
Redox Biology 38 (2021) 101815

Available online 28 November 2020
2213-2317/© 2020 Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Research Paper 

Altered glucose metabolism and cell function in keloid fibroblasts 
under hypoxia 

Qifei Wang, Pu Wang, Zelian Qin *, Xin Yang, Bailin Pan, Fangfei Nie, Hongsen Bi ** 

Department of Plastic Surgery, Peking University Third Hospital, 49 North Garden Road, Haidian District, Beijing, China   

A R T I C L E  I N F O   

Keywords: 
Keloid 
Fibroblasts 
Cell metabolism 
Hypoxia 
Redox homeostasis 
Autophagy 

A B S T R A C T   

Keloids exhibit metabolic reprogramming including enhanced glycolysis and attenuated oxidative phosphory-
lation. Hypoxia induces a series of protective responses in mammalian cells. However, the metabolic phenotype 
of keloid fibroblasts under hypoxic conditions remains to be elucidated. The present study aimed to investigate 
glycolytic activity, mitochondrial function and morphology, and the HIF1α and PI3K/AKT signaling pathways in 
keloid fibroblasts (KFB) under hypoxic conditions. Our results showed that hypoxia promoted proliferation, 
migration invasion and collagen synthesis and inhibited apoptosis in KFB. The mRNA levels, protein expressions 
and enzyme activities of glycolytic enzymes in KFB were higher than those in normal skin fibroblasts (NFB) under 
normoxia. Moreover, hypoxia remarkedly upregulated glycolysis in KFB. Decreased activities of mitochondrial 
complexes and abnormal mitochondria were detected in KFB under normoxic conditions and the damage was 
aggravated by hypoxia. An intracellular metabolic profile assay suggested hypoxia increased glycolytic param-
eters except glycolytic reserve but inhibited the key parameters of mitochondrial function apart from H+ leak. 
Protein levels of HIF1α and phosphorylation levels of the PI3K/AKT signaling pathway were upregulated in the 
context of 3% oxygen. Enhanced total reactive oxygen species (ROS), mitochondrial ROS (mitoROS) and anti-
oxidant activities of KFB were observed in response to hypoxia. Additionally, autophagy was induced by hypoxia. 
Our data collectively demonstrated potentiated glycolysis and attenuated mitochondrial function under hypoxia, 
indicating that altered glucose metabolism regulated by hypoxia could be a therapeutic target for keloids.   

1. Introduction 

Keloids are disfiguring fibroproliferative disorders characterized by 
increased proliferation of fibroblasts and excessive deposition of extra-
cellular matrix (ECM) [1]. Generally, keloids are abnormal healing 
conditions of wounds that frequently result from burns, trauma and 
infection. Clinically, keloids tend to grow beyond the original wound 
boundary and invade adjacent normal skin. They are clinically charac-
terized by pain, itching and cosmetic deformities, and can be accom-
panied by ulceration, bleeding, and infection that severely affect quality 
of life. Although multiple therapies, such as surgical removal, gluco-
corticoid injections, laser therapy, and radiotherapy are available for 
keloids, the treatments are not satisfactory, and they cannot prevent 
recurrence [2]. In recent decades, genetics, inflammation and immune 
cells have been proven to be involved in the pathogenesis of keloids 
[3–5]. However, the mechanisms involved in keloid scarring are poorly 
understood, and keloids remain one of the most challenging skin 

problems. 
The Warburg effect (also referred to as aerobic glycolysis) is a 

metabolic phenotype detected in cancer cells in which glucose is 
employed to provide ATP through glycolysis rather than other oxidative 
phosphorylation in the presence of ample oxygen [6]. The altered 
metabolism fuels tumor growth by providing substrates for macromol-
ecule synthesis, regulating apoptosis and maintaining redox status. The 
Warburg effect was first discovered in cancer cells. However, accumu-
lating studies in recent decades have demonstrated that it exists in 
various types of cells and a variety of diseases. For instance, altered 
metabolism is observed in immune cells [7], LPS-activated macrophages 
[8], pulmonary hypertension [9], sepsis [10] and metabolic disorders 
[11]. Additionally, several studies reported that keloid is an aberrant 
scarring featuring metabolic reprogramming from oxidative phosphor-
ylation to aerobic glycolysis [12,13]. Annette reported that compared to 
normal fibroblasts (NFB), cultured KFB exhibit increased glucose uptake 
and lactate accumulation and higher hexokinase, 
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glyceraldehyde-3-phosphate dehydrogenase, and lactate dehydrogenase 
activities [12]. Vinaik [13] demonstrated the upregulation of GLUT1 
and enhanced expression of several glycolytic enzymes such as HK1, 
HK2, PFK1, PFK2, PDK1 and PKM2 in keloid tissues compared with 
normal skin tissues. Our previous studies [14,15] indicated that KFB 
exhibit increased glycolysis and compromised mitochondrial functions. 
In addition to enhanced glucose consumption, lactate production and 
activities of glycolytic enzymes, we found that KFB are also character-
ized by higher basic glycolysis and glycolytic capacity and reduced basal 
oxidative respiration, maximal oxidative respiration and spare respira-
tory capacity. 

Tissue hypoxia, a consequence of an insufficient oxygen supply 
caused by disordered vasculature and rapid growth of tumors, is found 
in various solid tumors and is clinically associated with therapy resis-
tance and poor prognosis. Excessive collagen deposition and partially or 
completely occluded microvessels have been hypothesized to result in a 
hypoxic microenvironment within keloids. Okuno et al. [16] demon-
strated that hypoxia exists in the keloid center and the hypoxic zone 
showed higher expression of HIF-1α using immunohistochemical anal-
ysis. Importantly, hypoxia is considered a key mechanism of keloid 
formation. Our previous study showed increased proliferation, migra-
tion, invasion and collagen synthesis in KFB under hypoxia [17]. In 
addition, hypoxic conditions promote EMT [18] and inhibit apoptosis 
[19] in keloid fibroblasts. The lack of oxygen is linked to diseases such as 
cancer, diabetes, or inflammation but also constitutes a challenge for 
people living at high altitudes. Cells within organisms adapt to hypoxia 
by altering their metabolism. Accumulating studies have demonstrated 
hypoxia could significantly affect metabolic phenotype in cancer cells 
[20,21]. The association of hypoxia or HIF-α with altered metabolism in 
cardiovascular [22,23] and fibrotic disorders [24] was also reported. 
Many studies demonstrated that chronic hypoxia triggers signaling 
pathways that regulate cardiac metabolic remodeling, particularly at the 
transcriptional level, to maintain energy production. He et al. reported 
elevated HIF-1α expression and altered endothelial metabolism, 
including increased glycolysis and reduced oxygen consumption in the 
endothelium of coronary arteries after mice were treated with a PHD 
inhibitor, dimethyloxalylglycine. Gopu et al. [25] observed increased 
basal expression of HIF-1α and glycolytic enzymes as well as lactate and 
succinate levels in fibrotic lung fibroblasts compared with normal lung 
fibroblasts. Keloids typically feature excessive proliferation of fibro-
blasts and deposition of ECM and microvascular abnormalities. Collec-
tively, KFB may undergo similar metabolic reprogramming in hypoxia. 
However, alteration in KFB metabolism under hypoxia is rarely inves-
tigated. Hence, we postulated that hypoxia triggers metabolic reprog-
ramming to regulate cell functions. 

