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Peroxisome proliferator-activated receptor-γ agonist 
troglitazone suppresses transforming growth factor-β1 
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Abstract: Keloid, a skin benign tumor, is characterized by overgrowth of fibroblasts and the excessive deposition 
of extracellular matrix in wounded skin. Peroxisome proliferator-activated receptor-γ (PPAR-γ) agonist was recently 
evaluated to inhibit fibrosis. This study explored the underlying mechanisms. Fibroblasts isolated from 25 keloid 
patients (KFs) and fibroblasts isolated from healthy controls (NSFBs) were also subjected to treatment with PPAR-γ 
agonist troglitazone and antagonist GW9662 or for transfection with miR-92 mimics or inhibitor, Axl siRNA, and 
miR-92b or Axl promoter constructs, as well as being subjected to qRT-PCR, ELISA, Western blot, protein array, 
luciferase, and ChIP assays. The data demonstrated that TGF-β1 and Axl proteins were significantly elevated in 
samples from keloid patients, while troglitazone treatment significantly reduced levels of TGF-β1 and Axl mRNA and 
proteins in KFs. Moreover, knockdown of Axl expression reduced expression of TGF-β1 and its pathway genes (such 
as α-SMA and Snail). PPAR-γ regulation of Axl expression was through transcriptional activation of miR-92b. miR-92b 
expression downregulated Axl expression at both mRNA and protein levels, whereas GW9662 completely reversed 
the inhibitory effects of miR-92b mimics on Axl expression. Gene ontology analysis of miR-92b targeting genes 
showed that TGF-β and Axl were both potential targets of miR-92b, as confirmed by luciferase assay. These findings 
demonstrated that PPAR-γ-induced miR-92b expression inhibited Axl expression and in turn reduced expression of 
TGF-β1 and the downstream genes in KFs, suggesting that targeting of this novel gene pathway may be useful for 
therapeutic control of fibrosis or keloid. 
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Introduction

Keloid is a benign tumor caused by abnormal 
wound healing after skin injury [1, 2]. Clinically, 
keloid is characterized by the overgrowth of 
fibroblasts and the excessive deposition of the 
extracellular matrix in injured skin to form 
unwanted scarring, but the precise process 
and mechanism are unclear [3]. The most fre-
quently involved sites are the chest, shoulders, 
head-neck areas, ear lobes, arms, and the 
upper back [4]. In predisposed individuals, 
keloid results from abnormal skin repair after 
skin injury, affecting them cosmetically and 
functionally. Although it is known that injury to 
the skin is required for keloid formation, few 

other risk factors have been recognized. For 
example, peroxisome proliferator-activated re- 
ceptor-γ (PPAR-γ) agonist was recently deter-
mined to inhibit this abnormal fibrosis forma-
tion. Thus, numerous synthetic PPAR-γ activa-
tors have been synthesized and identified, such 
as rosiglitazone, pioglitazone, or troglitazone 
[5]. PPAR-γ is a nuclear receptor, belonging to 
the steroid hormone nuclear receptor family. 
Functionally, PPAR-γ forms a heterodimer with 
retinoid X receptor-α (RXR-α) and then binds to 
peroxisome proliferator hormone response ele-
ments (PPREs) on the DNA of target genes; this 
ligand-activated PPAR-γ protein in turn regu-
lates a variety of functions, such as embryo 
development, cell growth, differentiation, and 
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lipid metabolism [6]. Altered PPAR-γ expression 
was also associated with tumorigenesis [7]. 
PPAR-γ agonist Thiazolidinedione was explored 
as an insulin-sensitizer in treatment of type 2 
diabetes mellitus [8]. In animal experiments, 
PPAR agonists were shown to control of a vari-
ety of neoplasms, including urinary bladder 
cancer, hemangiosarcoma, liposarcoma/fibro-
sarcoma, and liver cancer [9, 10], while PPAR-γ 
agonist Efatutazone was demonstrated to have 
an acceptable safety profile in control of ana-
plastic thyroid cancer and metastatic colorec-
tal cancer during Phase I clinical trials [11, 12]. 
Interestingly, many studies have shown that 
PPAR-γ possesses an anti-fibrotic effect in the 
kidney [13], liver [14], pancreas [15], and lung 
[16], suggesting PPAR-γ agonist may be a prom-
ising agent for the control of fibrotic diseases 
[17]. However, the precise targets and mecha-
nisms of PPAR-γ agonist anti-fibrosis action in 
keloid fibroblasts remain to be determined, in 
spite of our growing understanding of the mo- 
lecular basis for PPAR-γ agonist anti-fibrotic 
function. 

