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Abstract 

Background: Epithelial-to-mesenchymal transition (EMT) is a process whereby epithelial cells lose 
cell-cell contacts and acquire expression of mesenchymal components and manifest a migratory 
phenotype. Recent studies indicated that EMT is involved in the development of keloids. Therefore, 
this study aims to investigate the mechanisms of the effects of metformin in hypoxia-induced EMT in 
keloid fibroblasts (KFs).  
Methods: KFs were cultured in a hypoxia incubator to induce EMT and were treated with or 
without metformin. Cell viability was evaluated by a cell counting kit 8 (CCK-8), and cell migration 
was measured by the transwell assay. The expression levels of HIF-1α, E-cadherin, vimentin, 
phosphorylated p70s6k (p-p70s6k) and pyruvate kinase M2 (PKM2) were evaluated by western 
blotting.  
Results: Hypoxia promoted EMT in KFs. Metformin significantly inhibited the expression of HIF-1α 
and partially abolished hypoxia-induced EMT. PKM2 is involved in hypoxia-induced EMT of KFs and 
metformin decreased the expression of p-p70s6k and PKM2.  
Conclusions: Metformin abolishes hypoxia-induced EMT in KFs by inhibiting the HIF-1α/PKM2 
signaling pathway. Our study provides a novel mechanistic insight into potential use of metformin for 
treatment of keloids. 
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Introduction 
Keloids are typically formed during abnormal 

wound healing that extends beyond the site of the 
original skin injury [1, 2]. The formation of a keloid 
always results in physical discomfort, functional 
limitation, and psychological impairment [3]. The 
inside of keloids frequently exhibit ischemic-hypoxic 
states due to the destruction of the vascular network 
and excessive oxygen consumption during 
inflammation and repair [4]. Hypoxia-inducible 
factor-1 (HIF-1) is one of the key mediators of the 
hypoxic stress response [5]. Our previous studies have 
demonstrated that HIF-1α activates the TGF-β1/Smad 

signaling pathway and increases collagen deposition 
in the dermal fibroblasts in response to hypoxic 
conditions [6].  

 The epithelial-to-mesenchymal transition (EMT) 
is a process associated with the loss of polarity of 
epithelial cells and their development into 
mesenchymal cells with invasive and migratory 
properties [7]; EMT is ubiquitous in wound healing, 
organ fibrosis and development of cancer [7]. During 
EMT, the expression of epithelial markers, such as 
E-cadherin and zonula occludens-1 (ZO-1), are 
decreased and the expression of mesenchymal 
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markers, such as vimentin and fibronectin, are 
increased, thus resulting in nonpolar mobilizable 
cells. Recently, EMT was detected in the keloid 
tissues. Hypoxia-rich environments in keloids 
induced elevated levels of HIF-1α and promoted the 
transformation of the keloid-derived keratinocytes 
into fibroblast-like cells via the activation of EMT [8]. 

Metformin is a typical antidiabetic drug that has 
significant antitumor effects in several types of human 
cancer [9, 10]. Metformin is recently reported to 
regulate cell energy metabolism [11] and repress EMT 
by inhibiting the mTOR signaling pathway [12]. 
Furthermore, metformin regulates the EMT process 
by inhibiting the expression of Vimentin, thus 
destroying the invasive phenotype induced by 
TGF-β1 in human cervical cancer cells [13]. Most 
importantly, metformin is suggested to exert an 
anti-keloid effect in vitro [14]. However, the complete 
mechanism of metformin-induced inhibition of keloid 
growth remains unknown.  

The aim of the current study was to explore the 
mechanism of the effects of metformin in keloid 
fibroblasts. We found that metformin can reverse 
EMT by downregulation of HIF-1α, p-p70s6k and 
PKM2, suggesting that metformin is involved in the 
HIF-1α/PKM2 signaling pathway to inhibit keloid 
development.  

Materials and Methods  
Clinical samples 

Keloid specimens and the adjacent normal skin 
tissues were collected at the First Affiliated Hospital 
of Zhejiang University. The information of the keloid 
patients are listed in Table 1. All procedures 
performed in this study were approved by the audit 
department of the hospital in compliance with the 
requirements of the Ethics Committee. All subjects 
included in this study have provided informed 
consent.  

