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Abstract. Hypertrophic scarring/hypertrophic scars (HS) is a 
highly prevalent condition following burns and trauma wounds. 
Numerous studies have demonstrated that transforming growth 
factor-β1 (TGF‑β1) plays an essential role in the wound healing 
process by regulating cell differentiation, collagen production 
and extracellular matrix degradation. The increased expres-
sion of TGF-β1 is believed to result in the formation of HS. 
Shikonin  (SHI), an active component extracted from the 
Chinese herb, Radix Arnebiae, has previously been found to 
downregulate the expression of TGF-β1 in keratinocyte/fibro-
blast co-culture conditioned medium. In view of this, in this 
study, we aimed to further investigate the effects of SHI on 
TGF-β1-stimulated hypertrophic scar-derived human skin 
fibroblasts (HSFs) and examined the underlying mechanisms. 
Cell viability and proliferation were measured using alamarBlue 

and CyQUANT assays. The total amount of collagen and cell 
contraction were examined using Sirius red staining and the cell 
contraction assay kit. Gene expression and signalling pathway 
activation were detected using reverse transcription-quantitative 
polymerase chain reaction and western blot analysis. Our results 
revealed that SHI reduced TGF-β1‑induced collagen production 
through the ERK/Smad signalling pathway and attenuated 
TGF-β1‑induced cell contraction by downregulating α-smooth 
muscle actin (αSMA) expression in the HSFs. The data from 
this study provide evidence supporting the potential use of SHI 
as a novel treatment for HS.

Introduction

Hypertrophic scarring/hypertrophic scars (HS) is a frequent 
complication following burns and trauma wounds (1). Patients 
with HS often complain of pain, pruritus and loss of joint 
mobility (2). Although the pathological mechanisms underpin-
ning HS formation remain elusive, it has been demonstrated 
that HS formation results from the dysregulation of the wound 
healing process  (3). For example, exaggerated inflamma-
tion (4), the overabundant production of collagen (5), excessive 
contraction at the wound site  (6), the reduced apoptosis of 
fibroblasts (7) or delayed re-epithelialization (8) during wound 
healing has been reported to lead to the formation of HS.

Transforming growth factor-β1 (TGF-β1) has been widely 
reported to play an essential role in wound healing and HS 
formation (9). In particular, there is evidence indicating that 
TGF-β1 mediates fibroblast proliferation, collagen produc-
tion, extracellular matrix (ECM) deposition and myofibroblast 
differentiation in the wound healing process (10). Moreover, 
it has been reported that the enhanced expression of TGF-β1 
stimulates collagen synthesis in fibroblasts by activating the 
Smad2/3 signalling pathways, resulting in the overabundant 
accumulation of collagen  (11). In addition, the number of 
myofibroblasts, which decreases at the end of the normal 
wound healing process, continues to be found at high levels in 
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HS tissues (12). The overexpression of TGF-β1 has been shown 
to contribute to the persistence of myofibroblasts, since TGF-β1 
stimulates normal dermal fibroblasts to differentiate into myofi-
broblasts by upregulating α-smooth muscle actin  (α-SMA) 
expression (13). Therefore, TGF-β1 is a key target for the devel-
opment of novel therapeutic strategies for HS (14).

Shikonin (SHI, C16H16O5), an active component extracted 
from the Chinese herb, Radix Arnebiae, has been widely 
demonstrated to possess various biological activities, such 
as anti-inflammatory, anti-bacterial, anti-angiogenic and 
anti-tumorigenic properties (15). Importantly, in our prelimi-
nary studies, we found that SHI attenuated the expression 
of TGF-β1 in keratinocyte/fibroblast co-culture conditioned 
medium, indicating the potential use of SHI as a treatment for 
HS [Fan et al (unpublished data)]. In this study, we aimed to 
investigate the effects of SHI on TGF-β1-stimulated hypertro-
phic scar-derived human skin fibroblasts (HSFs) and examined 
the underlying mechanisms.

