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Abstract. Autophagy is reported to be involved in the forma-
tion of skin hypertrophic scar (HTS). However, the role of 
autophagy in the process of fibrosis remains unclear, therefore 
an improved understanding of the molecular mechanisms 
associated with autophagy may accelerate the development of 
effective therapeutic strategies against HTS. The present study 
evaluated the roles of autophagy mediated by transcription 
factor EB (TFEB), a pivotal regulator of lysosome biogenesis and 
autophagy, in transforming growth factor-β1 (TGF-β1)-induced 

fibroblast differentiation and collagen production. Fibroblasts 
were treated with TGF-β1, TGF-β1 + tauroursodeoxycholic 
acid (TUdcA) or TGF-β1 + TFEB-small interfering RNA 
(siRNA). TGF-β1 induced phenotypic transformation of fibro-
blasts, as well as collagen synthesis and secretion in fibroblasts 
in a dose-dependent manner. Western blotting and immuno-
fluorescence analyses demonstrated that TGF‑β1 upregulated 
the expression of autophagy-related proteins through the 
endoplasmic reticulum (ER) stress pathway, whereas TUdcA 
reversed TGF-β1-induced changes. Reverse transcription-quan-
titative PcR (RT-qPcR), western blotting and RFP-GFP-Lc3 
double fluorescence analyses demonstrated that knockdown of 
TFEB by TFEB‑siRNA decreased autophagic flux, upregulated 
the expression of proteins involved in the apoptotic pathway, 
such as phosphorylated-α subunit of eukaryotic initiation 
factor 2, c/EBP homologous protein and cysteinyl aspartate 
specific proteinase 3, and also downregulated the expression 
of α‑smooth muscle actin and collagen I (COL I) in fibroblasts. 
Immunofluorescence confocal analyses and enzyme‑linked 
immunosorbent assay indicated that TGF-β1 increased the 
colocalization of COL I with lysosomal‑associated membrane 
protein 1 and Ras-related protein Rab-8A, a marker of secretory 
vesicles, in fibroblasts, as well as the secretion of pro‑COL Iα1 
in culture supernatants. Meanwhile, these effects were abol-
ished by TFEB knockdown. The present results suggested that 
autophagy reduced ER stress, decreased cell apoptosis and 
maintained fibroblast activation not only through degradation 
of misfolded or unfolded proteins, but also through promotion 
of cOL I release from the autolysosome to the extracellular 
environment.

Introduction

As a common complication of cutaneous wound healing, 
hypertrophic scar (HTS) results in unsatisfactory appearance 
or even permanent loss of normal skin function. current 
therapies for HTS include surgical procedures, anti‑inflam-
matory drugs, cytotoxic medications, compression therapy 
and radiation therapy (1,2). However, these approaches may 
fail to achieve satisfactory therapeutic effects, and they 
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have certain limitations. Although the exact cause for the 
development of HTS is not yet fully understood, it is typi-
cally hypothesized to result from an abnormal response of 
connective tissues to dermal injury, and is characterized by 
excessive proliferation of myofibroblasts and aberrant deposi-
tion of extracellular matrix (EcM) components, most notably 
collagen (3). Myofibroblasts are the major source of ECM, 
including collagen I (cOL I), and the key effector cells of HTS. 
Excessive proliferation of myoblasts is characterized by an 
increased expression of α-smooth muscle actin (α-SMA) (4,5). 
With the development of HTS, myofibroblasts are continuously 
hyperactivated and continue to proliferate, leading to excessive 
synthesis and deposition of collagen (6). Therefore, inhibiting 
the excessive proliferation and secretion of myofibroblasts may 
become a potential target for the management of HTS.

Transforming growth factor-β1 (TGF-β1) is considered to 
be the most potent fibrogenic cytokine in inducing the transfor-
mation of fibroblasts into myofibroblasts (7,8). However, given 
the diversity and complexity of downstream signaling networks 
regulated by TGF-β1, the consequences of complete inhibition of 
its expression can be difficult to predict. Therefore, targeting the 
downstream signaling of TGF-β1 may be a more practical and 
promising therapeutic strategy to avoid potential toxicity caused 
by TGF-β1 inhibition. TGF-β1 has been reported to regulate the 
progression and transition of various types of tumors by inducing 
autophagy (9,10). These findings indicated that autophagy may 
also serve as a therapeutic target for TGF-β1-induced tissue 
fibrosis. As an evolutionarily conservative process, autophagy 
facilitates the degradation of damaged organelles or intracellular 
components, and provides cells with nutrients (11,12). Autophagy 
is a vital process for the maintenance of cellular homeostasis 
and cell survival. However, excessive levels of autophagy may 
result in autophagic cell death. It has been reported that dysreg-
ulation of autophagy is closely associated with the pathological 
process of numerous fibrotic diseases, including liver, kidney 
and heart disease, as well as cystic fibrosis (13‑16). Nevertheless, 
the roles of autophagy in different fibrotic conditions may be 
multifaceted and complex. A number of studies have suggested 
that autophagy is a cytoprotective mechanism (17-19). However, 
some studies have also indicated that autophagy is involved in 
promoting fibrosis (20‑22). The actual function of autophagy 
may depend on the specific type and stage of the fibrotic disease. 
Apart from the aforementioned examples, there is limited infor-
mation available regarding the role of autophagy in HTS, and 
the precise molecular mechanisms linking autophagy to HTS 
need to be further elucidated.

Transcription factor EB (TFEB), a pivotal regulator of 
lysosome biogenesis and autophagy (23), has become an ideal 
target for regulating autophagy. In the present study, using 
TGF-β1‑treated human skin fibroblasts as a model system, the 
aim was to investigate whether TFEB mediated-autophagy 
was involved in fibroblast differentiation and collagen produc-
tion, and to explore the underlying molecular mechanism 
in this process, and thus provide a novel perspective for the 
development of strategies for the treatment of HTS.

