
Contents lists available at ScienceDirect

Redox Biology

journal homepage: www.elsevier.com/locate/redox

Research Paper

Efficacy of 5-aminolevulinic acid–based photodynamic therapy against
keloid compromised by downregulation of SIRT1-SIRT3-SOD2-mROS
dependent autophagy pathway
Tao Liu1, Xiaorong Ma1, Tianxiang Ouyang⁎, Huiping Chen, Yan Xiao, Yingying Huang, Jun Liu,
Miao Xu
Department of Plastic and Reconstructive Surgery, Xinhua Hospital, School of Medicine, Shanghai Jiao Tong University, People’s Republic of China

A R T I C L E I N F O

Keywords:
Keloid
5-aminolevulinic acid
SIRT1
SIRT3
Autophagy

A B S T R A C T

Keloids exhibit cancer-like properties without spontaneous regression and usually recur post excision. Although
photodynamic therapy (PDT) is a promising treatment, details of the mechanisms remain to be elucidated. In this
study, we investigated mechanisms involved in 5-Aminolevulinic Acid (5-ALA)–based PDT against keloid. Found
that 5-ALA-PDT induced superoxide anion-dependent autophagic cell death. Application of autophagy inhibitor
3-Methyladenine (3-MA) significantly prevented the effect that 5-ALA-PDT induced keloid–derived fibroblasts
death, but Z-VAK-FMK (apoptotic inhibitor) did not. Interestingly, 5-ALA-PDT promoted the SIRT3 protein
expression and the activity of mitochondrial superoxide dismutase 2 (SOD2), but SIRT1 protein expression level
was decreased. SOD2 as a key enzyme can decrease mitochondrial ROS (mROS) level, Deacetylation of SOD2 by
SIRT3 regulates SOD2 enzymatic activity has been identified. Then we explored SOD2 acetylation level with
immunoprecipitation, found that 5-ALA-PDT significantly increased the acetylation levels of SOD2. In order to
confirm deacetylation of SOD2 regulated by SIRT3, 3-TYP (SIRT3 inhibitor) was used. Found that inhibition of
SIRT3 by 3-TYP significantly increased the level of SOD2 acetylation level compared with control group or 5-
ALA-PDT group. To explore the connection of SIRT1 and SIRT3, cells were treated with EX527(SIRT1 inhibitor)
or SRT1720 (SIRT1 activator), and EX527 increased SIRT3 protein level, however, SRT1720 displayed the op-
posite effect in the present or absence of 5-ALA-PDT. Moreover SIRT1-inhibited cells are more resistant to 5-ALA-
PDT and showing decreased ROS accumulation. These results may demonstrate that 5-ALA-PDT induced SIRT1
protein level decreased, which promoted the effect of SIRT3 increased activity of SOD2 that can reduce mROS
level, and then compromised 5-ALA-PDT induced autophagic cell death.

1. Introduction

Keloids are pathological scars characterized by an excessive pro-
liferation of fibroblasts, abnormal deposition of collagen fibers, and
inflammation, which exhibit cancer-like properties without sponta-
neous regression and usually recur post excision [1,2]. There are many
forms of treatment for keloid, concerns regarding their low efficacy,
side effects, and high risk of palindromia are frustrating challenges for
surgeons. Hence, the search for safer and more effective therapies for
keloid seems to be required urgently.

In recent years, PDT, an effective therapeutic approach with great
spatiotemporal accuracy and minimal invasiveness, has aroused tre-
mendous interests in keloid therapy [3,4]. The therapeutic procedure
consists of three essential elements: a photosensitizer (5-ALA), laser
irradiation, and production of reactive oxygen species (ROS). 5-ALA, a
precursor of heme biosynthesis, when permeated in mitochondria,
could be enzymatically converted into protoporphyrin IX, which in turn
interacts with laser to produce ROS that ultimately trigger cell death
[5]. 5-ALA-derived protoporphyrin IX exhibits rapid clearance from
tissues [6]. Besides, phototoxicity was not displayed in cells treated
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with 5-ALA in the absence of irradiation [7]. Thus, the side effects of 5-
ALA-PDT on normal tissues may be avoided with topical 5-ALA ad-
ministration and well-directed laser irradiation.

