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Introduction: Secondary to war wounds, trauma, etc., hypertrophic scar formation is the cause of an excessive proliferation of 
fibroblasts and accumulation of collagen fibers, which might affect cosmetic appearance, and could cause malignant transformation. 
miRNAs play an important role in disease regulation via inhibiting post-transcriptional protein translation by targeting and binding to 
the 3’ UTR region of mRNA. Here we explore the mechanism and interventions of scar formation from the perspective of miRNA.
Methods: Hypertrophic scar-associated differential miRNAs were screened by analyzing sequencing data of normal skin and 
hypertrophic scar, and verified by RT-qPCR. Signaling pathways that may be influenced by differentially miRNAs were analyzed 
using KEGG and GO. miRNA mimics were used to explore the effects of miRNAs on SMAD signaling pathway proteins. Dual- 
luciferase assays were used to explore the targeted binding of miRNAs. The mimics of the miRNA were used to explore the impact of 
miRNAs on the proliferation, migration, apoptosis and collagen synthesis levels of hypertrophic scar fibroblasts. The scar model of 
rabbit ear was used to verify the influence of miRNA on wound healing and scar formation in vivo.
Results: Expression of miR-182-5p was found to be considerably decreased in hypertrophic scars and fibroblasts. miR-182-5p was 
found to act mainly by targeting the 3’UTR region of SMAD4, but not SMAD1 or SMAD3. miR-182-5p overexpression may 
drastically suppress the proliferation and migration of fibroblasts, accompanied by enhanced apoptosis and reduced collagen fiber 
synthesis. The overexpression of miR-182-5p in in vivo experiments could effectively inhibit hypertrophic scar formation without 
affecting the speed and quality of wound healing.
Conclusion: miR-182-5p inhibits hypertrophic scar formation by decreasing the proliferation and migration of fibroblasts via 
SMAD4 pathway, and is expected to become a novel hypertrophic scar therapeutic target.
Keywords: hypertrophic scar, microRNA, SMAD4, fibroblasts

Backgrounds
Secondary to war wounds, surgery, trauma, etc., wound healing depends on the continuous proliferation of fibroblasts and 
collagen synthesis in the dermis.1,2 Skin scarring is considered as a natural outcome of the wound repair process. The 
incidence of scars after skin burns, trauma, and operations can be as high as 40% to 70%.3 In the process of wound 
repair, many factors, such as collagen and proteoglycans, are involved in maintaining a dynamic balance in the synthesis 
and degradation of extracellular matrix (ECM). However, the abnormal synthesis of ECM typically results in the 
accumulation and remodeling of collagen tissue and leads to pathological skin scars. The pathogenesis of excessive 
ECM accumulation during wound healing includes genetics,4 inflammation,5 immune factors,6 cytokines,7 and other 
factors. When a scar does not resolve, uncontrolled chronic inflammation can persist and elicits excessive scarring that 
leads to a range of abnormal phenotypes such as hypertrophic and keloid scars. Unfortunately, the detailed mechanism 
responsible for hypertrophic and keloid scars is yet to be discovered.

Hypertrophic scar (HS), also characterized as connective tissue hyperplasia, is characterized by the excessive 
proliferation of fibroblasts and the ongoing hyperplasia of collagen anabolism during wound healing, leading to aberrant 
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wound healing, and visible and elevated scars.8–10 In contrast to normal skin (NS), hypertrophic scar (HS) is character
ized by excessive proliferation of the dermal tissue, in a tumor-like growth mode, but HS generally did not extend the 
initial damage site unlike keloids.11 The pathophysiology of hypertrophic scarring has been linked to several signaling 
pathways or cytokines, including epigenetic modification processes, S100A2, PI3K/Akt, TGF-β, and the SMAD 
pathway.12–14 As the pathophysiology of HS remains unknown, new treatment targets must be identified via a rigorous 
understanding of the underlying processes of HS production.15 The commonly used treatments for HS included surgical 
excision, radiation therapy, and intralesional corticosteroid injections such as triamcinolone acetonide and betametha
sone, but they are accompanied by the possibility of recurrence. New treatments for HS need to be further explored and 
developed.16

MicroRNAs (miRNAs) are a family of endogenous, small, non-coding, single-stranded RNAs (about 22 nucleotides 
in length) that have been implicated in several biological processes, such as cell differentiation, proliferation, metastasis, 
and apoptosis.17 miRNA is a novel regulator of fibroblast life processes, involved in cell proliferation and extracellular 
matrix (ECM) deposition associated with wound healing.18–20 Meanwhile, miRNAs were founded to play an important 
role in HS, and miRNAs involved in fibroblast growth and collagen formation in HS have been identified and validated 
for their therapeutic effect on HS.21,22