Materials and methods

Cell isolation and culture. The present study was approved by 
the Medical Ethics committee of Zhongnan Hospital, Wuhan 

University (Wuhan, china; approval no. 2019006). Skin tissues 
of healthy male patients were collected during circumcision, 
primary skin fibroblasts were disinfected, cut into small 
pieces, digested using 0.25% dispase II (cat. no. 11760200; 
Roche Diagnostics) at 4˚C for 24 h, and then digested using 
0.2% collagenase II (cat. no. 17101015; Gibco; Thermo Fisher 
Scientific, Inc.) at 37˚C for 4 h. The mixture was vortexed 
and filtered to obtain a single-cell suspension, which was 
then added to the culture bottle, and cultured using dMEM 
(cat. no. 10567014; Gibco; Thermo Fisher Scientific, Inc.) with 
10% calf serum (cat. no. 16010159; Gibco; Thermo Fisher 
Scientific, Inc.) at 37˚C in a cell culture incubator with 5% CO2, 
culture medium was replaced with fresh medium every 
3 days. After reaching ~80% confluence, cells were digested 
with 0.25% trypsin (cat. no. c0201; Beyotime Institute of 
Biotechnology) and then passaged. Fibroblasts in passages 2-4 
were used for further experiments.

Determination of TGF‑β1 concentration by lactate dehydro‑
genase (LDH) release assay. LdH is released upon damage 
to the plasma membrane of cells, and LdH concentration in 
the culture medium can be used to evaluate the level of cell 
damage (24). Fibroblasts of the same passage were seeded onto 
24-well plates (5x105 cells/ml), and were exposed to TGF-β1 
(cat. no. AF-100-21c-2; PeproTech, Inc.) at concentrations 
ranging between 0 and 80 ng/ml for 48 h. Subsequently, 200 µl 
culture medium was taken from each well and centrifuged 
at 4˚C for 5 min at 300 x g. Next, 20 µl of each supernatant 
sample was added to the corresponding well in a 96-well plate, 
followed by successive addition of 65 µl potassium pyruvate 
phosphate buffer and 65 µl NAdH solution. Absorbance 
measurements were performed using a microplate reader at 
340 nm. TGF-β1 concentrations were calculated on the basis 
of the release rates of LdH.

Enzyme‑linked immunosorbent assay (ELISA). The secretion 
levels of pro-cOL Iα by fibroblasts into the supernatant were 
detected using an ELISA kit (cat. no. dY6220-05; R&d Systems, 
Inc.). Optical density values were measured at 540 nm.

Western blotting. Fibroblasts were seeded into 6-well plates 
(1x106 cells/ml) and treated with TGF-β1 (10 ng/ml) with or 
without tauroursodeoxycholic acid (TUdcA; 2.5 µmol/l; 
cat. no. T0266; Sigma‑Aldrich; Merck KGaA) at 37˚C for 48 h. 
Fibroblasts were seeded into 6-well plates (1x106 cells/ml) 
and transfected with 50 nmol/l TFEB-siRNA or Nc-siRNA 
for 48 h, and then treated with or without 10 ng/ml TGF-β1 
at 37˚C for 48 h. Cells were collected for lysate preparation. 
RIPA lysis buffer (cat. no. P0013c; Beyotime Institute of 
Biotechnology) was used for protein extraction. The protein 
concentrations of fibroblast lysates were measured using the 
BcA protein assay kit (cat. no. P0010; Beyotime Institute of 
Biotechnology). Total protein (20 µg per lane) was loaded 
onto 10 or 15% gels and separated via SdS-PAGE, the sepa-
rated proteins were then transferred onto PVdF membranes 
(cat. no. IPVH08130; EMd Millipore). Membranes were 
subsequently blocked with 5% BSA (cat. no. ST023; Beyotime 
Institute of Biotechnology) for 1 h at 25˚C, and incubated with 
corresponding primary antibodies overnight at 4˚C, including 
anti-cOL I (1:1,000; cat. no. ab6308; Abcam), anti-α-SMA 
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(1:2,000; cat. no. ab5694; Abcam), anti-glucose-regulated 
proteins 78 (GRP78; 1:1,000; cat. no. ab32618; Abcam), 
anti-protein kinase R-like endoplasmic reticulum kinase 
(PERK; 1:1,000; cat. no. 3192; cell Signaling Technology, 
Inc.), anti-phosphorylated (p)-PERK (1:1,000; cat. no. 3179; 
cell Signaling Technology, Inc.), anti-activating transcrip-
tion factor 6 (ATF6; 1:1,000; cat. no. 65880; cell Signaling 
Technology, Inc.), anti‑inositol‑requiring enzyme‑1α (IRE1α; 
1:1,000; cat. no. 3294; cell Signaling Technology, Inc.), 
anti-lysosome-associated membrane protein 1 (LAMP1; 
1:1,000; cat. no. ab62562; Abcam), anti-cathepsin B (cTS 
B; 1:1,000; cat. no. 31718; cell Signaling Technology, Inc.), 
anti-TFEB (1:200; cat. no. ab220695; Abcam), anti-α subunit 
of eukaryotic initiation factor 2 (eIF2α; 1:1,000; cat. no. 5324; 
cell Signaling Technology, Inc.), anti-p-eIF2α (1:2,000; 
cat. no. 3398; cell Signaling Technology, Inc.), anti-spliced 
X-box binding protein 1 (XBP-1s; 1:2,000; cat. no. 47134; cell 
Signaling Technology, Inc.), anti‑cysteinyl aspartate specific 
proteinase 3 (caspase 3; 1:1,000; cat. no. 14220; cell Signaling 
Technology, Inc.), anti-microtubule associated protein 1 
light chain 3 (Lc3; 1:1,000; cat. no. L8918; Sigma-Aldrich; 
Merck KGaA), anti-p62 (1:1,000; cat. no. SAB1406748; 
Sigma-Aldrich; Merck KGaA), anti-c/EBP-homologous 
protein caspase 3 (cHOP; 1:1,000; cat. no. 2895; cell Signaling 
Technology, Inc.), anti-β-actin (1:1,000; cat. no. AF0003; 
Beyotime Institute of Biotechnology), anti-GAPdH (1:1,000; 
cat. no. AF1186; Beyotime Institute of Biotechnology) 
and anti-Histone H3 (1:1,000; cat. no. AF0009; Beyotime 
Institute of Biotechnology). After washing with TBS with 
0.1% Tween-20, membranes were then incubated with goat 
anti-rabbit IR dye 800 cW (1:10,000; cat. no. P/N 926-32211; 
LI-cOR Biosciences) or goat anti-mouse (1:10,000; 
cat. no. P/N 926-32210; LI-cOR Biosciences) secondary anti-
bodies at room temperature for 2 h. The intensity of bands 
was detected using the Odyssey infrared image processing 
system (LI‑COR Biosciences). The gray values of the specific 
blots were analyzed with Image‑Pro Plus version 6.0 software 
(Media cybernetics, Inc.).

