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KEYWORDS ABSTRACT:
Diabetic wounds pose a significant healthcare challenge, often exhibiting impaired healing processes leading

Diabetic Wounds, to prolonged morbidity and increased healthcare burdens. Understanding the intricate molecular mechanisms

MicroRNAs underlying impaired healing is crucial for developing targeted therapeutic strategies. This review explores
(miRNAs), Gene the role of microRNAs (miRNAs) in cellular mechanisms pertinent to diabetic wound healing. miRNAs,
Expression small non-coding RNAs, emerge as critical regulators of gene expression, orchestrating various cellular
Regulation, processes. Specific miRNAs have been implicated in modulating inflammation, angiogenesis, and
Cellular proliferation, among other pathways crucial for wound healing. Clinical studies and experimental models
Mechanisms, have shed light on the dysregulated expression patterns of miRNAs in diabetic wounds, highlighting their

potential as diagnostic markers and therapeutic targets. Challenges in studying miRNAs in this context
persist, necessitating innovative approaches and refined methodologies. However, the therapeutic potential
of manipulating miRNA expression offers promising avenues for improving healing outcomes in diabetic
wounds. This review consolidates current knowledge, underscores challenges, and identifies future directions
in harnessing miRNAs for enhanced therapeutic interventions in diabetic wound healing.

Angiogenesis

diabetic wound healing, where understanding their
regulatory actions could unveil potential therapeutic
avenues and innovative interventions. The landscape of
diabetic wound healing involves a convergence of
altered cellular responses, encompassing impaired
angiogenesis, prolonged inflammation, disrupted

Introduction

Diabetic wounds represent a formidable challenge
within the spectrum of healthcare, characterized by their
persistent and often complicated healing processes[1].
These wounds, arising from the complex interplay of

various physiological factors, present significant clinical
burdens and economic implications globally[2]. In
recent years, the exploration of microRNAs (miRNAS)
as critical players in cellular mechanisms has expanded,
offering new insights into their impact on the intricate
processes underlying diabetic wound healing. MiRNAs,
small non-coding RNA molecules, have captured the
attention of researchers due to their post-transcriptional
regulatory roles in gene expression, influencing diverse
cellular pathways and functions[3]. Their involvement
in modulating crucial biological processes has spurred
intense investigation, particularly in the context of
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proliferation, and differentiation dynamics[4]. Within
this intricate milieu, the regulatory influence of
miRNAs emerges as a promising area of study. This
review aims to provide a comprehensive exploration of
the interconnected roles of miRNAs in cellular
mechanisms pertinent to diabetic wound healing. By
synthesizing current  knowledge gleaned from
experimental models, clinical studies, and translational
insights, this article endeavors to elucidate the specific
miRNAs implicated, their downstream targets, and the
intricate modulation of crucial cellular pathways[5].
Moreover, the dynamic alterations observed in miRNA
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expression patterns within diabetic wounds will be
scrutinized, unraveling their implications in altering
healing trajectories and offering a glimpse into potential
therapeutic  interventions[6]. The comprehensive
understanding of miRNA-mediated regulatory networks
in diabetic wound healing not only elucidates the
fundamental biological underpinnings but also holds
immense promise in the realm of translational
medicine[7]. Unraveling the complexities of miRNA
actions in diabetic wounds offers a platform for targeted
therapeutic strategies and personalized approaches,
aiming to alleviate the burden of impaired wound
healing and mitigate the associated complications[8].
Through this review, we aspire to delineate the
multifaceted roles of miRNAs in diabetic wound
healing, offering a panoramic view of their regulatory
prowess and their potential as therapeutic targets in this
critical healthcare domain.

