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MicroRNA-21 (miR-21), one of the early mammalian miRNAs identified, has been detected to
be upregulated in multiple biological processes. Increasing evidence has demonstrated the
potential values of miR-21 in cutaneous damage and skin wound healing, but lack of a review
article to summarize the current evidence on this issue. Based on this review, relevant studies
demonstrated that miR-21 played an essential role in wound healing by constituting a
complex network with its targeted genes (i.e., PTEN, RECK. SPRY1/2, NF-κB, and TIMP3)
and the cascaded signaling pathways (i.e., MAPK/ERK, PI3K/Akt, Wnt/β-catenin/MMP-7,
and TGF-β/Smad7-Smad2/3). The treatment effectiveness developed by miR-21 might be
associated with the promotion of the fibroblast differentiation, the improvement of
angiogenesis, anti-inflammatory, enhancement of the collagen synthesis, and the re-
epithelialization of the wound. Currently, miRNA nanocarrier systems have been
developed, supporting the feasibility clinical feasibility of such miR-21-based therapy. After
further investigations, miR-21 may serve as a potential therapeutic target for wound healing.
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INTRODUCTION

Skin wound healing is an essential physiological process to maintain the integrity of the skin (Cui
et al., 2020). It is a complex dynamic and highly orchestrated process and involves coordinated
interactions among cells, growth factors, and extracellular matrix (Liao et al., 2018). Wound healing
can be typically subdivided into three main phases: the inflammatory phase, a proliferative phase,
and a remodeling phase (Wada et al., 2021). At the inflammatory phase of wound healing, platelets
released factors, such as chemokines and growth factors, attract neutrophils and macrophages
infiltration for bacterial eradication and debridement (Li et al., 2021). Then various bioactive
substances including epidermal growth factor (EGF), platelet-derived growth factor (PDGF), and
transforming growth factor α (TGF-α) stimulate fibroblast proliferation and angiogenesis, thereby
promoting the formation of granulation tissue (Lee et al., 2020).

Despite advances in the field of wound healing, there is still a significant unmet need for
therapeutics to promote wound healing. With the aging population and the rise in the incidence of
diabetic foot ulcers, pressure ulcers, and venous leg ulcers, nonhealing wounds can not only
significantly reduce the quality of patients’ life but also bring huge economic losses to society
(Ross 2021). Treating wounds and associated comorbidities is estimated to spend 5.3 billion annually
in the United Kingdom and $25 billion in the United States (Guest et al., 2015; Sen et al., 2009). So far,
there are only four treatment modalities approved by the Food and Drug Administration for treating
chronic cutaneous wounds (Hamdan et al., 2017). These include a bioengineered human skin
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equivalent, a recombinant human platelet-derived growth factor,
and two dermal substitutes (Naskar and Kim 2020). Furthermore,
the estimated numbers of diabetics worldwide are as high as 630
million by 2045. Therefore, further studies of the underlying
mechanism of wound healing are thus needed so that new
therapeutic targets can be developed.

miRNAs are short, endogenous, non-coding RNA molecules,
consisting of approximately 20–22 nucleotides (Tan et al., 2020).
miRNAs are able to bind the 3′ untranslated region (UTR) of the
target gene mRNA to promote the degradation of mRNA or induce
translational repression, thus realizing the post-transcriptional
regulation of gene expression (Wang et al., 2019). Recently,
several studies have found that microRNAs (miRNAs)
participated in the regulation of many biological processes,
including differentiation, proliferation, apoptosis, or cell migration.
Thus the dysregulation of miRNAs has been frequently observed in
many pathologies, including wound healing and they have been
proposed as therapeutic targets for many diseases.Wang et al. (Wang
et al., 2018) reported that miR-129 or -335 overexpression promotes
wound healing by inhibiting MMP-9 protein expression through
targeting Sp1. Chen et al. (Chen et al., 2020) found that miR-139-5p
expression was down-regulated by porcine acellular dermal matrix
(ADM) and enhanced cutaneous wound healing by inhibiting the
expression of JAG1 and Notch1. A recent study showed that miR-21
was also involved in wound healing (Simoes et al., 2019). miR-21 is
aberrantly expressed in most human tumors and is one of the most
investigated miRNAs (Ambros 2003). Moreover, wound healing
shares similar molecular mechanisms with tumorigenesis (Werner
andGrose 2003). In recent years, the role ofmiR-21 inwound healing
has attracted the increasing attention from researchers. In the present
article, we summarize the current knowledge aboutmiR-21 in wound
healing.

OVERVIEW OF MIR-21

MicroRNA-21 (miR-21), a gene located on chromosome 17 of
Homo sapiens (17q.23.1), was one of the early mammalian
miRNAs identified. miR-21 can be found in the cytosol,
extracellular exosome, and multiple organs (Varikuti et al.,
2021). In line with other miRNAs, miR-21 functionally
regulates its targeting mRNA through interaction with the 3
untranslated regions (UTR), forming the RNA-induced silencing
complex for the targeted gene silencing. As predicted, about 170
genes are under the regulation of miR-21, but the biological
functions of the miR-21-targeted gene complexes were only
experimentally validated in a small number (Kertesz et al.,
2007). Commonly, miR-21 is upregulated in multiple
biological processes, including inflammatory, cancer, and
fibrosis. miR-21 expression levels in serum or sputum can be
applied as a diagnostic biomarker of various diseases. The
functions of miR-21 in these diseases are strongly associated
with the binding to the non-coding region of the target gene at the
post-transcriptional level. As reported, miR-21 may regulate
multiple target genes, including phosphatase and Tensin
Homolog (PTEN), Transcription Factor Dp Family Member 3
(TFDP3), HMG-Box Transcription Factor 1 (HMG-Box

Transcription Factor 1), Fatty Acid Binding Protein 7 (Fatty
Acid Binding Protein 7), Hypoxia-inducible factor 1-alpha (HIF-
α), Programmed Cell Death 4 (PDCD4), Transforming growth
factor-beta (TGF-β), SMAD Family Member 7 (SMAD),
Interleukin 12 (IL-12), and Tissue inhibitors of
metalloproteinases 3 (TIMP-3), etc (Zhang T et al., 2020).
Increasing evidence has demonstrated the potential value of
miR-21 in organ injuries, i.e., cerebral injury (Yan et al.,
2021), myocardial ischemia/reperfusion injury (Yuan and Fu
2021), and liver injury (ShamsEldeen et al., 2021). Besides,
numerous studies have also identified the critical roles of miR-
21 in cutaneous damage and wound healing (Abdel-Gawad et al.,
2021; Ma et al., 2020). Due to the lack of review articles that focus
on the association between miR-21 expression and wound
healing, thus it is worth summarizing all the current evidence
on this issue.

The Roles of miR-21 in Skin Wound Healing
miR-21 Promotes Wound Healing by
Down-Regulating PTEN and RECK in
Protein Level and Activating MAPK/ERK
Signaling Cascade
Reepithelialization is a critical part of wound healing (Park et al.,
2018). It has been reported that keratinocytes-derived signals played
an important role for dermal fibroblasts to form the functional
epidermal (Ezhilarasu et al., 2019). In addition, keratinocytes-
fibroblasts interaction induces collagen synthesis and contraction
(Schafer et al., 1989). Microvesicles (MVs) have a diameter of
100–1,000 nm and are actively generated by a variety of cells,
including epithelial cells (Casado et al., 2017). They mediate cell-
to-cell communication by transferring microRNAs, chemokines, and
cell surface receptors from origin-cells to target-cells (Stahl et al.,
2015). It has been reported that MVs derived from keratinocytes
promoted fibroblast cell migration by activating ERK1/2, Smad, and
p38 signaling pathways (Bi et al., 2016; Huang et al., 2015).
Furthermore, miR-21 expression was elevated in keratinocytes
following skin injury (Long et al., 2018). Recently, Li et al. (Li
et al., 2019) found that treatment with MVs overexpressing miR-
21mimic dramatically accelerated wound healing at 24 and 48 h after
scratching, but miR-21 inhibitor MVs attenuated the pro-migratory
effect. In addition, miR-21 mimic MVs augmented the
endotheliocyte angiogenic activity and promoted the fibroblast
differentiation compared to miR-21 inhibitor MVs and vector
MVs (Li et al., 2019). This is consistent with a previous study
(Al-Rawaf et al., 2019). The in vivo studies demonstrated that
treatment with miR-21 mimic MVs significantly accelerated
wound healing compared to treatments with vector MVs and
miR-21 inhibitor MVs (Li et al., 2019). PTEN and MAPK/ERK
signaling pathways have also been shown to promote cell
proliferation and migration (Chen et al., 2018). A in-depth study
showed that the treatment with MVs expressing miR-21 mimic
significantly reduced the expression of PTEN and RECK, whereas
it elevated significantly phosphorERK1/2 (Li et al., 2019). Thus, MV
miR-21may promote fibroblast functions by down-regulating PTEN
and RECK in protein level and activating MAPK/ERK signaling
cascade, thereby enhancing wound healing.
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miRNA-21 May Exert Anti-Inflammatory
Actions and Ameliorate Wound Healing by
Regulating the Expression of NF-κB
Through PDCD4
Many pathophysiological mechanisms for delayed wound healing
have been proposed, one of which, excessive inflammation plays an
important role (Russo et al., 2020). The pro-inflammatory cytokines,
TNF-α and IL-6 have been reported to aggravate tissue damage
(Dinh et al., 2012). Anti-inflammatory cytokine IL-10 facilitates
tissue repair by suppressing these inflammatory responses (Obaid
et al., 2021). Antibiotics are broadly employed to treat wound
infections. However, the effects of antibiotics are poor due to the
emergence of multiple-drug resistance bacteria (Armstrong et al.,
2017). Recently, platelet-rich plasma (PRP) shows potential as a
treatment for wound healing due to its antimicrobial and
regenerative properties (Deng et al., 2016). Platelet-rich gel (PRG)
is produced from PRP and also has a therapeutic effect on a wound.
Importantly, PRG does not induce drug resistance and exhibits
synergy with conventional antibiotics (Mercier et al., 2004). Within
activated platelets, platelet-derived miRNA-21 was observed to have
an antibacterial effect and promote wound healing (Etulain 2018;
Nagalla et al., 2011). Programmed cell death 4 (PDCD4) acts as a
tumor suppressor regulated by miRNA-21 and has an inhibitory
effect on cell proliferation by blocking protein translation (Ajuyah
et al., 2019). Nuclear factor-κB (NF-κB), a complex of p50 and p65
subunits, contributes to inflammation by facilitating the expression
of TNF-α and IL-6, and inhibiting the expression of IL-10 (Imran
et al., 2020). Su et al. (Su et al., 2017) reported that increased PDCD4
expression could increase NF-κB activity, resulting in an increase of
TNF-α. It has also been shown that inhibition of miRNA-21
expression increased PDCD4 expression, induced the activation
of NF-κB, ultimately leading to increased synthesis of pro-
inflammatory cytokines (Ma et al., 2011). A recent study found
that human keratinocytes (HaCaT) cell proliferation was severely
impaired by Staphylococcus aureus (T. Li et al., 2019). Interestingly,
this inhibition was significantly reversed by the addition of extract
liquid of platelet-rich gel (EPG) (Li et al., 2019). Furthermore,
PDCD4, IL-6, and TNF-α were upregulated by Staphylococcus
aureus, consistent with the activation of the NF-κB signaling
pathway, which indicates the perverse healing effect of
Staphylococcus aureus (Li et al., 2019). After intervention with
EPG, the changes of the aforementioned cytokines can be
reversed and up-regulation of miRNA-21 was coordinated with
the downregulation of PDCD4 and p-p65 (T. Li et al., 2019).
Therefore, PRP may perform its anti-inflammatory effect and
promote wound healing by targeting the miRNA-21/PDCD4/NF-
κB signaling pathway.