Many studies have investigated the mechanisms Involved in 5-ALA-
PDT, but these findings almost highlight the role of apoptosis in 5-ALA-
PDT [4,7]. However, our previous assays demonstrated that apoptotic
inhibitor did not prevent 5-ALA-PDT induced cells death. Herein the
molecular mechanisms involved in 5-ALA against keloid remain to be
elucidated. There is already growing evidence that excess autophagy
may induce mitochondrial loss, cellular energy depletion and cell death
[8,9]. However, whether autophagy-dependent cell death involved in
5-ALA-PDT against keloid remains unknown. Therefore, we first intend
to confirm the molecular mechanisms involved in 5-ALA-PDT induced
inhibitory effect on keloid.

It has been demonstrated that ROS generation can induce autop-
hagy [10]. More importantly, SIRT1 and SIRT3 can regulate mROS
homeostasis and autophagic flux [11,12]. Hence, we also focus on
SIRT1-SIRT3 pathway in response to 5-ALA-PDT against keloid.

2. Materials and methods

2.1. Primary culture of fibroblasts

This study was approved by the ethics committee of Shanghai Jiao
Tong University School of Medicine. Six keloid tissue specimens were
kindly provided by patients underwent surgery. The method for isola-
tion and culture of keloid–derived fibroblasts was performed as de-
scribed previously with minor modifications. Briefly, keloid samples
were dissected into 1-mm-long pieces, and then subjected to 0.25%
collagenase type I (Sigma-Aldrich) for 6 h before complete dissociation
by trituration with a narrowed Pasteur pipette. The filtered cells were
collected and cultured in Dulbecco's Modified Eagle Medium
(Invitrogen) containing 10% fetal bovine serum (Hyclone Laboratories,
Inc., Logan, Utah) at 37 °C in a humidified chamber with 5% carbon
dioxide and 21% oxygen. The medium was changed every 72 h. Cells
from passages 3 through 6 were used in the following experiments.

2.1.1. 5-ALA–derived protoporphyrin IX and photodynamic therapy
treatment

5-ALA was purchased from Sigma-Aldrich (St. Louis, Mo.). When
Keloid–derived fibroblasts reached 80–90% confluence, the medium
was replaced with a serum-free medium with various concentrations of
5-ALA for 6 h in the dark. Intracellular accumulation of 5- ALA–derived
protoporphyrin IX was observed by fluorescence microscopy (Leica
DMI3000; Leica Microsystems, Wetzlar, Germany). Keloid–derived fi-
broblasts were then washed with PBS and irradiated by 630-nm light
using a diode laser (Photoelectric Medical Instrument Factory, Guilin,
China) for 0.5 h. Finally, cells were incubated with fresh medium for
another 16 h.

2.2. Cytotoxicity assay

The cytotoxicity assay was determined with the Cell Counting Kit 8
(CCK-8) assay (CK04; Dojindo, Kumamoto, Japan). In short, ke-
loid–derived fibroblasts were seeded in 96-well culture plates (5×103

cells/well) and allowed to incubate for 24 h. Then cells were cultured
for another 12 h after treated with 5-ALA and/or photodynamic
therapy. The CCK-8 assay reagent (10 μl) was added to each well, and
the plates were incubated at 37 °C for 4 h. Absorbance was measured at
450 nm using a Multiskan Spectrum reader (Thermo Scientific,
Waltham, MA, USA).