Materials and methods

Preparation of TGF-β1 and SHI. TGF-β1 (Merck, Sydney, NSW, 
Australia) was dissolved in 4 mM hydrogen chloride (HCl) 
containing 0.1% bovine serum albumin (BSA) (both from 
Sigma-Aldrich, Castle Hill, NSWales, Australia) and stored 
at -20˚C until use. SHI powder was produced by the National 
Institute for the Control of Pharmaceutical and Biological 
Products (Beijing, China). SHI was dissolved in dimethyl sulf-
oxide (DMSO; Sigma-Aldrich) as a stock solution and stored at 
-20˚C until use.

Cell culture. The HSFs isolated from 3 diffident patients were 
purchased from Cell Research Corp. (Singapore), with ethical 
approval obtained from the Queensland University of Technology 
(1300000063). The cells were cultured in Dulbecco's modified 
Eagle's medium (DMEM; Life Technologies, Victoria, Australia) 
containing 10% fetal calf serum (FCS; HyClone, Smithfield, 
QLD, Australia), 1% v/v penicillin/streptomycin solution and 
1% v/v 2 mM L-glutamine (both from Life Technologies) at 
37˚C in an incubator with 5% CO2. The cell culture medium was 
replaced every 2-3 days.

Cell viability and proliferation. The effects of SHI on the 
viability and proliferation of the TGF-β1‑stimulated HSFs 
were determined using alamarBlue® and CyQUANT® assays, 
as previously described (16). Briefly, the HSFs (6x104 cells/
well) were seeded into 12-well cell plates for 24 h. Serial 
dilutions of SHI in medium containing 5 ng/ml TGF-β1 were 
applied to the plates at final concentrations of 0, 0.5 and 1 µg/
ml. Treatments excluding TGF-β1 and SHI were also included 
as controls. After 72 h of incubation, alamarBlue (0.1 µM; 
Sigma-Aldrich) was added to each well and the plates were 
incubated at 37˚C for a further 1 h. The fluorescence in the 
samples from the wells was measured at λex  570-10  nm 
and λem 590 nm using a POLARstar OPTIMA Microplate 
Reader  (BMG Labtech, Ortenberg, Germany). To measure 
cell proliferation, the CyQUANT reagents (Life Technologies) 
were applied as per the manufacturer's instructions and cell 
proliferation was measured at λex 485P and λem 520P using 
a POLARstar OPTIMA Microplate Reader (BMG Labtech).

Measurement of total collagen production. The total amount 
of collagen present in the HSF cultures was examined by Sirius 
red staining, as previously described (17). The HSFs were 
treated as described above. After 72 h of treatment, the cells 
were stained with Sirius red (Sigma‑Aldrich) and incubated at 
37˚C for 90 min. The plates were then washed with tap water 
and air-dried overnight. The Sirius red stain was dissolved 
in 0.1 M sodium hydroxide (NaOH; Sigma-Aldrich) and the 
absorbance was read at 540 nm using a 96-well microplate 
reader (Bio‑Rad, Hercules, CA, USA).

Cell contraction assay. The effects of SHI on TGF-β1-
stimulated HSF contraction were determined using a Cell 
Contraction assay kit (Jomar Bioscience, Adelaide South 
Australia), as per the manufacturer's instructions. Briefly, 
the HSFs were resuspended in medium containing various 
concentrations of SHI (0, 0.5 and 1 µg/ml) at 2x106 cells/ml. 
Subsequently, a 0.1 ml cell suspension mixed with 0.4 ml 
collagen solution provided by the assay kit was seeded 
into each well in a 24-well plate at 37˚C for 1 h. Following 
collagen polymerization, 1 ml DMEM was added on top of 
the collagen gels. The gels were incubated for 2 days, and were 
then detached from the plate. TGF-β1 (5 ng/ml) was added 
on the top of each gel and images of each gel were captured 
using a Nikon SMZ800 microscope (Nikon, Tokyo, Japan). 
The diameter of each gel was measured using a ruler at 0, 12, 
24 and 48 h.