We found that miRNA-182 plays a key role in a variety of fibrotic diseases, such as renal fibrosis, hepatic fibrosis, and 
myocardial fibrosis. Since hypertrophic scar is also a fibrotic disease, we hypothesized that miRNA-182 might be 
involved in the pathophysiological processes of hypertrophic scar. However, there were fewer systematic study on the 
role of miRNA-182 in hypertrophic scar. Therefore, we investigated whether miRNA-182 is involved in the regulation of 
hypertrophic scars. In this study, miRNA-182 with reduced expression in HS was screened by analyzing the results of 
miRNA sequencing array of HSs and NSs. We confirmed the reduced expression of miRNA-182-5p by RT-qPCR in HSs 
compared to NSs, also in hypertrophic scar-derived fibroblasts (HFs) compared to fibroblasts produced from normal skin 
(NFs). Further, the miRNA-182-5p-related signaling pathways and cellular functions were analyzed by KEGG and GO 
enrichment. Given the high correlation between miRNA-182-5p and SMAD signaling pathway, we investigated the 
impact of miRNA-182-5p on the SMAD protein family. miRNA-182-5p decreased SMAD4 expression by binding to the 
3’UTR of SMAD4 mRNA, but had no impact on SMAD1 or SMAD3 expression. Moreover, in vitro experiments 
showed that miRNA-182-5p could inhibit the proliferation and migration of fibroblasts, with apoptosis enhanced. 
Through the scar model of rabbit ear, we confirmed in vivo that administration of miRNA-182-5p analogs during 
wound healing could inhibit hypertrophic scar formation.

Materials and Methods
Ethics Statement
The Ethics Committee of PLA General Hospital’s Fourth Medical Center examined and approved the human sample 
study procedure. All patients were advised about the experimental techniques and research goals and volunteered to 
participate. For all patient samples, written informed permission was acquired. Animal studies were carried out in 
accordance with the Fourth Medical Center of PLA General Hospital’s Guide for the Care and Use of Laboratory 
Animals, and were authorized by the Animal Care Committee of the Fourth Medical Center of PLA General Hospital.

Acquisition and Processing of Clinical Samples
Human skin samples were collected from patients undergoing surgery at the Department of Burns and Plastic Surgery, 
Fourth Medical Center of PLA General Hospital in Beijing, China. Totally, 12 HS tissues with their adjacent normal skin 
tissues (Table 1) were collected with an average age of 38.12±12.56 years old. None of the patients had previously 
received systemic or topical therapy. The collected samples were kept in sterile phosphate-buffered saline (PBS) and 
transported at 2–8 °C to the laboratory for processing. After rinsing with pre-chilled PBS, 50 mg of tissue was snap- 
frozen in liquid nitrogen and ground to a homogeneous state with a pre-chilled tissue grinder for RT-qPCR or Western 
Blot. The remained tissues were preserved for primary fibroblasts extraction and culture.

https://doi.org/10.2147/CCID.S397808                                                                                                                                                                                                                                 

DovePress                                                                                                                    

Clinical, Cosmetic and Investigational Dermatology 2023:16 566

Jin and Xu                                                                                                                                                             Dovepress

Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


Isolation and Culture of Skin Fibroblasts
Patients’ samples were washed three times with pre-chilled PBS before being chopped into tiny pieces (about 1 mm in 
diameter) and incubated in 0.1 mg/mL collagenase type I solution at 37 °C for 2hr to separate fibroblasts.18,19 The 
fibroblasts were then pelleted and cultured in 10-cm culture plates with DMEM medium supplemented with 10% FBS, 
and incubated at 37 °C with 5% CO2. Unless otherwise specified, fibroblasts produced during the third passage were 
utilized in all studies in this work.

Cell Transfection
The mimics and negative control (NC) of miRNA-182-5p were purchased from Guangzhou RiboBio Co., Ltd.23 The 
third passage cells grew to 30–40% confluence in the six-well plates, then they were randomly divided into groups 
according to the random number table method, and the corresponding synthetic oligonucleotides were transfected into 
fibroblasts with Lipofectamine RNAiMAX (13778150, Thermo Fisher) respectively. After 48 hr of transfection, cells 
were collected for further experiments.

Histological Analysis
Tissue samples of NSs and HSs were trimmed to remove subcutaneous adipose tissue and then fixed in 4% paraformal
dehyde, embedded in paraffin, sectioned into 5-μm thickness (UC7, Leica), mounted on slides, and performed HE 
staining (G1120, Solarbio) and MASSON staining (G1346, Solarbio) following the instructions. Images were acquired 
with an inverted phase contrast microscope (HY7800, Hitachi).