2.3. Apoptosis detection

Cell apoptosis was determined by terminal deoxynucleotidyl trans-
ferase (TdT) nick-end labeling (TUNEL) assay. Keloid-derived

fribroblasts apoptosis was further confirmed by flow cytometric ana-
lyses using an annexin V–fluorescein isothiocyanate/propidium iodide
double staining kit (Becton, Dickinson & Co., Franklin Lakes, N.J.). Cell
populations were stained with a mixture of fluorescein iso-
thiocyanate–conjugated annexin V binding to membrane phosphati-
dylserine and propidium iodide binding to DNA as described pre-
viously. Briefly, cells were harvested, washed twice in ice cold
phosphate-buffered saline, and stained by 5 μl of annexinV–fluorescein
isothiocyanate and 5 μl of propidium iodide for 15min at room tem-
perature. Subsequently, quantitative analysis of apoptosis was per-
formed using a flow cytometer (Becton Dickinson).

2.4. Electron microscopy

To morphologically observe the induction of autophagy in 5-ALA-
PDT treated keloid–derived fibroblasts, electron microscopy was used.
Cells were washed thrice with phosphate-buffered saline and fixed with
ice-cold glutaraldehyde for 0.5 h at 4 °C. Then fixed in 1% osmium
tetroxide for 0.5 h at 4 °C and embedded in LX 122 before being cut and
stained with uranyl acetate/lead citrate. At last, observed using a
Hitachi-7500 electron microscope (Hitachi Instrument, Tokyo, Japan).

2.5. Evaluation of autophagic cells

Cells were transfected with tandem fluorescent mRFP-GFP-LC3B
(HanHeng, Shanghai, China) in a 60-mm cell culture dish for 4 h, ac-
cording to the manufacturer's instructions, then the media were ex-
changed for fresh complete media, cultured for additional 44 h. Cells
were treated with either control vehicle or 5-ALA-PDT 0.5 h, after 12 h,
imaged using a Zeiss confocal laser scanning microscope. The number
of GFP and RFP dots was determined by manual counting of fluores-
cence puncta.

2.6. Measurement of ROS

To assess mitochondrial-derived ROS, cells were incubated with
culture medium containing 10mM MitoSOX (Invitrogen, M36008) for
30min. The fluorescence intensity was measured with an Infinite™
M200 Microplate Reader at an excitation wavelength of 492 nm and an
emission wave length of 595 nm. Cellular fluorescence intensity is
displayed as the fold change relative to the control.

2.7. Measurement of SOD2 enzyme activity

SOD2 enzymatic activity was performed using a SOD Assay Kit with
WST-8 (Beyotime Company, S0103) according to the manufacturer's
instructions. SOD enzyme activity includes SOD1 and SOD2 enzyme
activity, so adding SOD1 inhibitor A and B to inhibit SOD1 activity. The
absorption at 450 nm was measured using an InfiniteTM M200
Microplate Reader.

2.8. Protein immunoblotting analysis

Equivalent amounts of protein (30 μg per lane) were loaded and
separated by 12% SDS-PAGE gels and transferred electrophoretically to
PVDF membranes. Following protein transfer to PVDF membranes, the
membranes were blocked and then incubated overnight at 4 °C with
specific primary antibodies as follows: SIRT1, HIF-1α, SIRT3, p62, LC3,
SOD2, TGF-β1, collagen-1, Smad-3 and β-actin were obtained from Cell
Signaling Technology, Inc. (Beverly, Mass.). The bands of proteins were
visualized using the ECL Plus system (GE Healthcare, Little Chalfont,
United Kingdom). Image J (Scion Corporation) was used to quantify the
optical density of each band.
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2.9. Real-time polymerase chain reaction

Total RNA was extracted from collected cells with Trizol reagent
(Takara Bio Inc., Shiga, Japan) according to manufacturer,s instruc-
tions. The quantity of extracted RNA was detected using the Nanodrop
2000 spectrophotometer (NanoDrop Products, Wilmington, Del.). High-
quality RNA was reverse transcribed to cDNA using a Prime Script RT
reagent Kit (Takara). The SIRT3 probes were (50-GACATTCGGGCTGA
CGTGAT-30) and (50-ACCACATGCAGCAAGAACC TC-30), the GAPDH
probes were (50- TGACAACAGCCTCAAGAT-30) and (50-GAGTCCTTC
CACGATACC-30). Polymerase chain reaction amplification was carried
out using SYBR Premix Ex Taq (Takara). Amplification and quantitative
polymerase chain reaction measurements were using the Applied
Biosystems 7500 Fast Real-Time PCR System (Applied Biosystems,
Foster City, Calif.). Relative quantifications and calculations were per-
formed using the comparative threshold cycle method (2−ΔΔCT).