Reverse trascription-quantitative polymerase chain reaction 
(RT-qPCR). RT-qPCR was used to investigate gene expression 
in the HSFs treated with TGF-β1 and SHI. The genes of interest 
and their respective primers are listed in Table I. The HSFs 
were treated as described above for 24 and 48 h. Total RNA 
was then extracted from the cells using the Qiagen RNeasy 
Mini kit (Qiagen, Limburg, The Netherlands), as per the manu-
facturer's instructions. The RNA concentration was measured 
using a NanoDrop® ND-1000 Spectrophotometer (NanoDrop, 
Wilmington, DE, USA). First-strand cDNA synthesis was 
performed using Superscript™ III Reverse Transcriptase (Life 
Technologies). Briefly, the RNA sample (100 ng) from each group 
was mixed with 1 µl random hexamers, 1 µl deoxyribonucleotide 
triphosphate (dNTP) and DEPC-treated water to yield a final 
volume at 10 µl. The mixture was incubated at 65˚C for 5 min. 
Each sample was then further mixed with 2 µl 10X RT buffer, 
4 µl magnesium chloride (MgCl2), 2 µl dithiothreitol (DTT), 1 µl 
RNaseOUT and 1 µl SuperScript RT and incubated at 25˚C for 
10 min, 50˚C for 50 min followed by 5 min at 85˚C. Each sample 
was finally mixed with 1 µl RNase H and incubated at 37˚C 
for 20 min. RT-qPCR was performed using the SYBR-Green 
reagent and analysed using the ΔΔCt method on an ABI 7500 
Thermal Cycler (both from Life Technologies). The reaction for 
each group contained 10 µl SYBR-Green reagent, 1 µM forward 
and reverse primers and 100 ng cDNA samples. Amplification 
was initiated at 95˚C for 10 min followed by 40 cycles at 95˚C 
for 15 sec and finally terminated at 60˚C for 1 min. The cycle 
threshold (Ct) value of the gene of interest was obtained and first 
normalised to the housekeeping gene glyceraldehyde 3-phos-
phate dehydrogenase (GAPDH) (ΔCt) and then further converted 
to the control (ΔΔCt). The fold-change of each target gene was 
calculated using the 2(-ΔΔCt) method.
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Identification of activated signalling pathways. The signalling 
pathways activated in the HSFs treated with SHI and stimulated 
with TGF-β1 were determined by western blot analysis. The HSFs 
were treated as described above for 30 and 60 min. Whole cell 
lysates were then collected in lysis buffer (RIPA buffer; Sigma-
Aldrich) containing protease inhibitor cocktail (Roche Applied 
Science, Indianapolis, IN, USA), 2 mM sodium vanadate and 
10 mM sodium fluoride (both from Sigma-Aldrich). The protein 
concentrations were measured using the bicinchoninic acid assay 
(BCA; Thermo Fisher Scientific, Waltham, MA, USA). Equal 
amounts of protein (10 µg) from each cell lysate were prepared and 
separated using 12% sodium dodecyl sulphate polyacrylamide 
gel electrophoresis (SDS-PAGE) and then transferred onto nitro-
cellulose membranes (Bio-Rad). The membranes were incubated 
with primary antibodies overnight at 4˚C in Odyssey blocking 
buffer (LI-COR Biosciences, Lincoln, NE, USA). Primary 
antibodies included extracellular signal-regulated kinase (ERK; 
#9102, rabbit anti-human), phosphorylated ERK (p-ERK, #9106, 
mouse anti-human) and Smad2/3 (#3102, rabbit anti-human) 
from Genesearch (Arundel, QLD, Australia); phosphorylated 
Smad2/3 (p-Smad2/3, #sc-11769-R, rabbit anti-human) from 
Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA; α-SMA 
(#ab5694, rabbit anti-human) from Abcam (Cambridge, UK) 
and GAPDH (#G8795, mouse anti-human) from Sigma-Aldrich. 
Secondary antibodies conjugated with Alexa Fluor 680 or 800 
(Life Technologies) were then applied as species appropriate. 
Images were captured and analysed using the Odyssey Infrared 
Imaging system and software (LI-COR Biosciences).