miRNA-21-3p/miRNA-21-5p are Involved in
Wound Healing by Regulating Fibroblast
Function Through Targeting SPRY1/2
Fibroblasts play critical roles in all stages of wound healing, and
normal fibroblasts function is closely related to improved wound
healing (Guadarrama-Acevedo et al., 2019). Fibroblasts have been
found to be regulated by miRNAs in multiple kinds of diseases,

includingmiRNA-21. Su et al. (Su et al., 2019) reported that miR-494
regulated myocardial infarction by promoting the proliferation and
migration of fibroblasts. Madhyastha et al. (Madhyastha et al., 2012)
demonstrated that miRNA-21 is involved in fibroblast migration and
facilitated diabetic wound healing. Sprouty1/2 (SPRY1/2) is the
antagonist of fibroblast growth factor (FGF) pathways and the
anti-angiogenic gene. Some scholars have found that the
inhibition of SPRY1/2 played an important role in successful
wound repair (Liao et al., 2019; Wang et al., 2018). However,
whether miRNA-21 promoted wound healing by regulating
fibroblast function by reducing SPRY1/2 is unclear. Recently, Wu
et al. (Wu et al., 2020) reported that patients with diabetes had a lower
expression level of miR-21-3p than those with healthy volunteers.
Furthermore, the miR-21-3p expression level was decreased, while
SPRY1 expression was increased in fibroblasts with the addition of
glucose (Wu et al., 2020). Further study found thatmiR-21-3p agonist
(agomiR-21-3p) enhanced the proliferation of fibroblasts, inhibited
apoptosis, inhibited SPRY1 expression, and increased the expression
of Collagen III (Col 3), basic fibroblast growth factor, and vascular
endothelial growth factor in fibroblasts (Wu et al., 2020). Importantly,
the aforementioned effects induced by agomiR-21-3p in fibroblasts
were all reversed by the miR-21-3p antagonist (antagomiR-21-3p)
(Wu et al., 2020). The studies mentioned above indicate that miR-21-
3p enhances fibroblast function. The in vivo experimental results
further found that the agomiR-21-3p-treated mice showed a high
wound closure rate (Wu et al., 2020). In addition, knockout or
knockdown of SPRY1 enhanced the proliferation of fibroblasts and
inhibited the apoptosis of fibroblasts (Wu et al., 2020). Interestingly,
the inhibition of miR-21-3p partially reversed these effects (Wu et al.,
2020). This is the same as the research result by Hu et al. (Hu et al.,
2018). Overall, miR-21-3p regulated the function of fibroblast by
targeting SPRY1 and accelerated diabetic wound healing. Another
study demonstrated that miR-21-5p level increased in DFU-derived
fibroblast (DFUF) compared to the level in non-diabetic foot
fibroblasts (NFFs) and inhibited cell proliferation and migration in
DFUFs (Liang et al., 2016). It was revealed that protein SPRY1,
integrin associated protein (CD47), signal transducer and activator of
transcription 3 (STAT3), S100 calcium-binding protein A10
(S100A10), a reversion-inducing-cysteine-rich protein with kazal
motifs (RECK) were direct target gene of miR-21-5p by
bioinformatics software analysis (Liang et al., 2016). Another
study also showed that miR-21-5p could enhance wound healing
by improving angiogenesis and fibroblast function through inhibition
of SPRY2 (Wu et al., 2020). Therefore, miR-21-5p may take part in
diabetic wound healing by regulating angiogenesis and fibroblast
function through targeting its downstream signaling molecules,
including SPRY1/2.

miR-21 Facilitates Wound Healing by
Activating Wnt/β-catenin/MMP-7 Signal
Pathway
Matrix metalloproteinases (MMPs) are zinc-dependent
endopeptidases and have been shown to regulate various aspects
of wound healing, including the movement of keratinocytes
(Aragona et al., 2017; Puthenedam et al., 2011). Matrix
metalloproteinase-7 (MMP-7), also known as matrilysin-1, is a
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crucial member of the MMPs family and degrades the extracellular
matrix (ECM) (Liao et al., 2021). It has been reported that theWnt/
β-catenin pathway is closely associated with the proliferation and
migration of keratinocytes (Nusse and Clevers 2017). Xu et al. (Xu
et al., 2016) found that blocking of the Wnt/β-catenin signal
pathway inhibited the invasion and metastasis of endometriosis
tissues by suppressing MMP-7. Zhang et al. (Zhang et al., 2018)
reported that overexpression of miR-21 could promote
proliferation and differentiation of neural stem cells via
targeting the Wnt/β-catenin signaling pathway. However,
whether miR-21 is involved in wound healing by regulating
Wnt/β-catenin/MMP-7 signal remains unclear. Recently, Lv
et al. (Lv et al., 2020) demonstrated that miR-21-5p
overexpression could promote the migration of HaCaT cells
and increase the expression of Wnt4, β-catenin, and MMP-7.
Further study found that the addition of Wnt signaling
inhibitor ICG001 significantly reversed the above effects of
miR-21-5p overexpression (Lv et al., 2020). Furthermore, using
in vivo experiments authors discovered that the control group
showed around 91, 58 and 44% unhealed wounds on days 5, 10,
15 post-operation (Lv et al., 2020). Importantly, treatment with
miR-21-5p resulted in a significantly low unclosed rate of diabetic
wounds compared with the control group and this effect could be
further enhanced by the combination of human adipose stem cell-
derived exosomes (hASC-exos) together with miR-21 (Lv et al.,
2020). Therefore, miR-21 may promote proliferation and
migration of keratinocytes and increase collagen remodeling via
Wnt/β-catenin/MMP-7 pathway, accelerating diabetic wound
healing. In summary, the combination of ASC-exos together
with miR-21 provides a strategy for diabetic wound healing.

miR-21 Promotes Wound Healing or
Regulates Keloid Relapse Through
Inhibition of PTEN that Activated PI3K/Akt
Signaling Pathway
The activated the PI3K/Akt pathway not only upregulates the
expression of VEGF, but also promotes cell proliferation,
migration, angiogenesis, and collagen synthesis, and stimulates
wound healing (Wei et al., 2020). The phosphatase and tensin
homolog (PTEN) is a dual phosphatase and is able to antagonize
the activity of the phosphatidylinositol-4,5-bisphosphate 3-kinase
(PI3K) by converting PI(3,4,5)P3 to PI(4,5)P2, which plays an
important role in the phosphorylation of Akt, achieving negative
regulating of the Akt/PI3K signaling pathway (Wu et al., 2019).
Previous studies have demonstrated miR-21 could directly regulate
PTEN expression in a variety of cancer cells. Liu et al. (Liu et al., 2019)
reported that the suppression ofmiR-21 promoted ovarian cancer cell
apoptosis and reduced ovarian cancer cell proliferation by inhibiting
PI3K/Akt activity through targeting PTEN. Zhang et al. (Zhang X
et al., 2020) also revealed that miR-21 upregulated the expression
levels of PTEN and decreased phosphorylated Akt, which inhibited
the proliferation of Wilms’ tumor cells. A recent study showed that
miR-21 promoted ROS production through NOX2 regulation by the
PI3K pathway in macrophages, which influenced the wound healing
process (Liechty et al., 2020). Additional studies have also
demonstrated that miR-21 enhanced the migration and

proliferation of the HaCaT cells and inhibited inflammation
through PI3K/Akt signaling pathway, accelerating the wound
healing process (Liu et al., 2021; Wang et al., 2021; Yang et al.,
2020). However, the specific mechanism by which miR-21 regulates
the PI3K/Akt pathway remains poorly understood. Recently, a study
has shown that dendritic cells (DCs) triggered the proliferation of
cells by secreting factors and then accelerated wound healing (Vinish
et al., 2016). Han et al. (Han et al., 2017) reported that miR-21
promoted wound healing via increasing DCs. Additionally, miR-21
overexpression evidently inhibited PTEN and increased the secretion
of p-Akt/Akt, while miR-21 inhibitor had the opposite effect on
PTEN and p-Akt/Akt (Han et al., 2017). Further study found that
PTEN knockdown dramatically improved the differentiation of DCs
and secretion of p-Akt/Akt, but PI3K/Akt inhibitor LY294002
markedly reversed this effect induced by si-PTEN (Han et al.,
2017). The above-mentioned studies show that miR-21
contributes to wound healing by activating PI3K/Akt signaling
pathway via inhibition of PTEN.