As we know, transforming growth factor (TGF-β) 
is a pleiotropic cytokine, expressed and secret-
ed by a variety of cells in human body. Altered 
TGF-β has been associated with many fibrosis-
related diseases [18, 19] and accumulating evi-
dence supports the notion that TGF-β is an 
important pathological factor in excessive scar 
formation in abnormal wound healing and fibro-
sis [20]. The therapeutic strategy of targeting 
TGF-β1 has been reported to control excessive 
keloid fibrosis [21], while PPAR-γ agonist trogli-
tazone was found to suppress TGF-β1 expres-
sion in human dermal fibroblasts, indicating 
that PPAR-γ agonist possesses therapeutic 
potential in the treatment of dermal fibrosis 
(hypertrophic scar or keloid) [22]. Thus, in this 
study, we investigated the mechanism by which 
PPAR-γ agonist regulates TGF-β signaling in the 
inhibition of fibrosis in fibroblasts isolated from 
keloid patients (KFs). We expected to provide 
support for troglitazone-inhibited TGF-β1 secre-
tion and signaling in the suppression of fibrosis 
through troglitazone-upregulated miR-92b to 
target Axl and TGF-β1 expression in KFs.

Materials and methods

Fibroblasts and culture 

Human primary KFs and normal skin fibroblast 
(NSFBs) were isolated from surgically excised 

tissues of 25 keloid patients and healthy con-
trols, cultured as described previously [17]. In 
this study, the third to the fourth passages of 
KFs were used in all experiments and cultur- 
ed in Dulbecco’s modified Eagle’s medium 
(DMEM), containing 10% fetal bovine serum 
(FBS) in a humidified incubator with 5% CO2 at 
37°C. For drug treatment, troglitazone (Abcam, 
Cambridge, MA, USA) was dissolved in dimethyl 
sulfoxide (DMSO) and diluted in the culture 
medium and then added to cell culture at a 30 
mmol-1 dose for 72 h; to the control culture was 
added an equal amount of DMSO. Furthermore, 
we also determined whether the effects of tro-
glitazone on KFs are PPAR-γ-dependent by co-
incubation of KFs with 1 μM PPAR-γ antagonist 
GW9662 (Abcam) for 48 h, according to a previ-
ous study [22, 23]. 

Main reagents

Antibodies used for Western blotting analyses 
included anti-TGF-β1 (ab64715, Abcam), anti-
Axl (ab37861, Abcam), anti-α-SMA (ab5694, 
Abcam), anti-Snail (ab53519, Abcam), and anti-
β-actin (ab8224, Abcam) antibodies, while anti-
bodies used for chromatin immunoprecipita-
tion (ChIP) were anti-PPAR-γ (ab45036, Abcam). 
Axl siRNA reagents were designed using 
ONTARGET plus SMARTpool against human Axl 
(siAxl; NM_001699) with sequences of 5’-AA- 
ACUUUCCUCAGAAGUUGUUTT-3’ and 5’-CAACU- 
UCUGAGGAAAGUUUGGTT-3’, while scrambled 
siRNA was used as a control, with sequences  
of 5’-AAACUUUCCUCAGAAGUUGUUTT-3’ and 
5’-CAACUUCUGAGGAAAGUUUGGTT-3’. Moreov- 
er, the FAM-modified 2’-OMe oligonucleotides 
were chemically synthesized and purified with 
high-performance liquid chromatography by 
GenePharma (Shanghai, China). 2’-O-me-miR 
mimics, inhibitor and control were composed of 
RNA duplexes with the following sequences: 
miR-92b mimics, 5’-UAUUGCACUCGUCCCGGC- 
CUCC-3’; miR-92b inhibitor, 5’-GGAGGCCGGG- 
ACGAGUGCAAUA-3’; scramble oligonucleotide 
as a negative control, 5’-CAGUACUUUUGUGU- 
AGUACAA-3’. 