Reverse transcription‑quantitative PCR (RT‑qPCR). Total 
RNA was extracted using TRIzol® reagent (cat. no. 15596026; 
Invitrogen; Thermo Fisher Scientific, Inc.), and cdNA 
synthesis was performed using RevertAid First Strand cdNA 
Synthesis kit (cat. no. K1622; Thermo Fisher Scientific, Inc.), 
according to the manufacturer's instructions. RT-qPcR was 
performed using Lightcycler® 96 System (Roche diagnostics) 
and FastStart™ Universal SYBR Green Master kit 
(cat. no. 4913850001; Roche diagnostics). The qPcR thermo-
cycling conditions were as follows: 94˚C for 3 min, 40 cycles 
at 95˚C for 15 sec, 60˚C for 30 sec and 72˚C for 30 sec. Relative 
mRNA levels were normalized to β‑actin and analyzed using 
the 2-ΔΔcq method (25). Primer sequences used in this study 
were as follows: TFEB forward, 5'-Acc TGT ccG AGA ccT 
ATG GG-3' and reverse, 5'-cGT ccA GAc GcA TAA TGT TGT 
c-3'; and β-actin forward, 5'-GAA ATc GTG cGT GAc ATT 
AAA GAG-3' and reverse, 5'-GcG GcA GTG Gcc ATc Tc-3'.

Terminal deoxynucleotidyl transferase‑mediated biotinylated 
UTP nick‑end labeling (TUNEL) assay. TUNEL staining was 
performed to evaluate apoptotic cell death by using the In Situ 

cell death detection kit, TMR red (cat. no. 12156792910; 
Roche diagnostics), according to the manufacturer's instruc-
tion. Cells were fixed on slides using 4% paraformaldehyde 
(cat. no. P0098; Beyotime Institute of Biotechnology) for 30 min 
and permeabilized with 0.3% Triton X‑100 (cat. no. ST795; 
Beyotime Institute of Biotechnology) for 10 min at 25˚C. 
The slides were washed with PBS, covered with the TUNEL 
reaction mixture and incubated for 30 min in the dark. dAPI 
(cat. no. c1006; Beyotime Institute of Biotechnology) was 
added for nuclei staining for 15 min at room temperature. A 
total of six cell slides per group were examined by fluorescence 
microscopy (LSM780; Carl Zeiss AG) at x400 magnification, 
and the proportion of TUNEL-positive stained cells vs. total 
cells from three random fields of each slice were calculated 
using Image-Pro Plus 6.0 software (Media cybernetics, Inc.).

Immunofluorescence staining. Cells were fixed on slides with 
2% paraformaldehyde (cat. no. P0099; Beyotime Institute 
of Biotechnology) for 15 min and permeabilized with 
0.3% Triton X-100 for 10 min, and then blocked with 5% BSA 
(cat. no. ST023; Beyotime Institute of Biotechnology) for 
1 h, all at 25˚C. Subsequently, cells were incubated with the 
following primary antibodies overnight at 4˚C: Anti‑TFEB 
(1:50; cat. no. ab220695; Abcam), anti-LAMP1 (1:200; 
cat. no. ab62562; Abcam), anti-cOL I (1:200; cat. no. ab6308; 
Abcam) and anti-Ras-related protein Rab-8A (Rab8a; 1:200; 
cat. no. ABIN6290618; Beijing 4A Biotech co., Ltd.). The 
slides were then incubated with Alexa Fluor 488-conjugated 
donkey anti-mouse IgG (1:500; cat. no. A-21202; Invitrogen; 
Thermo Fisher Scientific, Inc.), Alexa Fluor 555‑conjugated 
donkey anti-rabbit IgG (1:500; cat. no. A-31572; Invitrogen; 
Thermo Fisher Scientific, Inc.) or Alexa Fluor 647‑conjugated 
donkey anti-goat IgG (1:500; cat. no. A-21447; Invitrogen; 
Thermo Fisher Scientific, Inc.) at room temperature for 2 h, 
counterstained with dAPI (cat. no c1006; Beyotime Institute 
of Biotechnology) for 15 min at room temperature, and then 
observed under confocal laser scanning microscope (LSM780; 
carl Zeiss AG). Blocking buffer without the primary anti-
bodies was considered the negative control. Image-Pro 
Plus 6.0 software (Media cybernetics, Inc.) was used for quan-
titative analysis of fluorescence microscopy images, and the 
‘LINE PROFILE’ function module was used for line tracing 
analysis of fluorescence colocalization.

Detection of autophagic flux and small interfering RNA 
(siRNA)‑induced knockdown. Autophagic flux in fibroblasts 
was detected using Autophagy Tandem Sensor RFP-GFP-Lc3B 
kit (cat. no. P36239; Invitrogen; Thermo Fisher Scientific, 
Inc.). After TGF-β1 treatment for 24 h, fibroblasts were treated 
with mRFP-GFP-Lc3-expressing plasmid for another 24 h. 
Autophagic flux was quantified by determining the number 
of autophagosomes (yellow puncta) and autolysosomes 
(red puncta) per cell per µm2.