It has been demonstrated that KFB exhibit metabolic reprogramming 
[12,14]. More importantly, hypoxia can regulate energic metabolism in 
a majority of cancer cells [20]. Hence, the present study aimed to 
evaluate the glycolytic activity and mitochondrial function of KFB under 
hypoxia and to elucidate the potential mechanism. In addition, redox 
homeostasis and autophagy levels in hypoxia were also analyzed. 

2. Materials and methods 

2.1. Isolation and culture of fibroblasts 

Normal skin tissues and keloid samples were obtained from in-
dividuals who underwent surgery. None of them received clinical ther-
apy to prevent scar development prior to surgery. Basic information of 
species is presented in Supplementary Table S1. Isolation and culture of 
fibroblasts were performed as reported previously with minor modifi-
cations [1]. Specimens were dissected into 1 mm3 piece and digested 
with 0.1% collagenase I (Sigma-Aldrich, USA) in a constant temperature 
shaker at 37 ◦C for 2 h. The digested suspension was filtered and 
centrifuged. The pellets were cultured in Dulbecco’s Modified Eagle’s 
medium (DMEM) (HyClone, USA) with 10% fetal bovine serum (Gibco, 

USA) and 1% penicillin/streptomycin (HyClone, USA). When reaching 
approximately 80% confluence, the 4 to 6 passages of fibroblasts were 
used for the experiments. The study was approved by the ethics com-
mittee of Peking University Third Hospital and followed the principles 
documented in the Declaration of Helsinki. Written informed consent 
was provided by all participants. 

2.2. Oxygen concentration determination and proliferation assays 

To determine the optimal oxygen level promoting KFB proliferation, 
KFB were cultured in incubators with different O2 levels. Briefly, 1.2 ×
105 cells were seeded into 6-well culture plates and cultured in in-
cubators with 1%, 2%, 3%, 4%, 5% and 21% O2 concentrations for 48 h 
Cells were collected with 0.25% trypsin (Hyclone, USA). The total 
number of cells was determined by cell counting under a microscope 
(Leica, Germany). Additionally, we investigated the effect of hypoxia 
(3%) on the proliferation of NFB and KFB. A total of 1.2 × 105 cells were 
seeded into 6-well plates and incubated for 24, 48 and 72 h with 3% or 
21% O2. Cells were harvested and the total number was counted by a 
microscopy. 

2.3. Measurement of intracellular ROS and mitoROS 

ROS and mitoROS were measured with a Reactive Oxygen Species 
Assay Kit (Beyotime, China) and MitoSOX Red reagent (Invitrogen, 
USA), respectively. Briefly, 2 × 105 cells/per well were seeded into 6- 
well plates and cultured in incubators containing 3% or 21% O2 at 
37 ◦C for 24 h. For ROS assays, cells were collected and incubated in 10 
μM DCFH-DA working solution for 20 min at 37 ◦C in the dark. For 
mitoROS determination, cells were incubated in 1 ml of 5 μM MitoSOX 
reagent working solution at 37 ◦C. After incubation, cells were washed 
twice with serum-free medium to remove working solution that did not 
enter cells. Finally, the fluorescence intensity was detected by a flow 
cytometer (BD, USA). 

2.4. Apoptosis analysis 

Cell apoptosis was investigated using an Annexin V-PE/7-AAD 
apoptosis detection kit (KeyGEN, China) with flow cytometry according 
to the manufacturer’s instruction. Briefly, fibroblasts were initially 
seeded in 6-well plates at a density of 1.5 × 105 cells/well. After incu-
bated in chambers with 3% or 21% O2 levels for 48 h, cells were har-
vested and resuspended in 500 μl binding buffer. Then 5 μl Annexin V-PE 
and 5 μl 7-AAD were added to the above solution. The apoptosis results 
were detected by flow cytometry (BD, USA). 

2.5. Migration and invasion assay 

Migration assays were conducted using a transwell chamber with 
8.0 μm pores (Corning, USA). Briefly, 1 × 104 cells were resuspended in 
the upper compartment of the chamber with 200 μl serum-free medium 
and 500 μl complete medium were added into the lower compartment. 
After incubation for 24 h at normoxic or hypoxic conditions, the upper 
cells were removed with swabs. The migrated cells were fixed with 4% 
paraformaldehyde for 20 min and stained with 0.1% crystal violet for 
20 min. The number of migrating cells was counted in 5 randomly 
chosen fields under the microscope (100 magnification) and the mean of 
each chamber was calculated. 

Invasion assays were slightly different from migration assays. 
Matrigel was diluted with DMEM as the volume ratio of 1–8. 40 μl 
diluted matrigel was uploaded in the upper compartment and then the 
transwell chambers were placed in incubators for 2 h. 2 × 104 cells were 
seeded into the upper compartment of the chamber and were condi-
tioned in incubators with 3% or 21% O2 for 36 h. Other processes were 
similar to migration assays. 
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2.6. Glucose consumption and lactate production 

Glucose consumption and lactate production were measured using a 
glucose assay kit (Solarbio, China) and lactate assay kit (Solarbio, 
China), respectively. In brief, cells were seeded into 96-well plates at a 
density of 4000 cells/well in 100 μl DMEM. After incubation at 37 ◦C for 
4 h, the culture medium was replaced and cells were incubated for 24 h 
under 21% or 3% O2. The supernatant was collected for the detection of 
glucose intake and lactate accumulation according to the manufacture 
instructions. The absorbances at 505 nm and at 450 nm were recorded 
on a microplate reader (Thermo Fisher Scientific, USA) for glucose 
consumption and lactate production, respectively. 