2.10. Immunoprecipitation

Cells were treated with 5-ALA and photodynamic therapy, then
lysed with cell lysis buffer (Beyotime Company, P0013). Lysates were
clarified by centrifugation at 12,000 g for 10min and were used for
immunoprecipitation. A total of 2mg of antibody was incubated with

500–1000mg of protein overnight at 4℃. Next, protein A beads
(Beyotime Company, P2006) were added and the mixture was in-
cubated overnight at 4℃. The beads were washed 3 times, then solu-
bilized in 40ml 3xSDS sample buffer (Cell Signaling Technology,
7722), and analyzed by western blotting.

2.11. Statistical analysis

All values in this study were expressed as mean ± SEM from at
least three independent experiments. Statistical analysis was performed
using one-way analysis of variance followed by t-test to investigate
whether the differences were significant between the mean values of
different groups. Values of p < 0.05 were regarded as statistically
significant. All statistical analyses were performed using GraphPad
Prism-5 software.

3. Results

3.1. 5-ALA-PDT significantly reduces cell viability of keloid–derived
fibroblasts

The efficacy of photodynamic therapy, at least in part, depends on
the intracellular photosensitizer accumulation, which has been well-

Fig. 1. Accumulation of 5-ALA–derived protoporphyrin IX and the effects of 5-ALA alone or 5-ALA-PDT on cell viability of keloid–derived fibroblasts. (A)
Representative images of protoporphyrin IX accumulation (red) and nucleus location (blue) detected by fluorescence microscopy (original magnification, × 200), (a)
0 mM/ml; (b) 0.4mM/ml; (c) 0.8 mM/ml; (d) 1.2mM/ml; (e) 1.6mM/ml; (f) 2.0Mm/ml. (B) Quantification of fluorescence protoporphyrin IX fluorescence was
analyzed by LAS AF software (Leica). Cell viability measured by CCK-8 assay in the present of 5-ALA(C),or in the present of 5-ALA-PDT and expressed as
means ± SEM (*p < 0.05 and **p < 0.01 compared with control group).
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regarded as a prognostic factor of therapeutic outcomes in tumor tissues
[13–15]. Protoporphyrin IX fluorescence was observed by fluorescence
microscopy in keloid–derived fibroblasts incubated with 5-ALA con-
centrations ranging from 0 to 2.0Mm/ml for 4 h. As shown in Fig. 1A
and Fig. 1B, the intensity of protoporphyrin IX fluorescence enhanced
with increased 5-ALA doses in the range between 0 and 1mM/ml.
However, protoporphyrin IX fluorescence declined when 5-ALA doses
beyond 1mM/ml, which mainly due to 5-ALA can induce cell death
beyond 1mM/ml. And CCK-8 assay (Fig. 1C) displayed that 5-ALA has
no effect on cell viability ranging from 0 to 1Mm/ml, but high con-
centrations of 5-ALA can induce cell death.

According to preliminary 5-ALA fluorescence assay and a sizable
body of literature,12, 24–26 we identified the following optimizing
parameters: 5-ALA doses (1 Mm/ml), and a laser power density of 2 J/
cm2. Therefore, all subsequent experiments were performed under
these conditions. The exposure time is half an hour, and then cultured
for subsequent experiments. Fig. 1D shown that 5-ALA-PDT sig-
nificantly reduces cell viability of keloid–derived fibroblasts, after ex-
posure, cell viability gradually decreased over time.