Plasmid construction and transfection 

A potential PPRE (with a DNA core motif of 
5’-AGGTCA-3’) localized at -1148 to -1142 bp of 
the transcription start site of the miR-92b pro-
moter, according to a previous study [24]. We 
amplified this wild type miR-92b promoter, con-
taining PPRE (5’-CACAAGGTCAGGGG-3’), into a 
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pTransluc vector (Panomics, Redwood City, CA, 
USA) using PCR with primers (5’-CGGCTGG- 
GAGCTTTAGG-3’ and 5’-GCAATATTGGCGGGG- 
GAA-3’). The miR-92b deletion mutant was 
then generated by deleting 13 bp spanning in 
the PPRE site with primers of 5’-ATCCACTCG- 
CCTCGGCCTT-3’ or 5’-TTCAAGACCAGCCTGGC- 
CAA-3’) and subcloned into pTransluc. After 
DNA sequencing confirmation, these vectors 
were named PPRE-wt and PPRE-del, res- 
pectively. 

Moreover, the Axl 3’-UTR cDNA and a mutant 
with replaced nucleotides in the putative bind-
ing site corresponding to the seed-sequence of 
miR-92b were amplified from 3sp cDNA with 
primers according to a previous study [25, 26] 
and ligated into the pGL3 vector (Promega, 
Madison, WI, USA). The primers for wild type 
(wt) were 5’-CGGCTGGGAGCTTTAGG-3’ and 
5’-GCAATATTGGCGGGGGAA-3’ and for mutant 
(mut) were 5’-ATCCACTCGCCTCGGCCTT-3’ and 
5’-TTCAAGACCAGCCTGGCCAA-3’. These vec-
tors were then used to transfect into the cul-
tured fibroblasts. 

For siRNA transfection, KFs were grown and 
transfected with 25 nM siAxl, or siCtrl using 
Lipofectamine RNAiMAX transfection reagent 
(Invitrogen, Carlsbad, CA, USA), according to 
the manufacturer’s protocol. For miRNA, syn-
thetic miR-92b mimics, miR-92b inhibitor or 
negative controls were transfected into the KFs 
and examined at varying concentrations (25 
nM) using HiPerfect Transfection Reagent 
(Qiagen, Valencia, CA, USA) following the manu-
facturer’s instructions. 24 h later troglitazone 
or GW9662 was then added into cell culture for 
72 or 48 h. 

Quantitative reverse transcription-PCR (qRT-
PCR) 

Fibroblasts were plated in 6-well plates at a 
density of 3 × 105 cells/well and cultured over-
night. Next, fibroblasts were subjected to gene 
transfection, troglitazone or GW9662 treat-
ment. At the end of each experiment, total cel-
lular RNA was isolated using TRIzol reagent and 
the Pure Link RNA mini kit (Invitrogen) and sub-
sequently reverse transcribed into cDNA using 
an RT kit from Invitrogen, according to the man-
ufacturer’s instructions. The resulting cDNA 
samples were subjected to qPCR amplification 
using the following primers. Axl primer sequenc-

es were 5’-GTGGGCAACCCAGGGAATATC-3’ 
5’GTACTGTCCCGTGTCGGAAAG-3’; TGF-β1 prim-
ers were 5’-GGCCAGATCCTGTCCAAGC-3’ and 
5’-GTGGGTTTCCACCATTAGCAC-3’; and GAPDH 
primers were 5’-GGAGCGAGATCCCTCCAAAAT-3’ 
and 5’-GGCTGTTGTCATACTTCTCATGG-3’; miR-
92b primers were 5’-TATTGCACTCGTCCCGGCC- 
TCC-3’ and a miRNA universal primer (Qiagen, 
Hilden, Germany); U6-snRNA primers were 
RNU6B_2 miScript Primer and a miRNA univer-
sal primer from Qiagen. qRT-PCR was per-
formed in triplicate on CFX96 Real Time PCR 
Detection System (Bio-Rad, Hercules, CA, USA). 
The relative expression level of each transcript 
was measured using the comparative Ct meth-
od and compared to internal controls (GAPDH 
or U6). All experiments were in triplicate and 
repeated three times. 

Luciferase reporter assay

Fibroblasts were seeded into 48-well plates 
and cultured in 250 μl DMEM supplemented 
with 10% FBS, and, when reaching to 80-90% 
confluency, these cells were co-transfected 
with 400 ng WT-Axl-UTR or mut Axl-UTR plas-
mid and 20 ng of the control pRL-TK vector car-
rying Renilla luciferase cDNA (Promega) in a 
final volume of 0.2 mL, using Lipofectamine 
2000 (Invitrogen) for 48 h. After that, protein 
was extracted from these fibroblasts and sub-
jected to measurement of Firefly and Renilla 
luciferase activities using the Dual Glo Luci- 
ferase assay kit (Promega). 