The following sequences were applied for siRNA-mediated 
TFEB knockdown: TFEB siRNA-1 sense, 5'-GAA AGG 
AGA cGA AGG UUc AAc AUc A-3' and antisense, 5'-AUU 
cGc Ucc UAA ccG AGc cAU Ucc c-3'; TFEB siRNA-2 
sense, 5'-GGA UcA AGG AGc UGG GAA UUU-3' and anti-
sense, 5-AUU ccc AGc Ucc UUG AUc cUU-3'. Fibroblasts 
were seeded into 24- or 6-well plates (5.0x105 cells/ml or 
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1.0x106 cells/ml) and transfected with 50 nmol/l TFEB-siRNA 
for 48 h at 37˚C using Lipofectamine® RNAiMAX transfec-
tion reagent (cat. no. 13778075; Invitrogen; Thermo Fisher 
Scientific, Inc.). Negative control (NC)‑siRNA was used as the 
control (sense, 5'-UAG cGA cUA AAc AcA UcA AUU-3' and 
antisense, 5'-UUG AUG UGU UUA GUc GcU AUU-3'). After 
transfection with TFEB-siRNA or Nc-siRNA for 48 h, the 
cells were then treated with 10 ng/ml TGF-β1 for 48 h at 37˚C. 
TFEB-siRNA and siRNA Nc were purchased from BrainVTA 
(Wuhan) co., Ltd.

Statistical analysis. GraphPad Prism 6.0 software (GraphPad 
Software, Inc.) was used for statistical analyses. data are 
expressed as the mean ± standard deviation and were analyzed 
using one-way analysis of variance followed by Tukey's 
post hoc test. Pearson's correlation analysis was used to deter-
mine the correlation between protein colocalization. P<0.05 
was considered to indicate a statistically significant difference.

Results

TGF‑β1 promotes fibroblastic phenotypic transformation as 
well as collagen synthesis and secretion in fibroblasts in a 
dose‑dependent manner. In the present study, TGF-β1-treated 
human dermal fibroblasts were used as a model of HTS patho-
genesis. To determine the optimal concentrations of TGF-β1 for 
fibroblast treatment, the effects of different concentrations of 
TGF-β1 on the integrity and viability of fibroblasts were inves-
tigated. cells were treated with 0, 2.5, 5, 10, 20, 40 or 80 ng/ml 
TGF-β1 for 48 h, and the concentrations of LdH released from 
fibroblasts were determined. Treatment with 80 ng/ml TGF‑β1 
induced a significant increase in LDH release from fibroblasts, 
whereas treatment with 40 ng/ml TGF-β1 produced a small 
and insignificant increase in LDH release compared with the 
control (Fig. 1A). Hence, 2.5-20 ng/ml TGF-β1 was selected 
for further evaluation.

The effects of different concentrations of TGF-β1 on 
cOL I and α‑SMA expression levels in the fibroblasts were 
detected by western blotting. Basal expression levels of cOL I 
and α‑SMA in fibroblasts were low, but following treatment 
with TGF-β1, cOL I (Fig. 1c) and α-SMA (Fig. 1d) expres-
sion significantly increased in a dose‑dependent manner in 
cells, which started to occur at the concentration of 5 ng/ml 
and reached a maximum at 20 ng/ml. Similar trends were also 
observed in the secretion levels of pro-cOL Iα1 (Fig. 1B) in 
the supernatant. However, there was no difference in cOL I 
expression or pro-cOL Iα1 secretion in fibroblasts treated 
with 10 and 20 ng/ml TGF-β1. Therefore, 10 ng/ml was used 
as the optimal concentration in subsequent experiments.

TGF‑β1 triggers autophagy upregulation through endo‑
plasmic reticulum (ER) stress in fibroblasts. Whether and how 
TGF-β1 induced autophagy in primary human dermal fibro-
blasts was next evaluated. Western blotting analysis showed 
that treatment with 10 ng/ml TGF-β1 led to increased expres-
sion of ER stress‑related proteins in fibroblasts compared with 
the control group, including GRP78 (1.73±0.30 vs. 1.00±0.24; 
P<0.01; Fig. 2A), p‑PERK (2.13±0.19 vs. 1.00±0.12; P<0.01; 
Fig. 2B), ATF6 (1.80±0.22 vs. 1.00±0.16; P<0.01; Fig. 2C) 
and IRE1α (2.38±0.26 vs. 1.00±0.18; P<0.01; Fig. 2D). As 

shown in Fig. 2E-H, TGF-β1 (10 ng/ml) triggered autophagy 
upregulation in fibroblasts compared with the control group, as 
evidenced by higher expression levels of Lc3 II (3.24±0.31 vs. 
1.00±0.15; P<0.01; Fig. 2E), LAMP1 (2.26±0.19 vs. 1.00±0.24; 
P<0.01; Fig. 2G) and CTS B (1.98±0.12 vs. 1.00±0.24; P<0.01; 
Fig. 2H), along with reduced expression of p62 (0.31±0.09 vs. 
1.00±0.15; P<0.01; Fig. 2F). Notably, TUDCA, an inhibitor of 
ER stress, significantly reversed the upregulation of autophagy 
(P<0.05 or P<0.01; Fig. 2A‑H), indicating that ER stress is 
essential for TGF-β1-induced autophagy.