3.2. 5-ALA-PDT enhanced autophagy of keloid–derived fibroblasts

Cells were treated with 5-ALA-PDT for 0.5 h. Next, the cells were

washed twice and cultured for another 12 h. Electron microscopy was
used to morphologically observe the induction of autophagy in ke-
loid–derived fibroblasts. As shown in Fig. 2A, both autophagosome and
autolysosome accumulate markedly in cells after treatment with 5-ALA-
PDT. AS the same time, western blot shown that LC3-II/β-actin level
was significantly increased with the increasing of time after 5-ALA-PDT
exposure and p62 protein level was decreased, indicated that autop-
hagy was promoted by 5-ALA-PDT (Fig. 2B). To further detect autop-
hagic flux, cells were transfected with tandem fluorescent mRFP-GFP-
LC3B. Found that autophagosomes and autolysosomes (Fig. 2C) in the
cells treated with 5-ALA-PDT increased markedly.

3.3. 5-ALA-PDT induced death of keloid–derived fibroblasts may not
through apoptosis pathway

5-ALA-PDT can obviously induce death of keloid–derived fibro-
blasts, However, the mechanism remains to be elucidated. Although
many studies [16,17] have reported that apoptosis plays a key role in
other cells treated with PDT, TUNEL assay (Fig. 3A) shown there was no
difference between the 5-ALA-PDT group and the control group. To
further investigate whether apoptosis plays a key role in keloid–derived
fibroblasts treated with 5-ALA-PDT, flow cytometric analyses (Fig. 3B)
was performed. Compared with control group, there was no difference

Fig. 2. 5-ALA-PDT promoted autophagy in keloid–derived fibroblasts. (A) Electron microscopy revealed an increased number of autophagic vacuoles with exposure
to 5-ALA-PDT for 12 h compared with control group. (B) Immunoblot and quantification analysis of LC3 and p62 performed after cells were treated with 5-ALA-PDT
at different time (0, 6, 12, 18 h). β-actin used as an internal standard for protein loading. (C) The formation of autophagosomes and autolysosomes were explored
through transfecting with tandem fluorescent mRFP-GFP-LC3B. using confocal microscopy and was quantified. The values are presented as the means ± SEM,
*p < 0.05, **p < 0.01 versus control group. All experiments were repeated three times.
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in early apoptosis in 5-ALA-PDT group displaying that 5-ALA-PDT in-
duced death of keloid–derived fibroblasts may not through apoptosis
pathway. Consistent with the above results, western blot shown that C-
caspase-3 was not increased after 5-ALA-PDT exposure.

Autophagy, a degradation mechanism that attenuates aging of cells
through degrading long-lived proteins, pathogens, damaged DNA ele-
ments, and damaged organelles, activated especially during metabolic
stress conditions. However, there is already growing evidence that ex-
cess autophagy may induce mitochondrial loss, cellular energy deple-
tion and cell death [8,9]. In order to further explore whether apoptosis
or autophagy is involved in 5-ALA-PDT induced death of keloid–derived
fibroblasts, Z-VAD-FMK (apoptosis inhibitor) and 3-MA (autophagy
inhibitor) were used, found that 3-MA obviously inhibited 5-ALA-PDT
induced cell death, but Z-VAD-FMK did not (Fig. 3C). These results
indicated that 5-ALA-PDT induced death of keloid–derived fibroblasts
may through autophagic cell death. The overexpressed TGF-β/Smad-3
signaling is another well-regarded mechanism underlying keloid,
hence, ELISA assay (Fig. 3D) was used to detect TGF-β secretion dis-
playing that 5-ALA-PDT can significantly decrease TGF-β secretion in
keloid–derived fibroblasts. And in line with the change trend for TGF-β
secretion, the TGF-β, Smad-3 and collagen-1 (Fig. 3E) protein level was
also downregulated.

