines such as IL-1β, IL-6, and TNF-α, which exacerbate the inflammatory process [17]. miRNAs, including miR-146a, have been shown to modulate NF-κB signaling, thereby influencing the inflammatory response in acne. For example, miR-146a can inhibit the expression of IRAK1 and TRAF6, which are crucial for NF-κB activation, thereby reducing the inflammatory cytokine production triggered by C. acnes [18]. Additionally, therapeutic agents targeting the NF-κB pathway, such as peiminine and gedunin, have demonstrated efficacy in suppressing inflammation in acne models by inhibiting NF-κB activation. This highlights the potential of targeting miRNAs and the NF-κB pathway as a strategy for developing anti-acne treatments.
4.3 mTOR Signaling Pathway
The mechanistic target of rapamycin (mTOR) signaling pathway is pivotal in regulating cellular growth, metabolism, and inflammation. Dysregulation of the mTOR pathway has been implicated in the pathogenesis of acne vulgaris, particularly in relation to sebocyte proliferation and lipid production. Studies have shown that mTORC1 signaling is activated in acne patients, leading to increased sebum production and inflammation [14]. miRNAs such as miR-21 and miR-29b have been identified as key regulators of the mTOR pathway, influencing the inflammatory processes in acne [19]. Furthermore, interventions targeting the mTOR pathway, such as the use of rapamycin, have shown promise in reducing acne severity by inhibiting sebaceous gland activity and inflammation [20]. This suggests that the mTOR pathway, in conjunction with specific miRNAs, represents a significant therapeutic target for acne vulgaris, providing a potential avenue for developing effective treatments.
5 Acne Treatment Strategies Based on microRNA
5.1 The Potential of microRNA as Biomarkers
MicroRNAs (miRNAs) have emerged as promising biomarkers in the diagnosis and treatment of various diseases, including acne vulgaris. These small, non-coding RNA molecules play a crucial role in the regulation of gene expression and have been shown to exhibit differential expression patterns in pathological conditions. In the context of acne, specific miRNAs such as miR-21, miR-150, and miR-223 have been identified as significantly overexpressed in acne lesions and even in clinically unaffected skin of patients prone to scarring [3]. This suggests that miRNAs could serve as reliable biomarkers for predicting the severity of acne and the risk of developing complications such as atrophic scarring. Furthermore, the identification of miRNA signatures associated with acne can facilitate the development of targeted therapies that address the underlying molecular mechanisms of the disease. For instance, miR-146a-5p has been implicated in inflammatory pathways associated with acne, highlighting its potential as a therapeutic target [1]. As research continues to uncover the complex roles of miRNAs in acne pathogenesis, their utility as biomarkers for early diagnosis and personalized treatment approaches is becoming increasingly evident.