Protein array analysis

The treated fibroblasts samples were harvest-
ed and sent to Raybiotech (Norcross, GA, USA) 
in dry ice for protein array analysis. The concen-
tration of each protein sample was adjusted to 
500 μg/mL or 1000 μg/mL and then subjected 
to the analysis of differentially expressed pro-
teins using the 487-protein Quantibody array 
(PAH-G2, Raybiotech), which is composed of 
antibody coated onto a glass slide for the detec-
tion of cytokines, chemokines, soluble recep-
tor, and growth factors. Each protein sample 
was diluted on a standard curve with a purified 
standard protein. Each array contained positive 
control and was used for normalization. The 
fluorescent intensity of the bound labeled anti-
bodies to each spot (protein or peptide) was 
measured in triplicate spots and averaged  
for data analysis and normalization using 
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Raybiotech software. The data are expressed 
and reported as pg of protein/mL extract.

Enzyme-linked immunosorbent assay (ELISA) 

Fibroblast culture media, after various treat-
ments or gene transfections, were collected for 
ELISA detection of TGF-β1 level using a TGF-β1 
kit from eBioscience Inc. (San Diego, CA, USA) 
according to the manufacturer’s instructions. 
The TGF-β1 ELISA 96-well plates were first 
briefly incubated with the wash buffer and 100 
µL conditioned cell culture medium of each 
treatment was added to 96-well plates in tripli-
cate and incubated at 4°C overnight, then 
washed with the wash buffer and a secondary 
avidin-horseradish peroxidase-conjugated anti-
body was added from the kit and incubated at 
room temperature for 30 min. After being 
washed with the wash buffer, the plates were 
subjected to color reaction using tetramethyl-
banzedine substrate; optical density (OD) val-
ues were measured using Nano Drop 2000 
(Thermo Fisher Scientific, Inc., Waltham, MA, 
USA) at 450 nm. 

Chromatin immunoprecipitation (ChIP) 

The ChIP assay was performed with the Magna 
ChIP A/G kit (Millipore, Billerica, MA, USA), 

according to the manufacturer’s protocol. 
Briefly, KFs were grown to reach approximately 
95% confluency in 100 mm cell culture dishes 
and treated with troglitazone. At the end of the 
treatment, cell culture was added with 16% 
methanol-free formaldehyde (Fisher Scientific, 
Waltham, MA, USA), to make a final concentra-
tion of 1%. Cross-linked cells were collected in 
ice-cold PBS and sonicated six times for 15 s 
pulses at 50 s intervals to reduce the size of 
the genomic DNA to 200-1000 bp. Then the 
sheared chromatin and magnetic beads were 
immunoprecipitated with anti-PPAR-γ (ab45- 
036, Abcam) or normal rabbit IgG overnight at 
4°C on a rotator. The resulting magnetic bead-
antibody-chromatin complex was washed once 
with a low-salt buffer, followed by high salt, LiCl, 
and TE buffers. The chromatin complex was 
then eluted and incubated at 62°C for 2 h. The 
DNA samples were recovered using spin col-
umns and amplified using qPCR with primers of 
5’-GCCGTTATGTACTTAAGAGGCAG-3’ and 5’-CA- 
GCCTCCTGAGTAGCTGGGGT-3’.

Bioinformatic analysis

miR-92b non-redundant targets were predict- 
ed using the miRNA target prediction tools 
(Targetminer, www.isical.ac.in/bioinfo_miu and 
Tarbase, http://microrna.gr/tarbase/). These 