Western Blot
Proteins were isolated from tissues and cells according to the procedure for Western blot using RIPA lysate (89901, 
Thermo Fisher).21 The lysate was centrifuged at 13,000 g for 10 min after being lysed on ice for 10 min. The supernatant 
was transferred to a fresh EP tube, and protein quantities were determined using a bicinchoninic acid (BCA) protein 
assay kit (PC0020, Solarbio). The lysate was boiled for 5 min in loading buffer containing sodium dodecyl sulfate (SDS) 
(P1040, Solarbio). After that, 45 μg samples were added into a 10% SDS-polyacrylamide gel electrophoresis (PAGE) gel 
(PG01010, Solarbio) before being transferred to polyvinylidene difluoride (PVDF) membranes (IPVH00010, Millipore). 
The membranes were treated with matching primary antibodies overnight at 4 °C after being blocked for 1 hr with 3% 
non-fat milk in TBST (pH 7.6). The membranes were then treated for 2 hr at room temperature (RT) with the appropriate 
horseradish peroxidase (HRP)-conjugated secondary antibodies. Following the antibody incubations, three 5-min TBST 
washes were performed. The protein bands were identified using ChemiDoc XRS chemiluminescence imaging equip
ment (BioRad), quantified using Image Lab (BioRad), and normalized to GAPDH levels. The procedure was repeated six 
times for tissues and three times for cell samples. All antibodies used were as follows: GAPDH Rabbit Ab (5174, 1:1000, 

Table 1 The Profile of Each Involved Patients

Sample Gender Age (Years) Biopsy Site Etiology Duration of HSs (Months)

NF/HF 1 Male 26 Upper extremity Burn 4
NF/HF 2 Female 48 Abdomen Surgery 6

NF/HF 3 Male 33 Thigh Burn 10

NF/HF 4 Male 28 Neck Burn 3
NF/HF 5 Male 27 Neck Burn 4

NF/HF 6 Male 48 Neck Trauma 9

NF/HF 7 Male 28 Armpit Burn 4
NF/HF 8 Male 57 Neck Burn 4

NF/HF 9 Female 44 Perineum Surgery 80
NF/HF 10 Male 55 Scalp High voltage electronic injury 3

NF/HF 11 Female 44 Upper arm Burn 24

NF/HF 12 Female 20 Thigh Burn 36
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CST), Collagen I Rabbit Ab (81375, 1:1000, CST), Collagen III Rabbit Ab (63034, 1:1000, CST), SMAD1 Rabbit Ab 
(6944, 1:1000, CST), SMAD3 Rabbit Ab (9523, 1:1000, CST), SMAD4 Rabbit Ab (46535, 1:1000, CST), Bax Rabbit 
Ab (14796, 1:1000, CST), Bcl2 Rabbit Ab (3498, 1:1000, CST), HRP-conjugated Goat Anti-Rabbit IgG (H+L) 
(SA00001-2, 1:1000, Proteintech).

Real-Time Quantitative Polymerase Chain Reaction (RT–qPCR)
The collected skin samples or the pre-treated cells were rinsed with pre-chilled PBS before being collected in Trizol lysis 
buffer (DP419, TIANGEN). Total RNA and miRNA were extracted using the RNA extraction kit (DP419, TIANGEN) 
and the miRcute miRNA isolation kit (DP501, TIANGEN) according to the manufacturer’s instructions. Nanodrop 2000 
was used to determine total RNA or miRNA concentration, purity and quality. According to the manufacturer’s 
instructions, cDNA was produced with the genome removed (KR118, TIANGEN). In addition, stem-loop reverse 
transcription procedures for miRNA were performed. Using the CFX96 real-time PCR equipment (BioRad, USA), 
quantitative PCR (qPCR) was done using RealUniversal Color PreMix (SYBR Green) (FP201, TIANGEN) and miRcute 
Plus miRNA qPCR Kit (SYBR Green) (FP411, TIANGEN). For the relative quantification of miRNA, U6 was used as 
the housekeeping gene. The qPCR reactions were carried out in triplicate. The Ct value was used to determine relative 
gene expression. Sangon Biotech (Shanghai) Co., Ltd. generated the primers. Table 2 shows the sequences of reverse 
transcription primers and fluorescence quantitative primers.

Bioinformatics Analysis
miRNA-182-5p-related signaling pathways were enriched via Kyoto Encyclopedia of Genes and Genomes (KEGG) and 
Gene Ontology (GO) analysis to find functional KEGG and GO annotations assisted and performed by Guangzhou 
RiboBio Co., Ltd.

Luciferase Reporter Assay
The SMAD4 3’UTR wild-type (WT) or mutant (MUT) with miRNA-182-5p binding sequences was amplified and cloned 
into the pHS-AVC-ZQ480 and pHS-AVC-ZQ481 luciferase reporter vector to synthesize SMAD4-WT or -MUT 
luciferase reporter vector by Beijing Syngentech Co., LTD. TransIntro EL transfection reagent was used to co- 
transfect the HFs with the respective WT or MUT vectors (FT201, TransGen). Following 48 hr of transfection, the Dual- 
Lucy Assay Kit (D0010, Solarbio) was used to measure luciferase activity using a microplate reader (Synergy2, BioTek) 
according to the manufacturer’s recommendations.