Keloids are characterized by the over-proliferation of fibroblasts
and tend to recur due to the stimulation of fibroblast proliferation and
additional collagen synthesis (Li et al., 2021). Postoperative adjuvant
electron beam (EB) irradiation is considered an effective method to
reduce keloid recurrence (Lin et al., 2020). However, the molecular
mechanism for EB inhibition of keloid growth is largely unknown. It
is well known that autophagy is closely associated with cell
proliferation. LC3B-II is an important marker of it. Meanwhile,
the upregulation of autophagy has been found in keloids (Okuno
et al., 2018). Additionally, miRNAs are considered as an important
regulator of autophagy, including miR-21 (Shen et al., 2021; Zhang
HH et al., 2020). A recent study showed that after EB irradiation, the
expression of miR-21-5p and p-Akt and LC3B-II were significantly
downregulated, while the expression level of PTEN was upregulated
in keloid fibroblasts compared with control levels (Yan et al., 2020).
Further study demonstrated that the percentage of the wound healed
area was dramatically decreased in keloid fibroblasts transfected with
the miR-21-5p inhibitor (Yan et al., 2020). Moreover, the expression
of p-Akt and LC3B-II decreased while the expression of PTEN
increasing in cells transfected with the miR-21-5p inhibitor (Yan
et al., 2020). At the same time, down-regulation of miR-21-5p could
inhibit the migration and invasion ability of keloid fibroblasts (Yan
et al., 2020). Consistent with this, Yan et al. (Yan et al., 2016) also
reported that PTEN and p-Akt were shown to be involved in the
regulation of miR-21-5p on keloid keratinocytes, which might
account for the recurrence of keloids. These findings suggested
that miR-21-5p inhibition modulates migration and autophagy via
PTEN/Akt signaling in EB-irradiated keloid fibroblasts, preventing
local invasion and recurrence.

miR-21 Improves Wound Healing by
Accelerating the Proliferation AndMigration
of Keratinocytes via the Inhibition of PDCD4
and TIMP3
Programmed cell death 4 (PDCD4) is a common tumor suppressor
and has been shown to be closely related to tumor development. A
recent study showed knockdown of PDCD4 can promoteHaCaT cell
proliferation, indicating that PDCD4 serves as an essential regulator
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of keratinocytes (Wang et al., 2015). Fu et al. (Fu et al., 2017) reported
that overexpression of miR-21 could inhibit granulosa cells apoptosis
by inhibiting the expression of PDCD4. Tissue inhibitor of
metalloproteinase-3 (TIMP3) has been reported to suppress the
metastasis of glioma cells and breast cancer cells (Hu et al., 2021;
Wei et al., 2021). MMP2 is a downstream gene of TIMP3 and affects
keratinocyte migration by degrading the extracellular matrix (Caley
et al., 2015; Lazaro et al., 2016). Zhang et al. (Zhang et al., 2018)
demonstrated that miR-21 promoted the proliferation, migration,
and invasion of cervical cancer cells through inhibiting TIMP3. Hu
et al. (Hu et al., 2020) claimed that the abundance of TIMP3 was
downregulated during wound healing. However, whether miR-21 is
involved in thewoundhealing by targeting PDCD4 andTIMP3 is still
underdetermined. Recently, Wang et al. (Wang et al., 2020) found
that miR-21 mimics treatment markedly increased keratinocyte
proliferation and miR-21inhibitor treatment resulted in a delay in
wound healing. In addition, miR-21 mimics efficiently inhibited the
expression level of both PDCD4 and TIMP3, while the expression of
MMP2 was promoted (Wang et al., 2020). Another study also
showed that miR-21 mimics caused a 38% reduction of TIMP3
expression in HaCaT cells (Yang et al., 2011). In summary, miR-21
accelerates the proliferation and migration of keratinocytes by
inhibiting the expression of PDCD4 and TIMP3, thereby
significantly improving wound healing.

miR-21 Inhibits Wound Healing by
Suppressing the Expression of Leptin
Chronic wounds, such as venous ulcers (VUs), are typically
manifested as delayed union, resulting in severe morbidity and
mortality (Tsai et al., 2017). However, the clinic therapeutic
options are limited deriving from the lack of understanding of

the molecular pathology of wound healing inhibition. It has been
reported that increased levels of metalloproteinases in the
inflammatory phase of venous ulcers destroy proteins essential
for ECM formation, thus inhibiting re-epithelialization,
revascularization, and closure (De Angelis et al., 2019). Leptin
is a circulating anti-obesity hormone and has an effect on wound
healing by enhancing re-epithelialization of the wound
(Tadokoro et al., 2015). Another study also showed that would
healing delayed in leptin-deficient mice and exogenous
administration of leptin restored this delayed wound healing
(Frank et al., 2000). Pastar et al. (Pastar et al., 2012) found
that miR-21 was up-regulated and the expression level of
Leptin was suppressed in VUs compared with control skin.
Furthermore, the silence of miR-21 significantly increased the
levels of Leptin (Pastar et al., 2012). In addition, the wound edges
remained almost at the same initial position after treatment with
mimic miR-21, suggesting that miR-21 inhibited epithelialization
(Pastar et al., 2012). Similarly, miR-21 had also been found to
delay wound healing in vivo (Pastar et al., 2012). Importantly, the
luciferase reporter assay verified Leptin as a direct target for miR-
21 (Pastar et al., 2012). The studies mentioned above showed that
overexpression of miR-21 inhibits wound healing by inhibiting
Leptin. However, Long et al. (Long et al., 2018) demonstrated that
miR-21 overexpression significantly improved wound repair in
aged mice. These researches indicate that miR-21 may serve
different roles in different kinds of the wound.

miR-21 Promotes the Process of Keloid
Fibrosis via the TGF-β/Smad7-Smad2/3
Pathway
Scar formation is widely regarded as an abnormal wound healing
response and its pathogenesis is assumed to occur through the
recruitment of myofibroblasts, resulting in excessive deposition of
ECM. The differentiation of dermal fibroblasts is the primary source
of myofibroblasts and is initiated by the TGF-β signaling pathway.
TGF-β phosphorylates various Smad family proteins by activating
serine/threonine kinase receptor complexes. Phosphorylated Smad2/
3 (p-Smad2/3) levels have been proposed as a positive prognostic
marker inmyofibroblast differentiation. Smad7 belongs to amember
of Smad family proteins and is an antagonist of the TGF-β signaling
pathway. Additionally, Smad7 inhibits the phosphorylation of Smad2
and Smad3 (Abarca-Zabalia et al., 2020). A recent study found that
miR-21-5p contributed to TGF-β inhibition and was important to
anti-myofibroblast differentiation in the TGF-β induced human
dermal fibroblast, which prevented scar formation during wound
healing (Zhang et al., 2021). Fang et al. (Fang et al., 2016) showed that
the expression ofmiR-21 was significantly upregulated in keloids and
keloid fibroblasts. Further study demonstrated that miR-21 mimics
increased the proliferation rate of fibroblasts and upregulated the
expression of TGF-β, P-Smad2 and P-Smad3, while downregulating
the expression of Smad7 protein (Wu et al., 2019). However, the
miR-21 inhibitor exerted opposite effects (Wu et al., 2019). In
addition, Smad7 knockdown could also promote the expression
of TGF-β, p-Smad2 and p-Smad3 as well as collagen (Wu et al.,
2019). Based on all these results, miR-21 may participate in the
process of keloid fibrosis via the TGF-β/Smad7-Smad2/3 pathway,

FIGURE 1 |MiR-21 regulates the angiogenesis and inflammation during
wound healing.
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which is consistent with the results deriving from the previous studies
(Li et al., 2016).

miR-21 Involves in the Process of Wound
Healing by Regulating the Angiogenic and
Inflammatory Pathways
It has been reported that miRNAs regulate wound inflammation by
targeting specific key cytokines and related factors. TNF-α, IL-10, and
macrophage chemoattractant protein (MCP-1) are known to be
involved in the occurrence and development of inflammation.
Zhang et al. (Zhang Y et al., 2020) demonstrated that miR-125b
inhibited the expression of TNF-α by binding to its 3′-UTR. In

addition, IL-10 can be directly regulated by several microRNA,
including miR-4661, miR-27, and miR-98 (Quinn and O’Neil
2014). Kawano et al. (Kawano and Nakamachi 2011) showed that
miR-124a was directly involved in the post-transcriptional silencing
of MCP-1 by targeting MCP-1 and suppressing its expression. As for
miR-21, Das et al. (Das et al., 2019) demonstrated that a collagen-
based wound-care dressing could regulate the wound macrophage
function and thus modify wound inflammation outcomes by
interacting with the miR-21-PDCD4-IL-10 pathways.

miRNAs are also found to regulate several aspects of angiogenesis.
The homeobox gene GAX and ETS-1, one of the important
angiogenesis-related transcription factors, play crucial roles in
angiogenesis. It has been reported that miR-130a promoted
endothelial cell proliferation by targeting GAX, which induced the
process of angiogenesis (An et al., 2017). Furthermore, Chan et al.
(Chan et al., 2011) showed that miR-200b knockdown significantly
increased angiogenesis by promoting cell migration. The authors
further found that suppression of ETS-1 inhibited miR-200b-
depended angiogenesis. There are several studies have indicated
the roles of miR-21 in treating wound healing by enhancing
angiogenesis. Li et al. (Q. Li et al., 2019) revealed that
keratinocyte-derived microvesicle miR-21 significantly accelerated
skin wound healing by facilitating the process of angiogenesis. The
underlying mechanisms were speculated with the down-regulation of
PTEN and RECK expression and the activation of MAPK/ERK
signaling cascade. A more previous study also demonstrated that
exosomes-derivedmiR-21-3p promoted cutaneous wound healing by
the acceleration of angiogenesis, which might be correlated with the
inhibition of the level of PTEN and sprouty homolog 1 (SPRY1) (Hu
et al., 2018). Figure 1 showed the action of miR-21 in wound healing
by regulating the angiogenesis and inflammation.

Akt/NF-kB is one of the well-known pathways to improve
angiogenesis. It was suggested that static magnetic field exosomes
derived from bone mesenchymal stem cells enhanced wound healing
by improving angiogenesis, while the upregulation of miR-21-5p,
inhibition of SPRY2 (the target gene formiR-21-5p), and activation of
the PI3K/AKT were considered to be the potential mechanisms (Wu
et al., 2020).