Figure 1. Troglitazone inhibition of upregulated TGF-β1 and Axl expression in KFs. (A) qRT-PCR. KFs and NSFBs were 
isolated from 25 keloid patients and healthy controls and then 3 passages of cells were subjected to qRT-PCR analy-
sis. The data showed upregulated expression of both (***P < 0.001). (B) Association of TGF-β1 with Axl levels in 
KFs/NSFBs (*P = 0.019). (C) Protein array analysis. KFs with or without treatment with troglitazone were subjected 
to the protein array analysis. Rectangles indicate Axl. (D) Quantification of Axl level in KFs treated with or without 
troglitazone in (C). Data are expressed as mean ± SD (**P = 0.002). (E) qRT-PCR. Levels of TGF-β1 mRNA in KFs 
treated with or without troglitazone were assessed using qRT-PCR (*P = 0.017 and *P = 0.032). The data were sum-
marized as mean ± SD of three independent experiments. (F) ELISA. Levels of TGF-β1 protein in KFs-cultured media 
after troglitazone treatment were assessed using ELISA (*P = 0.03). Experiments were in duplicate and repeated 
three times and the data are expressed as means ± SD. (G) Western blot. The duplicated cells were subjected to 
Western blot analysis and quantified with Image J software after normalization to β-actin. 
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target genes were then mapped onto gene 
ontology (GO) terms with DAVID version 6.7 
(http://david.abcc.ncifcrf.gov/) and analyzed. 

Statistical analysis

All data were summarized as mean ± standard 
deviation (SD) of at least three independent 
experiments. The difference between groups 
was statistically analyzed using two-sided 
Student’s t-tests; Correlation between the Axl 
and TGF-β1 expression was assessed by using 
Pearson’s correlation test. P < 0.05 was con-
sidered statistically significant (*P < 0.05, **P 
< 0.01, and ***P < 0.001). All statistical analy-
ses were performed using PRISM software, ver-
sion 4 (GraphPad Software, La Jolla, CA, USA). 

Results

Elevation of TGF-β1 and Axl proteins in fi-
broblasts obtained from keloid patients vs. 
healthy controls 

We first analyzed the levels of TGF-β1 and Axl 
mRNA in fibroblasts from keloid patients and 
healthy controls (n = 25 of each), finding that 
TGF-β1 and Axl levels were statistically signifi-
cantly elevated in keloid patients (Figure 1A). 
We also found that levels of endogenous Axl 
expression were associated with levels of TGF-
β1 mRNA (Figure 1B). These data indicate that 
TGF-β and Axl could be involved in collagen syn-
thesis and a functional link between Axl and 
TGF-β1 in keloids. 

Thus, we then assessed whether PPAR-γ ago-
nist troglitazone can regulate TGF-β and signal-

ing by treating KFs with 30 mM troglitazone for 
72 h, the dose of which was according to our 
previous study [23]. Our protein array analysis 
showed that Axl was indeed downregulated for 
more than 6 folds after troglitazone treatment 
(Figure 1C and 1D). Our qRT-PCR, ELISA, and 
Western blot data also showed that levels of 
TGF-β1 mRNA and protein were significantly 
reduced (Figure 1E and 1F), while Axl was at 
least 3-folds downregulated compared to the 
controls (Figure 1E and 1G). 

Effect of Axl knockdown on inhibition of 
TGF-β1 and pathway in KFs

Next, we knocked down Axl expression using 
Axl siRNA according to a previous study [25, 26] 
showing that Axl upregulated expression of 
TGF-β1 and TGF-β1 downstream effectors in 
KFs. As shown in Figure 2, Axl siRNA was able 
to significantly reduce Axl expression at both 
the mRNA and protein levels (Figure 2A and 
2B), which also resulted in reduction of the 
expression of TGF-β1 and its pathway genes, 
like α-SMA and Snail in KFs or culture media 
(Figure 2C). 

Effect of troglitazone on inhibition of Axl ex-
pression through upregulation of miR-92b in 
KFs 

Then we analyzed Axl gene promoter to assess 
whether it contains PPRE, but we failed. Thus, 
we thought miRNAs may play a role in bridging 
troglitazone in regulated Axl expression. In- 
deed, our previous microarray data showed 
that PPAR-γ agonist induced expression of miR-
92b in KFs.