3.4. ROS mediates 5-ALA-PDT -induced autophagy

5-ALA, a precursor of heme biosynthesis, that located in mi-
tochondria, could be enzymatically converted into protoporphyrin IX,
which in turn interacts with tissue-penetrating light to produce ROS
that ultimately induced cell destruction. MitoSOX-based measurements
revealed that mROS levels were significantly increased, moreover, mi-
tochondrial-derived ROS levels gradually increased over time (Fig. 4A).
Then, cells were preincubated with 10mM Mito-TEMPO before and
after the treatment of 5-ALA-PDT. The mitochondrial antioxidant Mito-
TEMPO (mitochondrial-targeted SOD mimetic) decreased mROS ob-
viously (Fig. 4B). In many studies, mROS have been implicated in au-
tophagy [18–20]. Consistent with these studied, 5-ALA-PDT increased
LC3-II/β-actin protein level, which was significantly attenuated after
treatment with Mito-TEMPO (Fig. 4C).

Hypoxia-inducible factor-1 alpha (HIF-1α) is a transcription factor
that activates the transcription of genes and is responsible for pro-
gression of cell survival and proliferation. The accumulation of HIF-1α
can be stimulated via hypoxia-independent mechanisms. Many studies
[21,22] have shown that HIF-1α can enhance autophagy, therefore, we
speculate that ROS may enhance cell autophagy through HIF-1α.
Western blot was used to detect HIF-1α, found that 5-ALA-PDT

Fig. 3. 5-ALA-PDT induced death of keloid–derived fibroblasts may through autophagy pathway. (A) 5-ALA-PDT did not induce apoptosis in keloid–derived fi-
broblasts demonstrated by TNNEL assay. (B) Flow cytometric analyses for 5-ALA-PDT induced apoptosis in keloid–derived fibroblasts. (C) Western blot and
quantification analysis of C-caspase 3. (D) 3-MA (autophagy inhibitor）significantly inhibited 5-ALA-PDT induced death of keloid–derived fibroblasts, but Z-VAD-
FMK (apoptotic inhibitor) did not. (E) TGF-β secretion was measured by ELISA assay. (F) TGF-β1, Smad3 and Collagen-1 were detected by western blot. The values
are presented as the means ± SEM, *p < 0.05, **p < 0.01 compared with control group, #p < 0.05 compared with 5-ALA-PDT group. All experiments were
repeated three times.
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increased HIF-1α protein level (Fig. 4D), and Mito-TEMPO significantly
reversed this effect (Fig. 4E). Moreover, 5-ALA-PDT decreased cell
viability that significantly attenuated after treatment with Mito-TEMPO
(Fig. 4F).

3.5. 5-ALA-PDT increases SIRT3 expression and activity of SOD2

SOD2, the primary mitochondrial oxidative scavenger, plays a key
role in the regulation of ROS [23]. The effects of 5-ALA-PDT induced
mROS production on SOD2 expression were investigated. Interestingly,
5-ALA-PDT significantly increased SIRT3 protein level and SOD2 ac-
tivity in a time-dependent manner without changing SOD2 protein level
(Fig. 5A). SIRT3 is a soluble protein located in the mitochondrial ma-
trix, which exhibits NAD+-dependent deacetylase activity involved in
mitochondrial energy production and limits the accumulation of mROS.
Deacetylation of SOD2 by SIRT3 regulates SOD2 enzymatic activity has
been identified [24]. Then we explored SOD2 acetylation level with
immunoprecipitation and subsequent western blot using an anti-acetyl-
lysine antibody. Found that 5-ALA-PDT significantly increased the
acetylation levels of SOD2 compared with control group (Fig. 5B). In
order to confirm deacetylation of SOD2 regulated by SIRT3, 3-TYP
(SIRT3 inhibitor) was used. Found that inhibition of SIRT3 by 3-TYP
significantly increased the level of SOD2 acetylation level compared
with control group or 5-ALA-PDT group (Fig. 5C). Next, SOD2 activity

was measured and found that 5-ALA-PDT significantly increased SOD2
activity in a time-dependent manner. Consistent with above results,
inhibition of SIRT3 by 3-TYP significantly increased the level of mROS
level compared with control group or 5-ALA-PDT group. Hence, the
activation of SIRT3-SOD2 pathway compromised the efficacy of 5-ALA-
PDT against keloid. RT-PCR assay (Fig. 5D) shown that 5-ALA-PDT
increased SIRT3 mRNA level.