Table 2 Sequences of Reverse Transcription Primers and Fluorescence 
Quantitative Primers

Symbol Primer Sequence (5ʹ-3ʹ)

miR-182-5p RT-Primer GTCGTATCCAGTGCAGGGTCCGAGGTATT 

CGCACTGGATACGACAGTGTG

F-Primer GCGTTTGGCAATGGTAGAACT
R-Primer GTGCAGGGTCCGAGGT

miR-182-3p RT-Primer GTCGTATCCAGTGCAGGGTCCGAGGTATTC 

GCACTGGATACGACTAGTTG
F-Primer GTCAGTGGTTCTAGACTTGC

R-Primer GTGCAGGGTCCGAGGT

U6 RT-Primer AACGCTTCACGAATTTGCGT
F-Primer CTCGCTTCGGCAGCACA

R-Primer AACGCTTCACGAATTTGCGT
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Cell Proliferation
The impact of miRNA-182-5p on the proliferation of HFs was studied using the sulforhodamine B (SRB) test (ab235935, 
Abcam).22 In summary, 104 cells were seeded onto sterile 96-well plates containing 100 μL of DMEM media with 10% 
FBS and incubated for 8 hr for cell adhesion, with 6 wells in each group. The wells were then rinsed with PBS, refilled 
with new medium, and co-transfected for 48 hr with matched synthetic oligonucleotides. The cells were then fixed with 
pre-cooled trichloroacetic acid and incubated for 1 hr at 4 °C. The plates were then cleaned three times with deionized 
water and dyed for 25 min at RT with SRB dye (0.4% dissolved in 1% acetic acid). Wells were rinsed three times with 
1% acetic vinegar to remove any unbound color before drying in the air at RT. To solubilize the attached dye, 100 μL of 
Tris (10 mM) base was added to each well and gently stirred to achieve a homogeneous solution. Finally, absorbance was 
measured using a microplate reader (Synergy2, BioTek) at 510 nm according to the manufacturer’s recommendations. 
The optical density (OD) values of each group were compared to the control group.

Cell Migration Assays
Transwell tests were used to assess the migratory characteristics of fibroblasts. In brief, 104 HFs were suspended in FBS- 
free media and seeded into the top chamber of a 24-well Transwell plate fitted with an 8.0 μm polycarbonate membrane. 
The bottom chamber was then filled with DMEM media (with FBS) treated with FGF. After 24 hr, the cells on the top 
side of the filter were wiped clean, and the cells that had migrated to the bottom surface were stained for 30 min with 
crystal violet (Solarbio, 0.1%, w/v). A light microscope was used to examine and count stained cells.

Cell Apoptosis
To detect cell apoptosis, fibroblasts were prepared and stained according to the manufacturer’s instructions using the 
Annexin V-FITC Apoptosis Detection Kit I (556547, BD). Following 48 hr of co-transfection with matched synthetic 
oligonucleotides, the fibroblasts were harvested and resuspended in 1 Annexin V binding solution. Then annexin V-FITC 
and PI were introduced. The cells were identified by a FACScalibur equipment after 15 min of incubation (BD 
Biosciences). The experiment was carried out three times independently. The apoptosis rate of each group was computed 
as the total of the ratios of early and late apoptosis and compared with the control group using Flowjo software 
(TreeStar, USA).

Rabbit Ear Scar Model
Rabbit ear scar models were created in accordance with the literature.23 SPF (Beijing) Biotechnology Co., Ltd. provided 
12 mature New Zealand white male rabbits (2.0–2.5 kg). At the Fourth Medical Center of PLA General Hospital, all 
rabbits were kept in a special pathogen-free (SPF) microisolator environment with constant temperature (23 °C), 
humidity (60%), and a 12 hr light/dark cycle. Prior to wounding, rabbits were sedated with 1% pentobarbital (1.5 mg/ 
kg) and the ear skin was swabbed with EtOH. Depilation was done, and full-thickness excisions were made with 10 mm 
biopsy punches until the cartilage on the ventral side of each ear was revealed. As a result, each rabbit had six wounds in 
each ear. The epidermis, dermis, and perichondrium were fully removed from each incision. After that, the wound was 
wrapped with sterile gauze for one day. The wounds were randomly assigned to one of three groups: Saline, miR-182-5p 
Agomir negative control (NC), or miR-182-5p Agomir. Each group had six wounds at each time point. For the direct 
application of drug to the wound bed would flow away from the wound surface after the animals wake up from 
anesthesia, which will inevitably affect the effect of the drug. So, the drug was applied via the injection at the edge of the 
wound. Every other day, Saline (50 μL), miR-182-5p Agomir NC (50 μL), or miR-182-5p Agomir (50 μL) were injected 
around the wounds using a micro syringe at four locations (12.5 μL each site). Furthermore, all rabbits were maintained 
in an SPF facility and fed SPF food and water throughout the trial. They were inspected once every day. In order to avoid 
the influence of local-regional effect during the experiment, all the wounds of each rabbit ear were treated with the same 
drug. In order to ensure the reliability of the experiment, all the animals were ensured to be consistent in age and body 
weight. To ensure the randomness of the experiment, we numbered and randomized the ears on each side. In addition, the 
injection of the drug was also performed blindly.

