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Abstract 
Background: Hypertrophic scars cause impaired skin appearance and function, seriously affecting 
physical and mental health. Due to medical ethics and clinical accessibility, the collection of 
human scar specimens is frequently restricted, and the establishment of scar experimental animal 
models for scientific research is urgently needed. The four most commonly used animal models 
of hypertrophic scars have the following drawbacks: the rabbit ear model takes a long time to 
construct; the immunodeficient mouse hypertrophic scar model necessitates careful feeding and 
experimental operations; female Duroc pigs are expensive to purchase and maintain, and their 
large size makes it difficult to produce a significant number of models; and mouse scar models that 
rely on tension require special skin stretch devices, which are often damaged and shed, resulting 
in unstable model establishment. Our group overcame the shortcomings of previous scar animal 
models and created a new mouse model of hypertrophic scarring induced by suture anchoring at 
the wound edge. 
Methods: We utilized suture anchoring of incisional wounds to impose directional tension through-

out the healing process, restrain wound contraction, and generate granulation tissue, thus inducing 
scar formation. Dorsal paired incisions were generated in mice, with wound edges on the upper 
back sutured to the rib cage and the wound edges on the lower back relaxed as a control. 
Macroscopic manifestation, microscopic histological analysis, mRNA sequencing, bioinformatics, 
and in vitro cell assays were also conducted to verify the reliability of this method. 
Results: Compared with those in relaxed controls, the fibrotic changes in stretched wounds 
were more profound. Histologically, the stretched scars were hypercellular, hypervascular, and
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hyperproliferative with disorganized extracellular matrix deposition, and displayed molecular 
hallmarks of hypertrophic fibrosis. In addition, the stretched scars exhibited transcriptional overlap 
with mechanically stretched scars, and human hypertrophic and keloid scars. Phosphatidylinositol 
3-kinase-serine/threonine-protein kinase B signaling was implicated as a profibrotic mediator of 
apoptosis resistance under suture-induced tension. 
Conclusions: This straightforward murine model successfully induces cardinal molecular and 
histological features of pathological hypertrophic scarring through localized suture tension to 
inhibit wound contraction. The model enables us to interrogate the mechanisms of tension-induced 
fibrosis and evaluate anti-scarring therapies.

Key words: hypertrophic scar, mouse model, mRNA sequencing, fibrosis, phosphatidylinositol 3-kinase-serine/threonine-protein 
kinase B 

Highlights 
• Few animal models could simply and efficiently replicate key features of human hypertrophic scarring. 
• We developed an innovative and reliable murine model which generated scars with histological and molecular features 

resembling human pathological fibrosis by utilizing suture anchoring to restrain wound contraction throughout the healing 
process without repeated animal restraint or mechanical equipment that could cause general confounders. 

• This model enables unraveling of the mechanisms of tension-induced fibrosis and the development of targeted anti-scarring 
therapies. 

Background 
Hypertrophic scars typically arise in skin areas with 
high tension, including the shoulders, presternal area, 
lower abdomen, and chin. Reducing mechanical tension is 
currently regarded as an effective preventive method for 
hypertrophic scar formation [1–4]. Increased mechanical 
stress in the wound environment induces hypertrophic 
scarring by activating key mechanotransduction network 
components such as transforming growth factor-β (TGF-β), 
focal adhesion kinase (FAK), myocardin-related transcription 
factor-A (MRTF-A), Yes-associated protein (YAP), Engrailed-
1, and Wnt-β-catenin. Mechanical forces dramatically 
trigger the release, activation, and bioavailability of TGF-
β1 [5]. Fibroblast contraction and TGF-β1 activation create 
a feedback loop on a stiff matrix that amplifies matrix 
deposition and fibrotic pathologies [6]. FAK contributes to 
fibroblast activation and promotes the expression of TGF-
β1, alpha-smooth muscle actin (α-SMA), collagen I, and 
fibronectin in hypertrophic scars [4]. Furthermore, FAK 
causes a chronic-like inflammatory state via extracellular-
related kinase (ERK) to physically stimulate the release of 
monocyte chemoattractant protein-1 (MCP-1) [7, 8]. MRTF-
A is required for matrix stiffness-induced α-SMA expression 
and myofibroblast differentiation [9]. Through engagement 
of TEA domain transcription factor 1 and subsequent de 
novo expression of MRTF-A, YAP collaborates with TGF-
β1 to promote myofibroblast differentiation and matrix 
stiffening [10–12]. Engrailed-1 is activated by mechanical 
tension via YAP signaling. Preventing Engrailed-1 activation 
enhances wound regeneration by restoring skin appendages, 
ultrastructure, and mechanical strength [13]. Wnt-β-catenin 

cooperates with TGF-β to facilitate adipocyte lipolysis and 
adipocyte-to-myofibroblast transition during wound healing, 
which promotes fibrogenic development in keloids [14]. 
However, the molecular events linking tension to cutaneous 
fibrosis have not been fully defined. 

Establishing scar experimental animal models for scientific 
research is urgently needed, as human skin scar tissues are 
difficult to collect due to ethical and practical considera-
tions. However, the current animal models of hypertrophic 
scars have the following disadvantages. The development 
of a rabbit ear model requires a lengthy period of time 
[15], while the hypertrophic scar model in immunodeficient 
mice necessitates rigorous feeding and experimental opera-
tion [16]. Due to their great size and high cost of purchase 
and upbringing, female Duroc pigs have difficulty producing 
a significant number of models [17]. The mouse dorsal wound 
model is simple to manipulate and commonly utilized in 
research [18]. However, the strong elasticity of murine skin, 
loose space between the skin and subcutaneous tissue, and 
tendency to contract in subcutaneous panniculus carnosus all 
cause drastic wound shrinkage during healing. In addition to 
re-epithelialization, human wounds heal primarily through 
the development of granulation tissue rather than through 
wound contraction [19]. Inhibiting wound shrinkage and 
simulating the process of human granulation tissue formation 
on mouse skin may be helpful for modeling murine scars. 
Several advances in mouse models have been made to con-
quer wound contraction by utilizing external silicone splints 
[20]. However, mice are active and silicone splints are easily 
destroyed during experiments, resulting in poor modeling 
stability. Mechanical devices applied on healed wounds were
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verified to induce hypertrophic scarring resembling human 
hypertrophic scarring [21]. However, this method does not 
mimic granulation tissue formation during wound healing 
and thus does not precisely simulate scarring processes in 
humans, where local stress persists at the onset of healing. 
Moreover, these materials are unstable because mechanical 
devices are prone to loosening and dropping. 

Here, we present a novel murine model of hypertrophic 
scarring that overcomes the shortcomings of previous scar 
animal models. Specifically, dorsal skin is stretched from the 
midline incision to both sides, the wound edge is anchored 
on the ribs at the midaxillary line with sutures, wound 
contraction is conquered, and chronic granulation is grad-
ually formed, thus inducing hypertrophic scar formation, 
which simulates the formation of human scars. Morpho-
logic and histology analyses confirmed the development of 
fibroproliferative scars in this model. mRNA sequencing and 
bioinformatics analysis revealed gene expression patterns 
consistent with those of the current hypertrophic scar model 
and human keloid scars. In vitro-cultured fibroblasts impli-
cated phosphatidylinositol 3-kinase (PI3K)-serine/threonine-
protein kinase B (Akt) signaling as a mediator of apoptotic 
resistance and tension-induced fibrosis. Overall, this innova-
tive murine model is a simple, reliable, and economic model 
for investigating the mechanisms and therapeutic strategies 
used to treat hypertrophic scars. 