3.6. SIRT1 is involved in up-regulation of SIRT3-SOD2 pathway

SIRT1 and SIRT3 are two well-characterized members of the silent
information regulator 2 (Sir2) family of proteins, but the interaction
between these two sirtuins has not been fully determined. In this study,
found that SIRT1 may inhibit the activity of SIRT3-SOD2 pathway, 5-
ALA-PDT induced SIRT1 protein degradation in time-dependent way
(Fig. 6A). First, cells were treated with EX527(SIRT1 inhibitor) or
SRT1720 (SIRT1 activator), and EX527 increased SIRT3 protein level,
however, SRT1720 displayed the opposite effect in the present or ab-
sence of 5-ALA-PDT (Fig., 6B). Next, the effect of SIRT1 on autophagy
was performed, we found that SRT1720 increased LC3-II protein level
and EX527 decreased LC3-II level with or without 5-ALA-PDT (Fig. 6C).
As the same time, SRT1720 increased mROS level, and EX527 de-
creased mROS level, in the present of 5-ALA-PDT, which in line with
our expectations (Fig. 6D). We also explored the effect of SIRT1 on cell

Fig. 4. mROS involved in 5-ALA-PDT induced autophagy. (A) Quantification of mROS level using a fluorescence spectrometer after cells were treated with 5-ALA-
PDT at different time (0, 6 12, 18 h). Cells were preincubated with Mito-TEMPO and then treated with 5-ALA-PDT for 12 h. Then mROS level (B) and LC3 protein
level (C) and were determined. (D) 5-ALA-PDT promoted upregulation of HIF-1α protein level, and Mito-TEMPO decreased HIF-1α protein level (E), meanwhile,
Mito-TEMPO inhibited 5-ALA-PDT induced death of keloid-derived fibroblasts (F). The values are presented as the means ± SEM, *p < 0.05, **p < 0.01 versus
control group, #p < 0.05, ##p < 0.01 versus 5-ALA-PDT group. All experiments were repeated three times.
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viability, found that EX527 significantly inhibited efficacy of 5-ALA-
PDT against keloid- keloid–derived fibroblasts and SRT1720 induced
the opposite effect in the present of 5-ALA-PDT (Fig. 6E).

4. Discussion

Although there are many forms of treatment for keloid, they exist
some disadvantages such as low efficacy, side effects and high risk of
palindromia. Hence, the search for safer and more effective therapies
for keloid seems to be required urgently. PDT, an effective local treat-
ment for malignant skin conditions and many other types of tumors
with great spatiotemporal accuracy and minimal invasiveness, has been
suggested as a promising treatment for keloid [25–27]. A growing
number of studies have investigated the mechanisms involved in 5-ALA-
PDT, but these findings almost highlight the role of apoptosis in 5-ALA-
PDT [16,17,28]. In order to explore whether apoptosis involved in 5-
ALA-PDT against keloid, keloid-derived fibroblasts were incubated with
Z-VAK-FMK (apoptotic inhibitor) after 5-ALA-PDT treatment. Un-
expectedly, Z-VAK-FMK did not inhibit death of keloid-derived fibro-
blasts induced by 5-ALA-PDT. Therefore, 5-ALA-PDT against keloid that
is through other pathway, but not via inducing cells apoptosis.