The present study also evaluated the effect of TGF-β1 
on the activation/overexpression of TFEB, which is a central 
regulator of lysosomal biogenesis and autophagy (23). TFEB 
activation/overexpression has been shown to promote the 
degradation of autophagy substrates (23). Western blotting 
assays were performed to determine the distributions in the 
nuclear (2.15±0.30 vs. 1.00±0.14; P<0.01; Fig. 3A) and cyto-
plasmic (2.23±0.22 vs. 1.00±0.26; P<0.01; Fig. 3B) fractions 
of TFEB, showing that TGF-β1 treatment resulted in increased 
protein expression and nuclear translocation of TFEB in fibro-
blasts compared with the control group. TGF-β1 also increased 
the fluorescence intensity of TFEB compared with the control 
group in the nucleus (3.47±0.43 vs. 1.00±0.24; P<0.01; Fig. 3C) 
and the cytoplasm (1.93±0.20 vs. 1.00±0.11; P<0.01; Fig. 3C). 
TUdcA also reduced the activity of TGF-β1-induced TFEB 
transcription (P<0.01; Fig. 3A‑C).

Knockdown of TFEB enhances TGF‑β1‑induced ER stress 
and apoptosis, while it reduces fibroblastic phenotypic trans‑
formation and collagen synthesis in fibroblasts. To further 
understand whether autophagy plays a significant role in 
ER stress, fibroblastic phenotypic transformation, as well as 
collagen synthesis and secretion in fibroblasts, gene knock-
down of TFEB was performed using siRNA. compared with 
the control group, efficient knockdown of TFEB was confirmed 
by RT‑qPCR (0.31±0.17 vs. 1.00±0.36; P<0.05; Fig. 4A) and 
western blotting (0.46±0.21 vs. 1.00±0.30; P<0.05; Fig. 4B; 
1.47±0.34 vs. 2.50±0.44; P<0.01; Fig. S1A). Knockdown 
of TFEB significantly reversed the increased expression of 
LC3 (1.43±0.16 vs. 2.80±0.21; P<0.01; Fig. 4C; 1.47±0.27 
vs. 3.02±0.37; P<0.01; Fig. S1B) and LAMP1 (1.34±0.18 vs. 
2.22±0.18; P<0.01; Fig. 4D; 1.47±0.25 vs. 2.24±0.34; P<0.01; 
Fig. S1c) induced by TGF-β1.

For an improved quantitative assessment of autophagy, 
50 nmol/l TFEB-siRNA or Nc-siRNA was used to block the 
fusion of lysosomes and autophagosomes, and autophagic 
flux was assessed using an RFP‑GFP‑LC3 plasmid, in which 
yellow puncta reflect combined GFP and RFP fluorescence, 
representing autophagosomes, while red puncta (RFP only) 
represent autolysosomes. The accumulation of both yellow 
puncta (0.157±0.025 vs. 0.037±0.006; P<0.01; Fig. 5A and B) 
and red puncta (0.064±0.018 vs. 0.017±0.003; P<0.01; 
Fig. 5A and B) were significantly increased by TGF‑β1 treat-
ment compared with the control. compared with the TGF-β1 
treatment group, transfection with TFEB-siRNA signifi-
cantly decreased the amount of yellow puncta (0.056±0.009 
vs. 0.157±0.025; P<0.01; Fig. 5A and B) and red puncta 
(0.029±0.008 vs. 0.064±0.018; P<0.01; Fig. 5A and B); 
however, no significant difference was detected between the 
TGF-β1 group and TGF-β1 + Nc-siRNA group.
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Compared with the fibroblasts treated with TGF‑β1, transfec-
tion with TFEB‑siRNA significantly increased the expression of 
p-eIF2α (3.78±0.54 vs. 2.75±0.35; P<0.01; Fig. 6A; 3.51±0.46 vs. 
2.80±0.37; P<0.05; Fig. S2A), XBP‑1s (3.20±0.34 vs.1.93±0.18; 
P<0.01; Fig. 6B; 3.13±0.41 vs. 1.97±0.38; P<0.01; Fig. S2B) and 
CHOP (2.29±0.41 vs. 1.88±0.20; P<0.05; Fig. 6C; 2.56±0.42 
vs. 1.81±0.30; P<0.01; Fig. S2C), which are associated with a 
predisposition to cell death (26), and also increased the levels of 
cleaved caspase 3, a marker of apoptosis (2.43±0.30 vs. 1.07±0.18; 
P<0.01; Fig. 6E; 2.18±0.19 vs. 1.12±0.20; P<0.01; Fig. S3A) 
compared with the TGF-β1 treatment group. TUNEL staining 
also demonstrated that knockdown of TFEB induced apoptotic 
cell death (32.95±4.11 vs. 7.59±0.80; P<0.01; Fig. 6D) compared 
with the TGF-β1 treatment group. However, TFEB-siRNA did 
not induce apoptosis in quiescent fibroblasts without TGF‑β1 
treatment (Fig. 6d and E).

The results also demonstrated that the knockdown of 
TFEB significantly reduced the expression levels of COL I 
(1.87±0.31 vs. 3.48±0.40; P<0.01; Fig. 6F; 2.07±0.34 vs. 
3.39±0.41; P<0.01; Fig. S3B) and α-SMA (2.13±0.29 vs. 
3.77±0.37; P<0.01; Fig. 6G; 2.24±0.42 vs. 3.99±0.36; P<0.01; 
Fig. S3c) compared with the TGF-β1 treatment group.

