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Abstract

Keloid is a common and refractory disease characterized by abnormal fibroblast proliferation and
excessive deposition of extracellular matrix components. Hypocrellin B (HB) is a natural perylene
quinone photosensitizer. In this experiment, we studied the effects of photodynamic therapy (PDT)
using yellow light from light-emitting diode (LED) combined with HB on keloid fibroblasts (KFB) in vitro.
Our results showed that HB-LED PDT treatment induced significant KFB apoptosis and decreased KFB
cell viability. HB-LED PDT treatment lead to significant BAX upregulation and BCL-2 downregulation in
KFB cells, which led to elevation of intracellular free Ca2* and activation of caspase-3. Our data provides
preliminary evidence for the potential of HB-LED PDT as a therapeutic strategy for keloid.
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Introduction

Keloid is a refractory disease commonly seen in
dermatology and cosmetic surgery. Keloid fibroblasts
(KFB), the most critical cells in keloid tissue
formation, proliferate abnormally and secrete
excessive extracellular matrix in a fashion similar to
benign tumors [1, 2]. The current standard of care for
keloid includes local injections of glucocorticoids,
compression, external use of silica gel and tretinoin, is
unsatisfactory. Additionally, removal of keloid with
surgical resection alone has recurrence rates of
45-100% [3]. Excision with early postoperative
radiotherapy is relatively effective compared to other
treatment options, but possible risk of radiation for
children and young adult limits its use clinically [4].
Therefore, further study of the pathogenesis and
development of novel therapeutic strategies for keloid
are requisite.

Hypocrellin, a perylene quinone derivative, was
isolated  from  Hypcrella =~ bambusae  Sacc
(Hypocreaceae, Ascomycetes) [5]. Hypocrellin has the
advantages of high quantum yields of singlet oxygen,
strong photogeneration of anion radicals in
deoxygenated media, low dark toxicity, quick
clearance from normal tissue and availability in a
pure, monomeric form, and therefore hypocrellin has
been widely used in photodynamic therapy as a
photosensitizer [5-9]. Hypocrellin mainly consists
hypocrellin A (HA) and hypocrellin B (HB). HA and
HB are similar in structure with the difference in one
hydroxyl group. Photodynamic therapy with HB or
HB derivatives has been shown to have antitumor
activity through induction of tumor cell apoptosis and
inhibition of cell viability from several studies [6, 7, 9].
Since keloid shares certain features of tumors with
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abnormal cell proliferation, we studied the effects of
photodynamic therapy on apoptosis and apoptotic
signal molecules in KFB cells by combining yellow
LED-light with HB (HB-LED PDT). Our goal was to
provide evidence for HB-LED PDT as a potential
clinical therapeutic method for treatment of keloid.

Materials and methods

Reagents and apparatus

HB was from Abcam Biochemicals (USA).
FITC-conjugated anti-BAX, PE-conjugated
anti-BCL-2, FITC-conjugated mouse IgGl and
PE-conjugated mouse IgGl were obtained from
BioLegend (Pacific Heights Blvd, San Diego, CA).
AnnexinV-FITC (AV) and propidium iodide (PI) were
from BD Bioscience (USA). Caspase-3 activity kit was
from  Beyotime (Haimen, China). Reverse
transcription kit was from Takara (Dalian, China).
LightCycler® 480 SYBR Green I Master mix was from
Roche (USA). Fluo-3/ AM was from Beyotime
(Haimen, China). Microplate reader was from Thermo
(Thermo Fisher Scientific Inc, Shanghai, China).
Real-time fluorescence quantitative PCR
(Mastercycler®epRealplex) was from Eppendorf
(German). Flow cytometer was from BD Bioscience
(San Jose, CA). LSM 710 Confocal Laser-Scanning
Microscope was from Zeiss (Carl Zeiss AG,
Germany). LED-IA photodynamic therapy apparatus
was from Wuhan Yage Optic and Electronic
Technique Co. Ltd (China).