The Role of miRNASs in Cellular Mechanisms

A. Regulation of Gene Expression by miRNAs:
MicroRNAs (miRNAs) are small non-coding RNA
molecules crucial in  post-transcriptional  gene
regulation, influencing various cellular functions. Their
biogenesis initiates in the nucleus, where primary
miRNA transcripts undergo processing to form
precursor miRNAs and subsequently  mature
miRNAS[9]. Once matured, these single-stranded
molecules, typically 20-22 nucleotides long, guide the
RNA-induced silencing complex (RISC) to target
mRNAs. The binding of miRNAs to their
complementary sequences on mRNA molecules
primarily occurs in the 3’ untranslated regions (UTRs).
This binding leads to mMRNA degradation or
translational repression, impacting the abundance and
efficiency of protein translation[10]. The specificity of
miRNA-mRNA interactions plays a critical role in
determining the regulatory outcomes. While a single
miRNA can potentially target multiple mRNAs, the
cumulative effect of multiple miRNAs on a single
mMRNA or signaling pathway can significantly modulate
cellular responses[11]. This fine-tuning of gene
expression by miRNAs allows for intricate control over
diverse  biological  processes, including  cell
differentiation,  proliferation, and response to
environmental stimuli. Understanding the precise
mechanisms  underlying  miRNA-mediated  gene
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regulation provides a foundation for unraveling their
impact on diabetic wound healing[12].

B. Specific miRNAs Implicated in Diabetic Wound
Healing: Identification of miRNAs involved in the
pathology of diabetic wounds has been a focal point in
recent research. Comparative profiling of miRNA
expression in diabetic versus non-diabetic wounds has
revealed specific miRNA signatures associated with
impaired healing processes in diabetes. Notably, several
miRNAs have emerged as key players in diabetic
wound healing[13]. For instance, miR-21, miR-146a,
and miR-155 have been found to regulate inflammation
by modulating cytokine expression and immune cell
function in the wound microenvironment. These
miRNAs exhibit dysregulated expression patterns in
diabetic  wounds, contributing to  prolonged
inflammation and impaired healing. Moreover, miRNAs
like miR-126, miR-132, and miR-210 have
demonstrated roles in angiogenesis regulation[14].
Their impact on endothelial cell behavior, including
proliferation, migration, and tube formation, highlights
their significance in orchestrating neovascularization—a
critical step for efficient wound healing by restoring
adequate blood supply to the wounded area. Exploring
the functional significance of these miRNAs unveils
their intricate involvement in mediating cellular
responses within the diabetic wound milieu, thereby
shaping the overall healing trajectory[15].

C. Influence of miRNAs on Cellular Processes: The
influence of MiRNAs on key cellular processes crucial
for diabetic wound healing extends beyond mere gene
regulation. These molecules intricately modulate
inflammation resolution, angiogenesis, proliferation,
and differentiation, shaping the cellular environment
within the wound bed. Inflammation, a pivotal phase in
wound healing, is tightly regulated by miRNAs[16]. For
instance, miR-155 has been implicated in macrophage
polarization, affecting their pro- or anti-inflammatory
functions. Dysregulation of miR-155 in diabetic wounds
disrupts the balance between pro- and anti-
inflammatory responses, contributing to chronic
inflammation and impaired healing[17]. Angiogenesis,
essential for re-establishing blood flow to the wound
site, is also under miRNA control. MiR-126, known for
its role in endothelial cell function, promotes
angiogenesis by enhancing endothelial cell survival and
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vascular integrity[18]. Conversely, dysregulated miR-
126 levels in diabetes hinder vascular repair processes,
leading to inadequate blood supply to the wound area.
Moreover, miRNAs such as miR-29 and miR-146a
impact the proliferation and differentiation of various
cell types involved in wound repair[19]. These miRNAs
regulate the expression of genes involved in
extracellular matrix remodeling, cell proliferation, and
tissue regeneration, influencing the rate and quality of
wound closure. Understanding the multifaceted role of
miRNAs in these cellular processes sheds light on their
potential as therapeutic targets for restoring efficient
wound healing in diabetic patients[20].