TGF‑β1‑induced COL I secretion is associated with an 
autophagy‑based unconventional secretory pathway and is 
mediated by Rab8a activity. Since fibroblasts do not contain 
any evidently large coat protein complex II (cOPII) struc-
tures, and collagens are too large to be incorporated into 
conventional 80-nm cOPII-coated vesicles (27), the present 
study further explored whether autophagy is an alternative 
secretory pathway of collagen trafficking. Fibroblasts were 
transfected with 50 nmol/l TFEB-siRNA or Nc-siRNA, and 

Figure 1. TGF-β1 promotes phenotypic transformation of fibroblasts, and collagen synthesis and secretion in fibroblasts. (A) Fibroblasts were treated with 
0, 2.5, 5, 10, 20, 40 or 80 ng/ml TGF-β1 for 48 h and LdH release was then determined. (B) Secretion of pro-cOL Iα1 in fibroblasts was assessed by ELISA. 
Expression of (c) cOL I and (d) α‑SMA in fibroblasts was measured by western blotting after treatment with 0, 2.5, 5, 10 or 20 ng/ml TGF‑β1 for 48 h. 
GAPdH served as a loading control. Results are presented as the mean ± Sd (n=6). **P<0.01 vs. control group; ##P<0.01 vs. 5 ng/ml TGF‑β1 treatment group; 
&&P<0.01 vs. 10 ng/ml TGF‑β1 treatment group. TGF-β1, transforming growth factor-β1; LDH, lactate dehydrogenase; ELISA, enzyme‑linked immunosorbent 
assay; cOL I, collagen I; α-SMA, α‑smooth muscle actin; ns, not significant.
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Figure 2. ER stress caused by TGF-β1 triggers autophagy, which is repressed by TUDCA in fibroblasts. Fibroblasts were treated with TGF‑β1 (10 ng/ml) 
for 48 h with or without TUDCA (2.5 µmol/l). Representative immunoblots of cultured fibroblasts, with detection of (A) GRP78, (B) p‑PERK/total‑PERK, 
(c) ATF6, (d) IRE1α, (E) Lc3 II/I, (F) p62, (G) LAMP1 and (H) cTS B. Results are presented as the mean ± Sd (n=6). **P<0.01 vs. control group; #P<0.05 
and ##P<0.01 vs. TGF‑β1 treatment group. ER, endoplasmic reticulum; TGF-β1, transforming growth factor-β1; TUdcA, tauroursodeoxycholic acid; GRP78, 
glucose-regulated proteins 78; p-, phosphorylated; PERK, protein kinase R-like endoplasmic reticulum kinase; ARF6, activating transcription factor 6; IRE1α, 
inositol‑requiring enzyme‑1α; Lc3, microtubule associated protein 1 light chain 3; LAMP1, lysosome-associated membrane protein 1; cTS B, cathepsin B.
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then treated with TGF-β1 (10 ng/ml). Immunofluorescence 
analysis showed that TGF-β1 increased the colocalization 
of cOL I with the lysosome marker LAMP1 (0.59±0.12 vs. 

0.18±0.05; P<0.01; Fig. 7A‑C) and Rab8a (0.54±0.08 vs. 
0.13±0.04; P<0.01; Fig. 7A, B and D), a marker of secre-
tory autophagy vesicles, and also upregulated the secretion 

Figure 3. TGF-β1 increases TFEB transcriptional activity. Fibroblasts were treated with TGF-β1 (10 ng/ml) for 48 h with or without TUdcA (2.5 µmol/l). 
The expression of TFEB in the (A) nucleus and (B) cytoplasm was measured using western blotting. Histone H3 or β-actin served as a loading control. 
(C) Immunofluorescent imaging of TFEB (red) and DAPI (blue) in fibroblasts showed an enrichment of the TFEB signal in the nucleus (scale bar, 50 µm). The 
fluorescence intensity of TFEB in nucleus and cytoplasm was calculated and statistically analyzed. Results are presented as the mean ± SD (n=6). **P<0.01 vs. 
control group; ##P<0.01 vs. TGF‑β1 treatment group. TGF-β1, transforming growth factor-β1; TUdcA, tauroursodeoxycholic acid.
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of pro-cOL Iα1 in the culture supernatants (22.07±3.14 
vs. 11.49±1.41; P<0.01; Fig. 7E; 21.86±3.25 vs. 11.20±2.10; 
P<0.01; Fig. S3D) compared with the control group. These 
changes were reversed by TFEB knockdown [0.29±0.06 vs. 
0.59±0.12 (P<0.01; Fig. 7C); 0.10±0.04 vs. 0.54±0.08 (P<0.01; 
Fig. 7D); 14.54±2.41 vs. 22.07±3.14 (P<0.01; Fig. 7E); 
14.57±2.22 vs. 21.86±3.25 (P<0.01; Fig. S3D)]. These data 
suggested that cOL I may be secreted via the secretory 

autophagy pathway during myofibroblast differentiation and 
proliferation.

Discussion

Myofibroblasts, which are transformed from activated 
fibroblasts, can serve as the source of de novo synthesis and 
secretion of collagen proteins that connect with the collagen 

Figure 4. TFEB‑siRNA inhibits activation of TFEB and expression of autophagy‑associated proteins in fibroblasts treated with or without TGF‑β1. Fibroblasts 
were transfected with 50 nmol/l TFEB-siRNA or Nc-siRNA for 48 h and then treated with or without 10 ng/ml TGF-β1 for 48 h. The expression of TFEB 
was evaluated by (A) reverse transcription-quantitative PcR and (B) western blotting. The expression of (c) Lc3 and (d) LAMP1 was determined by western 
blotting. β-actin served as a loading control. Results are presented as the mean ± Sd (n=6). *P<0.05 and **P<0.01 vs. control group; ##P<0.01 vs. TGF‑β1 treat-
ment group. TGF-β1, transforming growth factor-β1; TFEB, transcription factor EB; siRNA, small interfering RNA; Nc, negative control; Lc3, microtubule 
associated protein 1 light chain 3; LAMP1, lysosome‑associated membrane protein 1; ns1, not significant compared with control group; ns2, not significant 
compared with TGF-β1 treatment group.
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proteins on the edge of wounded tissues, and promote the 
edges to shrink together, thus playing a key role in the early 
stage of the wound-healing process (28). during the remod-
eling phase of wound‑healing, myofibroblasts undergo a shift 
from proliferation to apoptosis in order to clear the wound 
site (29). However, under fibrotic conditions, myofibroblasts are 
continuously activated, and remain as the fibrotic phenotype, 
which are resistant to apoptosis. At present, the underlying 
molecular mechanisms during this process have not been 

fully elucidated. Autophagy has been demonstrated to be 
closely associated with the pathological process of numerous 
fibrotic diseases. The present study provided insight into how 
TGF-β1-induced autophagy leads to less misfolded collagen 
in dermal fibroblasts through autophagic degradation and 
autophagy-dependent secretion, along with reduced ER stress 
and prevention of cell apoptosis.