Light source selection and irradiation method

Considering the HB absorption (Supplementary
Fig. 1) and skin penetration of visible light, yellow
light was selected from LED-IA photodynamic
therapy apparatus. The irradiation intensity of our
LED therapeutic apparatus is 4mW/ cm?2 The
irradiation dose of 3J/cm? was chosen based on
preliminary experiments. We irradiated cells by
directly exposing the culture plate to the LED-light
outside of the incubator, while non-irradiated cells
covered with aluminum foil were also placed outside
of incubator for an equivalent time. The effect of the
culture plate lid on irradiation intensity was removed
according to the manufacturer’s protocol. Irradiation
dosage=irradiation intensity x time (second).

Cells isolation and culture

Primary human keloid fibroblasts were isolated
from keloid tissues of a female patient. Informed
consent for using tissue in cell culture was obtained.
This study was approved by the human ethical
committee of the Second Hospital of Shandong
University. The cells were cultured in DMEM media
supplemented with 10% (v/v) heat-inactivated fetal

bovine serum (Clark, Australian), at 37°C in a
humidified 5%CO; incubator. Cells from 3 to 6
passages were used.

Hypocrellin B concentration determination by
1Cso

To test the phototoxicity of HB, the cells treated
with HB at the concentration of 10-5, 10-6, 10-7, 10-8, 10
and 10 mol/L were exposed to 3J/cm? of LED
yellow light. Cell viability was tested by MTT assay.
The modified Karber's method was used to calculate
ICs0. ICs0 (50% inhibiting concentration) of HB was
3.3252x107 mol/L at 12h after irradiation. 1x107
mol/L HB was chosen to explore the effect of HB-LED
PDT on apoptosis of KFB in vitro. In view of the
photosensitivity of HB, particular attention was paid
to avoid light exposure during whole experiments.

Modified MTT cell viability assay

Cells were divided into 4 groups including
DMEM medium only (negative control, NC), HB only,
LED only and HB + LED exposure (HB-LED PDT).
Modified MTT assay was performed as previous
publication [10]. Cells at 7x103/well were seeded in
four 96-well plates and cultured for 12h. The culture
medium was replaced with fresh DMEM medium
with or without HB and continually cultured for 3h.
The media were changed to PBS and received 3]/cm?
irradiation. After LED exposure, cells in different
plate were respectively incubated in DMEM with 10%
fetal bovine serum for 6h, 12h, 18h, and 24h. After
washing cells with PBS, 20pl of MTT (5 mg/mL in
DMEM media) was added to each well and incubated
for 4h, then 100pl of triplex solution (10% SDS, 5%
isobutanol, and 12 pM HCI) was added into each well
and incubated at 37°C for 12 h. A microplate reader
was used to measure the absorbance values (OD) at
490nm. Five replicate wells were set for each group.

Annexin V-propidium iodide (PI) staining for
apoptosis/necrosis detection by flow
cytometry

The cells at 6h after different treatments were
gently trypsinized, washed in cold PBS and
re-suspended in 500pL binding buffer. Then, cells
were incubated with 5pL/tube Annexin V-FITC for 15
min at 25°C in the dark, and 5pL/tube PI was added.
Samples were analyzed using a flow cytometer. The
early apoptotic cells, late apoptotic cells and the
necrotic cells were estimated as the percentage of the
total number of cells by BD FACSDiva 7.0 software.

RNA extraction and quantitative real-time
PCR

The cells at 3h after HB-LED PDT treatment were
used for mRNA analysis. Total RNA was extracted
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from KFB cells using the Trizol method. Three pg of
RNA were reverse-transcribed to cDNA as the PCR
template. The primers used in the experiment are
listed as following [11]:
BAX fw: ACTGGACAGTAACATGGAGCTG,
BAX rev: AGCCCATGATGGTTCTGATCAG,
BCL-2 fw: TGGATGACTGAGTACCTGAACCG,
BCL-2 rev: TGAGCAGAGTCTTCAGAGACAGC,
GAPDH fw: TGAGTACGTCGTGGAGTCCACTG,
GAPDH rev: GGTGCTAAGCAGTTGGTGGTG.
Real-time PCR conditions include: initial
denaturation at 95°C for 8 min, then 95°C for 15s, 59°C
for 20s, 72°C for 30s and total of 45 cycles. Each
sample was analyzed in triplicate. Specificity of the
amplified products was verified by melting curve
analysis (Supplementary Fig. 2a, b). The mRNA
expression levels of target genes were normalized to
GAPDH from the same cDNA. The relative
expression levels were calculated using the AACt
method.