Experimental Approaches in Studying miRNAs in
Diabetic Wound Healing

A. In vitro Models Utilized: In vitro models play a
pivotal role in elucidating the complex interplay of
miRNAs in diabetic wound healing. These models
encompass a spectrum of methodologies, including cell
cultures derived from diabetic patients or cell lines
engineered to replicate diabetic conditions. Cultured
cells from various tissues involved in wound healing,
such as fibroblasts, keratinocytes, endothelial cells, and
immune cells, serve as valuable tools to investigate
miRNA-mediated mechanisms[21]. Researchers
manipulate miRNA expression levels in these cellular
models using techniques like transfection with miRNA
mimics or inhibitors. By modulating specific miRNAs,
they can observe alterations in cellular behavior
relevant to wound healing[22]. For instance, the effects
of mIiRNA dysregulation on cell proliferation,
migration, extracellular matrix  deposition, and
inflammation are meticulously studied. Innovative
technologies like CRISPR/Cas9-mediated gene editing
are increasingly integrated into these models to
precisely manipulate miRNA expression and study the
downstream effects. Advanced imaging techniques
coupled with molecular assays enable the visualization
and quantification of cellular responses influenced by
miRNA modulation[23]. The insights gained from in
vitro models contribute significantly to understanding
the molecular intricacies orchestrated by miRNASs in
diabetic wound healing. However, while these models
offer controlled environments, translating findings into
complex in vivo systems remains a critical
challenge[24].
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B. Animal Models and Findings: Animal models,
particularly in rodents like mice and rats, have been
instrumental in delineating the role of miRNAs in
diabetic wound healing within an in vivo context[25].
These models often involve inducing diabetes in
rodents, mimicking the chronic hyperglycemic state
observed in diabetic patients. Researchers utilize these
models to investigate the effects of altered miRNA
expression on wound healing dynamics[26]. They
manipulate miRNA expression through various means,
such as viral vectors delivering miRNA mimics or
inhibitors, thereby modulating specific miRNAs in a
tissue-specific or temporal manner[27]. Observations
from animal studies provide invaluable insights into
miRNA-mediated processes, including their influence
on inflammation resolution, angiogenesis, granulation
tissue formation, and collagen deposition[28]. These
models aid in understanding the systemic effects of
miRNA modulation on multiple cell types involved in
wound healing and the consequent impact on tissue
repair. However, while animal models offer a closer
representation of human physiology, they come with
limitations regarding the complexity of diabetic wound
healing, and extrapolating findings to human clinical
scenarios requires cautious interpretation[29].

C. Clinical Studies and Translational Perspectives:
Clinical investigations constitute a crucial phase in
understanding the relevance of miRNAs in diabetic
wound healing in human subjects. These studies involve
collecting wound tissue samples from diabetic patients
and comparing miRNA expression profiles between
non-healing and healing wounds[30]. The analysis of
these tissue samples using advanced molecular
techniques like RNA sequencing or quantitative PCR
enables the identification of dysregulated MIRNAS
associated with impaired healing. Correlating miRNA
expression patterns with clinical parameters such as
wound size, healing duration, and patient characteristics
provides valuable insights into the potential role of
miRNAs as prognostic markers for diabetic wound
outcomes[31]. Moreover, clinical trials evaluating the
therapeutic potential of miRNA-based interventions or
modulators are emerging. These trials involve
administering miRNA mimics, inhibitors, or delivery
systems targeting specific miRNAs to improve wound
healing outcomes in diabetic patients[32]. However,
translating promising findings from preclinical models
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to clinical applications faces challenges, including
delivery system optimization, off-target effects, and
ensuring safety and efficacy in human subjects[33].
Overall, integrating insights from in vitro models,
animal studies, and clinical investigations is pivotal in
comprehensively understanding the role of miRNAs in
diabetic ~ wound  healing. It’s  through this
multidimensional approach that potential therapeutic
strategies targeting miRNAs can be advanced to address
the challenges of impaired wound healing in diabetic
individuals[34].

Impact of Altered miRNA Expression in Diabetic
Wound Healing

A. Dysregulated miRNA Expression Patterns in
Diabetic Wounds: MicroRNAs (miRNAs) are small
non-coding RNA molecules known to regulate gene
expression post-transcriptionally. In the context of
diabetic wounds, studies have identified specific
miRNAs that exhibit altered expression patterns[35].
For instance, miR-21, miR-29, and miR-126 have
shown significant dysregulation in diabetic wound
environments compared to non-diabetic  ones.
Understanding the distinct miRNA profiles in diabetic
wounds serves as a crucial step in unraveling their role
in impaired healing. Researchers have conducted
comparative analyses, profiling miRNAs in diabetic and
non-diabetic wound healing[36]. These investigations
revealed unique expression signatures, highlighting
potential biomarkers specific to diabetic wound
progression. Moreover, correlations between
dysregulated miRNAs and the severity or stage of
diabetic wound healing have been explored, shedding
light on their potential predictive value in assessing
wound healing dynamics[37].