Clinical, Cosmetic and Investigational Dermatology 2023:16                                                                  https://doi.org/10.2147/CCID.S397808                                                                                                                                                                                                                       

DovePress                                                                                                                         
569

Dovepress                                                                                                                                                            Jin and Xu

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


On postoperative days 0, 14, 28, and 28+14, the wounds were acquired and repaired surgically after the rabbits were 
euthanized by being overly injected with pentobarbital. At indicated time point, the ears of rabbits in each group were 
observed and recorded, and the wound healing rate was calculated. The wound healing rate was analyzed with ImageJ 
software.24,25 In order to show the most natural wound healing process, we would take and display pictures with the 
scabbing retained. When calculating the wound healing rate, we would first remove the scabbing to fully expose the 
wound surface, then take pictures and use ImageJ for calculation. Wound healing rate (%) = (original wound area - 
unhealed wound area)/original wound area × 100%. The acquired samples were cut into 5-μm slices after embedded in 
paraffin tissue, and then stained with HE staining, MASSON staining, and Sirius Red staining.

Epithelization was assessed in HE staining through epithelial extension and coverage of the wound.24,25 The thickness 
of the new epithelium was measured by ImageJ to reflect whether the quality of wound healing was affected by drug 
intervention.26 The scar elevation index (SEI) was calculated to quantify the extent of hypertrophic scarring by two 
pathologists in six different randomly chosen high-power microscopic fields in HE-stained slides.27 The SEI is defined as 
the ratio of the length of a perpendicular line on the scar tissue determined from the cartilage on the basis of the top point 
of the epithelium lining scar surface in micrometers to the perpendicular line determined between the intact ear cartilage 
and intact surface epithelium.27 For MASSON staining, ImageJ was used to calculate the collagen volume fraction based 
on previously reported literature.17,28 The percentage of collagen in the dermis was calculated by the ratio of the 
collagen-positive area to the total area of the dermis. Specifically, the Masson Trichrome function of the Color 
Deconvolution plugin in ImageJ was employed to separate collagen fibers from the background. After the Threshold 
was adjusted to ensure that the collagen was all correctly selected, the area of the collagen fibers was measured and 
compared to the total area of the dermis. Percentage of collagen (%) = collagen-positive area/total area of dermis × 
100%. Sirius Red staining was further performed to determine changes in collagen content and type. The procedures 
were carried out in accordance with NIH guidelines and methods authorized by the IACUC.

Statistical Analysis
The data in the manuscript were all quantitative data and conformed to the normal distribution, thus presented as the 
mean ± SD. For data satisfying the homogeneity of variance, two independent samples t-test and One-way ANOVA with 
Tukey-post-hoc test were performed. For data not satisfying the homogeneity of variance, Mann–Whitney U or Kruskal– 
Wallis H rank-sum test were performed. The analysis was carried out blindly using the SPSS program (IBM, USA). The 
0.05 level of confidence was regarded as a significant difference for all statistical tests.

Results
Increased Fibroblasts and Collagen Accumulation in Hypertrophic Scar
As a fibroproliferative disease, HSs usually caused by an irregular wound healing process after skin injury.24 They are 
characterized by overproduction of extracellular matrix (ECM) such as collagens, and abnormal proliferation of 
fibroblasts.29 Via HE staining and Masson staining (Figure 1A), we found that the number of fibroblasts and the degree 
of collagen deposition in normal skin were significantly lower than those in HSs. Further, Western Blot confirmed that 
the content of Collagen III and Collagen I in HSs was respectively 2.99 times and 2.27 times higher than those in NSs 
(Figure 1B, P<0.01).

Scar Formation-Related miRNA Screening
The mechanism exploration related to hypertrophic scar mainly involves the oxidative stress and inflammatory response 
of fibroblasts. In recent years, the role of miRNAs in the process of HS has become a research hotspot. Yamashita and his 
team performed miRNA microarray analysis to compare miRNA expression profiles between HFs and NFs (Table 3), and 
revealed the key role of miR-196a in collagen deposition in HFs by targeting the 3’ untranslated region (UTR) of 
Collagen III and Collagen I.21 Based on this, we further explored the second-ranked down-regulated miR-182 to explore 
its effect on fibroblast traits and HS formation.
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miR-182 has two types, respectively miR-182-3p and miR-182-5p. RT-qPCR revealed that the content of miR-182-3p 
in HS was similar to that in normal skin (Figure 1C), while the content of miR-182-5p was significantly reduced to 0.19 
times in HS than in normal skin (Figure 1C, P<0.01). Further detection of fibroblasts derived from HS and NS found that 
there was no statistical difference in the expression level of miR-182-3p in HFs compared with NFs (Figure 1C), but an 
obvious decline in the expression level of miR-182-5p was observed in HFs (Figure 1C, P<0.01).