 

Table 1. Keloid patients information. 

Patients Number Human Race Gender Age Keloid Location  
1 Yellow race Female 25 earlobe 
2 Yellow race Female 32 earlobe 
3 Yellow race Female 22 earlobe 
4 Yellow race Female 36 earlobe 

 

Cell culture 
Primary human keloid fibroblasts (KFs) and 

normal skin fibroblasts (NFs) were isolated according 
to the protocol as previously described [14]. Briefly, 
the surgically excised human keloid tissues and 
adjacent normal skin tissues were cut away of 
epidermis and fat manually. Only the dermal layer of 

the fibrous tissues were reserved and then cut into 
smaller pieces. These small pieces were digested in 
Dulbecco’s modified Eagle’s medium (DMEM) lysis 
buffer with 1x collagenase for 2 hours. After 
centrifugation, the precipitates were collected and 
cultured in DMEM (Gibco, Gaithersburg, MD) 
supplemented with 1% antibiotic-antimycotic and 
15% fetal bovine serum (10099-141; Gibco) in 5% CO2 
at 37°C. Metformin (PeproTech, Rocky Hill, NJ, USA) 
was stocked at a concentration of 50 mM at 4 °C. The 
cells were treated with 10, 15, 20 mM metformin and 
collected for CCK8. The cells treated with 10 mM 
metformin were collected for migration assay, PCR, 
and Western blot. 

Hypoxia culture model 
Hypoxic conditions of 1% oxygen concentration 

(37°C, 1% O2, 5% CO2, 94% N2) were established by 
mixed gas hypoxia. Cells were detected after they 
were cultured in the hypoxic incubator for 24 h. 

Small interfering RNA and cell transfection 
The siRNA of PKM2 was purchased from 

GenePharma (Shanghai, China), the sequence is 
5’-GATTATCAGCAAAATCGAG-3’. Cells were 
transfected using Lipofectamine 2000 reagent 
(Invitrogen, Carlsbad, CA) according to the 
manufacturer’s instructions. The transfected cells 
were cultured for 48 hr and collected for quantitative 
real-time PCR and western blot analysis. 

Cell viability assay 
A cell counting kit-8 (CCK-8) was used to 

measure cell viability. The cells (1×104 per well) were 
seeded into 96-well plates and cultured in a hypoxic 
incubator. After treatment with metformin for various 
periods of time, 10 μL CCK-8 was added into each 
well and incubated for 2 h at 37°C. The absorbance 
was measured at 450 nm using a microplate reader.  

Quantitative Real-time PCR 
Total RNA was extracted using Trizol Reagent. 

The RNA was reverse transcribed by using the 
PrimeScript RT Master Mix according to the 
manufacturer’s instruction. The subsequent 
Quantitative Real-time PCR was carried out in the 
7500 Real-time PCR System (Applied Biosystems) 
using SYBR Premix Ex Taq reagents. The specific 
primers were as follows: HIF1α: Forward: 
5’-GTAGTGCTG- ACCCTGCACTCAA-3’ Reverse: 
3’-CCATCGGAAGGACTAGGTGTCT-5’; β-actin: 
Forward: 5’-ACCGAGCGCGGCTACA-3’, Reverse: 
3’-CAGCCGTGG- CCATCTCTT-5’. According to the 
manufacture’s protocol, RT-PCR was carried out in a 
total volume of 20 ul reaction mixture, and amplified 
as following steps: 95°C for 10 min, 40 cycles of 95°
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C for 15 s and 60°C for 60 s. Samples were analyzed 
in triplicate as biological replicate. 2-ΔΔCt method 
was used for calculations, where ΔCt = Cttarget gene - 
Ctβ-actin and ΔΔCt = ΔCtinduced -ΔCtreference. 