Statistical analysis. All experiments were performed in trip-
licate, with each treatment tested individually 3 times in each 
assay using cells from 3 different patients. The data are expressed 
as the percentage of the control group. One-way ANOVA and 
Tukey's post-hoc test were applied and a value of p<0.05 was 
considered to indicate a statistically significant difference.

Results

Effects of SHI on HSF viability and proliferation. To determine 
the effects of SHI on the viability and proliferation of TGF-β1-

stimulated HSFs, the HSFs were treated with TGF-β1 and various 
concentrations of SHI (0, 0.5 and 1 µg/ml). TGF-β1 alone signifi-
cantly increased the viability of the HSFs by 9.9±1.3% compared 
to the control (no treatment; p<0.05; Fig. 1A). However, no effect 
of TGF-β1 alone on HSF proliferation was observed (Fig. 1B). 
In addition, SHI at 0.5 µg/ml had no significant effect on the 
viability and proliferation of the TGF-β1-stimulated HSFs, while 
SHI at 1 µg/ml decreased the viability and proliferation of the 
TGF-β1-stimulated HSFs compared to the control (p<0.05) by 
2.3±0.6 and 7.7±1.5%, respectively (Fig. 1). These data indicate 
that SHI reduces the TGF-β1‑induced increase in HSF viability 
in a dose‑dependent manner.

SHI attenuates TGF-β1-induced collagen production in 
HSFs. To determine the effects of SHI on collagen produc-
tion in the TGF-β1-stimulated HSFs, total collagen present in 
the HSFs was stained with Sirius red (Fig. 2A) and was then 
further analysed quantitatively (Fig. 2B). A greater amount 
of collagen (red staining) was observed in the HSFs treated 
with TGF-β1 alone compared to the the control group (no 
treatment; Fig. 2A). However, decreased amounts of collagen 
were detected in the TGF-β1-stimulated HSFs treated with 
SHI at 0.5 and 1 µg/ml (Fig. 2A). Consistent with the results 
from Sirius red staining, the quantitative data indicated that 
that TGF-β1 alone significantly increased the total amount of 
collagen by 31.4±1.5% compared to the control group (p<0.05; 
Fig. 2B). However, treatment with SHI at 0.5 and 1 µg/ml 
attenuated collagen production in the TGF-β1-stimulated HSFs 
by 9.7±0.7 and 27.4±1.9%, respectively, compared to the group 
treated with TGF-β1 alone (p<0.05; Fig. 2B). These results 
demonstrate that SHI inhibits the TGF-β1-induced increase in 
collagen production in HSFs in a dose-dependent manner.

TGF-β1-induced contraction of HSFs is inhibited by SHI. 
The effects of SHI on HSF-mediated gel contraction were 
evaluated using a collagen gel contraction assay. Treatment with 
TGF-β1 alone significantly enhanced the contraction of the gels 
containing the HSFs by 7.7±2.2, 28.4±1.4 and 40.3±5.0% at 12, 
24 and 48 h, respectively, compared to the control group (no 
treatment; p<0.05; Fig. 3). In addition, the contraction of the 

Table I. Primers used in RT-qPCR.

Protein name	 Corresponding gene name	 Primer sequences

Collagen I	 COL1A1	 F:	 5'-ACGAAGACATCCCACCAATC-3'
		  R:	 5'-AGATCACGTCATCGCACAAC-3'
Collagen III	 COL3A1	 F:	 5'-GCCTCCCGGAAGTCAAGGAGAAAG-3'
		  R:	 5'-CTTTAGGACCGGGGAAGCCCATG-3'
αSMA	 αSMA	 F:	 5'-CTGCTGAGCGTGAGATTGTC-3'
		  R:	 5'-CTCAAGGGAGGATGAGGATG-3'
Smad2	 SMAD2	 F:	 5'-GGCGAATCGGCGGGG-3'
		  R:	 5'-CCTCTTGTATCGAACCTCCCG-3'
GAPDH	 GAPDH	 F:	 5'-TCTTTTGCGTCGCCAGCCGAG-3'
		  R:	 5'-TGACCAGGCGCCCAATACGAC-3'