It is commonly known that TGF-β1 plays a key modulatory 
role in the proliferation of fibroblasts and the accumulation 

Figure 5. TFEB-siRNA inhibits TGF-β1‑induced enhancement of autophagic flux. Fibroblasts were transfected with 50 nmol/l TFEB‑siRNA or NC‑siRNA for 
48 h and then treated with 10 ng/ml TGF-β1 for 48 h. After TGF-β1 treatment for 24 h, cells were treated with mRFP-GFP-Lc3 expressing plasmid for another 
24 h. (A and B) Autophagic flux quantified by determining the number of autophagosomes (yellow puncta) and autolysosomes (red puncta) per cell per µm2 
as illustrated in fluorescent images (scale bar, 50 µm). GFP+RFP+ represents yellow puncta; GFP‑RFP+ represents red puncta; total represents yellow+, red 
puncta. Results are presented as the mean ± Sd (n=6). **P<0.01 vs. control group; ##P<0.01 vs. TGF‑β1 treatment group. TGF-β1, transforming growth 
factor-β1; TFEB, transcription factor EB; siRNA, small interfering RNA; NC, negative control; ns, not significant compared with TGF‑β1 treatment group.
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Figure 6. TFEB-siRNA enhances TGF-β1‑induced ER stress and apoptosis, while it reduces the phenotypic transformation and collagen synthesis in fibro-
blasts. Fibroblasts were transfected with 50 nmol/l TFEB-siRNA or Nc-siRNA for 48 h and then treated with or without 10 ng/ml TGF-β1 for 48 h. The 
expression of (A) p-eIF2α/total-eIF2α, (B) XBP-1s, (c) cHOP, (E) cleaved caspase 3/total caspase 3, (F) cOL I and (G) α‑SMA in fibroblasts was determined 
by western blotting. GAPdH or β‑actin served as a loading control. (D) Apoptotic fibroblasts were analyzed by TUNEL staining (scale bar, 50 µm). Results 
are presented as the mean ± Sd (n=6). **P<0.01 vs. control group; #P<0.05 and ##P<0.01 vs. TGF‑β1 treatment group. TGF-β1, transforming growth factor-β1; 
TFEB, transcription factor EB; siRNA, small interfering RNA; Nc, negative control; ER, endoplasmic reticulum; p-, phosphorylated; eIF2α, α subunit of 
eukaryotic initiation factor 2; CHOP, C/EBP‑homologous protein caspase 3; XBP‑1s, spliced X‑box binding protein 1; caspase 3, cysteinyl aspartate specific 
proteinase 3; α-SMA, α smooth muscle actin; COL Ⅰ, collagen Ⅰ; TUNEL, terminal deoxynucleotidyl transferase‑mediated biotinylated UTP nick‑end labeling; 
ns1, not significant compared with control group; ns2, not significant compared with TGF‑β1 treatment group.
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Figure 7. TGF-β1‑induced COL I secretion from fibroblasts is associated with an autophagy‑based pathway. Fibroblasts were treated with 50 nmol/l 
TFEB-siRNA or Nc-siRNA for 48 h and then with 10 ng/ml TGF-β1 for 48 h. (A) Fluorescence for colocalization of Rab8a with LAMP1 and COL I (scale 
bars, 10 or 30 µm). (B) Line tracing analysis of fluorescence signal intensity. (C) Pearson's colocalization coefficient for COL I and LAMP1. (D) Pearson's 
colocalization coefficient for COL I and Rab8a. (E) Pro‑COL Iα1 secretion in the supernatant of fibroblasts was assessed by enzyme‑linked immunosorbent 
assay. Results are presented as the mean ± Sd (n=6). **P<0.01 vs. control group; ##P<0.01 vs. TGF‑β1 treatment group. TGF-β1, transforming growth factor-β1; 
TFEB, transcription factor EB; siRNA, small interfering RNA; Nc, negative control; cOL I, collagen I; Rab8a, Ras-related protein Rab-8A; LAMP1, lyso-
some‑associated membrane protein 1; ns, not significant compared with TGF‑β1 treatment group.
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of EcM via the Smad signaling pathway (30). In the present 
study, western blotting and ELISA results also confirmed 
that 10 ng/ml TGF-β1 effectively increased collagen content, 
not only in fibroblasts, but also in culture supernatants. 
Synthesized and folded in the ER, collagen is composed 
of three pro-chains that form a triple helix (31). despite its 
relatively simple structure, the folding of collagen is very 
difficult due to its thermodynamic instability, and relies on 
multiple chaperones, such as collagen prolyl 4-hydroxylase, 
GRP78, protein disulfide‑isomerase and heat shock protein 47, 
which stabilize native structures and prevent aggregation of 
unfolded chains (27,32-35). Unfolded or misfolded proteins are 
harmful and must be folded into the appropriate conformation 
to perform their cellular functions. TGF-β1 promotes protein 
synthesis and increases the demand for the protein-folding 
capacity of ER, which disturbs ER homeostasis, resulting in 
increased ER stress and activation of a network of signaling 
pathways, known as the unfolded protein response (UPR), 
which is mediated through three sensors: PERK, IRE1α and 
ATF6 (36). These proteins dissociate from GRP78 and then 
activate downstream signaling pathways, which suppress 
protein translation, enhance protein folding and promote 
unfolded or misfolded protein degradation (37). The posi-
tive effects of TGF-β1 on ER stress were confirmed in the 
current study by the upregulated expression of these ER stress 
markers. Activation of UPR signaling is known to induce the 
ER-associated degradation (ERAd) system, which medi-
ates the degradation of misfolded collagen molecules from 
the ER (38). However, the ERAd pathway can only degrade 
collagen monomers, and cannot degrade collagen trimmers 
once they are formed (39). The persistence of uncompensated 
ER stress eventually induces apoptosis. Thus, there must be 
other underlying mechanisms that contribute to the reduction 
of ER stress in the context of fibrosis.