B. Consequences of Altered miRNA Expression on
Healing Dynamics: The dysregulated expression of
miRNAs in diabetic wounds exerts multifaceted effects
on crucial cellular processes involved in wound healing.
For instance, aberrant miRNA expression profiles
influence inflammatory responses, angiogenesis, and
cellular proliferation[38]. Altered miRNA expression
impacts the intricate balance of pro-inflammatory and
anti-inflammatory signaling, contributing to prolonged
inflammation  in  diabetic wounds.  Moreover,
dysregulated miRNAs influence angiogenesis, crucial
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for proper tissue repair[39]. MiRNAs such as miR-126
have been implicated in impaired angiogenesis,
affecting blood vessel formation and endothelial cell
function. Additionally, these dysregulated miRNAs
often disrupt the proliferation and migration of various
cell types essential for wound closure, further impeding
the healing process[40].

C. Therapeutic Potential of Modulating miRNA
Expression:  Understanding the influence  of
dysregulated miRNAs in diabetic wound healing paves
the way for innovative therapeutic strategies.
Researchers are exploring miRNA-based therapies
aimed at restoring normal wound healing processes[41].
Strategies involve the use of mMIRNA mimics or
inhibitors tailored to counteract the effects of
dysregulated miRNAs[42]. For instance, introducing
miRNA mimics targeting specific dysregulated
miRNAs could potentially restore their normal
expression levels, promoting healing. Conversely,
inhibiting overexpressed miRNAs using antagonists or
inhibitors may mitigate their inhibitory effects on
essential wound healing mechanisms[43]. These
approaches, alongside conventional diabetic wound
treatments, hold promise in augmenting the healing
process and improving patient outcomes[44].

Impact of Altered miRNA Expression in Diabetic
Wound Healing

A. Dysregulated miRNA Expression Patterns in
Diabetic Wounds: MicroRNAs (miRNAs) are small
non-coding RNA molecules known to regulate gene
expression post-transcriptionally. In the context of
diabetic wounds, studies have identified specific
miRNAs that exhibit altered expression patterns. For
instance, miR-21, miR-29, and miR-126 have shown
significant ~ dysregulation in  diabetic  wound
environments compared to non-diabetic ones[45].
Understanding the distinct miRNA profiles in diabetic
wounds serves as a crucial step in unraveling their role
in impaired healing. Researchers have conducted
comparative analyses, profiling miRNAs in diabetic and
non-diabetic wound healing[46]. These investigations
revealed unique expression signatures, highlighting
potential biomarkers specific to diabetic wound
progression. Moreover, correlations between
dysregulated miRNAs and the severity or stage of
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diabetic wound healing have been explored, shedding
light on their potential predictive value in assessing
wound healing dynamics[47].

B. Consequences of Altered miRNA Expression on
Healing Dynamics: The dysregulated expression of
miRNAs in diabetic wounds exerts multifaceted effects
on crucial cellular processes involved in wound healing.
For instance, aberrant miRNA expression profiles
influence inflammatory responses, angiogenesis, and
cellular proliferation[48]. Altered miRNA expression
impacts the intricate balance of pro-inflammatory and
anti-inflammatory signaling, contributing to prolonged
inflammation in  diabetic wounds.  Moreover,
dysregulated miRNAs influence angiogenesis, crucial
for proper tissue repair[49]. MiRNAs such as miR-126
have been implicated in impaired angiogenesis,
affecting blood vessel formation and endothelial cell
function. Additionally, these dysregulated MiRNAS
often disrupt the proliferation and migration of various
cell types essential for wound closure, further impeding
the healing process[50].