F, forward; R, reverse; COL1A1, collagen, type I, alpha 1; COL3A1, collagen, type III, alpha 1; αSMA, α-smooth muscle actin; GAPDH, 
glyceraldehyde 3-phosphate dehydrogenase; SMAD2, SMAD family member 2.
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gels containing HSFs treated with TGF-β1 and 0.5 µg/ml SHI 
was 14.1±1.3, 31.3±2.3 and 37.5±2.4% greater than that of the 
control group at 12, 24 and 48 h, respectively (p<0.05; Fig. 3). 
However, the HSFs treated with TGF-β1 and 1 µg/ml SHI 
showed no significant differences in gel contraction compared to 
the control group (p<0.05; Fig. 3). Taken together, these results 
suggest that SHI attenuates the TGF-β1-induced contraction of 
gels containing HSFs in a dose-dependent manner.

Effects of SHI on gene expression in TGF-β1-stimulated HSFs. 
The gene expression of collagen, type I, alpha 1 (COL1A1), 
collagen, type III, alpha 1 (COL3A1), α-SMA and SMAD2 in 
the HSFs following treatment with TGF-β1 and SHI was exam-
ined by RT-qPCR. Treatment with TGF-β1 alone significantly 
upregulated COL1A1, α-SMA and SMAD2 gene expression 
in the HSFs at 24 and 48 h compared to the control group (no 
treatment; p<0.05; Fig. 4). No effect of TGF-β1 on the expression 
of COL3A1 in the HSFs was observed (Fig. 4). However, treat-
ment with SHI at either 0.5 or 1 µg/ml significantly decreased 
the expression of COL1A1, COL3A1, α-SMA and SMAD2 in the 

HSFs compared to treatment with TGF-β1 alone (Fig. 4), indi-
cating that SHI suppresses the TGF-β1-induced changes in gene 
expression in the HSFs.

SHI-induced activation of signalling pathways in HSFs. To 
elucidate the underlying mechanisms of SHI-induced decrease 
in collagen production in the TGF-β1-stimulated HSFs, the 
expression of ERK, p-ERK, Smad2/3, p-Smad2/3 and α-SMA 
was determined by western blot analysis. No effects of TGF-β1 
and SHI on the expression of ERK and Smad2/3 were detected 
in the HSFs (Fig. 5). However, the expression of p-ERK and 
p-Smad2/3 was significantly upregulated in the HSFs following 
treatment with TGF-β1 alone for 30 min, while the protein 
expression of these signalling molecules was decreased in the 
HSFs treated with both TGF-β1 and SHI (either 0.5 or 1 µg/ml) 
for 30 and 60 min (Fig. 5). In addition, the expression of α-SMA 
increased in the HSFs treated with TGF-β1 alone for 30 and 
60 min, whereas the TGF-β1‑induced upregulation of α-SMA 
expression was inhibited when the HSFs were also treated with 
SHI (either 0.5 or 1 µg/ml) for 60 min.

Figure 1. Effect of shikonin (SHI) on (A) cell viability and (B) cell proliferation. Hypertrophic scar-derived human skin fibroblasts (HSFs) were treated with trans-
forming growth factor-β1 (TGF-β1) and various concentrations of SHI (0, 0.5 and 1 µg/ml) for 72 h. Culture medium containing neither TGF-β1 nor SHI was used as 
a control treatment. Cell viability was measured using the alamarBlue assay, while cell proliferation was measured using the CyQUANT assay. The data are expressed 
as the average percentage of the control and were pooled from 3 replicate experiments (with cells from 3 different patients). Error bars indicate the mean ± SEM (n=3). 
#p<0.05 vs. the control group; *p<0.05 vs. the TGF-β1 group. Statistical analysis was performed using one-way ANOVA and Tukey's post-hoc test.