2.7. Activities of NADPH oxidase (NOX), antioxidant enzymes, glycolytic 
enzymes and mitochondrial complexes 

Activities of NOX, superoxide dismutase (SOD), glutathione peroxi-
dase (GSH-Px), PKM2, LDHA, HK2 and PFKFB3 activities were detected 
by the corresponding enzyme activity kit (Solarbio, China). Besides, 
PGK1 and ENO1 activities were determined by a commercial kit pro-
vided by comin biotechnology (Suzhou, China) and Abnova (Paipei, 
China), respectively. Mitochondrial complexes I-Ⅳ activities were 
determined using mitochondrial respiratory chain complex activity 
detection kits (Solarbio, China). Briefly, after fibroblasts were cultured 
at normoxia or hypoxia (3%), cells were collected and lysed with 
extracting solution (1ml/106 cells). For activities of NOX, antioxidant 
enzymes and glycolytic enzymes, the cells were broken by the ultrasonic 
wave and centrifuged, and the supernatant was placed on ice for a test. 
For measurement of mitochondrial complexes activities, mitochondrial 
extraction was performed according to the manufacturer’s instructions 
and the mitochondrial extract was employed for measurements of 
complex activities and determinations of protein concentrations. The 
absorbance was measured by a microplate reader at 600 nm for NOX, 
560 nm for SOD, 412 nm for GSH-Px, 340 nm for PKM2, 450 nm for 
LDHA, 340 nm for HK, 340 nm for PFKFB3, 340 nm for PGK1, 570 nm 
for ENO1, 340 nm for Complex I, 605 nm for Complex II or 550 nm for 
Complex III and complex IV, respectively. The calculations of the 
enzyme activities were based on the formula presented in the specifi-
cation. NOX, SOD and GSH-Px activities were presented as U/mg prot. 
Glycolytic enzyme activities were expressed as nmol/min/104 cells. 
Mitochondrial complex activity was expressed as nmol/min/mg prot. 

2.8. RNA extraction and qRT-PCR 

Total RNA was isolated from collected cells with Trizol reagent 
(Invitrogen, USA), The quantity of extracted RNA was performed with 
the Nanodrop 2000 spectrophotometer (Thermo Fisher Scientific, USA). 
cDNA synthesis was accomplished using the FastKing RT Kit (with 
gDNase) (Tiangen Biotech, China). qRT-PCR was performed in line with 
the Talent qPCR PreMix (SYBR Green) kit protocol (Tiangen Biotech, 
China) using an ABI Quant- Studio 5 Real-Time PCR System (Applied 
Biosystems, USA). Relative quantifications and calculations were 
completed using the 2− ΔΔCT method. Primer sequences are presented in 
Supplementary Table S2. 

2.9. Western blotting 

Cells were lysed in RIPA lysis buffer (Solarbio, China) supplemented 
with phosphatase and protease inhibitor cocktail (Solarbio, China). The 
cell lysates were centrifuged and protein concentrations were deter-
mined using a BCA Protein Assay kit (Beyotime, China). 30 μg protein 
samples were separated by 10% SDS-PAGE and transferred to PVDF 
membranes with 0.45 μm of pores (Millipore, MA, USA). Membranes 
were blocked with 5% non-fat dry milk for 1 h, followed by incubation 
overnight at 4 ◦C with primary antibodies (Supplementary Table S3). 
The membranes were then washed and incubated with HRP conjugated 

secondary antibody, washed with Tris-buffered saline (TBS) and Tween 
20 (0.1%) (TBST). The western blotting bands were visualized by using 
an enhanced chemiluminescence system (Amersham Pharmacia 
Biotech, United Kingdom). Densitometric analysis was performed with 
Image J software. 

2.10. Mitochondrial mass and mitochondrial membrane potential (MMP) 
measurement 

Mitochondrial mass and MMP were determined using Mito-Tracker 
Green (Beyotime, China) and JC-1 (Beyotime, China), respectively. 
Briefly described, after 1.5 × 105 cells were seeded into 6-well plates and 
were cultured at normoxia or hypoxia for 48 h for mitochondrial mass or 
for 24 h for MMP, cells were collected and centrifuged. For Mitochon-
drial mass determination, cells were incubated with prewarmed 200 nM 
MitoTracker Green staining solution at 37 ◦C in the dark for 15 min. For 
MMP measurement, cells were stained with 500 μl 10 μg/ml JC-1 for 20 
min at room temperature in darkness. And then cells were resuspended 
in 500 μl serum-free DMEM. The fluorescence intensity was detected by 
flow cytometer. Green fluorescence intensities documented for mito-
chondrial mass, and red and green fluorescence intensities were 
analyzed for MMP. 

2.11. Extracellular acidification rate (ECAR) and oxygen consumption 
rate (OCR) measurement 

Glycolysis and mitochondrial oxidative phosphorylation were eval-
uated by the ECAR and OCR using The XF96 Extracellular Flux Analyzer 
(Seahorse Bioscience, USA). Briefly, 1 × 104 cells/well were seeded into 
a special 96-well plate and incubated under normoxia or hypoxia (3%) 
for 24 h. Sensor cartridges were treated with XF calibrant (200 μl/well) 
for 24 h at 37 ◦C in a humidified incubator without CO2. Cells were 
washed twice with the Seahorse XF stress test assay medium and the 
final volume was 175 μl/well. The injections in ECAR and OCR mea-
surement were glucose (10 mM), oligomycin (2 μM), 2-DG (50 mM) and 
oligomycin (2 μM), FCCP (2 μM), rotenone/antimycin A (1 μM), 
respectively. Data were normalized to total protein content using a BCA 
assay. ECAR in mpH/min/prot and OCR is reported in pmol/min/ug 
prot. 

2.12. Evaluation of autophagic cells 

Cells were transfected with mRFP-GFP-LC3B (HanHeng, China) with 
MOI 300 for 8 h in the light of the manufacturer’s protocol, and then the 
media were exchanged for fresh complete media, cultured for additional 
40 h. Cells were cultured under normoxia or hypoxia (3%) for 24 h and 
imaged using confocal fluorescence microscopy. The number of GFP and 
RFP dots was identified by manual counting of fluorescence puncta. 

2.13. Transmission electron microscope imaging 

Electron microscopy was employed to morphologically observe 
autophagy and mitochondria. Cells were collected and fixed with 2.5% 
ice-cold glutaraldehyde and post fixed in 1% osmium tetroxide for 2 h at 
4 ◦C. After dehydration in a series of ethanol gradients, the cells were 
embedded in epoxy resin and polymerized at 60 ◦C, cut into 50 nm 
sections and further stained with 3% uranyl acetate and lead citrate. Six 
random fields of each sample were observed under a transmission 
electron microscope (TEM) (JEM1400 plus, Japan). 