TABLE 1 | Current knowledge of miR-21 in wound healing.

Study MiRNAs Target
genes and pathways

Functions of miR-21

Q. Li et al. (2019) miR-21 PTEN, RECK and
MAPK/ERK

Promoting fibroblast functions

T. Li et al. (2019) miR-21 PDCD4/NF-κB Inhibiting inflammation
L. Liang et al. (2016), Y. Hu et al. (2018), Y. Wu et al.
(2020), and D. Wu et al. (2020)

miRNA-21-3p/
miRNA-21-5p

SPRY1/2 Improving angiogenesis and fibroblast function

Q. Lv et al. (2020) miR-21 Wnt/β-catenin/MMP-7 Promoting proliferation and migration of keratinocytes and
increasing collagen remodeling

Z. Han et al. (2017) miR-21 PTEN/PI3K/Akt Promoting the migration of keratinocytes and inhibiting
inflammation

L. Yan et al. (2016) and L. Yan et al. (2020) miR-21-5p PTEN/Akt Promoting the migration and invasion ability of keloid
fibroblasts

X. Yang et al. (2011) and SY. Wang et al. (2020) miR-21 PDCD4 and TIMP3 Accelerating the proliferation and migration of keratinocytes
Pastar et al. (2012) miR-21 Leptin Enhancing re-epithelialization of the wound
S. Fang et al. (2016), G. Li et al. (2016), J. Wu et al. (2019),
and Y. Zhang et al. (2021)

miR-21 TGF-β/Smad7-
Smad2/3

Increasing the proliferation rate of fibroblasts

FIGURE 2 | Schematic diagram of the central roles of miR-21 in skin
wound healing.
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VEGF plays an important role in inducing neovascularization
during the wound healing process through the promotion of the
growth, migration, and viability of the endothelial cells. Liu et al.
(Liu et al., 2021) reported that adipose-derived stem cells exerted
a therapeutic potential in cutaneous wound healing by promoting
the growth of dermal fibroblasts and extracellular matrix, which
might partially mediated by increasing miR-21 expression and
down-regulating its direct target PTEN and MMP1. A previous
study indicated that a modified collagen gel resolved wound
inflammation and improved angiogenesis by inhibiting miR-21
expression and JNK pathway as well as elevating pro-angiogenic
VEGF production (Das et al., 2019). Similarly, Zhang et al.
(Zhang et al., 2019) also demonstrated that the promotion of
wound healing might be associated with the repression of miR-21
and the up-regulation of VEGF expression. Based on the above
evidence, miR-21 exhibited a crucial role in wound healing might
partly due to its effect on regulating VEGF expression and the
interaction of the related pathways.

Taken together, miR-21 might involve in the process of wound
healing by regulating the angiogenic and inflammatory genes and
pathways, e.g. PDCD4, PTEN, RECK, SPRY1, SPRY2, MAPK/
ERK, and PI3K/AKT (Figure 1).

Table 1 and Figure 2 showed the current knowledge of miR-
21 in wound healing.

CONCLUSION AND PERSPECTIVES

The present review demonstrates that miR-21 may serve as a
potential therapeutic target owing to its essential role in wound

healing. miR-21 targets the different proteins or signaling
pathways, constituting a complex network that promotes or
delays wound healing. Currently, miRNA nanocarrier systems
have been developed, supporting the feasibility clinical feasibility
of such miR-21-based therapy. Though the effects of miR-21 on
wound healing have been preliminarily elucidated, the functions
of miR-21 in different types of wound repair remain to be further
investigations.

AUTHOR CONTRIBUTIONS

All authors listed have made a substantial, direct, and
intellectual contribution to the work and approved it for
publication.

FUNDING

This work was supported by The Science and Technology
Planning Project of Taizhou City, Zhejiang Province
(21ywb35). The High-level Hospital Construction Research
Project of Maoming People’s Hospital.

ACKNOWLEDGMENTS

Special thanks to Dr. Zhencheng Cai from the department of
Burn Surgery, Taizhou Central Hospital, for his contribution of
the suggestion on the topic of this review.

REFERENCES

Abarca-Zabalía, J., García, M. I., Lozano Ros, A., Marín-Jiménez, I., Martínez-
Ginés, M. L., López-Cauce, B., et al. (2020). Differential Expression of Smad
Genes and S1pr1 on Circulating Cd4+ T Cells in Multiple Sclerosis and Crohn’s
Disease. Int. J. Mol. Sci. 21 (2), 676. doi:10.3390/ijms21020676

Abdel-Gawad, D. R. I., Moselhy, W. A., Ahmed, R. R., Al-Muzafar, H. M., Amin, K. A.,
Amin, M. M., et al. (2021). Therapeutic Effect of Mesenchymal Stem Cells on
Histopathological, Immunohistochemical, and Molecular Analysis in Second-Grade
Burn Model. Stem Cel Res. Ther. 12 (1), 308. doi:10.1186/s13287-021-02365-y

Ajuyah, P., Hill, M., Ahadi, A., Lu, J., Hutvagner, G., and Tran, N. (2019). Microrna
(Mirna)-to-mirna Regulation of Programmed Cell Death 4 (Pdcd4). Mol. Cel.
Biol. 39 (18), 19. doi:10.1128/MCB.00086-19

Al-Rawaf, H. A., Gabr, S. A., and Alghadir, A. H. (20192019). Circulating Hypoxia
Responsive Micrornas (Hrms) and Wound Healing Potentials of green tea in
Diabetic and Nondiabetic Rat Models. Evid. Based Complement. Alternat Med.
2019, 9019253. doi:10.1155/2019/9019253

Ambros, V. (2003). Microrna Pathways in Flies and Worms: Growth, Death, Fat,
Stress, and Timing. Cell 113 (6), 673–676. doi:10.1016/s0092-8674(03)00428-8

An, Z., Wang, D., Yang, G., Zhang, W. Q., Ren, J., and Fu, J. L. (2017). Role of
Microrna-130a in the Pathogeneses of Obstructive Sleep Apnea Hypopnea
Syndrome-Associated Pulmonary Hypertension by Targeting the Gax Gene.
Medicine (Baltimore) 96 (20), e6746. doi:10.1097/MD.0000000000006746

Aragona, M., Dekoninck, S., Rulands, S., Lenglez, S., Mascré, G., Simons, B.
D., et al. (2017). Defining Stem Cell Dynamics and Migration during
Wound Healing in Mouse Skin Epidermis. Nat. Commun. 8, 14684. doi:10.
1038/ncomms14684

Armstrong, D.G., Boulton, A. J.M., and Bus, S. A. (2017). Diabetic FootUlcers andTheir
Recurrence. N. Engl. J. Med. 376 (24), 2367–2375. doi:10.1056/NEJMra1615439

Bi, J., Koivisto, L., Owen, G., Huang, P., Wang, Z., Shen, Y., et al. (2016). Epithelial
Microvesicles Promote an Inflammatory Phenotype in Fibroblasts. J. Dent. Res.
95 (6), 680–688. doi:10.1177/0022034516633172

Caley, M. P., Martins, V. L., and O’Toole, E. A. (2015). Metalloproteinases and
Wound Healing. Adv. Wound Care (New Rochelle) 4 (4), 225–234. doi:10.1089/
wound.2014.0581

Casado, S., Lobo, M. D. V. T., and Paíno, C. L. (2017). Dynamics of Plasma
Membrane Surface Related to the Release of Extracellular Vesicles by
Mesenchymal Stem Cells in Culture. Sci. Rep. 7 (1), 6767. doi:10.1038/
s41598-017-07265-x

Chan, Y. C., Khanna, S., Roy, S., and Sen, C. K. (2011). Mir-200b Targets Ets-1 and
Is Down-Regulated by Hypoxia to Induce Angiogenic Response of Endothelial
Cells. J. Biol. Chem. 286 (3), 2047–2056. doi:10.1074/jbc.M110.158790

Chen, C. Y., Rao, S. S., Ren, L., Hu, X. K., Tan, Y. J., Hu, Y., et al. (2018). ExosomalDmbt1
from Human Urine-Derived Stem Cells Facilitates Diabetic Wound Repair by
Promoting Angiogenesis. Theranostics 8 (6), 1607–1623. doi:10.7150/thno.22958

Chen, X., Yang, R., Wang, J., Ruan, S., Lin, Z., Xin, Q., et al. (2020). Porcine
Acellular Dermal Matrix Accelerates Wound Healing through mir-124-3p.1
and Mir-139-5p. Cytotherapy 22 (9), 494–502. doi:10.1016/j.jcyt.2020.04.042

Cui, H. S., Joo, S. Y., Cho, Y. S., Park, J. H., Kim, J. B., and Seo, C. H. (2020). Effect of
Combining Low Temperature Plasma, Negative Pressure Wound Therapy, and
Bone Marrow Mesenchymal Stem Cells on an Acute Skin Wound Healing
Mouse Model. Int. J. Mol. Sci. 21 (10), 3675. doi:10.3390/ijms21103675

Das, A., Abas,M., Biswas, N., Banerjee, P., Ghosh, N., Rawat, A., et al. (2019). AModified
Collagen Dressing Induces Transition of Inflammatory to Reparative Phenotype of
Wound Macrophages. Sci. Rep. 9 (1), 14293. doi:10.1038/s41598-019-49435-z

De Angelis, B., Orlandi, F., Morais D’Autilio, M. F. L., Di Segni, C., Scioli, M. G.,
Orlandi, A., et al. (2019). Vasculogenic Chronic Ulcer: Tissue Regeneration
with an Innovative Dermal Substitute. J. Clin. Med. 8 (4), 525. doi:10.3390/
jcm8040525

Frontiers in Pharmacology | www.frontiersin.org February 2022 | Volume 13 | Article 8286277