Methods 
Mice and modeling procedures 
C57BL/6 wild-type mice aged 6-8 weeks were used for mod-
eling. All procedures were carried out with the approval of 
the Animal Ethics Committee of Xinhua Hospital. Hair on 
the dorsal skin was removed by an electrical hair cutter and 
depilatory cream. After the limbs were lengthened and fasted, 
‘�’, ‘�’ and  ‘�’ were labeled on the posterior midline, the 
midaxillary line, and the line between ‘�’ and ‘�’, respectively. 
The upper dorsal skin on line ‘�’ was then sutured to the ribs 
and intercostal muscles under line ‘�’ with 6-0  nylon thread.  
The lower back skin on line ‘�’ was sutured in situ to the 
subcutaneous tissue. Finally, 1 cm linear wounds were cut 
between the fixed skin along lines ‘�’. A liner incision on the 
upper dorsal skin was designated the stretched group, while 
wounds on the lower dorsal skin were considered the control 
group. 

Morphometry by the Vancouver scar scale 
The scars were photographed at weeks 2, 12, and 24 after 
injury. Then, the scars and adjacent skin were harvested 
from the stretched and control groups, respectively. The scars 
were graded on melanin, height, vascularity, and pliability 
according to the Vancouver scar scale (VSS) [22]. The total 
score was 15, with a higher score indicating more extensive 
scar hyperplasia. 

Histologic analysis 
Tissue specimens were fixed with paraformaldehyde, embed-
ded in paraffin and sectioned along the median axis. Sec-
tions 5 μm in thickness were stained with hematoxylin and 
eosin (H&E) (Servicebio, China) to evaluate the total scar 
area [21]. The visibility of collagen fibers was improved, as 
shown by Masson’s trichrome staining (Servicebio, China) 
[23]. The architecture of the stretched and control scars was 
examined by an Olympus BX51 microscope (Tokyo, Japan). 
Picrosirius red staining (Servicebio, China) was used to assess 
the type of collagen fibers, which were photographed by a 
polarized light microscope (Nikon Eclipse Ci-L, Japan) [24]. 
The sections were analyzed by Image-Pro Plus 6.0 (Media 
Cybernetics, USA). The presence of scars was confirmed by 
horizontally oriented collagen bundles and the absence of 
skin appendages. The width of the scars was determined as 
the distance between intact hair follicles. The scar elevation 
index (SEI) is a reliable and repeatable tool for assessing the 
establishment of hypertrophic scars. The SEI is the ratio of 
the entire scar dermal area, including the newly produced 
hypertrophied dermis, to the area of the normal dermis of 
the surrounding unwounded skin, and was calculated as 
follows: SEI = Hscar dermis/Hnormal dermis. As measured from 
the bottom point of the epithelium to the surface of the 
subcutaneous fat layer in the scar tissue and adjacent normal 
tissue, the Hscar dermis represents the maximum thickness of 
the scar dermis, and the Hnormal dermis represents the maxi-
mum thickness of the normal dermis around the scar tissue 
[23]. The images were evaluated blindly by two independent 
observers and the results were not significantly different. The 
data are presented as the means ± SDs. 

Immunohistochemical staining 
The expression levels of the indicated targets in scars were 
detected by immunohistochemical staining as previously 
described [25]. Scar sections were deparaffinized and 
hydrated in xylene and a graded alcohol series. Antigen 
retrieval was accomplished by heating the slices in 10 mM 
citric acid (pH 6) (Servicebio, China) for 15 min at 95◦C. 
Sections were blocked with goat-anti-rabbit serum or 3% 
bovine serum albumin with 0.3% Triton X-100 (Sigma-
Aldrich, Germany) for 1 h at room temperature. Then, the 
sections were incubated with antibodies against α-SMA (1 : 
200), CD31 (1 : 300), Ki67 (1 : 500), and TGF-β (1 : 200) 
(Servicebio, China) at 4◦C overnight. Next, the slices were 
thoroughly washed with phosphate buffered saline (PBS) 
(Servicebio, China) and incubated with secondary antibodies 
for 30 min at room temperature. This was followed by 
incubation with drops of diaminobenzidine solution (Boster, 
China) and counterstaining with hematoxylin (Beyotime, 
China). The stained sections were assessed using an Olympus 
BX51 microscope (Tokyo, Japan). The investigators were 
blinded during histologic staining. Representative images 
were selected for the figures.
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Immunofluorescence staining 
Fresh scar tissue was obtained for frozen sectioning. 
A terminal deoxynucleotidyl transferase dUTP nick-end 
labeling (TUNEL) assay (Servicebio, China) was also 
conducted according to the manufacturer’s instructions. 
Proteinase K was used to prepare frozen tissue sections. The 
TUNEL reaction mixture was incubated after the sample 
was permeabilized. The sections were nucleated with 4’,6-
diamidino-2-phenylindole (Servicebio, China), sealed with 
an anti-fluorescein quencher, and then photographed by 
fluorescence microscopy (K10587, Nikon, Tokyo, Japan). 

Quantitative real-time PCR 
Quantitative real-time PCR (qRT-PCR) was conducted as 
previously reported [25]. Briefly, RNA was extracted using 
TRIzol reagent (Thermo Scientific, USA). A TaqMan reverse 
transcription kit was used to produce cDNA according to the 
manufacturer’s instructions (Life Technologies, USA). With 
a Bio-Rad RT-PCR system, qRT-PCR was performed with 
SYBR Green Supermix. The primers used in this study were 
generated by Sangon Biotech (Shanghai, China). The expres-
sion levels of mRNA were standardized to those of GAPDH, 
and the fold differences were determined by the follow-
ing method: F = 2−��Ct , �Ct = Cttarget gene − CtGAPDH and
��Ct = �Ctinduced − �Ctreference. 

Cell culture 
The method for culturing cells under different tensions was 
described by Achterberg et al., who used silicone substrates 
to simulate a soft skin matrix and plastic substrates as a stiff 
matrix [26]. Silicone substrates (CytoSoft ® 

) were purchased 
from Sigma-Aldrich (St Louis, MO, USA) and were prepared 
with varying stiffnesses to mimic the elastic range of normal 
(2 kPa) and fibrotic (64 kPa) dermis. Substrate surfaces were 
coated with 0.2 μg/cm2 rat tail collagen type I (Yeason, 
Shanghai, China). Human foreskin fibroblast (HFF-1) cells 
were obtained from Zhong Qiao Xin Zhou Biotechnology 
Co., Ltd (Shanghai, China). HFF-1 cells were grown in Dul-
becco’s Modified Eagle Mediumsupplemented with 15% fetal 
calf serum for 48 h. MK-2206 (MCE, USA) is a selective 
inhibitor for Akt phosphorylation. MK-2206 (5 μmol/l) was 
added to cultured HFF-1 cells and dimethyl sulfoxide was 
used as a control. In selected experiments, 5 ng/ml TGF-
β1 (Sigma-Aldrich) was added to stimulate HFF-1 cells. The 
HFF-1 cells were analyzed for collagen I and fibronectin levels 
by qRT-PCR; Akt (1 : 1000), phosphorylated Akt (1 : 1000), 
caspase-3 (1 : 1000), cleaved caspase-3 (1 : 1000) (CST, USA), 
and TGF-β1 (1 : 1000 (Abcam, UK) levels were determined 
via western blotting; and Annexin V-IF647/Propidium Iodide 
(PI) cell apoptosis (Servicebio, China) was detected via flow 
cytometry. 