Western Blot Analysis 
The KFs with different treatment were harvested 

by centrifugation and washed with PBS. Cells were 
lysed in RIPA buffer containing protease inhibitors. 
The lysate were separated by sodium dodecyl 
sulfate-polyacrylamide gel electrophoresis and 
subsequently transferred to Polyvinylidene Fluoride 
(PVDF) membranes by electroblotting. The 
membranes were incubated overnight at 4 °C with the 
primary antibodies after blocking with 5% nonfat 
milk. The anti-human E-cadherin, anti-human 
vimentin, anti-human PKM2, anti-human HIF-1α, and 
anti-human phospho-p70s6k primary antibodies were 
purchased from Cell Signaling Technology (Danvers, 
MA, USA). The blots were then incubated with the 
secondary antibody for 2 h at room temperature. Each 
experiment was repeated for 3 times. Specific proteins 
were visualized using the ECL system (GE 
Healthcare) and the FUJIFILM Luminescent Image 
Analyzer LAS3000 (Fuji Film).  

Statistical Analysis 
The statistical analyses were performed using 

SPSS 21.0 (SPSS Inc., Chicago, IL, USA). The values 
were expressed as the means ± SD. Significant 
differences among groups were analyzed by T-test 
and one-way analysis of variance (ANOVA). And 
p-value of <0.05 was defined as statistically 
significant. 

Results 
Metformin inhibits hypoxia-induced 
proliferation and migration  

Metformin has been showed to inhibit the 
proliferation and collagen synthesis of the human 
keloids fibroblasts [15]. Here, we further evaluated 
the effects of metformin on viability and migration of 
KFs in a hypoxic environment. The results of the 
CCK-8 assay showed that metformin inhibited the 
growth of KFs in a dose- and time-dependent manner 
(Figure 1A). Furthermore, metformin significantly 
impaired the migration ability of KFs (p<0.05) (Figure 
1B).  

 

 
Figure 1. Metformin inhibits hypoxia-induced proliferation and migration in KFs. A. KFs were treated with metformin (10, 15, 20 mM) for the indicated times and cell viability 
was measured by the CCK-8 assay. B. The representative images of cell migration assay were obtained at 40x magnification. Graphs show the number of migrating cells after 24 
h incubation.  
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Figure 2. Metformin downregulates HIF-1α expression at a posttranscriptional level. A. Metformin inhibited HIF-1α expression in a time- and dose-dependent manner, Columns 
represent the mean of at least three independent experiments; error bars represent the SD of the mean. *p<0.05. B. Metformin did not influence the mRNA levels of HIF-1α (NC. 
Not significant, p>0.05). C. Immunofluorescent staining showed that metformin inhibited HIF-1α expression. 

 

Metformin inhibits HIF-1α expression in KFs 
Metformin repression of HIF-1α expression was 

analyzed by western blotting; the data indicate that 
HIF-1α expression in KFs under hypoxic condition 
was significantly decreased in a dose-dependent 
manner in the presence of metformin (10mM), the 
results were confirmed by densitometric quantified 
analysis (Figure 2A). However, metformin did not 
affect the mRNA levels of HIF-1α, suggesting that 
metformin decreased the posttranslational levels of 
HIF-1α (p>0.05) (Figure 2B). Moreover, 
immunofluorescence staining confirmed that 
metformin inhibited the expression of the HIF-1α 
protein (Figure 2C). 

PKM2 is required for HIF-1α-induced EMT 
PKM2 is essential for TGF-β1-induced EMT in 

cancer cells and knockdown of PKM2 failed to induce 
spindle-shaped morphological changes and 

EMT-related alterations in the TGF-β1-treated 
colorectal cancer cells[16]. We have previously proved 
that HIF-1α could activate TGF-β1 expression to 
promote collagen deposition in dermal fibroblasts[6]. 
Therefore, we tested whether PKM2 plays a critical 
role in HIF-1-induced EMT in KFs. We found that 
PKM2 knockdown reduced the HIF-1α-induced loss 
of E-cadherin and gain of vimentin in KFs under 
hypoxic condition (Figure 3A). We also confirmed the 
results by densitometric quantified analysis (Figure 
3B). Furthermore, PKM2 silencing decreased the 
migratory ability of KFs compared with that of the 
control group (p<0.05) (Figure 3C). 