Figure 2. Effect of Axl knockdown on regulation of TGF-β1 and pathway genes. A: qRT-PCR. KFs were grown and 
transfected with Axl siRNA1 and then subjected to qRT-PCR analysis. The experiments were repeated three times 
and the data are presented as means ± SD. *P = 0.011 and **P = 0.033. B: ELISA. The culture media from A were 
subjected to ELISA. The experiments were repeated three times and the data are presented as means ± SD. *P = 
0.036. C: Western blot. KFs were grown and transfected with Axl siRNA and then subjected to Western blot analysis 
and quantified with Image J software after normalization to β-actin. 
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We first confirmed these data, finding that 
PPAR-γ agonist treatment of KFs did induce 
miR-92b expression (Figure 3A). Moreover, we 
evaluated miR-92b in the regulation of Axl 
expression by the knockdown of miR-92b using 
a miR-92b specific inhibitor on troglitazone 
treatment for 72 h or by overexpression of miR-
92b using miR-92b mimics on GW9662 treat-
ment for 48 h. As shown in Figure 3B, trogli-
tazone markedly reduced level of Axl mRNA, 
whereas the addition of miR-92b inhibitor 
restored the level of Axl mRNA. In contrast, 
GW9662 completely reversed the inhibitory 
effects of miR-92b mimics on Axl expression 
(Figure 3C). 

We performed a computer-aided algorithmic 
analysis using Targetminer and Tarbase, finding 

that miR-92b was able to target 518 genes in 
the human genome (Figure 3D). The GO analy-
sis of miR-92b targeting genes showed that 
these targeting genes function in several impor-
tant cell processes, including TGF-β signaling 
pathway (Figure 3E) and that Axl was identified 
as a potential target gene of miR-92b, further 
confirming our experimental data (Figure 3C). 
Then we cloned the 3’-UTR of Axl cDNA, which 
may have contained the potential miR-92b 
binding site, and performed luciferase reporter 
assay. Our data showed that, compared to the 
scramble control, the miR-92b mimics signifi-
cantly decreased relative luciferase activity in 
co-transfection with the Axl 3’-UTR reporter 
plasmid (Figure 3F and 3G). However, the 
mutant reporter plasmid abolished this effect 
of the miR-92b mimics (Figure 3G). Furthermore, 

Figure 3. Effect of troglitazone-upregulated miR-92b on inhibition of Axl expression in KFs. (A) qRT-PCR. Levels of 
miR-92b in KFs treated with troglitazone (Tro) was analyzed using qRT-PCR. ***P < 0.001. (B) qRT-PCR. Levels 
of Axl in KFs treated with Tro or Tro plus miR-92b inhibitor were analyzed using qRT-PCR. *P = 0.011 and **P = 
0.015. (C) qRT-PCR. Levels of Axl in KFs treated with GW9662 or GW9662 plus miR-92b mimics were analyzed us-
ing qRT-PCR. *P = 0.037 and **P = 0.001. (D) The Go classification of miR-92b potential targets using Targetminer 
and Tarbase algorithms. (E) Pathway enrichment analysis of 518 genes from (D). (F) Bioinformatic analysis. Puta-
tive miR-92b-binding site in Axl 3’-UTR. Mutation was generated on the Axl 3’-UTR site. (G) Luciferase activity. KFs 
were co-transfected with a control renilla luciferase expression construct pRL-TK, firefly luciferase reporter plasmid 
containing either wild-type or mutant Axl 3’-UTR, and miR-92b mimics or control for 48 h and then subjected to 
luciferase activity assay. Firefly luciferase activity of each sample was normalized by Renilla luciferase activity. The 
normalized luciferase activity for the scramble-transfected cells was set as relative luciferase activity. The columns 
showed the mean of at least three independent experiments in duplicate. *P = 0.027. (H) Western blot. KFs with 
corresponding treatment were subjected to the assay. Tro, troglitazone; Tro plus miR-92b, Tro + miR-92b inhibitor; 
GW, GW9662 or GW9662 plus miR-92b mimics. 
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Western blot data showed that transfection of 
miR-92b inhibitor not only abolished the effects 
of PPAR-γ agonist, but also further induced Axl 
expression (Figure 3H), whereas transfection of 
miR-92b mimics had the inverse effects (Figure 
3H). This finding further confirmed that miR-
92b mediated the effect of troglitazone on the 
inhibition of Axl expression in KFs. 

PPAR-γ transcriptional regulation of miR-92b 
expression 

Then we analyzed miR-92b gene promoter for 
PPRE sites, finding a potential one; thus, we 
cloned a 2 kb DNA fragment corresponding to 
the promoter region onto a luciferase reporter 
plasmid and generated a mutated PPRE plas-
mid PPRE-del (Figure 4A). Our luciferase assay 
data showed that the transcriptional activity of 

the plasmid carrying the wild type promoter 
was upregulated after troglitazone treatment, 
whereas the mutated plasmid did not have 
such an effect (Figure 4B). Our ChIP-PCR assay 
data further confirmed that troglitazone-acti-
vated PPAR-γ bound to the potential PPRE site 
in the miR-92b promoter region (Figure 4C). 
These data demonstrate that miR-92b is a 
novel PPAR-γ transcriptional target. 