Xie et al. MicroRNA-21 and Wound Healing

https://doi.org/10.3390/ijms21020676
https://doi.org/10.1186/s13287-021-02365-y
https://doi.org/10.1128/MCB.00086-19
https://doi.org/10.1155/2019/9019253
https://doi.org/10.1016/s0092-8674(03)00428-8
https://doi.org/10.1097/MD.0000000000006746
https://doi.org/10.1038/ncomms14684
https://doi.org/10.1038/ncomms14684
https://doi.org/10.1056/NEJMra1615439
https://doi.org/10.1177/0022034516633172
https://doi.org/10.1089/wound.2014.0581
https://doi.org/10.1089/wound.2014.0581
https://doi.org/10.1038/s41598-017-07265-x
https://doi.org/10.1038/s41598-017-07265-x
https://doi.org/10.1074/jbc.M110.158790
https://doi.org/10.7150/thno.22958
https://doi.org/10.1016/j.jcyt.2020.04.042
https://doi.org/10.3390/ijms21103675
https://doi.org/10.1038/s41598-019-49435-z
https://doi.org/10.3390/jcm8040525
https://doi.org/10.3390/jcm8040525
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


Deng, W., Boey, J., Chen, B., Byun, S., Lew, E., Liang, Z., et al. (2016). Platelet-rich
Plasma, Bilayered Acellular Matrix Grafting and Negative Pressure Wound
Therapy in Diabetic Foot Infection. J. Wound Care 25 (7), 393–397. doi:10.
12968/jowc.2016.25.7.393

Dinh, T., Tecilazich, F., Kafanas, A., Doupis, J., Gnardellis, C., Leal, E., et al. (2012).
Mechanisms Involved in the Development and Healing of Diabetic Foot
Ulceration. Diabetes 61 (11), 2937–2947. doi:10.2337/db12-0227

Etulain, J. (2018). Platelets inWound Healing and Regenerative Medicine. Platelets
29 (6), 556–568. doi:10.1080/09537104.2018.1430357

Ezhilarasu, H., Ramalingam, R., Dhand, C., Lakshminarayanan, R., Sadiq, A.,
Gandhimathi, C., et al. (2019). Biocompatible Aloe Vera and Tetracycline
Hydrochloride Loaded Hybrid Nanofibrous Scaffolds for Skin Tissue
Engineering. Int. J. Mol. Sci. 20 (20), 5174. doi:10.3390/ijms20205174

Fang, S., Xu, C., Zhang, Y., Xue, C., Yang, C., Bi, H., et al. (2016). Umbilical Cord-
Derived Mesenchymal Stem Cell-Derived Exosomal MicroRNAs Suppress
Myofibroblast Differentiation by Inhibiting the Transforming Growth
Factor-B/smad2 Pathway during Wound Healing. Stem Cell Transl Med 5
(10), 1425–1439. doi:10.5966/sctm.2015-0367

Frank, S., Stallmeyer, B., Kämpfer, H., Kolb, N., and Pfeilschifter, J. (2000). Leptin
Enhances Wound Re-epithelialization and Constitutes a Direct Function of
Leptin in Skin Repair. J. Clin. Invest. 106 (4), 501–509. doi:10.1172/JCI9148

Fu, X., He, Y., Wang, X., Peng, D., Chen, X., Li, X., et al. (2017). Overexpression of
Mir-21 in Stem Cells Improves Ovarian Structure and Function in Rats with
Chemotherapy-Induced Ovarian Damage by Targeting Pdcd4 and Pten to
Inhibit Granulosa Cell Apoptosis. Stem Cel Res. Ther. 8 (1), 187. doi:10.1186/
s13287-017-0641-z

Guadarrama-Acevedo, M. C., Mendoza-Flores, R. A., Del Prado-Audelo, M. L.,
Urbán-Morlán, Z., Giraldo-Gomez, D. M., Magaña, J. J., et al. (2019).
Development and Evaluation of Alginate Membranes with Curcumin-
Loaded Nanoparticles for Potential Wound-Healing Applications.
Pharmaceutics 11 (8), 389. doi:10.3390/pharmaceutics11080389

Guest, J. F., Ayoub, N., McIlwraith, T., Uchegbu, I., Gerrish, A., Weidlich, D., et al.
(2015). Health Economic burden that Wounds Impose on the National Health
Service in the uk. BMJ Open 5 (12), e009283. doi:10.1136/bmjopen-2015-
009283

Hamdan, S., Pastar, I., Drakulich, S., Dikici, E., Tomic-Canic, M., Deo, S., et al.
(2017). Nanotechnology-driven Therapeutic Interventions in Wound Healing:
Potential Uses and Applications. ACS Cent. Sci. 3 (3), 163–175. doi:10.1021/
acscentsci.6b00371

Han, Z., Chen, Y., Zhang, Y., Wei, A., Zhou, J., Li, Q., et al. (2017). Mir-21/pten axis
Promotes Skin Wound Healing by Dendritic Cells Enhancement. J. Cel.
Biochem. 118 (10), 3511–3519. doi:10.1002/jcb.26026

Hu, A., Hong, F., Li, D., Jin, Y., Kon, L., Xu, Z., et al. (2021). Long Non-coding Rna
Ror Recruits Histone Transmethylase Mll1 to Up-Regulate Timp3 Expression
and Promote Breast Cancer Progression. J. Transl. Med. 19 (1), 95. doi:10.1186/
s12967-020-02682-5

Hu, H., Tang, J., Liu, C., and Cen, Y. (2020). Mir-23b Promotes the Migration of
Keratinocytes through Downregulating Timp3. J. Surg. Res. 254, 102–109.
doi:10.1016/j.jss.2020.03.043

Hu, Y., Rao, S. S., Wang, Z. X., Cao, J., Tan, Y. J., Luo, J., et al. (2018). Exosomes
from Human Umbilical Cord Blood Accelerate Cutaneous Wound Healing
through Mir-21-3p-Mediated Promotion of Angiogenesis and Fibroblast
Function. Theranostics 8 (1), 169–184. doi:10.7150/thno.21234

Huang, P., Bi, J., Owen, G. R., Chen, W., Rokka, A., Koivisto, L., et al. (2015).
Keratinocyte Microvesicles Regulate the Expression of Multiple Genes in
Dermal Fibroblasts. J. Invest. Dermatol. 135 (12), 3051–3059. doi:10.1038/
jid.2015.320

Imran, M., Al Kury, L. T., Nadeem, H., Shah, F. A., Abbas, M., Naz, S., et al. (2020).
Benzimidazole Containing Acetamide Derivatives Attenuate
Neuroinflammation and Oxidative Stress in Ethanol-Induced
Neurodegeneration. Biomolecules 10 (1), 108. doi:10.3390/biom10010108

Kawano, S., and Nakamachi, Y. (2011). Mir-124a as a Key Regulator of
Proliferation and Mcp-1 Secretion in Synoviocytes from Patients with
Rheumatoid Arthritis. Ann. Rheum. Dis. 70 Suppl 1 (Suppl. 1), i88–91.
doi:10.1136/ard.2010.138669

Kertesz, M., Iovino, N., Unnerstall, U., Gaul, U., and Segal, E. (2007). The Role of
Site Accessibility in Microrna Target Recognition. Nat. Genet. 39 (10),
1278–1284. doi:10.1038/ng2135

Lazaro, J. L., Izzo, V., Meaume, S., Davies, A. H., Lobmann, R., and Uccioli, L.
(2016). Elevated Levels of Matrix Metalloproteinases and Chronic Wound
Healing: an Updated Review of Clinical Evidence. J. Wound Care 25 (5),
277–287. doi:10.12968/jowc.2016.25.5.277

Lee, B. C., Song, J., Lee, A., Cho, D., and Kim, T. S. (2020). Erythroid Differentiation
Regulator 1 Promotes Wound Healing by Inducing the Production of C-C
M-otif C-hemokine L-igand 2 via the A-ctivation of MAP K-inases I-n vitro
and I-n vivo. Int. J. Mol. Med. 46 (6), 2185–2193. doi:10.3892/ijmm.2020.4762

Li, G., Zhou, R., Zhang, Q., Jiang, B., Wu, Q., and Wang, C. (2016).
Fibroproliferative Effect of Microrna-21 in Hypertrophic Scar Derived
Fibroblasts. Exp. Cel Res. 345 (1), 93–99. doi:10.1016/j.yexcr.2016.05.013

Li, M., Hou, Q., Zhong, L., Zhao, Y., and Fu, X. (2021). Macrophage Related
Chronic Inflammation in Non-healing Wounds. Front. Immunol. 12, 681710.
doi:10.3389/fimmu.2021.681710

Li, Q., Zhao, H., Chen, W., Huang, P., and Bi, J. (2019). Human Keratinocyte-
DerivedMicrovesicle Mirna-21 Promotes SkinWoundHealing in Diabetic Rats
through Facilitating Fibroblast Function and Angiogenesis. Int. J. Biochem. Cel
Biol 114, 105570. doi:10.1016/j.biocel.2019.105570

Li, Q., Cheng, F., Zhou, K., Fang, L., Wu, J., Xia, Q., et al. (2021). Increased
Sensitivity to TNF-α P-romotes K-eloid F-ibroblast H-yperproliferation by
A-ctivating the NF-κB, JNK and P-38MAPK P-athways. Exp. Ther. Med. 21 (5),
502. doi:10.3892/etm.2021.9933

Li, T., Ma, Y., Wang, M., Wang, T., Wei, J., Ren, R., et al. (2019). Platelet-rich
Plasma Plays an Antibacterial, Anti-inflammatory and Cell Proliferation-
Promoting Role in an In Vitro Model for Diabetic Infected Wounds. Infect.
Drug Resist. 12, 297–309. doi:10.2147/IDR.S186651

Li, X., Guo, L., Liu, Y., Su, Y., Xie, Y., Du, J., et al. (2018). Microrna-21 Promotes
Wound Healing via the Smad7-Smad2/3-Elastin Pathway. Exp. Cel Res. 362 (2),
245–251. doi:10.1016/j.yexcr.2017.11.019

Liang, L., Stone, R. C., Stojadinovic, O., Ramirez, H., Pastar, I., Maione, A. G., et al.
(2016). Integrative Analysis of Mirna and Mrna Paired Expression Profiling of
Primary Fibroblast Derived fromDiabetic Foot Ulcers Reveals Multiple Impaired
Cellular Functions.Wound Repair Regen. 24 (6), 943–953. doi:10.1111/wrr.12470