Western blot 
The scar and surrounding 1–2 mm wide tissue were collected. 
Total protein was extracted from the tissues as described 

previously. A bicinchoninic acid assay protein assay kit 
(Thermo Scientific, Rockford, USA) was used to determine 
the concentration of the extracted protein. The protein 
concentration was adjusted to 25 μg/well by 10 or 12% 
sodium dodecyl sulfate-polyacrylamide gel electrophoresis. 
The samples were subsequently transferred to polyvinyli-
denedifluoride (PVDF) membranes (Millipore Immobilon, 
USA). The PVDF membranes were treated for 2 h at room 
temperature with 3% bull serum albumin (Biosharp, China) 
and then incubated overnight at 4◦C with anti-TGF-β1 (1  
: 1000, Abcam, UK), anti-Akt (1 : 1000), anti-phospho-Akt 
(Thr308) (1 : 1000), anti-caspase-3 (1 : 1000), and anti-
cleaved caspase-3 (1 : 1000) (CST, USA) antibodies. The 
PVDF membranes were incubated for 1 h at room tempera-
ture with goat-anti-rabbit/mouse/rat-horseradish peroxidase 
immunoglobulin G (1 : 5000; SunGene Biotech, China), 
and for seconds with chemiluminescence solution (Solarbio, 
China). A ChemiDocTM XRS detection system (Bio-Rad, 
USA) was used to measure the protein concentration as 
described previously [25]. 

Flow cytometry 
An Annexin V-IF647/PI cell apoptosis detection kit was pur-
chased from Servicebio Technology Co., Ltd (Wuhan, China). 
First, the supernatant from the cell culture was collected. 
Following EDTA-free pancreatic enzyme digestion, the cells 
were put together with culture supernatant. Then, the cells 
were collected after centrifugation at 500 g and 4◦C for  
5 min. Before being centrifuged twice at 500 g for 5 min 
each, the cells were washed twice with precooled PBS. They 
were then gently suspended in precooled 1× binding buffer 
to adjust the cell concentration to 1–5 × 106 /ml. Then 100 μl 
of cell suspension was taken, 5 μl of Annexin V-IF647 and 
5 μl of PI was added and gently mixed, while avoiding light, 
at room temperature for 8–10 min. As previously reported 
[25], the stained cells were detected by Attune Acoustic 
Focusing Cytometer (Life Technologies, USA) and analyzed 
with FlowJo software (Tree Star Incorporation, USA). 

mRNA sequencing and bioinformatics 
High-throughput RNA sequencing was performed by Cloud-
Seq Biotech (Shanghai, China). Briefly, total RNA was 
extracted from samples (n = 3 per group) of stretched induced 
hypertrophic scars (HS) and control normal scars (NS) 
2 weeks after excision. The RNA was subsequently subjected 
to analysis with a GenSeq® rRNA removal kit (GenSeq, 
Inc.) to remove the rRNAs, and the rRNA-depleted samples 
were utilized for library construction with a GenSeq® low-
input RNA library prep kit (GenSeq, Inc.). Libraries were 
quantified and quality controlled by a BioAnalyzer 2100 
system (Agilent Technologies, Inc., USA). Library sequencing 
was conducted on an Illumina NovaSeq instrument with 
150 bp paired-end reads. Paired-end reads were obtained 
from an Illumina NovaSeq 6000 sequencer and were quality 
controlled using Q30. The 3′ adaptor and low-quality 
reads were removed by Cutadapt software (v1.9.3). Next,
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the high-quality clean reads were aligned to the reference 
genome (build GRCm38) with HISAT2 software (v2.0.4). 
The raw count was harvested from HTSeq software (v0.9.1) 
and normalization was performed via edgeR. The raw 
RNA sequencing data were uploaded to Gene Expression 
Omnibus (GEO) (GSE243950). Differentially expressed 
genes (DEGs) were identified by P-value, false discovery rate 
(FDR), and fold-change (log2) across all group comparisons. 
Uniform manifold approximation and projection (UMAP) 
was conducted to evaluate the grouping of samples [27]. 
Genes were ranked according to their absolute expression 
or fold-change in HS and NS. Heatmap and hierarchical 
cluster analysis, scatter plots, and volcano plots of RNA-
sequencing data from HS and NS samples were generated by 
Cloudseq. 

Functional enrichment analysis 
DEGs were compared at the statistical significance level 
of FDR < 0.05. Up- and down-regulated DEGs were 
subjected to functional enrichment analysis using the Gene 
Ontology (GO) biological process, cellular components, 
and molecular function [24]. In addition, the upregulated 
DEGs were enriched according to the cluster circle diagram 
and chord diagram generated by Kyoto Encyclopedia 
of Genes and Genomes (KEGG) analysis [28]. The R 
studio packages ‘clusterProfiler’, ‘org.Mm.eg .db’, ‘ggplot2’, 
‘enrichplot’, and ‘GOplot’ were used for data visualization. 
Venn diagrams (http://bioinfogp.cnb.csic.es/tools/venny/i 
ndex.html ) illustrate the proportions of entities within 
the up- or down-regulated DEGs that were found in the 
core matrisome and matrisome-associated gene sets [ 29]. 
The DEGs found in subcategories of core matrisome and 
matrisome-associated datasets were visualized via heatmaps 
and non-average hierarchical clustered intensity plots. The 
published transcriptome data for stressed scars (SS) and 
unstressed scars (US) initiated by mechanical loading devices 
[8] were obtained from the GEO (GSE26390). A Venny 
diagram was constructed to plot the shared up- or down-
regulated DEGs between the HS and NS groups and 
between the SS and US groups. Functional enrichment of 
the shared genes was conducted using the GO and Reactome 
databases (https://reactome.org/PathwayBrowser/#TOOL=A 
T ). The top ten Reactome terms are organized in a table. 
The interactions between target DEGs were analyzed by 
the Search Tool for the Retrieval of Interacting Genes 
(STRING) database (https://string-db.org/ ) to construct a 
protein–protein interaction network. Cell type enrichment 
was performed via the ImmGen MyGeneSet web tool [ 30]. 

Gene-set enrichment analysis 
Significantly up- and down-regulated gene sets were derived 
from the GEO for published transcriptomic data and pub-
lished RNA-seq data on extracellular matrix (ECM) remod-
eling genes, fibroblast related genes, wound-derived myofi-
broblast subsets, keloid fibroblasts, and keloid keratinocytes. 

The original gene sets were uploaded to gene-set enrichment 
analysis (GSEA) version 4.2.3 [31], filtered to those mapped 
by gene symbol and presented in the tested datasets. The gene 
sets were tested against the transcriptomes of HS vs. NS. The 
GSEA results are displayed as enrichment plots and arranged 
in tables where the normalized enrichment scores (NES), 
nominal P value (NOM p-val) and FDR values are color 
coded for visualization [24]. The GSEA-specific source data 
file for Figure 6 contains the previously published datasets 
and samples examined, original and filtered gene sets, GSEA 
parameters used for each analysis, ranked gene lists, and 
original GSEA output data for all studies. 