Figure 1 Expression levels of miR-182-5p in hypertrophic scar tissues and fibroblasts. (A) HE staining and Masson staining of NSs and HSs from clinical cases. The box area 
on the right side of each photomicrograph shows an enlarged version of the red square. Scale bar=200 μm. (B) Western blot was used to measure the expression level of 
Collagen III and Collagen I of NSs and HSs from clinical cases. N=6. **P<0.01. (C) RT-qPCR was employed to detect the expression levels of miR-182-3p and miR-182-5p in 
HSs tissues and fibroblasts, compared with the normal skin. N=6 for the skin tissues and N=3 for the fibroblasts. **P<0.01.
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Screening of the Binding Targets of miR-182-5p
Given that miRNAs may affect many proteins and related-signaling pathways, we further analyzed the most likely targets of 
miR-182-5p by KEGG (Figure 2A). We found that the SMAD pathway is mostly closely related to miR-182-5p with P<0.01. 
Further, we screened SMAD pathway-related proteins that miR-182-5p might affect via DIANA, miRTarBase, miRNAMap, 
TargetScan, and microRNA databases. It is predicted that miR-182-5p may bind to the 3’UTR regions of SMAD1, SMAD3 
and SMAD4 (Figure 2B). After transfected with miR-182-5p mimics, we found that it could significantly increase the 
expression of miR-182-5p in HFs (Figure 2C). So Western Blot was arranged to further detect the effect of miR-182-5p 
overexpression on the expression of SMADs. As shown in Figure 2D, the miR-182-5p manifested inhibition on SMAD4 
(P<0.01) but not SMAD1 or SMAD3. To confirm the hypothesis, luciferase reporters containing the miR-182-5p binding site 
on the SMAD4 3’UTR were constructed and we found that the miR-182-5p mimic reduced the luciferase activity of the 
SMAD4-WT reporter vector but not the SMAD4-MUT reporter vector in HFs.

Effects of miR-182-5p on Fibroblasts
SRB experiment showed that miR-182-5p mimics showed no obvious effect on the proliferation of HFs at 24 hr, 
but significantly inhibited the cell proliferation of HFs at 48 hr and 72 hr compared to the control group and NC 
group (P<0.05, Figure 3A). Meanwhile, the Transwell experiments showed that, the migratory capacity of HFs 
decreased after 48 hr incubation of miR-182-5p mimic (P<0.01, Figure 3B). In addition, the overexpression of 
miR-182-5p also increased the apoptosis of HFs, which may be meaningful in the remission of hypertrophic scar 
formation (P<0.01, Figure 3C). miR-182-5p mimics could regulate the apoptosis of HFs by promoting the 
expression of BAX (P<0.01) and meanwhile inhibiting the expression of Bcl2 (P<0.01, Figure 3D). Also, 
overexpression of miR-182-5p significantly inhibited the Collagen I and Collagen III synthesis in HFs (P<0.01), 
which further suggested that miR-182-5p may help to inhibit HS in the process of wound healing (Figure 3D).

Table 3 Down-Regulated miRNAs in Scar Tissues

Down-Regulated miRNA Fold Change (KF / NF)

hsa-miR-196a 0.093
hsa-miR-182 0.169

hsa-miR-452 0.188

hsa-miR-196b 0.246
hsa-miR-595 0.29

hsa-miR-769-5p 0.331

hsa-miR-30a 0.362
hsa-miR-224 0.373

hsa-miR-31 0.425
hsa-miR-31 0.433

hsa-miR-98 0.508

hsa-let-7f 0.54
hsa-miR-93 0.541

hsa-miR-30e 0.543

hsa-let-7a 0.545
hsa-miR-24 0.553

hsa-miR-331-3p 0.578

hsa-let-7d 0.6
hsa-miR-574-3p 0.628

hsa-miR-23a 0.634

Abbreviations: HF, hypertrophic scar derived fibroblast; miRNA, 
microRNA; NF, normal fibroblast.
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Effects of miR-182-5p Agomir on Wounds Healing and Hypertrophic Scar Formation
Further, we investigated the effect of miR-182-5p on wound healing and scar formation via in vivo experiments by rabbit 
ears HS models. As shown in Figure 4A, we established a full-thickness skin defect model with a diameter of 10 mm on 
the rabbit ear, with perichondrium exposed. Agomir is a double-stranded small RNA that has been specially labeled and 