Figure 2. Effect of shikonin (SHI) on collagen production in transforming growth factor-β1 (TGF-β1)-stimulated hypertrophic scar-derived human skin fibro-
blasts (HSFs). (A) Sirius red staining of collagen in HSF cultures. (B) Quantitative analysis of Sirius red staining. HSFs were treated with TGF-β1 and various 
concentrations of SHI (0, 0.5 and 1 µg/ml) for 72 h, and were then stained with Sirius red. Images were captured using a Nikon SMZ800 microscope. Quantitative 
data are expressed as the average percentage of the control and were pooled from 3 replicate experiments (with cells from 3 different patients). Error bars indicate 
the mean ± SEM (n=3). #p<0.05 vs. the control group (no TGF-β1 or SHI treatment); *p<0.05 vs. the TGF-β1 group. Statistical analysis was performed using 
one-way ANOVA and Tukey's post-hoc test.
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Discussion

TGF-β1 is a multifunctional cytokine regulating cell prolif-
eration, collagen production, cell differentiation and ECM 
degradation during wound healing processes (10). Enhanced 
levels of TGF-β1 in cutaneous wound healing often leads to 
the formation of HS (11). Based on the data of our previous 
studies (unpublished data), in this study, we investigated the 
effects of SHI on TGF-β1-stimulated HSFs and found that SHI 
reduced the TGF-β1-induced collagen production in HSFs, as 
well as cell contraction, indicating the potential therapeutic 
value of SHI as a novel treatment strategy for HS.

During the early stages of wound healing, fibroblasts 
migrate to the wound lesion and produce collagen, assisting the 
replacement of the blood clot with new granulation tissue (18). 
Excessive collagen is degraded by proteases, such as collage-
nases, at the final stage of wound healing (19). TGF-β1 has 
been demonstrated to play an essential role in the production 
of collagen by regulating the Smad2/3 signalling pathways (11). 
Following the binding of TGF-β1 to its receptor, TβR-I, the 
phosphorylation of Smad2/3 protein occurs intracellularly (20). 
p-Smad2/3 then heteromultimerises with Smad4, resulting in 
its transfer into the nucleus and the triggering of the expression 
of target genes, such as COL1A1 (21). In accordance with the 

results of previous studies (unpublished data), our data suggest 
that TGF-β1 increases total collagen production, phosphorylates 
Smad2/3 and upregulates COL1A1 gene expression in HSFs. 
However, these changes induced by TGF-β1 in the HSFs can 
be significantly attenuated when SHI treatment is concomi-
tantly applied, indicating that SHI attenuates TGF-β1‑induced 
collagen production in HSFs.

TGF-β1-induced Smad2/3 signalling has been reported 
to be associated with the activation of mitogen‑activated 
protein kinases (MAPKs), including ERK, c-Jun N-terminal 
kinases (JNK) and mitogen-activated protein kinase 14 (also 
known as p38α) (22). The linker region of Smads, in particular, 
plays an essential role in mediating Smad function (23). Studies 
have indicated that ERK phosphorylates the linker region 
of Smad2/3, thereby regulating the function of Smad2/3 in 
fibroblasts (24,25). Additionally, ERK inhibitors significantly 
block the phosphorylation of the Smad linker region  (26). 
Furthermore, the activation of ERK has been observed to 
enhance the duration of Smad2/3 transcriptional activity (24). 
In order to provide insight into the underlying mechanisms 
responsible for the SHI-induced decrease in collagen production 
in the TGF-β1-stimulated HSFs, we examined the expression 
of MAPKs following treatment with SHI. As shown by our 
results, the expression of phosphorylated JNK (p-JNK) and 