2.14. Statistical analysis 

Data in the study are expressed as the mean ± standard deviation. 
The Kolmogorov-Smirnov and Levene tests were used to investigate 
normal distribution and homogeneity of variance, respectively. Stu-
dent’s t-test was performed to analyze differences between two groups, 
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and one-way ANOVA or two-way ANOVA was used to analyze inter-
group differences with a Bonferroni multiple comparison post-test. 
Statistical analyses were performed using the SPSS 26.0 software. A P 
value < 0.05 was considered to be statistically significant. Experiment 
data represent at least three independent experiments. 

3. Results 

3.1. Hypoxia (3%) promoted proliferation, migration, invasion and 
collagen synthesis and inhibited apoptosis 

Hypoxia is a common phenomenon in a series of solid tumors, and it 
can significantly affect the tumor microenvironment. To explore the 
effect of hypoxia on cell characteristics, including proliferation, migra-
tion, invasion and apoptosis, we first determined the optimal O2 level 

using a proliferation assay. The findings indicated that the 3% O2 level 
had a more proliferative effect than other oxygen concentrations 
(Fig. 1A). Accordingly, the 3% O2 level was adopted in the following 
experiments. When KFB and NFB were cultured at 3% and 21% oxygen 
concentrations for 24, 48 and 72 h, KFB exhibited higher proliferation 
rate than NFB both under normoxia and hypoxia. Hypoxia (3%) pre-
sented an obvious proliferative effect compared to normoxia (Fig. 1B). 
Migration and invasion are critical properties of tumors. Hence, we 
investigated the migration and invasion feature of KFB under hypoxia. 
The results suggested that hypoxia (3%) promoted migration (Fig. 1C) 
and invasion (Fig. 1D). In normoxic conditions, KFB presented decreased 
apoptosis compared to NFB, and hypoxia inhibited apoptosis in KFB and 
NFB (Fig. 1E). At the same time, western blotting showed that caspase-3 
and caspase-9 expression was markedly decreased in KFB cultured under 
hypoxia for 48 h (Fig. 1F). Keloids are characterized by excessive 

Fig. 1. The effect of hypoxia (3%) on proliferation, 
migration, invasion, apoptosis and collagen synthesis 
in KFB and NFB. (A) Hypoxic conditions promote 
proliferation in KFB. KFB were exposure to different 
oxygen levels (1%, 2%, 3%, 4%, 5% and 21% O2) for 
48 h in a hypoxia chamber. Cells numbers were 
counted under microscopy. Data are presented as 
Mean ± S.D.(n = 6). **P < 0.01, ***P < 0.001 versus 
21%. (B) Hypoxia (3%) promotes proliferation in KFB 
and NFB. KFB and NFB were conditioned at 3% and 
21% oxygen concentrations for 24, 48 and 72 h. Ef-
fect of hypoxia on proliferation in KFB and NFB was 
assessed by cell counting using microscopy. Hypoxia 
(3%) enhanced migration (C) and invasion (D) in KFB 
and NFB, as explored by transwell assays. (E) Hypoxia 
(3%) inhibited apoptosis in KFB and NFB demon-
strated by flow cytometric analyses. (F) Decreased 
mitochondrial apoptosis pathways including BCL-2, 
BAX, Caspase-3 and Caspase-9 were detected using 
western blotting. Hypoxia (3%) enhanced mRNA (G) 
and protein (H) levels of collagens production in KFB 
and NFB. Data are presented as Mean ± S.D.(n = 6). 
#P < 0.05, ##P < 0.01, ###P < 0.001 versus NFB 
under normoxia. *P < 0.05, **P < 0.01, ***P < 0.001 
versus represent NFB or KFB in hypoxia versus that 
under normoxic conditions.   
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deposition of the extracellular matrix. Collagen I and collagen III 
expression in KFB and NFB was analyzed by qRT-PCR and western 
blotting. The results showed they were significantly upregulated under 
hypoxia (Fig. 1G and H). 

3.2. Elevated levels of ROS and mitoROS under hypoxic conditions 

Redox balance is crucial to cell physiology and hypoxia can impair 
redox homeostasis. While ROS biology under hypoxia has been studied 
extensively, it remains inconsistent whether ROS levels decrease or in-
crease at prolonged low oxygen. In the present study, we investigated 
ROS levels in KFB and NFB under hypoxia (3%). When cells were 
cultured in normoxia, ROS (Fig. 2A) and mitoROS (Fig. 2B) levels in KFB 
were higher than that in NFB. Moreover, their generations were 
enhanced under hypoxia. To elucidate the regulatory mechanism of ROS 
under hypoxia, NOX activity and the activity of antioxidant enzymes 
were investigated. Interestingly, NOX (Fig. 2C), SOD (Fig. 2D), and GSH- 
Px (Fig. 2E) activities were enhanced under hypoxia. 

3.3. Glucose intake and lactate production increased in the context of 3% 
O2 

Our previous study suggested that keloids underwent metabolic 
reprogramming of aerobic glycolysis featuring enhanced glucose intake 
and lactate production under normoxic conditions. However, glucose 
consumption and lactate accumulation in KFB have not been 

investigated under hypoxia before. In the study, KFB and NFB were 
incubated in hypoxia (3%) or normoxia for 24 h, glucose consumption 
(Fig. 3A) and lactate accumulation (Fig. 3B) under hypoxia were 
remarkedly higher than in the context of normoxia. Moreover, hypoxia 
significantly increased HK (Fig. 3C) and LDH (Fig. 3D) activities. 
Additionally, the mRNA level (Fig. 3E and F) and protein expression 
(Fig. 3G–I) of GLUT1 and LDHA under hypoxia were more elevated than 
that under normoxia. Furthermore, LDHA activity in hypoxia increased 
compared to that under normoxic conditions. 

3.4. Hypoxia (3%) enhanced mRNA expression, protein level and 
activities of glycolytic enzymes 

Our previous work showed that cellular metabolism in keloids is 
markedly different from that of normal skin. KFB have increased rates of 
glycolysis under normoxic conditions. However, the metabolic pheno-
type of KFB in hypoxia remains to be elucidated. To evaluate glycolysis 
of KFB under low oxygen conditions, the mRNA expression, protein level 
and activities of key glycolytic enzymes including PGK1, ENO1, PKM2, 
PFKFB3 and HK2 were investigated. The mRNA levels (Fig. 4A–E) of 
glycolytic enzymes in KFB increased when cells were cultured in hyp-
oxia for 12 h. In addition, hypoxia for 24 h did potentiated protein 
expression (Fig. 4G–K) and activity (Fig. 4L–O). In brief, KFB augmented 
glycolysis to adapt to the hypoxic microenvironment. 