Figure 2 Screening of the binding target of miR-182-5p. (A) Analysis of signaling pathways that miR-182-5p may affect by KEGG (the left) and GO (the right) enrichment. 
(B) Analysis of the binding site of miR-182-5p to SMADs protein. (C) RT-qPCR was applied for the detection of expression level of miR-182-5p after HFs were incubated 
with miR-182-5p mimic. N=3. **P<0.01. (D) Western Blot was used to detect the effect of miR-182-5p on the protein expression level of SMADs in HFs. N=3. **P<0.01. (E) 
The dual-luciferase assay was used to detect the specific binding of miR-182-5p to the 3’ UTR region of SMAD4. N=3. **P<0.01.
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Figure 3 Effects of miR-182-5p on the characterization of HFs. (A) SRB assay was used to detect the effect of miR-182-5p on the proliferation ability of HFs. N=3. *P<0.05, 
**P<0.01. (B) Transwell assay was used to detect the effect of miR-182-5p on the migration ability of HFs. N=3. **P<0.01. (C) Annexin V-FITC assay was used to detect the 
effect of miR-182-5p on the apoptosis of HFs. N=3. **P<0.01. (D) Western Blot was performed for detection of the apoptosis-related proteins, Collagen III and Collagen 
I. N=3. **P<0.01.
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Figure 4 In vivo experiments on the effect of miR-182-5p on wound healing and hypertrophic scar formation. (A and B) Representative pictures of the process of wound 
healing and hypertrophic scar formation. The wound healing rate of groups were compared with the assistance of ImageJ. N=6. (C) The scar elevation index (SEI) was 
evaluated at postoperative day 28+14 to quantification of the hypertrophic scar formation. N=6. **P<0.01. (D and E) HE staining was used to evaluate the histology during 
wound healing. The neo-epithelial thickness was assessed on day 28 post-injury. N=6. Scale bar=200 μm. (F and G) Masson staining was used to evaluate the collagen 
deposition during wound healing. The percentage of collagen in the dermis was assessed on day 28 post-injury. N=6. **P<0.01. Scale bar=200 μm. (H) Sirius red staining was 
used to assess the collagen deposition on day 28+14 post-injury. N=6. Representative images from 200x and 400x polarized light microscopes were shown here. (I and J) 
Western Blot was performed to detect the changes in SMAD4 expression levels among groups on day 28+14 post-injury. N=6. **P<0.01.
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chemically modified. It modulates the biological function of target genes by mimicking endogenous miRNAs, and is 
widely used for the intervention of target miRNAs in in vivo experiments.30 As shown in Figure 4B, compared with the 
Saline group and the NC group, the miR-182-5p Agomir group had no statistical difference in the wound healing rate, 
which indicated that miR-182-5p Agomir had no obvious effect on the wound healing process. At postoperative day 28 
+14, the miR-182-5p Agomir group showed improved scar formation compared to the other groups (Figure 4A). The 
hypertrophic scar formation was quantified, and SEI showed that the hypertrophic scar in the Agomir group had a lower 
bulge height than that in the Saline and NC groups (Figure 4C).

The results of HE staining revealed the wound healing process and scar formation process of each group from the 
point of pathology (Figure 4D). Specifically, during the wound healing process, along with the continuous formation of 
granulation tissue, the new epidermis continued to advance toward the center of the wound and gradually covered the 
granulation tissue. The cells of the new epidermis in each group were arranged neatly and clearly layered, the cytoplasm 
and nucleus were well colored, and the thickness of each layer of the epidermis had no obvious difference among groups. 
Inflammatory cell infiltration around blood vessels was seen in the dermis of each group, a large number of fibroblasts 
proliferated, and a number of new capillaries were seen in the dermis. The miR-182-5p Agomir group showed a similar 
wound healing process as the other groups (Figure 4D). On postoperative day 28, there was almost no inflammatory cell 
infiltration in the dermis of each group (Figure 4D). And there was no statistical difference in the neo-epithelial thickness 
(Figure 4E).

Masson staining was used to show collagen deposition during wound healing. As shown in Figure 4F, the content of 
collagen fibers in the dermis of the miR-182-5p Agomir group was lower than that of the Saline group and the NC group 
on the postoperative day 28. This effect persisted until postoperative day 28, when the percentage of collagen fibers in the 
dermis of the miR-182-5p Agomir group was still the lowest (Figure 4G). This may indicate that miR-182-5p could 
inhibit the formation of scar by inhibiting collagen deposition in the dermis during the wound healing process on the 
premise of the wound healing rate ensured. We further assessed dermal collagen fiber deposition by Sirius red staining 
(Figure 4H). With the injection of miR-182-5p Agomir, qualitative evaluation revealed that the content of Collagen I was 
decreased accompanied with the improvement of Collagen III (Figure 4H). Finally, we took the HSs of this time point 
and found that the expression of SMAD4 in the miR-182-5p Agomir group was significantly reduced, than that of the NC 
group (Figure 4I and J).

Discussion
As a disease closely associated with fibrous tissue growth, hypertrophic scar mainly caused by excessive proliferation of 
fibroblasts and deposition of collagen, which may be related to oxidative stress or hypoxia induction of fibroblasts. 
Hypertrophic scar and tumor are similar in several respects: uncontrolled cell proliferation, a hypoxic cellular micro
environment, and a disturbed balance between the epithelium and the mesenchyme. According to the research, miR-182- 
5p may build a mutual inhibitory circuit with FOXF2, which is linked to the metastasis of breast cancer.31 miR-182-5p 
also exerts its anticancer effects in renal cancer cells via the Notch signaling pathway.32 Wnt/β-catenin pathway plays an 
important role in the transformation of the mesenchymal and the epithelial cells, which is important to the wound healing 
and epithelial regeneration process.33,34 Otherwise, miR-182-5p might enhance Wnt/β-catenin signaling by inhibiting the 
degradation of β-catenin and strengthening the roles of transcription factors of TCF4, which is mediated by the 
suppression of FOXO3a.35 Given the similarities between HSs and tumor development, it is advantageous to investigate 
the relationship between miR-182-5p and HS formation.