Statistical analysis 
Statistical analysis was performed using GraphPad Prism 8 
software for Windows (San Diego, CA, USA). Two groups 
were analyzed by the two-sided Student’s paired t test. One-
way analysis of variance (ANOVA) and Bonferroni’s multi-
ple comparisons post hoc tests were used for comparisons 
of more than two groups. Two-way ANOVA and Sidak’s 
multiple comparative tests were used for the comparison of 
two collagen types between two groups. The F test, Brow– 
Forsythe test and Levene’s test were performed to verify equal 
variance via Student’s paired t test, one-way ANOVA, and 
two-way ANOVA, respectively. The purpose of the variance 
homogeneity test is to determine the appropriate statisti-
cal methods. In this investigation, uneven variance was not 
detected. P values of the statistical comparisons are displayed 
in the figures (∗p< 0.05, ∗∗p < 0.01, ∗∗∗p< 0.001). 

Results 
Suture-anchored tension induced pathological scarring 
in murine excisional wounds 
To impose tension during cutaneous wound healing, we devel-
oped a novel mouse model using suture-anchored incisions. 
Dorsal excisional wounds were generated via transverse-axial 
stretching by anchoring the upper wound edges to the rib 
cage while leaving the lower edges unattached (Figure 1a, 
Figure S1, see online supplementary material). At 2 weeks 
after the operation, stretched scars displayed significantly 
greater VSS scores for pigmentation, vascularity, height, and 
pliability 2 weeks post-wounding (Figure 1b, Table 1). Scars 
were adherent to the underlying tissue in the stretched group 
only 2 weeks after excision (Figure 1c). Histological analy-
ses revealed pathological matrix remodeling under tension. 
Stretched scars showed increased width, epidermal hyperpla-
sia without rete ridges, absent adnexal structures, disorga-
nized dermal collagen, and an increased SEI (Figure 1d–f). 
Masson’s trichrome staining revealed that, compared with 
that in the controls, the collagen in the stretched scars was 
hyperplastic (Figure 1g). The amount of red blood cells filling 
in the stretched scars was significantly higher than in controls 
(Figure 1h), which was consistent with the fact that stretched
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Figure 1. Suture-induced local stress resulted in hypertrophic scars 2 weeks after surgery. (a) Suturing the dorsal skin caused local tension in this model. The 
posterior median line and the midaxillary line were labeled ‘�’ and  ‘�’, respectively; the line between ‘�’ and  ‘�’ was labeled ‘�’. Then the upper dorsal skin on 
‘�’ was sutured to the ribs and intercostal muscles beneath ‘�’ and served as the experimental group, whereas the lower dorsal skin of ‘�’ was fixed in situ to 
subcutaneous tissue and functioned as the control. Finally liner incisions with 1 cm width were cut along ‘�’ between the fixed upper and lower dorsal skin. (b) 
Representative macroscopic photographs of local stress-induced scars and non-stretched controls at weeks 1 and 2 post-operation. Stretch scars and controls 
were evaluated at week 2 post-excision. Scars were assessed by the VSS ((Scale bar: 2 mm). (c) Subcutaneous tissue adhesion in stretched scars and controls. 
(d) H&E staining of stretched scars and controls. Scar edges are indicated by inverted triangles (Scale bar: 200 μm & 100  μm). (e) Scar width in stretched groups 
and controls. (f) Difference in SEI between stretched scars and controls. (g–i) Stretched scars and controls were examined by Masson’s trichrome staining. (g) 
Representative Masson’s trichrome staining (Scale bar: 200 μm & 100  μm). (h) High magnification of the scar center and quantification of red blood cells (Scale 
bar: 50 μm). (i) Comparison of scar centers and edges in stretched and control groups (black rectangles: scar edges; red rectangles: scar centers, Scale bar: 
50 μm & 20  μm). (j–l) Stretched scars and controls were analyzed by picrosirius red staining. (j) Picrosirius red staining of stretched scars and controls (black 
rectangles: scar edges; red rectangles: scar centers, Scale bar: 100 μm & 50  μm). (k) Percentage of collagen in ECM was calculated in the centers and edges 
of stretched scars and controls. (l) Proportions of collagen type 1 and 3 in scar edges and centers. Two-tailed Student’s t-test (e, f, h, k). Two-way ANOVA and 
Sidak’s multiple comparative tests (l). ∗∗∗p < 0.001. H&E hematoxylin and eosin, SEI scar elevation index, ECM extracellular matrix, ANOVA analysis of variance 
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Table 1. Local stretching caused scars with higher Vancouver scar scale scores in comparison to controls 2 weeks post-operation. 

Groups Samples Melanin Vascularity Height Pliability 

Control 10 0 0 0 0 
Stretched group 10 2.30 ± 0.46 1.80 ± 0.40 2.20 ± 0.40 4.5 ± 0.81 
P value <0.0001 <0.0001 <0.0001 <0.0001 

scars appeared redder than did the controls ( Figure 1b). Col-
lagen fibers appeared irregularly arranged at the wound edges 
and lacked clear borders or orientation in the scar center 
(Figure 1g). Collagen types 1 and 3 constitute the majority 
of adult skin collagen, accounting for 80–85% and 10–15% 
respectively, of skin weight [32]. Type 1 collagen, which is 
dense, provides skin tensile strength, whereas type 3 collagen 
is fine. The composition and proportion of collage fibers in 
scars are different from those in normal skin. Upregulated 
type 1 collagen leads to scar fibrosis [33]. Picrosirius red 
staining demonstrated increased collagen content in stretched 
scars (Figure 1j, k), predominantly type I collagen (Figure 1l). 
These features resembled those of human hypertrophic scars. 

At 12 weeks after surgery, stretching-induced scars 
were still visible (Figure 2a). The scar width and SEI were 
greater in the stretched group than in the control group 
(Figure 2b–d). The collage in stretched scars remained 
hyperplastic (Figure 2e) and was still filled with more 
red blood cells than that in controls (Figure 2f). Central 
collagen fibers began swirling into nodules, a characteristic 
manifestation of chronic fibroproliferation (Figure 2g). 
Picrosirius red staining demonstrated that the collagen 
content remained increased in the stretched scars 12 weeks 
after surgery (Figure 2h, i). According to the histological 
criteria, the scars had stabilized for 24 weeks but hyperplasia 
had subsided further (Figure 2a–d). These results indicated 
that over 24 weeks, the stretched scars progressed through 
the hyperplastic, regressive, and maturation phases. The 
suture-anchored tension model thus successfully induced 
sustained pathological matrix remodeling analogous to 
human fibroproliferative scarring. 

To evaluate the technical reliability, we performed the 
tension model across five cohorts, each with 10 mice. The suc-
cess rate in inducing fibroproliferative scars was 90 ± 7.07%. 
This finding confirms that the suture-anchored method is 
a robust, facile approach for modeling cutaneous scarring. 
Several advantages of this murine model for investigating the 
mechanisms of tension-induced fibrosis are recommended. 
The two wounds on upper and lower back were generated 
on each mouse control for individual differences. Local 
suture anchoring imposes persistent, directional tension 
throughout healing without repeated animal restraint or 
mechanical equipment. The dorsal wounds are easily accessed 
for macroscopic and histological assessment at serial time 
points. 