Figure 3. Effect of shikonin (SHI) on gel contraction by transforming 
growth factor-β1 (TGF-β1)-stimulated hypertrophic scar-derived human 
skin fibroblasts (HSFs). (A) Images of HSF contraction of collagen gels. 
(B) Quantitative analysis of HSF-mediated gel contraction. Cell contraction 
assay was performed following the manufacturer's instructions. Images 
were captured at 0, 12, 24 and 48 h using a Nikon SMZ800 microscope. The 
cwere measured using a ruler and the gel size was calculated. Quantitative 
data are expressed as the average percentage of the control (no TGF-β1 or 
SHI treatment) and were pooled from 3 replicate experiments (with cells 
from 3 different patients). Error bars indicate the mean ± SEM (n=3). #p<0.05 
vs. the control group; *p<0.05 vs. the TGF-β1 group. Statistical analysis was 
performed using one-way ANOVA and Tukey's post-hoc test.
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Figure 5. Shikonin (SHI)-induced signalling pathways in transforming growth factor-β1 (TGF-β1)-stimulated hypertrophic scar-derived human skin fibro-
blasts (HSFs). HSFs were treated with TGF-β1 and various concentrations of SHI (0, 0.5 and 1 µg/ml) for 30 and 60 min. The expression of target signalling 
proteins was detected using the Odyssey Infrared Imaging system. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was included as a loading control. 
For quantitative analysis, the intensities of the bands were quantified by densitometry, normalised to GAPDH and then further converted to the percentage of 
the control (no TGF-β1 or SHI treatment). Error bars indicate the mean ± SEM (n=3). #p<0.05 vs. the control group; *p<0.05 vs. the TGF-β1 group. Statistical 
analysis was performed using one-way ANOVA and Tukey's post-hoc test.

Figure 4. Effects of shikonin (SHI) on gene expression in transforming growth factor-β1 (TGF-β1)-stimulated hypertrophic scar-derived human skin fibro-
blasts (HSFs). HSFs were treated with TGF-β1 and various concentrations of SHI (0, 0.5 and 1 µg/ml) for 24 and 48 h and then total RNA was collected. 
Following RNA extraction, first-strand cDNA was synthesised. The cDNA sample was then amplified by RT-qPCR. The expression of the target genes was first 
normalised to glyceraldehyde 3-phosphate dehydrogenase (GAPDH) and then further converted to the percentage of the control (no TGF-β1 or SHI treatment). 
Error bars indicate the mean ± SEM (n=3). #p<0.05 vs. the control group; *p<0.05 vs. the TGF-β1 group. Statistical analysis was performed using one-way 
ANOVA and Tukey's post-hoc test.
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p38 (p-p38) was not evident in the HSFs following treatment 
with TGF-β1 and SHI (data not shown). However, treatment 
with SHI significantly attenuated the TGF-β1-induced phos-
phorylation of ERK (p-ERK) in the HSFs (Fig. 5). These data 
suggest that SHI reduces the TGF-β1-induced collagen produc-
tion in HSFs through the ERK/Smad signalling pathway.

During the formation of granulation tissue, some dermal 
fibroblasts change their phenotype to become myofibro-
blasts, which are responsible for wound contraction  (27). 
Contraction is essential for the wound healing process as 
it reduces the wound size, thereby enabling wound closure. 
However, excessive wound contraction leads to the formation 
of HS (28). Myofibroblasts, cells characterised by the presence 
of α-SMA (29), have been demonstrated to play a key role in 
HS formation (30). Indeed, an increased expression of αSMA 
has been widely reported in HS tissues (31). TGF-β1 has been 
shown to upregulate the expression of αSMA, as TGF-β1 stimu-
lates normal fibroblasts to differentiate into myofibroblasts (13). 
In this study, we also provide evidence that TGF-β1 improves 
the ability of HSFs to contract gels and that it enhances the 
expression of αSMA in HSFs. Moreover, SHI attenuates the 
TGF-β1-induced contraction of HSFs and αSMA upregulation 
in HSFs in a dose‑dependent manner.

Taken together, the data reported herein indicate that 
TGF-β1 plays a key role in cellular processes crucial to wound 
healing and HS formation. Increased levels of TGF-β1 lead to 
the formation of HS by stimulating collagen production and 
wound contraction. Furthermore, to the best of our knowledge, 
this study demonstrates for the first time that SHI reduces 
TGF-β1‑induced collagen production through the ERK/
Smad signalling pathway and attenuates the TGF-β1-induced 
contraction of gels containing HSFs by downregulating αSMA 
expression. This evidence supports the potential use of SHI as 
a novel treatment strategy for HS.
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