In this study, we found that the expression of miR-182-5p was decreased in both HSs and HFs. Through the KEGG 
and GO analysis of the miR-182-5p related signaling pathways, it was found that miR-182-5p was closely related to the 
SMAD signaling pathway, which plays a key role in the HSs formation. miR-182-5p mimics showed a significant 
inhibitory effect on the expression of SMAD4 in HFs, but not the SMAD1 or SMAD3. By mutating the 3’UTR region, 
dual-luciferase experiments confirmed the targeted binding of miR-182-5p to the 3’UTR region of SMAD4. Moreover, 
we found that miR-182-5p could inhibit the proliferation and migratory abilities of HFs, accompanied by enhanced 
apoptosis. Western Blot showed that miR-182-5p could increase the BAX/Bcl2 ratio of HFs, and decrease the expression 
of Collagen I and Collagen III. From in vitro experiments, we preliminarily verified the possible mechanism by which 
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miR-182-5p may inhibit scar hyperplasia, namely inhibiting the proliferation of HFs, inducing their apoptosis, and 
inhibiting the synthesis of collagen fibers. By using Agomir of miR-182-5p in the process of wound healing, we found 
that compared with the control group and Agomir NC group, Agomir group did not show a decrease in wound healing 
rate, that is, Agomir did not affect or delay wound healing. This may be for the following reasons: SMAD4 mainly 
affects fibroblasts rather than epidermal stem cells. So the overexpression of miR-182-5p mainly affects fibroblasts rather 
than epidermal stem cells. Meanwhile, the expression level of miR-182-5p in normal fibroblasts are higher than that in 
scar fibroblasts, namely, there is enough miR-182-5p in normal fibroblasts to suppress SMAD4 expression, so SMAD4 
expression in normal skin will not be affected by the overexpression of miR-182-5p by Agomir. Therefore, miR-182-5p 
can promote scar-free healing process mainly by responding expression of miR-182-5p in scar fibroblasts, without 
affecting the wound healing process significantly, which is the basis and premise for its further anti scar treatment. 
Furthermore, we observed the synthesis of extracellular matrix, especially collagen, in the process of scar formation by 
Masson staining, to determine the effect of Agomir on rabbit ear scar model. We found that Agomir can effectively 
inhibit the deposition of collagen fibers in the process of scar formation, which is manifested by more sparse collagen 
fiber arrangement and less collagen fiber deposition in the Agomir group. After 28+14 days of drug intervention, the scar 
volume of the Agomir group was significantly smaller and softer than that of the negative control group and saline group. 
At the same time, we further stained type I and III collagen fibers by Sirius red staining, which further confirmed the 
inhibition of Agomir on collagen fiber deposition during scar formation. In addition, the detection of the protein content 
of SMAD4 also proves that Agomir inhibits the expression of SMAD4, that is, Agomir plays its anti-scar role by the 
inhibition of SMAD4 expression.

Research on miRNAs has been increasing in recent years, ranging from tissue regeneration to targeted therapy of 
tumors.36–38 miRNAs can interfere with the normal translation of mRNAs by targeting the 3’UTR region of mRNAs, 
thereby playing a role in post-transcriptional modification.39,40 This study preliminarily explored the preventive and 
therapeutic effects of miR-182-5p on scarring prevention. However, the molecular mechanism of miR-182-5p in scars 
and the ceRNA regulation mechanism of miR-182-5p need to be further explored.41 Also, future studies can explore the 
improvement of miRNA-related delivery methods, such as loading miRNA-related drugs into microneedles or hydrogels 
for delivery, which may further improve the efficacy.42–44

Limitations
Although the rabbit ear model of HS is relatively simple, with good repeatability and a high degree of standardization, 
it also has many limitations. First of all, due to the difference in immune system between the rabbits and humans, the 
rabbit ear model cannot be used to identify the immunopathogenic factors in the formation of HS. Meanwhile, the 
genetic susceptibility that plays an important role in human scars can also not be studied through this model.45 

Secondly, for the rabbit ear skin is very thin and clings to the surface of the cartilage without muscle and subcutaneous 
tissue, scarring occurs on the surface of cartilage without blood vessels, which is also different from human scarring.46 

Third, differences in lipid metabolism have been shown to play a role in scar formation. However, rabbits are 
herbivorous animals, and their lipid metabolism characteristics may be different from those of humans, which may 
affect its scar formation.47

Conclusions
Our findings show that miR-182-5p has an inhibitory impact on fibrosis in HFs and scar formation through the SMAD4 
pathway. The proliferation, apoptosis and migration may be related to the inhibitory effect of miR-182-5p on scar 
formation. In vivo experiments confirmed that our method can inhibit scar formation without affecting the speed and 
quality of wound healing, which is a promising therapeutic direction.

Data Sharing Statement
Further information and requests for reagents may be directed to and will be fulfilled by the Lead Contact: X.X.
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