Effects of miR-92b on inhibition of Axl and 
TGF-β pathway 

To assess whether aberrant miR-92b expres-
sion could alter TGF-β signaling in KFs, we dis-
rupted miR-92b and Axl expression. Our data 
showed that transfection of miR-92b inhibitor 
suppressed the effects of PPAR-γ agonist on 
inhibition of TGF-β1 and TGF-β pathway (Figure 

Figure 4. Activation of miR-92b transcription trough PPAR-γ binding to miR-92b promoter. A: Schematic illustration 
of miR-92b promoter upstream constructs. It contains a putative PPRE binding site. B: ChIP-qPCR analysis. KFs were 
treated with troglitazone and protein-DNA complex was extracted for ChIP assay. The resulted DNA samples were 
subjected to qPCR amplification of the PPRE in miR-92b promoter regions. Error bars, mean ± SD of three repeated 
experiments. *P = 0.011. C: Luciferase activity assay. Luciferase activity data showed PPAR-γ binding to miR-92b 
wild type but not mutated promoter. The data are expressed as mean ± SD of three independent experiments. **P 
= 0.006.

Figure 5. Effect of troglitazone-upregulated miR-92b on regulation of TGF-β1 and signaling proteins in KFs. A: ELISA. 
KFs were treated with troglitazone plus negative control inhibitor or miR-92b inhibitor for 48 h and the cell cultured 
conditioned medium was subjected to ELISA analysis of TGF-β1 level. *P = 0.044 and **P = 0.032. B: Western 
blot. Levels of TGF-β pathway protein α-SMA and Snail (mean ± SD) in KFs after treatment with troglitazone plus 
negative control inhibitor or miR-92b inhibitor were subjected to Western blot. C: ELISA. The secreted TGF-β1 levels 
were assessed using ELISA in KFs after 48 h treatment with GW9662, GW9662 + sicontrol and GW9662 + siAxl. *P 
= 0.015 and **P = 0.044. D: Western blot. The TGF-β pathway protein α-SMA and Snail protein levels in KFs after 
treatment with GW9662, GW9662 + sicontrol and GW9662 + siAxl were analyzed using Western blot. 
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5A and 5B). Moreover, Axl siRNA also abolished 
the effects of PPAR-γ antagonist on induced 
expression of TGF-β1 and TGF-β pathway pro-
teins (Figure 5C and 5D). 

Discussion

PPAR-γ agonist has shown a role in prevention 
and treatment of skin fibrosis and the underly-
ing mechanisms were not fully understood [27]. 
In the current study, we explored and demon-
strated that PPAR-γ agonist is a TGF-β pathway 
repressor. Particularly, we found that levels of 
TGF-β1 and Axl proteins were significantly high-
er in 25 cases of KFs than in NSFBs and that 
troglitazone treatment significantly reduced 
levels of TGF-β1 and Axl in KFs. Knockdown of 
Axl expression downregulated expression of 
TGF-β1 and its pathway genes. PPAR-γ does not 
directly decrease Axl expression, but acts 
through the transcriptional activation of miR-
92b, as confirmed by luciferase and ChIP-PCR 
assays, showing that miR-92b promoter con-
tains PPRE sequences. miR-92b mimics inhib-
ited Axl expression at both mRNA and protein 
levels, whereas GW9662 completely reversed 
the inhibitory effects of miR-92b mimics on Axl 
expression in KFs. The GO analysis of miR-92b 
targeting genes and luciferase assay predicted 
and confirmed that Axl was indeed a miR-92b 
target gene. Our current data demonstrated 
that PPAR-γ-induced miR-92b expression sup-
pressed Axl expression to in turn reduce 
expression of TGF-β1 and downstream genes in 
KFs as the molecular mechanism of trogli-
tazone action in KFs. Pending on further confir-
mation using in vivo data, our current study 
suggests that the manipulation of this gene 
pathway could be a novel strategy in control of 
fibrosis or keloid in clinic. 