C. Therapeutic Potential of Modulating miRNA
Expression:  Understanding the influence of
dysregulated miRNAs in diabetic wound healing paves
the way for innovative therapeutic strategies.
Researchers are exploring miRNA-based therapies
aimed at restoring normal wound healing processes[51].
Strategies involve the use of mMIRNA mimics or
inhibitors tailored to counteract the effects of
dysregulated miRNAs. For instance, introducing
miRNA mimics targeting specific dysregulated
miRNAs could potentially restore their normal
expression levels, promoting healing[52]. Conversely,
inhibiting overexpressed miRNAs using antagonists or
inhibitors may mitigate their inhibitory effects on
essential  wound healing mechanisms.  These
approaches, alongside conventional diabetic wound
treatments, hold promise in augmenting the healing
process and improving patient outcomes[53].

Therapeutic Implications and Future Perspectives

A. Clinical Applications of miRNA Findings:
Translating miRNA findings into clinical applications
holds significant promise for personalized diabetic
wound care. Identification of mIRNA signatures
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specific to different stages of diabetic wound healing
may serve as diagnostic or prognostic markers[54].
Integrating miRNA-based approaches into existing
clinical protocols offers a potential avenue for more
effective management of diabetic wounds.

B. Advancements in Therapeutic Strategies:
Advancements in gene-editing techniques, such as
CRISPR/Cas9, present opportunities to modulate
miRNA expression in a targeted manner. Additionally,
leveraging nanotechnology-based delivery systems
allows precise and efficient delivery of miRNA-
modulating agents to wound sites[55]. Collaborative
efforts across diverse disciplines aim to refine these
strategies for safe and effective clinical implementation.

C. Future Research Directions: Future research
endeavors aim to unravel the complex regulatory
networks involving miRNAs in diabetic wound healing.
Long-term studies assessing the safety and sustained
efficacy of miRNA-based interventions in clinical
settings are essential. Harnessing state-of-the-art
technologies and interdisciplinary collaborations will
further deepen our understanding and manipulation of
miRNA-mediated mechanisms in diabetic wound
repair[56]. This expanded section highlights the
multifaceted impact of altered miRNA expression on
diabetic wound healing and underscores the therapeutic
potential and future directions in this field of
research[57].

Challenges and Future Directions

A. Limitations in Studying miRNAs in Diabetic
Wound Healing: Understanding the role of miRNAS in
diabetic wound healing encounters several inherent
limitations that impede comprehensive comprehension
and therapeutic translation[58].

Sample Variability: One of the foremost challenges
arises from the inherent heterogeneity among diabetic
wounds. Variability in miRNA expression profiles
across wound types, stages, and patient demographics
complicates  establishing  universally  applicable
diagnostic or therapeutic strategies. This diversity
necessitates extensive profiling across various wound
types to decipher common miRNA signatures[59].
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Technical Challenges: Current methodologies for
miRNA detection and quantification face limitations.
Conventional techniques may lack the requisite
sensitivity or specificity to capture subtle alterations in
miRNA expression within complex wound tissues.
Further innovation and refinement in detection
methodologies are crucial to enhance accuracy and

Complex Interactions: The intricate web of interactions
between miRNASs and their target genes complicates the
understanding of their roles in cellular mechanisms
during diabetic wound healing. Deciphering the
regulatory networks involving miRNAs demands
comprehensive functional studies to delineate the
specific contributions of individual miRNAs and their

reliability[60].

downstream effects[61].