Fig. 2. Redox balance under hypoxia (3%) in KFB 
and NFB. Flow cytometry for the detection of ROS 
intensity (A) and mitoROS intensity (B) in KFB and 
NFB. Hypoxia (3%) enhanced production of ROS and 
mitoROS in KFB and NFB. NOX (C), SOD (D) and 
GSH-Px (E) activities were evaluated. Hypoxia 
significantly increased the above enzymes activities. 
Data are presented as Mean ± S.D.(n = 6). #P < 0.05, 
##P < 0.01, ###P < 0.001 versus NFB under nor-
moxia. *P < 0.05, **P < 0.01, ***P < 0.001 versus 
represent NFB or KFB in hypoxia versus that under 
normoxic conditions.   
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3.5. Alteration of mitochondrial functions and ultrastructure under 
hypoxia 

Mitochondria are crucial for energy metabolism and apoptosis 
regulation. Mitochondria in keloids undergo specific alterations to sur-
vive and grow under hypoxic conditions. Hypoxia can significantly 
affect mitochondrial biogenesis and membrane potential. In this study, 
the mitochondrial mass increased after hypoxia for 48 h, investigated by 
a mitochondrial green explorer (Fig. 5A). Hence, KFB can provide more 
ATP by augmenting mitochondrial biogenesis even in at low oxygen 
levels. Membrane potential reflects the health state of mitochondria. 
Mitochondrial membrane potential decreased at an early period of 
apoptosis. We observed that membrane potential increased in KFB and 
NFB after hypoxic culture for 24 h (Fig. 5B), which can protect cells from 
apoptosis. Mitochondrial complexes I-Ⅳ are indispensable for cellular 
respiration. Moreover, dysfunctions of complex I-III are responsible for 
mitoROS production. The activities of complexes I-Ⅳ were investigated 
in this study (Fig. 5C). Complexes activities in KFB decreased compare to 
that in NFB in normoxic condition. Furthermore, complex activities in 
KFB and NFB were compromised under hypoxia. Mitochondrial ultra-
structure is intimately linked to cellular bioenergetic status. Finally, we 
observed mitochondrial morphology using transmission electron mi-
croscopy (TEM). In normoxic conditions, mitochondria in NFB pre-
sented bilayer membrane ultrastructure and wrinkled cristae (Fig. 5D). 
However, KFB feature swollen mitochondria, cristae effacement and 
vacuolization. When NFB and KFB were incubated in hypoxia, we 

observed increased mitochondrial damage in KFB (Fig. 5D). 

3.6. Hypoxia (3%) increased ECAR and attenuated OCR 

Glycolysis and oxidative phosphorylation are the two major sources 
of energy in the cell. The XF instrument can directly monitor the 
extracellular acidification rate (ECAR) and the oxygen consumption rate 
(OCR) in real time. The seahorse XFp glycolysis stress test was carried 
out to assess glycolysis by the continuous adjunction of glucose, oligo-
mycin and 2-DG. KFB exhibited higher key parameters of glycolytic flux 
than NFB: glycolysis, glycolytic capacity, glycolytic reserve, and non-
glycolytic acidification in normoxic condition when compared to NFB 
(Fig. 6A and B). Furthermore, KFB and NFB presented enhanced non-
glycolytic acidification (Fig. 6C), glycolysis (Fig. 6D) and glycolytic 
capacity (Fig. 6E), and decreased glycolytic reserve in hypoxia (Fig. 6F). 

A seahorse XFp cell mito stress test kit was performed to evaluate 
important parameters of oxidative phosphorylation by the consecutive 
addition of oligomycin, FCCP, and rotenone/antimycin A. Under nor-
moxic conditions, KFB demonstrated attenuated ATP production, 
maximal respiration, spare respiratory capacity, nonmitochondrial 
respiration and coupling efficiency compared with NFB (Fig. 6G and H). 
Meanwhile, H+ (Proton) leakage in KFB was higher than in NFB. When 
cells were cultured in hypoxia, H+ leakage in KFB and NFB increased 
(Fig. 6N). However, other key parameters of OCR were hindered by 
hypoxia (Fig. 6I-M). Furthermore, the ratio of OCR/ECAR significantly 
decreased in KFs in normoxia (Fig. 6P), indicating a metabolic shift to 

Fig. 3. Glucose consumption and lactate production in KFB and NFB increased under hypoxia (3%) compared with normoxia. (A) Glucose consumption. (B) Lactate 
production. (C) HK activity. (D) LDH activity. The mRNA (E–F) and protein (G–I) levels of GLUT1 and LDHA were determined. Data are presented as Mean ± S.D. (n 
= 6). #P < 0.05, ##P < 0.01, ###P < 0.001 versus NFB under normoxia. *P < 0.05, **P < 0.01, ***P < 0.001 versus represent NFB or KFB in hypoxia versus that 
under normoxic conditions. 
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aerobic glycolysis. In addition, hypoxia suppressed OCR/ECAR in KFB 
and NFB, suggesting that cells undergo metabolic programming in 
hypoxia. 

3.7. Autophagy was enhanced under hypoxic conditions 

Cells were cultured under hypoxia or normoxia for 24 h. Western blot 
analysis showed increased LC3-II/β-actin level and decreased p62 pro-
tein level in KFB compared to NFB under normoxia (Fig. 7A–C). In 
addition, hypoxia promoted LC3-II/β-actin levels and attenuated p62 
levels in KFB and NFB (Fig. 7A–C). To further observe autophagy flux, 
cells were treated with tandem fluorescent mRFP-GFP-LC3. KFB 
exhibited more autophagosomes and autolysosomes than NFB in normal 
oxygen. After hypoxia exposure for 24 h, autophagosomes and autoly-
sosomes significantly increased (Fig. 7D and E). ETM was also performed 
to morphologically observe the induction of autophagy in cells. Both 

autophagosomes and autolysosomes markedly accumulated in cells after 
exposure to hypoxia (Fig. 7F). 