Liao, A. H., Hung, C. R., Chen, H. K., and Chiang, C. P. (2018). Ultrasound-
mediated Egf-Coated-Microbubble Cavitation in Dressings for Wound-
Healing Applications. Sci. Rep. 8 (1), 8327. doi:10.1038/s41598-018-26702-z

Liao, H. Y., Da, C. M., Liao, B., and Zhang, H. H. (2021). Roles of Matrix
Metalloproteinase-7 (Mmp-7) in Cancer. Clin. Biochem. 92, 9–18. doi:10.
1016/j.clinbiochem.2021.03.003

Liao, W., Ning, Y., Xu, H. J., Zou, W. Z., Hu, J., Liu, X. Z., et al. (2019). Bmsc-
derived Exosomes Carrying Microrna-122-5p Promote Proliferation of
Osteoblasts in Osteonecrosis of the Femoral Head. Clin. Sci. (Lond) 133
(18), 1955–1975. doi:10.1042/CS20181064

Liechty, C., Hu, J., Zhang, L., Liechty, K. W., and Xu, J. (2020). Role of Microrna-21
and its Underlying Mechanisms in Inflammatory Responses in Diabetic
Wounds. Int. J. Mol. Sci. 21 (9), 328. doi:10.3390/ijms21093328

Lin, Y. F., Shueng, P. W., Roan, T. L., Chang, D. H., Yu, Y. C., Chang, C. W., et al.
(2020). Tomotherapy as an Alternative Irradiative Treatment for Complicated
Keloids. J. Clin. Med. 9 (11), 732. doi:10.3390/jcm9113732

Liu, H. Y., Zhang, Y. Y., Zhu, B. L., Feng, F. Z., Yan, H., Zhang, H. Y., et al. (2019).
Mir-21 Regulates the Proliferation and Apoptosis of Ovarian Cancer Cells
through Pten/pi3k/akt. Eur. Rev. Med. Pharmacol. Sci. 23 (10), 4149–4155.
doi:10.26355/eurrev_201905_17917

Liu, S. C., Bamodu, O. A., Kuo, K. T., Fong, I. H., Lin, C. C., Yeh, C. T., et al. (2021).
Adipose-derived Stem Cell Induced-Tissue Repair or Wound Healing Is
Mediated by the Concomitant Upregulation of Mir-21 and Mir-29b
Expression and Activation of the Akt Signaling Pathway. Arch. Biochem.
Biophys. 705, 108895. doi:10.1016/j.abb.2021.108895

Long, S., Zhao, N., Ge, L., Wang, G., Ran, X., Wang, J., et al. (2018). Mir-21
Ameliorates Age-Associated SkinWoundHealing Defects inMice. J. GeneMed.
20 (6), e3022. doi:10.1002/jgm.3022

Lv, Q., Deng, J., Chen, Y., Wang, Y., Liu, B., and Liu, J. (2020). Engineered Human
Adipose Stem-Cell-Derived Exosomes Loaded with Mir-21-5p to Promote
Diabetic Cutaneous Wound Healing. Mol. Pharm. 17 (5), 1723–1733.
doi:10.1021/acs.molpharmaceut.0c00177

Ma, R., Li, X., Tewari, N., Liu, Y., Bhawal, U. K., and Zeng, X. (2020). Microrna-21
Ameliorates the Impairment of Autophagy in Palatal Wound Healing.
J. Physiol. Pharmacol. 71 (6), 14. doi:10.26402/jpp.2020.6.14

Frontiers in Pharmacology | www.frontiersin.org February 2022 | Volume 13 | Article 8286278

Xie et al. MicroRNA-21 and Wound Healing

https://doi.org/10.12968/jowc.2016.25.7.393
https://doi.org/10.12968/jowc.2016.25.7.393
https://doi.org/10.2337/db12-0227
https://doi.org/10.1080/09537104.2018.1430357
https://doi.org/10.3390/ijms20205174
https://doi.org/10.5966/sctm.2015-0367
https://doi.org/10.1172/JCI9148
https://doi.org/10.1186/s13287-017-0641-z
https://doi.org/10.1186/s13287-017-0641-z
https://doi.org/10.3390/pharmaceutics11080389
https://doi.org/10.1136/bmjopen-2015-009283
https://doi.org/10.1136/bmjopen-2015-009283
https://doi.org/10.1021/acscentsci.6b00371
https://doi.org/10.1021/acscentsci.6b00371
https://doi.org/10.1002/jcb.26026
https://doi.org/10.1186/s12967-020-02682-5
https://doi.org/10.1186/s12967-020-02682-5
https://doi.org/10.1016/j.jss.2020.03.043
https://doi.org/10.7150/thno.21234
https://doi.org/10.1038/jid.2015.320
https://doi.org/10.1038/jid.2015.320
https://doi.org/10.3390/biom10010108
https://doi.org/10.1136/ard.2010.138669
https://doi.org/10.1038/ng2135
https://doi.org/10.12968/jowc.2016.25.5.277
https://doi.org/10.3892/ijmm.2020.4762
https://doi.org/10.1016/j.yexcr.2016.05.013
https://doi.org/10.3389/fimmu.2021.681710
https://doi.org/10.1016/j.biocel.2019.105570
https://doi.org/10.3892/etm.2021.9933
https://doi.org/10.2147/IDR.S186651
https://doi.org/10.1016/j.yexcr.2017.11.019
https://doi.org/10.1111/wrr.12470
https://doi.org/10.1038/s41598-018-26702-z
https://doi.org/10.1016/j.clinbiochem.2021.03.003
https://doi.org/10.1016/j.clinbiochem.2021.03.003
https://doi.org/10.1042/CS20181064
https://doi.org/10.3390/ijms21093328
https://doi.org/10.3390/jcm9113732
https://doi.org/10.26355/eurrev_201905_17917
https://doi.org/10.1016/j.abb.2021.108895
https://doi.org/10.1002/jgm.3022
https://doi.org/10.1021/acs.molpharmaceut.0c00177
https://doi.org/10.26402/jpp.2020.6.14
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


Ma, X., Becker Buscaglia, L. E., Barker, J. R., and Li, Y. (2011). Micrornas in Nf-
Kappab Signaling. J. Mol. Cel Biol. 3 (3), 159–166. doi:10.1093/jmcb/mjr007

Madhyastha, R., Madhyastha, H., Nakajima, Y., Omura, S., and Maruyama, M.
(2012). Microrna Signature in Diabetic Wound Healing: Promotive Role of
Mir-21 in Fibroblast Migration. Int. Wound J. 9 (4), 355–361. doi:10.1111/j.
1742-481X.2011.00890.x

Mercier, R. C., Dietz, R. M., Mazzola, J. L., Bayer, A. S., and Yeaman, M. R. (2004).
Beneficial Influence of Platelets on Antibiotic Efficacy in an In Vitro Model of
staphylococcus Aureus-Induced Endocarditis. Antimicrob. Agents Chemother.
48 (7), 2551–2557. doi:10.1128/AAC.48.7.2551-2557.2004

Nagalla, S., Shaw, C., Kong, X., Kondkar, A. A., Edelstein, L. C., Ma, L., et al. (2011).
Platelet Microrna-Mrna Coexpression Profiles Correlate with Platelet
Reactivity. Blood 117 (19), 5189–5197. doi:10.1182/blood-2010-09-299719

Naskar, A., and Kim, K. S. (2020). Recent Advances in Nanomaterial-Based
Wound-Healing Therapeutics. Pharmaceutics 12 (6), 499. doi:10.3390/
pharmaceutics12060499

Nusse, R., and Clevers, H. (2017).Wnt/β-Catenin Signaling, Disease, and Emerging
Therapeutic Modalities. Cell 169 (6), 985–999. doi:10.1016/j.cell.2017.05.016

Obaid, M., Udden, S. M. N., Alluri, P., and Mandal, S. S. (2021). Lncrna Hotair
Regulates Glucose Transporter Glut1 Expression and Glucose Uptake in
Macrophages during Inflammation. Sci. Rep. 11 (1), 232. doi:10.1038/
s41598-020-80291-4

Okuno, R., Ito, Y., Eid, N., Otsuki, Y., Kondo, Y., and Ueda, K. (2018). Upregulation
of Autophagy and Glycolysis Markers in Keloid Hypoxic-Zone Fibroblasts:
Morphological Characteristics and Implications. Histol. Histopathol. 33 (10),
1075–1087. doi:10.14670/HH-18-005

Park, S. H., Lee, C. W., Lee, J. H., Park, J. Y., Roshandell, M., Brennan, C. A., et al.
(2018). Requirement for and Polarized Localization of Integrin Proteins during
drosophila Wound Closure. Mol. Biol. Cel. 29 (18), 2137–2147. doi:10.1091/
mbc.E17-11-0635

Pastar, I., Khan, A. A., Stojadinovic, O., Lebrun, E. A., Medina, M. C., Brem, H.,
et al. (2012). Induction of Specific Micrornas Inhibits Cutaneous Wound
Healing. J. Biol. Chem. 287 (35), 29324–29335. doi:10.1074/jbc.M112.382135

Puthenedam, M., Wu, F., Shetye, A., Michaels, A., Rhee, K. J., and Kwon, J. H.
(2011). Matrilysin-1 (Mmp7) Cleaves Galectin-3 and Inhibits Wound Healing
in Intestinal Epithelial Cells. Inflamm. Bowel Dis. 17 (1), 260–267. doi:10.1002/
ibd.21443

Quinn, S. R., and O’Neill, L. A. (2014). The Role of Micrornas in the Control and
Mechanism of Action of Il-10. Curr. Top. Microbiol. Immunol. 380, 145–155.
doi:10.1007/978-3-662-43492-5_7

Ross, K. (2021). Mir Equal Than Others: Microrna Enhancement for Cutaneous
Wound Healing. J. Cel. Physiol. 236, 8050–8059. doi:10.1002/jcp.30485

Russo, J., Fiegel, J., and Brogden, N. K. (2020). Rheological and Drug Delivery
Characteristics of Poloxamer-Based Diclofenac Sodium Formulations for
Chronic Wound Site Analgesia. Pharmaceutics 12 (12), 1214. doi:10.3390/
pharmaceutics12121214