Autophagy is an essential lysosome-dependent degrada-
tion pathway that is involved in the breakdown of cellular 
organelles and protein complexes too large for proteasomal 
degradation (40). Similar to UPR, autophagy is also associ-
ated with both cell survival and death (41). The present study 
observed that the expression levels of autophagy-related 
proteins and the key regulator of autophagy, TFEB, were 
upregulated, which was consistent with the changes of ER 
stress marker proteins in fibroblasts treated with TGF‑β1. It 
was shown in this study that the ER stress inhibitor TUdcA 
was also able to downregulate autophagy, indicating that 
autophagy may be upregulated by ER stress in differentiated 
fibroblasts.

Therefore, autophagy was further downregulated through 
knockdown of TFEB to investigate whether autophagy is the 
mechanism of the reduction of ER stress and promotion of 
cell survival by autophagy under fibrotic conditions. Under 
normal conditions, TFEB is phosphorylated and localized in 
the cytoplasm, and does not exhibit any function. Under the 
circumstances of starvation or oxidation stimulation, TFEB is 
dephosphorylated, translocated to the nucleus, and activates 
the transcription of genes related to autophagy and lysosome 
biogenesis (42). TFEB plays a pivotal role in regulating the 
process of autophagy (23,43). As expected, in the present 
study knockdown of TFEB enhanced the apoptosis of fibro-
blasts by activating the cHOP pathway, as well as reducing 

the phenotypic transformation of fibroblasts and the synthesis 
and secretion of collagen. cHOP plays an important role in 
ER stress-induced apoptosis (44). The transcription of cHOP 
is activated via the PERK/eIF2a/ATF4 and IRE1α/XBP-1s 
pathways, which transmits to the mitochondria and finally 
leads to caspase 3 activation (45). Notably, the downregulation 
of autophagy-mediated apoptosis only occurred in activated 
fibroblasts, but not in quiescent fibroblasts in the present 
study. This finding suggested that knockdown of TFEB 
aggravated the pre-existing ER stress response, converting 
adaptive signaling to apoptotic signaling. collectively, these 
results confirm that TFEB‑mediated autophagy could main-
tain the survival and function of fibroblasts by eliminating 
misfolded/unfolded proteins. However, given that the role of 
autophagy in the pathogenesis of diseases is multifaceted and 
complex, whether upregulated autophagy by overexpression 
of TFEB could promote fibroblast proliferation or lead to 
further autophagic death needs to be further elucidated in 
future research.

In general, secretory proteins are released from the ER 
to the Golgi apparatus and subsequently into the extracel-
lular space, and this process is mediated by cOPII-coated 
vesicles (27). However, fibroblasts do not contain any evidently 
large cOPII structures, and collagen molecules are too large 
to be incorporated into the conventional 80-nm cOPII-coated 
vesicles (27). Thus, an alternative pathway of trafficking is 
required for the export of collagen from the ER in the absence 
of large carriers, particularly when handling unfolded and/or 
misfolded procollagen.

ER exit sites are physically and functionally associated 
with autophagosome formation (46). While autophagy was 
initially defined as a cellular process that results in isolation 
of cytosolic cargoes and their degradation in lysosomes, it has 
also been recognized as a contributor to autophagy‑dependent 
secretion (‘secretory autophagy’), which bypasses the ER-Golgi 
complex and also promotes toxic protein clearance and cell-cell 
signaling communications (47-50). Secretory autophagy was 
initially identified in studies that investigated unconventional 
protein secretion, for example how proteins that are unable 
to enter the ER due to lack of signal peptides are released to 
the extracellular space (51). However, it has been revealed that 
autophagy is also involved in the regulation of conventional 
secretion, with different roles in different cell types (52,53). 
Secretory autophagy is a tightly regulated process, but its 
underlying molecular machinery is far from elucidated. 
Evidence has indicated that certain factors are necessary for 
secretory autophagy, among which the small GTPase Rab8a 
is considered to be a useful available marker as a regulator of 
polarized sorting of proteins to the plasma membrane (54). The 
present study demonstrated that Rab8a colocalized with COL I 
and LAMP1 in fibroblasts following exposure to TGF-β1. 
Autophagy inhibition by knockdown of TFEB significantly 
reduced colocalization of COL I with Rab8a and LAMP1, 
and also decreased the secretion level of pro-cOL Iα1 in the 
cell culture supernatant. These data indicated that apart from 
autophagic degradation, cOL I in the autolysosome can also 
be released to the extracellular space via autophagy-dependent 
secretion machinery. Therefore, autophagy-dependent secre-
tion is also an important cellular clearance mechanism for the 
maintenance of cell homeostasis under fibrotic conditions. In 
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addition, collagen fibrils can only be formed after procollagen 
is cross-linked following cleavage of terminal pro-peptides 
by procollagen N- and c-proteinases (55). Therefore, it can 
be speculated that misfolded or unfolded cOL I secreted via 
autolysosome to the extracellular environment in the process 
of secretory autophagy may be a cause of the faulty assembly 
and irregular arrangement of collagen fibers in HTS.

In conclusion, the present study demonstrated that 
TFEB-mediated autophagy reduced ER stress, decreased cell 
apoptosis and maintained the activated phenotype of fibro-
blasts, not only through degradation of misfolded or unfolded 
proteins, but also via release of cOL I from the autolysosome 
to the extracellular environment via autophagy-dependent 
secretion machinery. The results may provide an improved 
understanding of the roles of autophagy in the formation of 
HTS. The inhibition of autophagy and lysosomal biogenesis 
may serve as a novel direction for the development of treatment 
strategies for HTS.
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