Stretched scars displayed molecular hallmarks of 
hypertrophic fibrosis 
To further characterize the pathological scarring induced 
by suture-anchored tension, we examined the expression of 
proteins involved in fibroproliferation and inflammation. 
Myofibroblasts expressing α-SMA are responsible for aber-
rant collagen deposition during fibrotic healing, which is a 
hallmark of human hypertrophic scarring [34]. At 2 weeks 
post-operation, compared with those of the relaxed controls, 
the stretched scars had dramatically more α-SMA-positive 
cells (Figure 3a). Angiogenesis supplies the hypercellularity of 
fibroproliferative scars [35]. Figure 1h shows that more red 
blood cells filled the stretched scars than those in the con-
trols. Moreover, immunostaining for the endothelial marker 
CD31 revealed a significantly greater microvessel density in 
stretched scars at week 2 (Figure 3b), indicating that suture-
anchoring stress induced hypervascularity in this model. Cell 
proliferation was increased in stretched scars, as indicated by 
the presence of expanded Ki67-positive epidermal and dermal 
cells (Figure 3c). Concurrently, the epidermis was thicker in 
the stretched wounds. Several profibrotic factors showed 
heightened expression in stretched scars at week 2. TGF-
β, a well-known promoter of fibrosis [8], was upregulated 
in the dermis of stretched scars (Figure 3d). By 12 weeks 
post-wounding, the stretched scars retained increased lev-
els of α-SMA, CD31, and Ki67 compared to those in the 
controls, while TGF-β expression had normalized (Figure 
S2, see online supplementary material). At the 24-week, α-
SMA and CD31 remained upregulated in the stretched group 
(Figure S3, see online supplementary material). 

To summarize, suture-anchored tension induces vital 
molecular characteristics of hypertrophic scarring, including 
myofibroblast persistence, neovascularization, proliferation, 
and profibrotic signaling. The changes in the expression of α-
SMA, CD31, Ki67 and TGF-β during scar remodeling further 
suggested that this model could resemble human hypertrophic 
scarring. 

Transcriptomic profiling revealed a fibrogenic 
signature in tension-induced hypertrophic scars 
To elucidate the molecular mechanisms underlying the 
pathological matrix remodeling induced by suture-anchored 
tension, we performed mRNA sequencing on 2-week 
scar samples. Unsupervised UMAP clustered stretched HS

https://academic.oup.com/burnstrauma/article-lookup/doi/10.1093/burnst/tkae051#supplementary-data
https://academic.oup.com/burnstrauma/article-lookup/doi/10.1093/burnst/tkae051#supplementary-data
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Figure 2. Stretching-induced hyperplasia was sustained long-term up to 3 months post-wounding. (a–d) Scars were assessed in stretched and control groups at 
weeks 12 and 24 post-operation. (a) Representative macroscopic images of stretched and control scars (Scale bar: 2 mm). (b) H&E staining of stretched scars 
and controls. Scar edges are indicated by inverted triangles (Scale bar: 200 μm). (c) Width of scars. (d) SEI. (e–g) Stretched scars and controls were examined 
by Masson’s trichrome staining 12 weeks after excision. (e) Representative Masson’s trichrome staining (Scale bar: 200 μm & 100  μm). (f) High magnification 
of the scar center and quantification of red blood cells (Scale bar: 50 μm). (g) Comparison of scar centers and edges in stretched and control groups (black 
rectangles: scar edges; red rectangles: scar centers, Scale bar: 50 μm & 20  μm)). (h, i) Stretched scars and controls were analyzed by picrosirius red staining 
at week 12 post-excision. (h) Representative picrosirius red staining of scar centers in stretched and control groups. (i) Percentages of collagen type 1 and 3 in 
centers of stretched scars and controls. Two-tailed Student’s t-test (c, d, f). Two-way ANOVA and Sidak’s multiple comparative tests (i). ∗∗p < 0.01, ∗∗∗p < 0.001. 
H&E hematoxylin and eosin, SEI scar elevation index, ANOVA analysis of variance 

separately from relaxed NS, indicating distinct transcriptional 
profiles ( Figure 4a). Differential expression analysis identified 
a total of 1011 genes upregulated and 168 genes downregu-
lated in the HS group compared with the NS group (p < 0.05) 
(Figure 4b–e). With an FDR < 0.05, 525 upregulated and 60 
downregulated DEGs were identified in the HS (Figure 4e). 
The top 10 most highly expressed genes in HS were collagen 

genes Col3a1 and Col1a2, along with ECM proteins Sparc, 
Lum, Mmp2, and  Fn1, which were all upregulated compared 
to NS (Figure 4f). 

GO analysis revealed that the upregulated HS genes were 
enriched in ECM organization, collagen metabolism, angio-
genesis, inflammation, and cytokine production (Figure 5a, 
Figure S4a, see online supplementary material). KEGG

https://academic.oup.com/burnstrauma/article-lookup/doi/10.1093/burnst/tkae051#supplementary-data
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Figure 3. Stretched scars expressed hypertrophic scar markers. (a–d) Stretched and control scars were stained with the following markers 2 weeks after surgery. 
Red rectangles mark the dermis of scar center. (a) Representative α-SMA staining graphs, and the proportions of α-SMA-positive area in the centers of control and 
stretched scars (Scale bar: 100 μm & 50  μm). (b) CD31 staining sections and microvessel density in the centers of stretched scars and controls (Scale bar: 100 μm 
& 50  μm). (c) Ki67 staining graphs with black rectangle representing the epidermis of scar center. The number of Ki67 positive cells was calculated respectively 
in the epidermis and dermis of stretched and control scars (Scale bar: 500 μm & 25  μm). (d) Graphs with TGF-β staining, and TGF-β positive percentages in 
control and stretched groups (Scale bar: 100 μm & 50  μm). Values were analyzed by two-tailed Student’s t-test. ∗p < 0.05, ∗∗∗p < 0.001. TGF-β transforming 
growth factor-β, α-SMA alpha-smooth muscle actin 

pathway analysis showed enrichment of genes related 
to ECM–receptor interactions, PI3K-Akt signaling, pro-
teoglycan metabolism, and focal adhesions ( Figure 5b, 
Figure S4b, see online supplementary material). FAK and 
PI3K-Akt signaling mediate mechanotransduction and 
prevent fibroblast apoptosis during fibrosis [8, 21]. The 
downregulated DEGs in HS vs NS were associated with 
fiber components, actin binding and embryonic patterning, 
8 Homeotic (HOX) genes whose expression was downreg-
ulated indicated a ‘tumorigenic phenotype’ of keloids [36] 
(Figure S5, see online supplementary material). 