Axl belongs to the receptor tyrosine kinase sub-
family, and the Axl protein possesses a unique 
structure for the extracellular region, which 
gives it an ability to transduce extracellular 
matrix signals into the cytoplasm and stimulate 
cell proliferation [28]; thus, upregulated Axl 
expression has been shown to be associated 
with the development of various types of human 
cancer: Axl may be a therapeutic target in con-
trol of human cancers [29]. To date, controver-
sial data have also been shown in the literature. 
For example, Bauer et al. reported that TGF-β1-
induced Axl enhanced apoptosis and blocked 
proinflammatory cytokine production, suggest-

ing that Axl was a downstream effector of TGF-
β1 during Langerhans cell differentiation and 
epidermal homeostasis [30], whereas Li et al. 
showed that Axl was a downstream effector of 
TGF-β1 for the promotion of breast cancer inva-
sion and chemoresistance [31]. Calvisi et al. 
found that Axl activated TGF-β target genes, 
such as Snail in hepatocellular carcinoma cells 
[32]. In our current study, we found that both 
TGF-β1 and Axl were upregulated in KFs from 
25 keloid patients compared to NSFBs. 
Troglitazone treatment significantly reduced 
levels of TGF-β1 and Axl proteins in KFs. 
Moreover, knockdown of Axl expression using 
Axl siRNA downregulated expression of TGF-β1 
and its pathway genes, which supports the 
data in a previous study [30]. Our current data 
also support previous studies that showed tro-
glitazone had a rapid anti-fibrosis effect in ani-
mal models and in vitro experiments by target-
ing of the anti-TGF-β pathway [18, 33-35] and 
that levels of the pro-fibrosis TGF-β and path-
way genes were increased in keloids or KFs 
[36-39]. However, our analysis did not find 
PPRE sites in Axl gene promoter (data not 
shown), which led us to relate miRNAs to the 
gene regulation picture. 

miRNAs are a class of endogenous small non-
coding RNAs that posttranscriptionally regulate 
expression of target genes [40, 41]. A mature 
miRNA is of approximately 18-22 nucleotides in 
length [40] and imperfectly complementarily 
binds to the 3’-untranslated region (3’-UTR) of 
the targeted gene to degrade mRNA or inhibit 
mRNA translation [41]. Thus, miRNAs play an 
important role in regulation of cell proliferation, 
apoptosis, and differentiation; in the skin, miR-
NAs may relate to the etiology and progression 
of fibrotic diseases [42, 43]. Our previous study 
showed that upregulated miR-145 participated 
in feedback regulation, involving in PPAR-γ ago-
nist and antagonist-modulated collagen syn-
thesis in hypertrophic scar fibroblasts [24]. The 
change in specific miRNA expression profiles 
can have a dramatic effect on fibrosis, suggest-
ing that modulating miRNA expression may be 
a novel approach for developing innovative 
therapeutic strategies [43]. Our current data 
showed that troglitazone-activated PPAR-γ 
could bind to miR-92b promoter to induced 
miR-92b expression in KFs, which in turn down-
regulates Axl expression and then TGF-β1 lev-
els in KFs. Indeed, our previous study of miR-
NAs in glioma cells demonstrated that knock-
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down of miR-92b expression significantly re- 
duced glioma cell viability through upregulation 
of the TGF-β/Smad3/p21 signaling pathway in 
vitro [44]; our current study further supports 
Axl-repressing TGF-β1 in different types of cells. 
Furthermore, miR-92b has a oncogene role in 
many types of human cancer by promoting can-
cer cell growth and chemoresistance to cispla-
tin [45, 46]. 

However, our current study has only explored 
the underlying molecular events of troglitazone 
anti-fibrosis activity in KFs in vitro: further 
investigation is needed to: confirm our current 
study using an animal model to assess the 
effect of troglitazone-activated PPAR-γ on regu-
lation of TGF-β1 expression in KFs, or confirm 
the PPAR-γ-led miR-92b in inhibition of Axl and 
TGF-β1 expression in suppression of keloid for-
mation in vivo. In conclusion, our current study 
demonstrated that the effect of PPAR-γ agonist 
troglitazone-suppressed fibrosis during keloid 
formation was through troglitazone-induced 
miR-92b expression to in turn inhibit expres-
sion of Axl and TGF-β1 in KFs. Our current data 
suggest that troglitazone treatment and even 
modulation of this gene pathway could be use-
ful for control of fibrosis or keloid in clinic. 
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