3.8. HIF1α and PI3K-AKT pathway was upregulated under hypoxia (3%) 

HIF1α regulates the expression of genes related to metabolism and 
adapts cells to the hypoxic microenvironment. The ubiquitous PI3K-AKT 
signaling pathway has diverse downstream effects on cellular meta-
bolism via either direct regulation of metabolic enzymes and nutrient 
transporters or the control of transcription factors involved in the 
regulation of metabolic pathways. In this study, the effect of hypoxia on 
the regulation of HIF1α and PI3K-AKT pathway was investigated by 
Western blot analysis. Western blotting did not detect the expression of 
HIF1α in cells under normoxia. However, hypoxia remarkedly increased 
the HIF1α expression (Fig. 8A and B). What’s more, the expression level 
in KFB was more notable than that in NFB in the context of hypoxia. In 

Fig. 4. Evaluation of mRNA expression, protein level and activities of glycolytic enzymes under hypoxia (3%) in KFB and NFB. (A–E) The mRNA levels of glycolytic 
enzymes were investigated by RT-PCR. mRNA was collected after cells culture for 12 h under hypoxia (3%) or normoxia. (F–K) The protein levels of glycolytic 
enzymes were determined by western blotting. Proteins were collected after cells incubation for 24 h under hypoxia (3%) or normoxia. (L–O) Activities of glycolytic 
enzymes were investigated using glycolytic enzyme activities kits. The evaluations were performed after cells incubation for 24 h under hypoxia (3%) or normoxia. 
Data are presented as Mean ± S.D. (n = 6). #P < 0.05, ##P < 0.01, ###P < 0.001 versus NFB under normoxia. *P < 0.05, **P < 0.01, ***P < 0.001 versus represent 
NFB or KFB in hypoxia versus that under normoxic conditions. 
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normoxic condition, there was no significant difference in the total 
levels of PI3K (Fig. 8C) and AKT (Fig. 8E) in KFB and NFB, while the 
phosphorylation levels of PI3K (Fig. 8D) and AKT (Fig. 8F) in KFB were 
enhanced compared with those of NFB. Additionally, hypoxia had no 
effect on the total levels of PI3K and AKT in either KFB or NFB. However, 
low oxygen levels promoted the phosphorylation levels of PI3K and AKT 
in both types of fibroblasts. Hence, hypoxia may mediate metabolism 
though the PI3K-AKT pathway. 

4. Discussion 

Our previous study demonstrated augmented glycolysis and 
impaired mitochondrial function in KFB. Additionally, mounting studies 
have shown that hypoxia is related to poor prognosis in patients with 
tumors and contributes to therapy resistance. However, the metabolic 
phenotype of KFB under hypoxia and the potential mechanism are 
poorly documented. In the present study, we evaluated glycolysis, 

mitochondrial function and morphology as well as the involvement of 
HIF1α and the PI3K/AKT signaling pathway in KFB at hypoxic condi-
tions. Additionally, redox homeostasis and autophagy under hypoxia 
were also investigated. 

Rapid proliferation and insufficient blood supply of solid tumors lead 
to diminished oxygen availability. Hypoxia significantly contributes to 
the cellular expression program and thereby promotes proliferation and 
regulates apoptosis. In this study, we first determined a 3% O2 level as 
the optimal O2 concentration using proliferation assay and the 3% O2 
level was adopted in the following assays. The proliferation rate of KFB 
was higher than that of NFB in normoxia. What’s more, we observed that 
hypoxia can promote the proliferation of KFB and NFB. The proliferative 
effect of hypoxia on fibroblasts was also observed in other types of fi-
broblasts derived from lung [26] and artery [27]. Although studies on 
the effect of hypoxia on apoptosis in keloids have been conducted, 
conflicting results have been reported. Ladin et al. reported that hypoxic 
condition (≤2% oxygen) selectively induced apoptosis in keloid 

Fig. 5. Mitochondrial mass, membrane potential, 
mitochondrial complex activities and morphology in 
KFB and NFB under hypoxia (3%). (A) Hypoxia (3%) 
augmented mitochondrial mass in KFB and NFB after 
incubation for 48 h, determined with mitochondrial 
green explorer. (B) Mitochondrial membrane poten-
tial increased under hypoxia (3%) for 24 h, measured 
by flow cytometry. (C)Mitochondrial complex activ-
ities were inhibited after conditioned at 3% O2 level 
for 24 h. (D) Mitochondrial ultrastructure is analyzed 
by TEM. Data are presented as Mean ± S.D. (n = 6). 
#P < 0.05, ##P < 0.01, ###P < 0.001 versus NFB 
under normoxia. *P < 0.05, **P < 0.01, ***P < 0.001 
versus represent NFB or KFB in hypoxia versus that 
under normoxic conditions. (For interpretation of the 
references to colour in this figure legend, the reader is 
referred to the Web version of this article.)   
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fibroblasts when compared with normal adult fibroblasts [28]. Lei and 
his colleagues found that the apoptotic number of keloid fibroblasts was 
stimulated by hypoxia (1%) but not significantly increased [29]. In our 
study, hypoxia (3%) inhibited apoptosis in KFB and NFB. To clarify the 
potential apoptosis mechanism of KFB in hypoxia, we evaluated the 
mitochondrial apoptosis pathway. Interestingly, decreased protein 
levels of BAX, caspase-3 and caspase-9 as well as potentiated BCL-2 
expression were observed in hypoxia. It is postulated that the varia-
tion in oxygen levels may be responsible for the different effects of 
hypoxia on apoptosis. Extremely low oxygen promotes apoptosis but 
appropriate hypoxia inhibits cellular apoptosis and contributes to 

survival. 
Redox homeostasis is essential for maintaining physiological func-

tions, while redox imbalance is viewed as a potentially oxidant damage 
and contributes to the pathological process. But it remains controversial 
whether hypoxia promotes or inhibits ROS generation. In the study, we 
evaluated ROS and mitoROS production in KFB and NFB at normoxic or 
hypoxic conditions. Several studies reported elevated ROS levels in ke-
loids, indicating the increased oxidative stress. In line with previous 
studies, increased ROS was detected in KFB compared to NFB under 
normoxia. A report by Vincent [12] showed decreased ROS in keloids. 
The inconsistent results showed that KFB underwent regulation of 