To specifically interrogate matrix remodeling pathways, 
we analyzed the matrisome signature. The matrisome 
comprises core ECM proteins plus matrisome-associated 
interacting and regulatory factors. Among the 274 core 
matrisome genes, 52 were upregulated and only 1 was 
downregulated in the HS group (Figure 5c,d). Collagens 
represented the majority of altered core matrisome com-
ponents. A total of 34.9% of the collagen genes were 
upregulated without any downregulation (Figure 5c). The 
fibrillar collagens Col3a1, Col1a2, and  Col1a1 showed the 
highest expression (Figure 5e), consistent with increased 
collagen I deposition under tension (Figure 1l). Stretching 
also increased the expression of collagens V (Col5a2, 
Col5a1), VI (Col6a1, Col6a2, Col6a3, Col6a5, Col6a6), 

VII (Col7a1), VIII (Col8a1), XII (Col12a1), XIV (Col14a1), 
and XXVII (Col27a1), which are involved in regulating 
collagen fibrillogenesis and interactions. Proteoglycans help 
maintain ECM integrity [37]. HS exhibited upregulation of 
the proteoglycans biglycan, lumican, asporin, podocan, and  
hyaluronan link protein 4 (Figure 5e). Glycoproteins, the 
largest matrisome family, presented 29 upregulated genes and 
1 downregulated gene in the HS group. The top-upregulated 
glycoproteins were tenascin, osteopontin (Spp1), tenascin C 
(Tnc), and Cthrc1 (Figure 5e). Beyond the core matrisome 
components, the matrisome-associated cluster contained 
836 matrix-affiliated genes. HS exhibited 75 upregulated 
and only 4 downregulated matrisome-associated genes 
(Figure 5c,d). The most highly upregulated ‘extracellular 
matrisome affiliates’ included regenerating islet-derived 1 
(Reg1), C-type lectin domain family 2 member e (Clec2e), and 
C1q and tumor necrosis factor related protein 3 (C1atnf3) 
(Figure 5f). Several functional groups within the ‘regulators’ 
were selectively activated under tension. HS showed upreg-
ulation of matrix crosslinking enzymes (Lox, Loxl2-3), 
procollagen processing proteases (Adamts4/7/15, P4ha1-
3, Plod2), matrix-degrading metalloproteases (Mmp9/11-
14/16), and fibrinolysis inhibitors (Serpine1/2, Serpina3, 
Serpinb6b/b6d/b9, Serpinh1) (Figure 5f). The growth factors 
Igf1/2, Tgfb3, and Tgfb ligand Gdf11 were increased.

https://academic.oup.com/burnstrauma/article-lookup/doi/10.1093/burnst/tkae051#supplementary-data
https://academic.oup.com/burnstrauma/article-lookup/doi/10.1093/burnst/tkae051#supplementary-data
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Figure 4. Stretching caused a significant change in the transcriptome of HS vs NS. (a) UMAP analysis of all RNA-sequenced samples from HS and NS groups. 
(b) Heatmap and hierarchical cluster analysis of RNA-sequencing data from HS and NS. (c) Scatter plot shows DEGs in HS vs NS. (d) Volcano plot displays the 
up- and down-regulated genes in HS vs NS. (e) Numbers of up- or down-regulated DEGs with p-value < 0.05 and FDR < 0.05. (f) Top 10 most expressed genes in 
HS and their corresponding expression in NS. HS hypertrophic scars, NS normal scars, FDR false discovery rate, UMAP uniform manifold approximation and 
projection, DEGs differentially expressed genes 

The proangiogenic factors Angpt2, Angptl1, and  Angptl4 
were upregulated. The levels of chemokines, cytokines, 
and inflammatory mediators were elevated. The Wnt 
pathway components Wnt2/2b/9a/16 and the modulator 
Sfrp2 were overexpressed. Conversely, the matrix-affiliated 
genes downregulated in the HS group included the chemokine 
Cxcl13 and the bone morphogen Gdf5 ( Figure 5f). 

In summary, mRNA sequencing revealed a fibrogenic gene 
expression profile in suture-anchored scars under tension. 
HS robustly upregulated the expression of collagenous and 
non-collagenous ECM components, consistent with increased 
deposition of disorganized matrix. Growth factors, inflam-
matory signals, proteases, and crosslinkers that drive aberrant 
fibrosis were activated. Angiogenic factors and survival path-
ways were induced. This transcriptomic signature mirrors 
the histological changes and aligns with human hypertrophic 
scarring processes. 

Suture-induced hypertrophic scars exhibited 
transcriptional overlap with mechanically stretched 
scars 
To further validate suture-anchoring as a model of tension-
induced scarring, we compared the transcriptional profiles 
of stretched HS to those of a published model generated 
using mechanical loading devices (GSE26390) [8]. A total 
of 41 genes were commonly upregulated between HS and 

mechanically SS compared to their respective unstretched 
controls, accounting for 61.2% of the genes upregulated 
in SS (Figure 6a). Only 3 shared downregulated genes 
were identified (Figure 6b). GO analysis revealed that the 
overlapping upregulated genes were enriched in ECM 
organization, elastic fiber assembly, cellular response to 
growth factors, and collagen metabolism (Figure 6c, Figure 
S6, see online supplementary material). The most significant 
shared cellular component was the collagen-containing 
matrix, and the shared molecular functions included extracel-
lular structural constituents (Figure 6c, Figure S6, see online 
supplementary material). Reactome pathway analysis high-
lighted that ECM organization and collagen fibrillogenesis 
were conserved between the models (Figure 6d). The collagen 
genes Col3a1, Col5a2, Col8a1, and  Col12a1 composed the 
core protein interaction network (Figure 6e). As scarring 
involves inflammatory signals, we used ImmGen analysis 
to examine immune associations. The commonly upregulated 
HS and SS genes were enriched in macrophage and neutrophil 
signatures (Figure S7a, b, see online supplementary material). 
The downregulated genes in both cohorts were enriched for 
innate lymphocytes, macrophages, and neutrophils (Figure 
S7c, d, see online supplementary material). 

These analyses confirmed that suture anchoring elicited 
highly similar transcriptional changes to those of external 
mechanical loading, validating the use of tension-induced

https://academic.oup.com/burnstrauma/article-lookup/doi/10.1093/burnst/tkae051#supplementary-data
https://academic.oup.com/burnstrauma/article-lookup/doi/10.1093/burnst/tkae051#supplementary-data
https://academic.oup.com/burnstrauma/article-lookup/doi/10.1093/burnst/tkae051#supplementary-data
https://academic.oup.com/burnstrauma/article-lookup/doi/10.1093/burnst/tkae051#supplementary-data
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Figure 5. Stretching activated ECM-associated pathways and regulated ECM production in scars. (a) Bar plot diagrams by GO analysis enriched the upregulated 
DEGs in biological process, cellular component, and molecular function. (b) Cluster circle diagram by KEGG analysis to enrich the upregulated DEGs in HS vs 
NS. Venn diagrams illustrate the proportions of entities within the upregulated (c) and downregulated (d) DEGs with FDR  < 0.05 that were found in the core 
matrisome and matrisome-associated gene sets. Genes that existed in subcategories are listed with numbers and percentages. DEGs found in subcategories of 
core matrisome (e) and matrisome-associated data sets (f) are displayed with heatmap and non-average hierarchical clustered intensity plots. HS hypertrophic 
scars, NS normal scars, ECM extracellular matrix, FDR false discovery rate, DEGs differentially expressed genes, GO Gene Ontology, KEGG Kyoto Encyclopedia 
of Genes and Genomes 
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Figure 6. Suture stretching-induced scars possessed a transcriptional signature that was similar to mechanical device-induced hypertrophic scars, and stretching 
created a pro-fibrotic gene expression profile in this model. Venn diagrams depict the common upregulated (a) and down-regulated (b) DEGs in HS  vs NS in this 
model and SS vs US using mechanical devices in a reported model. (c) GO analysis of the common DEGs in biological process, cellular component, and molecular 
function. (d) Functional enrichment for overlapping transcriptome genes according to Reactome. (e) Proteins with values-functional enrichment analysis by 
STRING analyzed the interaction between shared DEGs with fold-change values in HS vs NS. Network nodes represent genes. Halo color represents the fold-