Schafer, I. A., Shapiro, A., Kovach, M., Lang, C., and Fratianne, R. B. (1989). The
Interaction of Human Papillary and Reticular Fibroblasts and Human
Keratinocytes in the Contraction of Three-Dimensional Floating Collagen
Lattices. Exp. Cel Res. 183 (1), 112–125. doi:10.1016/0014-4827(89)90422-9

Sen, C. K., Gordillo, G. M., Roy, S., Kirsner, R., Lambert, L., Hunt, T. K., et al.
(2009). Human SkinWounds: aMajor and Snowballing Threat to Public Health
and the Economy. Wound Repair Regen. 17 (6), 763–771. doi:10.1111/j.1524-
475X.2009.00543.x

ShamsEldeen, A. M., Al-Ani, B., Ebrahim, H. A., Rashed, L., Badr, A. M., Attia, A.,
et al. (2021). Resveratrol Suppresses Cholestasis-Induced Liver Injury and
Fibrosis in Rats Associated with the Inhibition of TGFβ1-Smad3-miR21 axis
and Profibrogenic and Hepatic Injury Biomarkers. Clin. Exp. Pharmacol.
Physiol. 48 (10), 1402–1411. doi:10.1111/1440-1681.13546

Shen, M., Li, X., Qian, B., Wang, Q., Lin, S., Wu, W., et al. (2021). Crucial Roles of
Microrna-Mediated Autophagy in Urologic Malignancies. Int. J. Biol. Sci. 17
(13), 3356–3368. doi:10.7150/ijbs.61175

Simões, A., Chen, L., Chen, Z., Zhao, Y., Gao, S., Marucha, P. T., et al. (2019). Differential
Microrna Profile Underlies the Divergent Healing Responses in Skin and Oral
Mucosal Wounds. Sci. Rep. 9 (1), 7160. doi:10.1038/s41598-019-43682-w

Ståhl, A. L., Arvidsson, I., Johansson, K. E., Chromek, M., Rebetz, J., Loos, S., et al.
(2015). A Novel Mechanism of Bacterial Toxin Transfer within Host Blood

Cell-Derived Microvesicles. Plos Pathog. 11 (2), e1004619. doi:10.1371/journal.
ppat.1004619

Su, Q., Li, L., Zhao, J., Sun, Y., and Yang, H. (2017). Effects of Trimetazidine on
PDCD4/NF-Κb/tnf-α Pathway in Coronary Microembolization. Cell. Physiol.
Biochem. 42 (2), 753–760. doi:10.1159/000478067

Su, Q., Lv, X. W., Sun, Y. H., Ye, Z. L., Kong, B. H., and Qin, Z. B. (2019). Microrna-
494 Inhibits the Lrg1 Expression to Induce Proliferation and Migration of Vecs
in Rats Following Myocardial Infarction.Mol. Ther. Nucleic Acids 18, 110–122.
doi:10.1016/j.omtn.2019.08.007

Tadokoro, S., Ide, S., Tokuyama, R., Umeki, H., Tatehara, S., Kataoka, S., et al.
(2015). Leptin Promotes Wound Healing in the Skin. PLoS One 10 (3),
e0121242. doi:10.1371/journal.pone.0121242

Tan, Y. X., Hong, Y., Jiang, S., Lu, M. N., Li, S., Chen, B., et al. (2020). MicroRNA-
449a R-egulates the P-rogression of B-rain A-ging by T-argeting SCN2B in
SAMP8 M-ice. Int. J. Mol. Med. 45 (4), 1091–1102. doi:10.3892/ijmm.2020.
4502

Tsai, S. H., Tsao, L. P., Chang, S. H., Ho, T. C., Tung, K. Y., Wu, A. C., et al. (2017).
Pigment Epithelium-Derived Factor Short Peptides Facilitate Full-Thickness
CutaneousWound Healing by Promoting Epithelial Basal Cell and Hair Follicle
Stem Cell Proliferation. Exp. Ther. Med. 14 (5), 4853–4861. doi:10.3892/etm.
2017.5134

Varikuti, S., Verma, C., Holcomb, E., Jha, B. K., Viana, A., Maryala, R., et al. (2021).
Microrna-21 Deficiency Promotes the Early Th1 Immune Response and
Resistance toward Visceral Leishmaniasis. J. Immunol. 207 (5), 1322–1332.
doi:10.4049/jimmunol.2001099

Vinish, M., Cui, W., Stafford, E., Bae, L., Hawkins, H., Cox, R., et al. (2016).
Dendritic Cells Modulate Burn Wound Healing by Enhancing Early
Proliferation. Wound Repair Regen. 24 (1), 6–13. doi:10.1111/wrr.12388

Wada, Y., Suzuki, A., Ishiguro, H.,Murakashi, E., andNumabe, Y. (2021). Chronological
Gene Expression of Human Gingival Fibroblasts with Low Reactive Level Laser (Lll)
Irradiation. J. Clin. Med. 10 (9), 1952. doi:10.3390/jcm10091952

Wang, J., Wu, H., Peng, Y., Zhao, Y., Qin, Y., Zhang, Y., et al. (2021). Hypoxia
Adipose Stem Cell-Derived Exosomes Promote High-Quality Healing of
Diabetic Wound Involves Activation of Pi3k/akt Pathways.
J. Nanobiotechnol 19 (1), 202. doi:10.1186/s12951-021-00942-0

Wang, P., Zhou, Y., Yang, J. Q., Landeck, L., Min, M., Chen, X. B., et al. (2018). The
Role of Sprouty1 in the Proliferation, Differentiation and Apoptosis of
Epidermal Keratinocytes. Cell Prolif 51 (5), e12477. doi:10.1111/cpr.12477

Wang, S., Zheng, Y., Hu, Z., Wang, Z., Zhang, Y., and Wei, L. (2019).
Downregulated miR-302d-3p P-romotes C-hondrocyte P-roliferation and
M-igration by R-egulation of Unc-51-like K-inase 1. Int. J. Mol. Med. 44
(3), 1039–1047. doi:10.3892/ijmm.2019.4267

Wang, S. Y., Kim, H., Kwak, G., Jo, S. D., Cho, D., Yang, Y., et al. (2020).
Development of Microrna-21 Mimic Nanocarriers for the Treatment of
Cutaneous Wounds. Theranostics 10 (7), 3240–3253. doi:10.7150/thno.39870

Wang, T., Long, S., Zhao, N., Wang, Y., Sun, H., Zou, Z., et al. (2015). Cell Density-
dependent Upregulation of Pdcd4 in Keratinocytes and its Implications for
Epidermal Homeostasis and Repair. Int. J. Mol. Sci. 17 (1), 8. doi:10.3390/
ijms17010008

Wang, W., Yang, C., Wang, X. Y., Zhou, L. Y., Lao, G. J., Liu, D., et al. (2018).
Microrna-129 and -335 Promote Diabetic Wound Healing by Inhibiting Sp1-
Mediated Mmp-9 Expression. Diabetes 67 (8), 1627–1638. doi:10.2337/db17-
1238

Wei, F., Wang, A., Wang, Q., Han, W., Rong, R., Wang, L., et al. (2020). Plasma
Endothelial Cells-Derived Extracellular Vesicles Promote Wound Healing in
Diabetes through Yap and the Pi3k/akt/mtor Pathway. Aging (Albany NY) 12
(12), 12002–12018. doi:10.18632/aging.103366

Wei, Q. T., Liu, B. Y., Ji, H. Y., Lan, Y. F., Tang, W. H., Zhou, J., et al. (2021).
Exosome-mediated Transfer of Mif Confers Temozolomide Resistance by
Regulating Timp3/pi3k/akt axis in Gliomas. Mol. Ther. Oncolytics 22,
114–128. doi:10.1016/j.omto.2021.08.004

Werner, S., and Grose, R. (2003). Regulation of Wound Healing by Growth Factors
and Cytokines. Physiol. Rev. 83 (3), 835–870. doi:10.1152/physrev.2003.83.
3.835

Wu, D., Kang, L., Tian, J., Wu, Y., Liu, J., Li, Z., et al. (2020). Exosomes Derived
from Bone Mesenchymal Stem Cells with the Stimulation of Fe3o4
Nanoparticles and Static Magnetic Field Enhance Wound Healing through

Frontiers in Pharmacology | www.frontiersin.org February 2022 | Volume 13 | Article 8286279

Xie et al. MicroRNA-21 and Wound Healing

https://doi.org/10.1093/jmcb/mjr007
https://doi.org/10.1111/j.1742-481X.2011.00890.x
https://doi.org/10.1111/j.1742-481X.2011.00890.x
https://doi.org/10.1128/AAC.48.7.2551-2557.2004
https://doi.org/10.1182/blood-2010-09-299719
https://doi.org/10.3390/pharmaceutics12060499
https://doi.org/10.3390/pharmaceutics12060499
https://doi.org/10.1016/j.cell.2017.05.016
https://doi.org/10.1038/s41598-020-80291-4
https://doi.org/10.1038/s41598-020-80291-4
https://doi.org/10.14670/HH-18-005
https://doi.org/10.1091/mbc.E17-11-0635
https://doi.org/10.1091/mbc.E17-11-0635
https://doi.org/10.1074/jbc.M112.382135
https://doi.org/10.1002/ibd.21443
https://doi.org/10.1002/ibd.21443
https://doi.org/10.1007/978-3-662-43492-5_7
https://doi.org/10.1002/jcp.30485
https://doi.org/10.3390/pharmaceutics12121214
https://doi.org/10.3390/pharmaceutics12121214
https://doi.org/10.1016/0014-4827(89)90422-9
https://doi.org/10.1111/j.1524-475X.2009.00543.x
https://doi.org/10.1111/j.1524-475X.2009.00543.x
https://doi.org/10.1111/1440-1681.13546
https://doi.org/10.7150/ijbs.61175
https://doi.org/10.1038/s41598-019-43682-w
https://doi.org/10.1371/journal.ppat.1004619
https://doi.org/10.1371/journal.ppat.1004619
https://doi.org/10.1159/000478067
https://doi.org/10.1016/j.omtn.2019.08.007
https://doi.org/10.1371/journal.pone.0121242
https://doi.org/10.3892/ijmm.2020.4502
https://doi.org/10.3892/ijmm.2020.4502
https://doi.org/10.3892/etm.2017.5134
https://doi.org/10.3892/etm.2017.5134
https://doi.org/10.4049/jimmunol.2001099
https://doi.org/10.1111/wrr.12388
https://doi.org/10.3390/jcm10091952
https://doi.org/10.1186/s12951-021-00942-0
https://doi.org/10.1111/cpr.12477
https://doi.org/10.3892/ijmm.2019.4267
https://doi.org/10.7150/thno.39870
https://doi.org/10.3390/ijms17010008
https://doi.org/10.3390/ijms17010008
https://doi.org/10.2337/db17-1238
https://doi.org/10.2337/db17-1238
https://doi.org/10.18632/aging.103366
https://doi.org/10.1016/j.omto.2021.08.004
https://doi.org/10.1152/physrev.2003.83.3.835
https://doi.org/10.1152/physrev.2003.83.3.835
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