5.2 Research Progress on miRNA Targeted Therapy
The exploration of miRNA-targeted therapies for acne treatment is gaining momentum, driven by the need for more effective and personalized treatment options. Recent studies have highlighted the therapeutic potential of modulating specific miRNAs involved in acne pathogenesis. For example, miR-146a-5p has been shown to play a significant role in the inflammatory response mediated by Cutibacterium acnes, a key player in acne development [1]. By targeting this miRNA, it may be possible to reduce inflammation and improve clinical outcomes for patients suffering from acne. Additionally, the development of novel drug delivery systems, such as liposomes and nanosystems, allows for the co-encapsulation of miRNA-based therapies with conventional acne treatments, enhancing their efficacy and reducing potential side effects [12]. The integration of miRNA modulation into existing treatment regimens could lead to synergistic effects, improving overall therapeutic outcomes. As clinical trials continue to investigate the safety and efficacy of these approaches, the future of miRNA-targeted therapy in acne treatment appears promising, potentially transforming the management of this common skin disorder.
5.3 Comprehensive Treatment Plans Combining Traditional Therapies
The integration of miRNA-based therapies with traditional acne treatments represents a novel and comprehensive approach to managing acne vulgaris. Traditional therapies, such as topical retinoids and antibiotics, have long been the mainstay of acne treatment; however, their limitations, including resistance and side effects, necessitate the exploration of adjunctive therapies. By incorporating miRNA modulation into these established treatment protocols, healthcare providers can potentially enhance the efficacy of existing therapies while mitigating adverse effects. For instance, combining miRNA-targeted treatments with topical agents like benzoyl peroxide or adapalene may lead to improved anti-inflammatory effects and better control of acne lesions [12]. Furthermore, the use of combination therapies can address the multifactorial nature of acne, targeting both the inflammatory components and the underlying genetic predispositions. As research progresses, the development of comprehensive treatment plans that leverage the strengths of both traditional and innovative therapies will be crucial in optimizing acne management and improving patient quality of life. The potential for personalized medicine, where treatments are tailored to individual miRNA profiles, could revolutionize the approach to acne treatment in the near future.
6 Future Research Directions and Challenges
The field of microRNA (miRNA) research is rapidly evolving, with significant potential for clinical applications and therapeutic interventions. However, several challenges and future research directions need to be addressed to fully realize the benefits of miRNAs in medicine. This section outlines key areas for future exploration, focusing on the specificity and safety of miRNAs, the prospects and barriers to clinical applications, and additional research domains that warrant further investigation.
6.1 Specificity and Safety Issues of microRNAs
One of the foremost challenges in the application of microRNAs in clinical settings is ensuring their specificity and safety. miRNAs are known to regulate a multitude of target genes, which can lead to unintended consequences if not carefully controlled. The off-target effects of miRNAs can result in adverse reactions, complicating their therapeutic use. For instance, the dysregulation of miR-21, a well-studied miRNA, has been implicated in various cancers, suggesting that its modulation must be approached with caution to avoid exacerbating tumorigenesis [21]. Furthermore, the delivery mechanisms of miRNA therapeutics, such as viral vectors or nanoparticles, must be optimized to enhance specificity while minimizing immune responses and toxicity. Research is ongoing to develop more precise delivery systems that can target specific tissues or cells, thus improving the therapeutic index of miRNA-based treatments. The establishment of robust safety profiles through extensive preclinical and clinical trials is essential to address these concerns and to build confidence in the use of miRNAs as therapeutic agents [22].
6.2 Prospects and Barriers to Clinical Applications
The clinical application of microRNAs holds great promise, particularly in areas such as oncology, cardiovascular diseases, and metabolic disorders. miRNAs can serve as biomarkers for disease diagnosis, prognosis, and treatment response, offering a non-invasive approach to patient management. However, several barriers hinder their widespread adoption in clinical practice. One significant challenge is the regulatory landscape surrounding miRNA therapeutics, which remains underdeveloped compared to conventional drug development pathways. The need for standardized methodologies for miRNA isolation, quantification, and functional validation is critical for ensuring reproducibility and reliability in clinical settings [1]. Additionally, the variability in miRNA expression profiles among different populations and disease states complicates the establishment of universal diagnostic criteria. Future research must focus on overcoming these barriers by developing consensus guidelines and exploring the integration of miRNA-based diagnostics into existing clinical workflows to enhance their utility in personalized medicine [4].
6.3 Research Areas Needing Further Exploration
Several emerging research areas present opportunities for advancing the understanding and application of microRNAs. One promising avenue is the exploration of the role of extracellular vesicles (EVs) in miRNA transport and their potential as therapeutic vehicles. EVs can protect miRNAs from degradation and facilitate their delivery to target cells, thus enhancing the efficacy of miRNA-based therapies [23]. Additionally, the interplay between miRNAs and long non-coding RNAs (lncRNAs) in regulating gene expression networks is an area ripe for investigation, as these interactions may provide insights into complex disease mechanisms and therapeutic targets [6]. Furthermore, the potential of miRNAs in modulating the immune response and their application in immunotherapy for cancer treatment is an exciting frontier that warrants further study. By addressing these research gaps, the scientific community can unlock the full potential of microRNAs in clinical applications and pave the way for innovative therapeutic strategies [9].
7 Conclusion
The role of microRNAs in the pathogenesis of acne has garnered increasing attention, positioning them as pivotal players in the disease's development. This review has highlighted the regulatory functions of microRNAs, which not only enhance our understanding of acne's biological mechanisms but also pave the way for innovative therapeutic strategies. The potential for microRNA-based treatments presents a promising frontier in acne management, offering a novel approach that could transform clinical practices.

However, despite the encouraging findings surrounding microRNAs, challenges remain that must be addressed to harness their full therapeutic potential effectively. Key among these challenges are issues surrounding specificity and safety. The precise targeting of microRNAs is crucial; off-target effects could lead to unintended consequences, thus underscoring the importance of developing robust delivery mechanisms and fine-tuning the specificity of these treatments. Additionally, comprehensive safety assessments are essential to ensure that microRNA-based therapies do not elicit adverse effects in patients.

Future research should focus on elucidating the complex interactions between microRNAs and other molecular pathways involved in acne. By employing a multi-faceted research approach that integrates various perspectives—from molecular biology to clinical applications—scientists and clinicians can better understand how microRNAs mediate inflammatory responses and sebaceous gland activity in acne. This holistic understanding will be vital in balancing the diverse findings and perspectives within the field.

Furthermore, clinical trials will be crucial in translating these discoveries into effective treatments. Establishing clear therapeutic protocols based on microRNA modulation will require collaboration across disciplines, including dermatology, molecular medicine, and pharmacology. By fostering a collaborative research environment, we can advance our knowledge and optimize the development of microRNA-based therapies, ensuring they meet clinical needs while adhering to safety standards.

In conclusion, while the potential of microRNAs in acne treatment is undeniable, realizing this potential will depend on overcoming existing challenges and balancing various research findings. As we move forward, continuous exploration and innovation will be key in establishing microRNA-based therapies as a mainstay in the management of acne, ultimately leading to improved outcomes for patients and a deeper understanding of the disease's underlying mechanisms.
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