Fig. 6. Hypoxia (3%) promoted glycolytic activity 
and impaired mitochondrial function in KFB and NFB. 
Representative glycolytic stress tests were performed 
for NFB (A) and KFB (B) using a Seahorse Bioscience 
XF96 Extracellular Flux Analyzer. KFB and NFB 
cultured in the context of 3% O2 showed increased 
non-glycolytic acidification (C), glycolysis (D), 
glycolytic capacity (E) and glycolytic reserve (F). 
Representative mitochondrial stress tests were con-
ducted for NFB (G) and KFB (H). Hypoxia (3%) 
inhibited non-mitochondrial oxygen consumption (I), 
basal respiration (J), maximal respiration (K), spare 
respiratory capacity (L), ATP production (M), 
coupling efficiency (O), and increased proton leak 
(N). (P) OCR/ECAR ratio. (Q) Metabolic phenotype. 
Data are presented as Mean ± S.D. (n = 6). #P < 0.05, 
##P < 0.01, ###P < 0.001 versus NFB under nor-
moxia. *P < 0.05, **P < 0.01, ***P < 0.001 versus 
represent NFB or KFB in hypoxia versus that under 
normoxic conditions.   
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oxidative stress, which was a complex balancing process. Increased 
mitoROS was also observed in KFB under normoxia, suggesting that 
more impaired mitochondria exist in keloids and electrons escape from 
the electron transport chain (ETC). When cells suffer from reduced O2 
availability, electrons escape from the ETC at an elevated rate and 
interact with O2 prior to complex IV, resulting in superoxide anion 
radicals (O2 •-). Furthermore, to maintain redox homeostasis under 
hypoxic condition, antioxidant activities increased. A growing body of 
data revealed that ROS level increased in cells exposed to hypoxia [30, 
31], while other researchers detected the opposite result. For instance, 
Sgarbi et al. found decreased ROS levels in skin human fibroblasts and 
osteosarcoma 143 B cells exposed to hypoxia (0.5% O2) [32]. Oxygen 
levels account for the conflicting results. O2 serves as substrate in the 
formation of superoxide anion radicals. Hence, an extremely low oxygen 
level (0.5% O2) would not augment ROS generation. 

Previous works [14,15] suggested altered metabolism in keloids and 

KFB, but the metabolic status of KFB under hypoxia remains to be 
investigated. In the present study, we explored the glycolysis and 
mitochondrial function of KFB in hypoxic condition. Annette et al. [12] 
reported KFB presented similar bioenergetics to cancer cells with ATP 
generation primarily from glycolysis as demonstrated by enhanced 
lactate production. Our results showed increased glucose intake and 
lactate production in KFB compared to NFB under normoxia. Addi-
tionally, when cells were treated with hypoxia, enhanced glucose con-
sumption and lactate accumulation were observed in KFB and NFB. 
GLUT1 and LDHA expression at mRNA and protein levels also increased. 
HK2, PFKFB3, PGK1, ENO1 and PKM2 are crucial enzymes in glycolysis 
and their upregulation is tightly related to the proliferation, invasion 
and apoptosis of cancer cells [33,34]. In the study, we assessed the 
mRNA and protein expressions as well as enzyme activities of the above 
enzymes in KFB and NFB under hypoxic condition. Interestingly, we 
found that hypoxia exerted a positive effect on the expression and 

Fig. 7. Hypoxia (3%) induced autophagy in KFB and 
NFB. Western blotting (A) and quantification analysis 
(B–C) of LC3 and p62 performed after cells were 
conditioned at 3% O2 for 24 h. β-actin was used as an 
internal standard for protein loading. (D–E) Confocal 
microscopy was employed to observe the formation of 
autophagosomes and autolysosomes through trans-
fecting with fluorescent mRFP-GFP-LC3. (F) Electron 
microscopy revealed an increased number of auto-
phagic vacuoles in KFB and NFB after incubated 
under hypoxia (3%) for 24 h compared with nor-
moxia. Data are presented as Mean ± S.D. (n = 6). #P 
< 0.05, ##P < 0.01, ###P < 0.001 versus NFB under 
normoxia. *P < 0.05, **P < 0.01, ***P < 0.001 
versus represent NFB or KFB in hypoxia versus that 
under normoxic conditions.   

Fig. 8. HIF-1α and the PI3K-AKT pathway were 
upregulated in KFB and NFB under hypoxia (3%). 
Hypoxia (3%) for 24 h promoted upregulation of HIF- 
1α protein level analyzed by Western blot (A–B). 
(C–F) The protein levels of PI3K-AKT pathway were 
evaluated by western blotting after cells were 
cultured under hypoxia (3%) for 24 h. Hypoxia pro-
moted the phosphorylation levels of PI3K and AKT. 
Data are presented as Mean ± S.D. (n = 6). #P < 0.05, 
##P < 0.01, ###P < 0.001 versus NFB under nor-
moxia. *P < 0.05, **P < 0.01, ***P < 0.001 versus 
represent NFB or KFB in hypoxia versus that under 
normoxic conditions.   
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activity of the investigated enzymes. Although glycolysis is considered a 
less efficient way to provide energy than oxidative phosphorylation, the 
enhanced glycolysis induced by hypoxia can rapidly provide ATP and 
mass intermediates for cell proliferation. Extensive studies have sug-
gested the augmented expression of glycolytic enzymes induced by 
hypoxia leads to changes in malignant tumor metabolism and contrib-
utes to the proliferation, survival, EMT, invasion, apoptosis and angio-
genesis of cancer cells [33–35]. 

Mitochondria in cancer cells are structurally and functionally 
distinguished from those in normal cells and participate actively in 
metabolic reprogramming. Hypoxia triggers specific mechanisms to 
adapt cells to a low O2 microenvironment. In response to hypoxia, 
mitochondria undergo changes in number, fractures and functions, and 
adjust their metabolism. In the present study, we assessed mitochondrial 
mass and membrane potential in KFB and NFB under hypoxia. Strik-
ingly, we detected an increase in mitochondrial mass and membrane 
potential. Traditionally, it is generally accepted that hypoxia reduces 
mitochondrial mass in that cancer cells resort to glycolysis instead of 
oxidative phosphorylation for ATP generation in hypoxic conditions 
[36]. A decrease in mitochondrial membrane potential indicates cells in 
the early stage of apoptosis. In our study, the elevated membrane po-
tential suggested that cells were protected against apoptosis. Addition-
ally, we observed increased abnormal mitochondria in KFB under 
normoxia. The impaired mitochondria exhibited swelling, vacuoliza-
tion, and cristae degeneration under TEM. Abnormalities of mitochon-
drial morphology are tightly related to mitochondrial dysfunctions. 
Accordingly, the increase in mitochondrial mass and membrane poten-
tial serves as a response to decreased mitochondrial activities. The 
electron transport chain (ETC) is mainly comprised of mitochondrial 
complexes I-Ⅳ that can obviously affect the OXPHOS level and ROS 
production [37]. In this study, we investigated the activities of mito-
chondrial complexes I-Ⅳ in KFB and NFB. We found that their activities 
decreased in KFB compared with NFB under normoxia. Furthermore, 
activities of mitochondrial complexes were attenuated when cells were 
incubated in hypoxic condition. The healthy condition of mitochondrial 
complexes is closely related to ROS generation. Hence, ROS production 
increased in response to the impaired mitochondrial complexes caused 
by hypoxia. 