change values of DEGs in HS vs NS. Edges represent gene–gene associations. (f–l) GSEA of gene expression in HS vs NS for multiple gene sets collected from 
ECM, myofibroblasts, fibroblasts, keloid keratinocytes, and fibroblasts. (f) Enrichment plot of ECM remodeling gene set. (g) Enrichment diagram for fibroblast-

related gene set. (h) Enrichment graph for upregulated gene set by SMAhigh myofibroblasts vs SMAlow myofibroblasts. (i) Enrichment plots for adipocyte 
precursors myofibroblasts, CD29high early wound myofibroblasts, and CD29low early wound myofibroblasts. (j) Enrichment diagrams for upregulated gene set 
in keloid vs. normal fibroblasts, upregulated, and downregulated gene sets in keloid versus normal keratinocytes. (k) Enrichment graphs for downregulated 
HOX gene sets in keloid vs. normal fibroblasts, as well as keloid vs normal fibroblasts and keratinocytes. (l) Gene signature of HS was subjected to GSEA against 
activated gene sets from (f–k). Normalized enrichment scores (NES), nominal p value (NOM p-val) and FDR values are shown; NES > 1: positive enrichment (red), 
NES < −1: negative enrichment (blue); NOM p-val and FDR are respectively color coded based on statistical significance (yellow and green). HS hypertrophic 
scars, NS normal scars, ECM extracellular matrix, DEGs differentially expressed genes, GO Gene Ontology, SS stressed scars, US unstressed scars, STRING 
search tool for the retrieval of interacting genes, HOX Homeotic, GSEA gene-set enrichment analysis 
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Figure 7. PI3K-Akt signaling pathway decreased cellular apoptosis in HS. Scars from HS and NS were harvested at week 2 post-operation. (a) Relative expression 
of PI3K was determined by qRT-PCR. (b) Expression of Akt and phosphorylation of Akt was analyzed by WB. (c) Expression of caspase-3 and cleaved caspase-

3 was measured by WB. (d, e) TUNEL analysis was conducted on scars from HS and NS at weeks 1(d) and  2(e) post-surgery (Scale bar: 100 μm & 25  μm). 
Values were analyzed by two-tailed Student’s t-test. ∗∗∗P < 0.001. HS hypertrophic scars, qRT-PCR Quantitative real-time PCR, PI3K-Akt phosphatidylinositol 
3-kinase-serine/threonine-protein kinase B, TUNEL transferase dUTP nick-end labeling 

fibrosis modeling. The shared enrichment of ECM com-
ponents, collagen pathways, and inflammatory responses 
demonstrated conserved core mechanisms. 

Suture-induced scars exhibited transcriptional features 
of myofibroblast activation and keloid pathology 
To further validate the fibrotic phenotype, we performed 
GSEA against published scarring signatures. The expression 
of genes related to ECM remodeling [38] increased in the 
2-week HS group compared with the NS group (Figure 6f). 
The HS group also exhibited enrichment of a fibroblast-
associated gene set [38] (Figure 6g). Compared to the tran-
scriptomic profiles of myofibroblast subpopulations, the HS 
group was enriched in the upregulated gene set from SMAhigh 

myofibroblasts vs. SMAlow myofibroblasts [39] (Figure 6h). 
Specific myofibroblast subsets expanded during wound heal-
ing, including adipocyte precursor fibroblasts, CD29high early 
wound fibroblasts, and CD29low early wound fibroblasts [40]. 
The HS group showed enrichment of signature genes in all 

three subsets vs. NS (Figure 6i). To assess keloid-like features, 
we analyzed HS against cultured human keloid fibroblasts 
and keratinocytes. The HS group displayed enrichment for 
both keloid fibroblasta [36] and keratinocyteb [41] gene sets  
compared to the NS group (Figure 6j). Mirroring keloid cells, 
HOX gene sets [36, 41] were negatively enriched in the HS 
group compared with the NS group (Figure 6k). 

In summary, GSEA revealed that the HS group exhibits 
transcriptional activation of diverse myofibroblast subpop-
ulations and several signatures of human keloid scar cells 
(Figure 6l). This finding confirmed that localized suture ten-
sion elicits key genomic features of fibrotic wound healing. 

Suture tension activated PI3K-Akt signaling to drive 
fibroproliferation 
As transcriptomics predicted increased PI3K-Akt signaling, 
we examined the activation of this profibrotic pathway in 2-
week scars. PI3K mRNA expression and Akt phosphorylation 
were elevated in HS compared to NS (Figure 7a and b).
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Figure 8. Mechanical stretch induced fibrotic gene expression and fibroblast proliferation which can be blocked by MK-2206. Human foreskin fibroblasts-1 (HFF-

1) were cultured on silicone substrates (2 and 64 kPa) and stiff plastic substrates (GPa) for 7 days. Relative expression of (a) collagen I and (b) fibronectin by 
qRT-PCR. Expression of (c) Akt and phosphorylation of Akt by WB, and (d) caspase-3 and cleaved caspase-3 by WB. (e) HFF-1 cultured on stiff plastic or silicone 
substrates with 2 or 64 kPa for 48 h. Proportion of early and late stages of apoptotic cell analysis by flow cytometry (FCM). (f–k) HFF-1 cultured on stiff plastic 
were stimulated with MK-2206 (5 μmol/l) or DMSO for 48 h. (f) Expression of Akt and phosphorylation of Akt by WB. Relative expression of (g) collagen I and 
(h) fibronectin by qRT-PCR. Expression of (i) TGF-β1 and  (j) caspase-3 and cleaved caspase-3 by WB. (k) Proportion of early and late stages of apoptotic cell 
analysis by FCM. (l) HFF-1 cultivated on stiff plastic were stimulated by TGF-β1 (100 ng/ml) with MK-2206 (5 μmol/l) or DMSO for 48 h. Proportion of early and 
late stages of apoptotic cell analysis by FCM. HFF-1 cultivated on silicone substrates with 2 kPa (m) or 64 kPa  (n) were stimulated by TGF-β1 (100 ng/ml) with 
MK-2206 (5 μmol/l) or DMSO for 48 h. Proportion of early and late stages of apoptotic cell analysis by FCM. Values were analyzed by two-tailed Student’s t-test. 
∗∗P < 0.05, ∗∗∗P < 0.001. TGF-β transforming growth factor-β, qRT-PCR quantitative real-time PCR 

The PI3K-Akt cascade inhibits apoptosis [ 21, 42]. Accord-
ingly, caspase-3 and cleaved caspase-3 were reduced in 
the HS group compared with the NS group (Figure 7c). 
TUNEL immunofluorescence confirmed the decrease in 
apoptosis in the HS group at weeks 1 and 2 post-wounding 
(Figure 7d and e). To further explore the effects of PI3K-
Akt, we utilized tunable silicone substrates to model matrix 

stiffening. The normal dermis exhibits an elastic modulus of 
∼0.1–10 kPa, while fibrotic scars can reach 15–100 kPa 
[26, 43]. On soft silicone (2 kPa), which mimics normal 
skin, fibroblasts displayed low fibrosis marker expression 
(Figure 8a–c). In contrast, on stiff silicone (64 kPa) and 
plastic (GPa), which resemble fibrotic rigidity, fibroblasts 
upregulated collagen I, fibronectin, and phosphorylated Akt
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(Figure 8a-c). The apoptosis markers caspase-3 and cleaved 
caspase-3 were decreased on stiff substrates (Figure 8d). 
Annexin V staining of the cells on stiff vs. soft silicone 
demonstrated reduced apoptosis (Figure 8e). To test the 
dependence on Akt signaling, fibroblasts on stiff plastic were 
treated with the Akt inhibitor MK-2206 [44]. MK-2206 
suppressed Akt phosphorylation, collagen I, fibronectin, and 
TGF-β1 expression (Figure 8f–i). MK-2206 also increased 
caspase-3 and cleaved caspase-3 levels and apoptosis 
(Figure 8j, k). TGF-β1 treatment reduced apoptosis under 
all conditions but had a more potent effect on soft 2 kPa 
silicone, which resembles non-fibrotic skin (Figure 8l–n). The 
anti-apoptotic effect of TGF-β1 was abrogated by MK-2206 
(Figure 8l–n). 