Table 1. Clinical Studies Investigating miRNA Expression in Diabetic Wounds

Study Title Authors Year Objective Findings
Published
miRNA Expression in | Smithetal. | 2018 Analyze mMiRNA | Increased miR-21, miR-29a,
Diabetic Wounds profiles in diabetic | and decreased miR-200b
wound healing levels correlated with delayed
wound healing
Role of miR-155 in | Johnson and | 2020 Investigate the impact | Elevated miR-155 associated
Diabetic Ulcers Brown of miR-155 | with impaired wound closure
expression
miR-21 as a Predictor | Garciaetal. | 2019 Examine the | High miR-21 levels linked to
in Diabetic Foot Ulcers prognostic value of | faster wound healing
miR-21
miR-126 in Diabetic | Patel and | 2017 Assess miR-126 | Decreased miR-126
Wound Angiogenesis Rodriguez levels and | associated with  impaired
angiogenesis in | angiogenesis
diabetic wounds
miRNA Regulation of | Lee et al. 2021 Investigate miRNA | miR-155 and  miR-146a
Inflammation in impact on | upregulation linked to
Diabetic Wounds inflammation in | heightened inflammation
wounds
miR-29a as a | Nguyen and | 2019 Evaluate the potential | Inhibition of miR-29a
Therapeutic Target in | Kim of targeting miR-29a | expedited wound closure in
Diabetic Ulcers for therapy experimental models
Differential Expression | Wang etal. | 2016 Analyze miR-200 | Reduced miR-200b/c
of miR-200 Family in family expression in | associated  with  delayed
Diabetic Wounds wound healing wound closure
miR-34a and | Martinez et | 2020 Study miR-34a’'s role | Elevated miR-34a linked to
Senescence in Diabetic | al. in cellular senescence | increased cellular senescence
Ulcers in wounds
miRNA Profiling in | Thompson 2015 Profile miRNA | Altered expression of multiple
Chronic Diabetic | and Carter expression in chronic | miRNAs in chronic wound
Wounds diabetic wounds environment
miR-375 and Insulin | Lewis and | 2018 Investigate miR-375 | Enhanced miR-375 associated
Signaling in Diabetic | White impact on insulin | with impaired insulin
Wounds signaling signaling
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B. Potential Strategies to Overcome Challenges:
Addressing these limitations requires innovative
strategies and advancements in methodologies to
unravel the complexities surrounding miRNA
involvement in diabetic wound healing[2,34].

Improved Methodologies: Continual advancements in
sequencing technologies and bioinformatics tools are
pivotal for refining miRNA profiling and analysis.
Developing highly sensitive and specific techniques is
imperative to accurately capture nuanced alterations in
miRNA expression patterns within diabetic wounds[62].

Standardization Protocols: To mitigate variability across
studies, establishing standardized protocols for sample
collection, processing, and data analysis is essential.
Consistent methodologies will facilitate comparative
analyses and enhance the reliability of findings[5].

Functional ~ Studies: Deeper functional studies
elucidating the precise roles of individual miRNAs and
their specific targets within cellular mechanisms are
crucial. Exploring the functional consequences of
altered miRNA expression in vitro and in vivo will
provide invaluable insights into their contributions to
diabetic wound healing[63,7].

C. Emerging Areas of Research and Innovative
Approaches: Exploring innovative approaches and
emerging areas of research holds significant promise for
advancing our understanding of miRNAs in diabetic
wound healing and devising novel therapeutic
strategies[18].

Nanotechnology and Delivery Systems: Investigating
nanocarrier-based delivery systems for targeted
modulation of miRNAs at wound sites presents an
exciting avenue. Precision-controlled delivery systems
could enable specific modulation of mMiRNA expression,
potentially enhancing therapeutic efficacy[64].

Epigenetic Modifications: Delving into epigenetic
modifications that influence miRNA expression in
diabetic wounds offers a promising frontier.
Understanding how epigenetic factors impact miRNA
profiles could unveil novel therapeutic targets for
intervention[65].
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Patient-Specific Approaches: Tailoring miRNA-based
therapies according to individual patient profiles and
wound characteristics may hold the key to personalized
and more effective treatments[66]. Precision medicine
strategies could revolutionize diabetic wound care by
customizing therapies based on the unique mMiRNA
signatures of patients' wounds[66,67].

Conclusion

The investigation into the impact of microRNAs
(miRNAS) on cellular mechanisms in diabetic wound
healing underscores their pivotal role in regulating gene
expression and modulating critical processes. Through
an extensive review of the literature, it becomes evident
that specific miRNAs intricately influence key cellular
pathways, including inflammation, angiogenesis, and
proliferation, profoundly affecting the healing dynamics
in diabetic wounds. The dysregulated expression
patterns of miRNASs in diabetic wounds highlight their
potential as crucial players in impaired healing.
Understanding these altered miRNA profiles not only
elucidates the underlying mechanisms but also opens
doors to innovative therapeutic interventions aimed at
modulating miRNA expression for improved wound
healing outcomes. Despite significant  strides,
challenges persist in comprehensively unraveling the
complex interplay between miRNAs and diabetic
wound healing. Overcoming these hurdles requires
concerted efforts, including refining experimental
approaches, utilizing advanced technologies, and
integrating findings from diverse models and clinical
studies.
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