Autophagy degrades long-lived proteins, pathogens, damaged DNA
elements, and damaged organelles, activated especially during meta-
bolic stress conditions [29]. Growing evidences have demonstrated that
the basal level of autophagy is essential for the function and survival of
cells [30,31]. Autophagy may contribute to cell survival by removing

cells damaged by toxic metabolites and intracellular pathogens [32].
However, excessive autophagy may also lead to mitochondrial loss,
cellular energy depletion and cell death through excessive self-digestion
and degradation of essential cellular constituents [8,9,33]. We found
that autophagy level increased after 5-ALA-PDT, and 3-MA, an autop-
hagy inhibitor, significantly inhibited cells death induced by 5-ALA-
PDT. This only confirms previously suspicion that autophagy may be
the primary contributing factor underlying keloid-derived fibroblasts
death induced by 5-ALA-PDT. 5-ALA, a precursor of heme biosynthesis,
when located in mitochondria, could be enzymatically converted into
protoporphyrin IX, an endogenous photosensitizer, which in turn in-
teracts with tissue-penetrating light to produce ROS [5]. ROS can da-
mage lipid, DNA, RNA, and proteins, which, in theory, contributes to
the physiology of aging. The molecular mechanism underlying autop-
hagy has been extensively investigated in recent years. The mitochon-
drial antioxidant Mito-TEMPO (mitochondrial-targeted SOD mimetic)
enhanced SOD2 activity but not SOD2 levels, significantly suppressed
the 5-ALA-PDT-mediated increase in autophagy level, and consistent
with many studies revealed that ROS can induce autophagy [34–36].

Mitochondria play a central role in the production of reactive
oxygen species as byproducts of metabolism and energy production.
SOD2, the primary mitochondrial oxidative scavenger, plays a key role
in the regulation of mROS, and SOD2 activity is tightly related with
acetylation at its lysine residues [24]. SIRT3 (sirtuin 3), a primary
mitochondrial acetyl-lysine deacetylase, regulates various proteins
deacetylase to control mitochondrial function and mROS homeostasis

Fig. 5. 5-ALA-PDT exposure increased SIRT3-SOD2 pathway in keloid-derived fibroblasts. (A) The protein levels of SIRT3 and SOD2 were evaluated by western
blotting. (B) Acetylation of SOD2 after 5-ALA-PDT exposure was determined by immunoprecipitation with an anti-SOD2 antibody, followed by immunoblot analysis
of acetylated-lysine. (C) Acetylation of SOD2 after treatment with 3-TYP. (D) SOD2 activity in keloid-derived fibroblasts. (E) mROS level in keloid-derived fibroblasts
after treatment with 3-TYP. (F) SIRT3 mRNA level after 5-ALA-PDT exposure. The values are presented as the means ± SEM, *p< 0.05, **p < 0.01 versus
untreated group, #p< 0.05, ##p< 0.01 versus 5-ALA-PDT group. All experiments were repeated three times.
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[37]. SIRT3 primarily modulates mROS clearance via altering acetyla-
tion of SOD2. More importantly, SIRT3 directly binds and deacetylates
SOD2, which increases SOD2 activity and plays a key role in mROS
homeostasis and autophagic flux [11,12].

SIRT1, the most widely studied sirtuins, has been extensively
documented in response to stress conditions [38,39]. But the precise
role remains controversial. For example, in several studies SIRT1 has
been reported to protect against oxidative stress-induced apoptosis,
mainly by modulating the activity of FOXOs or p53 [32,40]. SIRT1 can
also promote cell death in response to stressful condition. In particular,
it has been reported that SIRT1 negatively regulated cell growth and
survival of pancreatic cancer cells [38]. These studies indicated SIRT1
presented different roles might be attributed to different experimental
setting conditions and tissue or cellular model.

In the present work we showed that SIRT1 exacerbated cell death in
response to 5-ALA-PDT, however, 5-ALA-PDT can induce SIRT1 protein
downregulation, which compromised the efficacy of 5-ALA-PDT against
keloid-derived fibroblasts through downregulation of SIRT3-SOD2-
mROS dependent autophagy pathway.
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