Metformin reverses EMT in keloids through 
inhibition of the HIF-1α/PKM2 pathway 

We further investigated the mechanism of 
metformin effects involved in the regulation of EMT 
in keloid. The results showed that metformin rescued 
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the accumulation of vimentin and decreased the levels 
of E-cadherin in hypoxia-treated KFs (Figure 4A, 4B). 
Additionally, we found that stimulation by hypoxia 
increased the phosphorylation of p70s6k and 
upregulated the expression of PKM2 in KFs. Hence, 

metformin reversed hypoxia-induced EMT by 
inhibiting the phosphorylation of p70s6k and 
suppressing expression of PKM2 in KFs (Figure 4A, 
4B).  

  
 

 
Figure 3. PKM2 is involved in hypoxia-induced EMT. A. Hypoxia induced the expression of vimentin and decreased the levels of E-cadherin while silencing of PKM2 reversed this 
effect, the results were confirmed by densitometric quantified analysis (B), Columns represent the mean of at least three independent experiments; error bars represent the SD 
of the mean. *p<0.05. C. Knockdown of PKM2 impaired hypoxia-induced EMT (NC. Not significant, *p<0.05). 

 
Figure 4. Metformin reverses EMT by inhibiting the HIF-1α/ PKM2 pathway. A. Metformin rescued the accumulation of vimentin and decreased the levels of E-cadherin in 
hypoxia-treated KFs. Metformin also inhibited phosphorylation of p70s6k and upregulated the expression of PKM2 in KFs under hypoxia condition; B. Columns represent the 
mean of at least three independent experiments; error bars represent the SD of the mean. *p<0.05. 
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Discussion 
Numerous studies have demonstrated that 

HIF-1α plays a pivotal role in promoting cancer 
metastasis [17, 18]. HIF-1α promotes fibrogenesis and 
ECM accumulation in a wide range of tumors through 
EMT [19-21]. Keloid predominantly develops after a 
trauma; the cutaneous vascular network is always 
disrupted leading to a hypoxic environment in the 
local tissue. Moreover, high metabolic state during 
tissue injury-induced inflammation and repair 
dramatically increases oxygen consumption and 
exacerbates the hypoxia [4]. As a result, HIF-1α is 
always upregulated in keloids due to the hypoxic 
microenvironment. HIF-1α induced the 
transformation of keloid-derived keratinocytes into 
fibroblast-like cells through EMT allowing the keloid 
fibroblasts to extend beyond the wound margin [8]. 
Our results proved that metformin can significantly 
inhibit HIF-1α expression and subsequently impair 
EMT. 

PKM2 is a downstream effector of mTOR that 
plays a crucial role in aerobic glycolysis and tumor 
growth [22]. PKM2 is essential for TGF-induced EMT 
in several human cancers [16, 23]. The HIF-1α and 
c-Myc-hnRNP cascades are essential mediators of 
mTOR-dependent regulation of PKM2 [22]. PKM2 is a 
critical downstream effector of the HIF-1α-related 
signaling pathways and is the key glycolytic enzyme 
[24]. In this study, we observed that PKM2 is critical 
for HIF-1α-induced EMT in KFs because silencing of 
PKM2 reversed hypoxia-induced EMT. The 
phosphorylation of the p70 ribosomal S6 kinase 1 
(S6K1), a downstream effector of mTOR, plays a 
critical role in controlling cell growth. Deactivation of 
S6K1 leads to cell proliferation at a smaller size and at 
a reduced rate [25]. Our results indicate that hypoxia 
induced the expression of PKM2 and p70s6k, 
suggesting that PKM2 and p70s6k are involved in 
EMT in keloids. Moreover, we demonstrated that 
metformin inhibited the HIF-1α/PKM2 signaling 
pathway and reversed hypoxia-induced EMT in KFs. 

Conclusion 
In the current study, we proved that hypoxic 

environment promoted KF migration by activating 
HIF-1α-induced EMT. Metformin inhibits 
hypoxia-induced EMT of KFs via the HIF-1α/PKM2 
signaling pathway (Figure 5). Based on these data, we 
propose that the HIF-1α/PKM2 pathway is involved 
in hypoxia-induced EMT in keloids. Therefore, 
metformin may be a potential therapeutic agent for 
the treatment of keloids.  

 

 
Figure 5. Graphical abstract of this study. Metformin inhibits hypoxia-induced EMT 
of KFs via the HIF-1α/PKM2 signaling pathway. 
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