Upregulated Mir-21-5p. Int. J. Nanomedicine 15, 7979–7993. doi:10.2147/IJN.
S275650

Wu, J., Fang, L., Cen, Y., Qing, Y., Chen, J., and Li, Z. (2019). MiR-21 Regulates
Keloid Formation by Downregulating Smad7 via the TGF-β/Smad Signaling
Pathway. J. Burn Care Res. 40 (6), 809–817. doi:10.1093/jbcr/irz089

Wu, R. C., Young, I. C., Chen, Y. F., Chuang, S. T., Toubaji, A., and Wu, M. Y.
(2019). Identification of the Pten-Arid4b-Pi3k Pathway Reveals the
Dependency on Arid4b by Pten-Deficient Prostate Cancer. Nat. Commun.
10 (1), 4332. doi:10.1038/s41467-019-12184-8

Wu, Y., Zhang, K., Liu, R., Zhang, H., Chen, D., Yu, S., et al. (2020). Microrna-
21-3p Accelerates Diabetic Wound Healing in Mice by Downregulating
Spry1. Aging (Albany NY) 12 (15), 15436–15445. doi:10.18632/aging.
103610

Xu, H., Yang, J. J., Wang, C. H., Guo, E. Y., Yang, N. H., and Zhao, Q. (2016). Effect
of Wnt/β-Catenin Signal Pathway on of Matrix Metalloproteinase-7 and
Vascular Endothelial Growth Factor Gene Expressions in Endometriosis.
Clin. Exp. Obstet. Gynecol. 43 (4), 573–577.

Yan, H., Huang, W., Rao, J., and Yuan, J. (2021). Mir-21 Regulates Ischemic
Neuronal Injury via the P53/bcl-2/bax Signaling Pathway. Aging (Albany NY)
13 (18), 22242–22255. doi:10.18632/aging.203530

Yan, L., Cao, R., Liu, Y., Wang, L., Pan, B., Lv, X., et al. (2016). Mir-21-5p Links
Epithelial-Mesenchymal Transition Phenotype with Stem-like Cell Signatures
via Akt Signaling in Keloid Keratinocytes. Sci. Rep. 6, 28281. doi:10.1038/
srep28281

Yan, L., Wang, L. Z., Xiao, R., Cao, R., Pan, B., Lv, X. Y., et al. (2020). Inhibition of
Microrna-21-5p Reduces Keloid Fibroblast Autophagy and Migration by
Targeting Pten after Electron Beam Irradiation. Lab. Invest. 100 (3),
387–399. doi:10.1038/s41374-019-0323-9

Yang, C., Luo, L., Bai, X., Shen, K., Liu, K., Wang, J., et al. (2020). Highly-expressed
Micorna-21 in Adipose Derived Stem Cell Exosomes Can Enhance the
Migration and Proliferation of the Hacat Cells by Increasing the Mmp-9
Expression through the Pi3k/akt Pathway. Arch. Biochem. Biophys. 681,
108259. doi:10.1016/j.abb.2020.108259

Yang, X., Wang, J., Guo, S. L., Fan, K. J., Li, J., Wang, Y. L., et al. (2011). Mir-21
Promotes Keratinocyte Migration and Re-epithelialization during Wound
Healing. Int. J. Biol. Sci. 7 (5), 685–690. doi:10.7150/ijbs.7.685

Yuan, J., and Fu, X. (2021). Microrna-21 Mediates the Protective Role of
Emulsified Isoflurane against Myocardial Ischemia/reperfusion Injury in
Mice by Targeting Spp1. Cell. Signal. 86, 110086. doi:10.1016/j.cellsig.
2021.110086

Zhang, H. H., Huang, Z. X., Zhong, S. Q., Fei, K. L., and Cao, Y. H. (2020). miR-21
I-nhibits A-utophagy and P-romotes M-alignant D-evelopment in the B-ladder
C-ancer T24 cell L-ine. Int. J. Oncol. 56 (4), 986–998. doi:10.3892/ijo.2020.4984

Zhang T, T., Yang, Z., Kusumanchi, P., Han, S., and Liangpunsakul, S. (2020).
Critical Role of Microrna-21 in the Pathogenesis of Liver Diseases. Front. Med.
(Lausanne) 7, 7. doi:10.3389/fmed.2020.00007

Zhang, W. M., Zhang, Z. R., Yang, X. T., Zhang, Y. G., and Gao, Y. S. (2018).
Overexpression of miR-21 P-romotes N-eural S-tem C-ell P-roliferation and
N-eural D-ifferentiation via the Wnt/β-catenin S-ignaling P-athway In V-itro.
Mol. Med. Rep. 17 (1), 330–335. doi:10.3892/mmr.2017.7856

Zhang, X., Liu, C., Li, H., and Guo, L. (2020). Effects of Mir-21 on Proliferation and
Apoptosis ofWt Cells via Pten/akt Pathway. Exp. Ther. Med. 19 (3), 2155–2160.
doi:10.3892/etm.2019.8376

Zhang, Y., Pan, Y., Liu, Y., Li, X., Tang, L., Duan,M., et al. (2021). ExosomesDerived from
Human Umbilical Cord Blood Mesenchymal Stem Cells Stimulate Regenerative
Wound Healing via Transforming Growth Factor-β Receptor Inhibition. Stem Cel
Res. Ther. 12 (1), 434. doi:10.1186/s13287-021-02517-0

Zhang Y, Y., Hou, B., Li, C., and Li, H. (2020). Overexpression of circARF3
Mitigates TNF-α-Induced Inflammatory Damage by Up-Regulating miR-125b.
Cell Cycle 19 (11), 1253–1264. doi:10.1080/15384101.2020.1731652

Zhang, Y., Yuan, F., Liu, L., Chen, Z., Ma, X., Lin, Z., et al. (2019). The Role of the
Mir-21/spry2 axis in Modulating Proangiogenic Factors, Epithelial Phenotypes,
andWound Healing in Corneal Epithelial Cells. Invest. Ophthalmol. Vis. Sci. 60
(12), 3854–3862. doi:10.1167/iovs.19-27013

Zhang, Z.,Wang, J., Wang, X., Song,W., Shi, Y., and Zhang, L. (2018). Microrna-21
Promotes Proliferation, Migration, and Invasion of Cervical Cancer through
Targeting Timp3. Arch. Gynecol. Obstet. 297 (2), 433–442. doi:10.1007/s00404-
017-4598-z

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors, and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Xie, Wu, Zheng, Lin, Tai, Wang andWang. This is an open-access
article distributed under the terms of the Creative Commons Attribution License (CC
BY). The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with
these terms.

Frontiers in Pharmacology | www.frontiersin.org February 2022 | Volume 13 | Article 82862710

Xie et al. MicroRNA-21 and Wound Healing

https://doi.org/10.2147/IJN.S275650
https://doi.org/10.2147/IJN.S275650
https://doi.org/10.1093/jbcr/irz089
https://doi.org/10.1038/s41467-019-12184-8
https://doi.org/10.18632/aging.103610
https://doi.org/10.18632/aging.103610
https://doi.org/10.18632/aging.203530
https://doi.org/10.1038/srep28281
https://doi.org/10.1038/srep28281
https://doi.org/10.1038/s41374-019-0323-9
https://doi.org/10.1016/j.abb.2020.108259
https://doi.org/10.7150/ijbs.7.685
https://doi.org/10.1016/j.cellsig.2021.110086
https://doi.org/10.1016/j.cellsig.2021.110086
https://doi.org/10.3892/ijo.2020.4984
https://doi.org/10.3389/fmed.2020.00007
https://doi.org/10.3892/mmr.2017.7856
https://doi.org/10.3892/etm.2019.8376
https://doi.org/10.1186/s13287-021-02517-0
https://doi.org/10.1080/15384101.2020.1731652
https://doi.org/10.1167/iovs.19-27013
https://doi.org/10.1007/s00404-017-4598-z
https://doi.org/10.1007/s00404-017-4598-z
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

	Roles of MicroRNA-21 in Skin Wound Healing: A Comprehensive Review
	Introduction
	Overview of miR-21
	The Roles of miR-21 in Skin Wound Healing miR-21 Promotes Wound Healing by Down-Regulating PTEN and RECK in Protein Level a ...
	miRNA-21 May Exert Anti-Inflammatory Actions and Ameliorate Wound Healing by Regulating the Expression of NF-κB Through PDCD4
	miRNA-21-3p/miRNA-21-5p are Involved in Wound Healing by Regulating Fibroblast Function Through Targeting SPRY1/2
	miR-21 Facilitates Wound Healing by Activating Wnt/β-catenin/MMP-7 Signal Pathway
	miR-21 Promotes Wound Healing or Regulates Keloid Relapse Through Inhibition of PTEN that Activated PI3K/Akt Signaling Pathway
	miR-21 Improves Wound Healing by Accelerating the Proliferation And Migration of Keratinocytes via the Inhibition of PDCD4  ...
	miR-21 Inhibits Wound Healing by Suppressing the Expression of Leptin
	miR-21 Promotes the Process of Keloid Fibrosis via the TGF-β/Smad7-Smad2/3 Pathway
	miR-21 Involves in the Process of Wound Healing by Regulating the Angiogenic and Inflammatory Pathways

	Conclusion and Perspectives
	Author Contributions
	Funding
	Acknowledgments
	References