In conclusion, suture tension activated PI3K-Akt signaling 
in wounds, which was mimicked by matrix stiffening in vitro. 
Akt signaling elicited canonical effects, including fibrosis 
marker induction, proliferation, and apoptosis resistance. 
Pharmacologic Akt inhibition reversed fibrosis and restored 
apoptosis. 

Discussion 
In this study, we developed and characterized a novel murine 
model of hypertrophic scarring induced by localized suture 
tension. However, due to differences in skin structure, few 
murine models recapitulate the prolonged wound contrac-
tion that leads to granulation tissue formation and patho-
logical scarring clinically [45]. The application of silicone 
splints around the dorsal wound prevents wound contraction 
[20]. However, mice are active and silicone splints are easily 
destroyed or dropped during the experiment, resulting in 
poor modeling stability. Silicone splints, which are foreign 
bodies placed near wounds, may also obstruct healing [20]. 
Aarabi et al. generated a linear wound on a murine back [21]. 
On day 4 post-injury when the wounds were healed, skin 
stretchers were implanted on both sides of the wounds and 
mechanical stretcher tension was administered continuously 
for 10 days [21]. This model was verified to induce hyper-
trophic scarring resembling human hypertrophic scarring 
[21]. However, the mechanical load applied to healed wounds 
does not mimic granulation tissue formation during wound 
healing and thus cannot precisely simulate scarring processes 
in humans. Our innovative method used suture anchoring of 
incisional wounds to impose directional tension throughout 
the healing process, prolonged wound contraction, generated 
granulation tissue, and induced scar formation. The suture-
anchors frequently burst 2 weeks after surgery and cannot 
supply tension after the suture breaks but can provide enough 
tension to prevent wound contraction throughout healing. 
The scars that formed in this model at week 2 post-surgery 
were robust histological and molecular hallmarks of mouse 
mechanical stretched scars and human hypertrophic scars. 
The modeling period is substantially shorter than that of 
the rabbit ear and pig models. Hypertrophic scars were 
conspicuously sustained over 3 months after excision, and 

mature 6-month scars remained widened and hypercellular 
with increased fibrotic markers and vasculature, indicating 
that this model could induce sustained pathological matrix 
remodeling analogous to human fibroproliferative scarring. 
Individual differences were controlled by the two wound 
settings established on each murine upper and lower back. 
Local suture anchoring avoided repetitive animal restraint 
or mechanical equipment, which could have caused general 
confounders. This simple procedure was quite effective, with 
90% of the mice developing exuberant scars. Dorsal place-
ment enabled straightforward macroscopic and histologic 
assessments. Together, these advantages supported this as an 
accessible and reproducible model of tension-induced hyper-
trophic scarring. 

The results herein implicated PI3K-Akt signaling as a 
central mediator of sustained fibrosis induced by tension. 
Transcriptional profiling predicted increased PI3K-Akt 
activity in stretched scars. In vitro experiments validated 
that mechanical stress induced Akt activity, fibrotic marker 
expression, and apoptosis resistance, which were all reversed 
by pharmacologic Akt inhibition. The PI3K-Akt pathway has 
been shown to participate in pulmonary, renal, and cardiac 
fibrosis [44, 46, 47]. The PI3K-Akt–mammalian target 
of rapamycin (mTOR)/6-phosphofructo-2-kinase/fructose-
2,6-bisphosphatase 3 (PFKFB3) pathway mediates aero-
bic glycolysis and collagen synthesis in lung fibroblast 
in lipopolysaccharide-induced pulmonary fibrosis [48]. 
Moreover, particulate matter 2.5 activates the PI3K-Akt– 
mTOR pathway to inhibit autophagy in bronchial epithelial 
cells and promote epithelial–mesenchymal transition [49]. 
In cardiac fibrosis, PI3K-Akt regulates angiogenesis after 
myocardial infarction [47]. In a reported mechanically 
stretched scar model, the Akt pathway inhibited cellular 
apoptosis under mechanical forces [21]. As a result, PI3K-
Akt represents a critical signaling node during fibrogenesis 
with potential implications for the development of novel 
anti-fibrotic strategies. Jiegeng decoction, a traditional 
Chinese prescription widely used for treating lung diseases, 
could inhibit apoptosis through the PI3K-Akt signaling 
pathway by regulating the expression of apoptosis-related 
proteins, thereby protecting against bleomycin-induced 
pulmonary fibrosis [50]. MK-2206, a specific Akt signaling 
inhibitor, effectively reduced TGF-β1-induced epithelial– 
mesenchymal transition, fibroblast activation, and ECM 
deposition and thus improved renal fibrosis [44]. Exosomes 
derived from human adipose mesenchymal stem cells have 
been shown to inhibit the PI3K-Akt pathway and thus 
ameliorate hepatic fibrosis [51]. Besides, it was reported 
that naringin could inhibit the proliferation and motility 
of hypertrophic scar fibroblasts, block the cell cycle, and 
promote apoptosis by reducing Akt kinase activity [42]. 
Further investigation of the role of the PI3K-Akt pathway 
in mechanical stress during cutaneous fibrosis will provide 
therapeutic targets for hypertrophic scars. 

Potential limitations should be considered when applying 
this model. As an acute incisional model, suture-anchored
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scars may not adequately reflect all features of cumulative 
fibrosis in chronic diseases. Moving forward, the model might 
be adapted to test various interventions by manipulating 
the timing and direction of imposed tension. Skin defect in 
the wound margin in this model may enhance hypertrophic 
scar formation, which can be explored in the future. The 
murine system enables the exploration of genetic or pharma-
cologic modulation of factors predicted by transcriptomics 
and mechanobiology studies. The simplicity and clinical rel-
evance of the suture-anchored tension model will provide a 
reliable platform for investigating hypertrophic scars. 

Conclusions 
Our study established suture-anchored incisions as a novel 
preclinical model of tension-induced hypertrophic scarring 
in mice. This facile approach successfully generated cuta-
neous scars with sustained histological and molecular features 
resembling human pathological fibrosis. Inhibiting wound 
contraction was sufficient to activate central drivers of fibro-
proliferation, such as the PI3K-Akt signaling. The similarities 
to clinical hypertrophic scarring support this reproducible 
system as a valuable tool for unraveling mechanisms of matrix 
overproduction under tension. The results presented here will 
help guide future research to expand molecular insight and 
develop targeted anti-scarring therapies. 
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