Glycolysis and oxidative phosphorylation are the two major path-
ways for energy production in the cell. A majority of cells can switch 
between these two pathways, thereby adapting to changes in their 
environment [38]. To profoundly understand the effect of hypoxia on 
glycolysis and oxidative phosphorylation in KFB, we evaluated ECAR 
and OCR with a Seahorse XFp Real-time Extracellular Flux Analyzer in 
real time. In normoxic condition when compared to NFB, KFB exhibited 
higher key parameters of glycolytic flux: glycolysis, glycolytic capacity, 
glycolytic reserve, and nonglycolytic acidification and attenuated 
important parameters of mitochondrial functions including ATP pro-
duction, maximal respiration, spare respiratory capacity, non-
mitochondrial respiration and coupling efficiency. Furthermore, the 
ratio of OCR/ECAR significantly decreased in KFB in normoxia, indi-
cating the metabolic shift to aerobic glycolysis. When treated with 
hypoxia, KFB and NFB presented enhanced glycolysis, glycolytic ca-
pacity and nonglycolytic acidification, and decreased glycolytic reserve. 
Additionally, H+ leak in mitochondria increased, while other key pa-
rameters of OCR were hindered by hypoxia. In addition, hypoxia sup-
pressed OCR/ECAR in KFB and NFB, suggesting that cells undergo 
metabolic programming in hypoxia. These results collectively indicate 
that hypoxia elevates glycolysis and compromises mitochondrial func-
tions in KFB. Moreover, apart from certain parameters such as glycolytic 
capacity and basal respiration with a extremely high or low baseline, 
KFB response to hypoxia more actively than NFB in term of most 
metabolic parameters. 

Autophagy is crucial for maintaining cell homeostasis and survival in 
response to various stressful conditions [39]. The generated decompo-
sition products are inputs to cellular metabolism, through which they 

are utilized to generate energy. In addition, metabolism can reversely 
regulate autophagy. Qian et al. reported that the protein kinase activity 
of the glycolytic enzyme PGK1 regulates autophagy to promote tumor-
igenesis [40]. In the present study, we investigated the autophagy level 
in KFB and NFB. In the presence of normal oxygen, the LC3 II level in 
KFB is higher than that in NFB, indicating increased autophagy. What’s 
more, increased autophagosomes and autolysosomes were observed in 
KFB, investigated by confocal microscopy and electron microscopy. 
Collectively, the autophagy in KFB was higher than that in NFB under 
normoxia. In the context of limited oxygen (3%), KFB and NFB exhibited 
enhanced LC3 II expression, and increased autophagosomes and auto-
lysosomes, which suggested that hypoxia exerted a positive role in 
autophagy. 

Finally, we explored the potential mechanism by which hypoxia 
regulates energy metabolism. HIF1α plays a central role in cellular 
metabolism in response to hypoxia [41]. The PI3K/AKT pathway is 
upregulated in hypoxia and the signaling network has diverse down-
stream effects on cellular metabolism through either the control of 
nutrient transporters and metabolic enzymes or the regulation of key 
components of metabolic pathways [42]. Consequently, we determined 
the levels of HIF1α and the PI3K/AKT pathway in KFB under hypoxia. In 
line with previous studies [43,44], we detected that HIF1α expression 
and the phosphorylation of PI3K/AKT were enhanced by hypoxia. In our 
further study, we will investigate whether the regulation of HIF1α and 
the PI3K/AKT pathway can alter metabolism in KFB under hypoxia. 

Cell functions are remarkedly regulated by metabolic programming. 
Glycolysis is closely related to the development and growth of cancers. 
Amparo et al. reported that aerobic glycolysis can be enhanced by HK2 
and promotes tumor growth in human glioblastoma multiforme [45]. 
Sun and his colleagues found that oxidized ATM-mediated glycolysis 
enhancement in breast cancer-associated fibroblasts contributes to 
tumor invasion [46]. Studies on cancer treatments by glycolytic regu-
lation are widely reported. Our preliminary work showed that the 
glycolytic inhibitor, 2-deoxyglucose (2-DG), suppressed the prolifera-
tion of KFB in a dose-dependent and time-dependent manner [14]. A 
study by Professor Li suggested that blocking glycolysis by targeting 
PFKFB3 inhibits tumor growth and metastasis in head and neck squa-
mous cell carcinoma [47]. Mass efforts have focused on therapeutic 
targeting of glycolysis, while drugging OXPHOS has remained largely 
unexplored. Mitochondria are regarded as important pharmacological 
targets because of their key role in cellular proliferation and apoptosis. 
Treatment with IACS-010759, an inhibitor of complex I, robustly 
inhibited proliferation and induced apoptosis in models of brain cancer 
and acute myeloid leukemia (AML) reliant on OXPHOS [48]. Addi-
tionally, Hirpara et al. reported that an OXPHOS inhibitor, OPB-51602, 
exerted potent antitumorigenic effects and highlighted the potential of 
OXPHOS targeting strategies in therapy-resistant oncogene-addicted 
tumors [49]. Hence, targeting glycolysis or OXPHOS to regulating 
metabolism may be a potential therapy for keloid treatments. 

We are aware that the lack of a keloid animal model limits our un-
derstanding of the impact of hypoxia on metabolism in vivo. Further-
more, the absence of strict matching for body sites may be a factor that 
affects cell phenotype. It remains to be clarified in future studies 
whether metabolism modulators are efficient in regulating KFB prolif-
eration, apoptosis and ECM deposition. This needs further investigation. 

In summary, we demonstrated enhanced glycolysis and compro-
mised mitochondrial functions under hypoxia and that the HIF1α and 
PI3K/AKT pathways are implicated in regulating metabolism. Although 
ROS generation increased, cells remained in redox homeostasis under 
hypoxia (3%). Additionally, autophagy was increased by hypoxia. Our 
findings improve the current understanding of the pathological mech-
anism in keloids. Strategies targeting metabolic programming triggered 
by hypoxia appear to be promising in the development of novel and 
effective keloid therapeutics. 
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