BAX and BCL-2 detection by intracellular
staining

Flow cytometry intracellular staining has been
used to detect BAX and BCL-2. The cells at 3.5h after
different treatments were trypsinized and centrifuged
at 1500 rpm for 5min. Precipitated cells were washed
twice with PBS and fixed with 1mL BioLegend’s
fixation buffer at room temperature in the dark for 15
min. After centrifugation and discarding the
supernatant, cells were resuspended in 300pL
permeabilization buffer. Five pL of FITC-conjugated
anti-BAX or PE-conjugated anti-BCL-2 was added to
tube respectively and incubated at 4°C in the dark for
45min.  FITC-conjugated  mouse IgGl and
PE-conjugated mouse IgGl were used as isotype
controls. Samples were finally resuspended in 500pL
permeabilization buffer after twice quick washing
with permeabilization buffer and analyzed by flow
cytometry [12-14]. The amount of protein was
estimated through calculating median fluorescence
intensity (MFI) by Flow]Jo 10.0.7.

Measurement of intracellular free Ca?* with
Fluo-3/AM

The intracellular Ca?* was detected using the
Ca?*-sensitive fluorescent indicator, Fluo-3 [15]. The
cells grown on glass coverslips were treated with
HB-LED PDT. Fluo-3/AM (5 pmol/L) in Ca2*-free
PBS buffer was loaded on cells at 4h after HB-LED
PDT treatment and incubated at 37°C for 30 min.
After washing twice with PBS, cell fluorescence was
detected using a confocal laser-scanning microscope
at 488 nm for excitation and 530 nm for emission. Ca?*
levels were presented by mean fluorescence intensity

(MFI) of the cells. MFI was obtained using the
instrument software (Imaging Software for
Microscopy).

Caspase-3 activity assay

The activity of caspase-3 was examined using the
caspase-3 activity kit [16]. The assay is based on the
detection of the yellow p-nitronanilide (pNA). pNA is
a cleavage from acetyl-Asp-Glu-Val-Asp
p-nitroanilide (Ac-DEVD- pNA), the substrate of
caspase-3. Briefly, cells were trypsinized at 5h after
different treatment. Trypsinized cells were washed
with PBS and incubated in lysis buffer on ice for 15
min. After centrifugation at 13,000g for 20 min at 4°C,
the supernatant was incubated with Ac-DEVD- pNA
in 96-well plates at 37°C for 2h. Samples were
measured with a microplate reader at an absorbance
of 405 nm.

Statistical analysis

SPSS 22.0 was used for statistical analysis. The
results were expressed as meantSD. Data was tested
by one-way ANOVA, and LSD test was used for
multiple comparisons. P <0.05 was considered to be
statistically significant. All experiments were repeated
at least 3 times.

Results
Effect of HB-LED PDT on the viability of KFB

To determine the best time point for cell
apoptosis analysis, we performed MTT assay to
evaluate the effects of HB-LED PDT on the viability of
KFB cells. Based on our preliminary experiments,
3]/cm? LED yellow light and 107 mol/L HB were
chosen to treat KFB in vitro. Cell viability determined
by MTT assay at different time points is shown in
Figure 1. In comparison to the negative control group
(NC), HB alone, LED alone and HB-LED treatment
reduced KFB viability, but HB-LED PDT had the
highest impact on cell viability (Fig 1). Importantly,
the most significant reduction of cell viability
occurred at 12h after treatment. At this time point,
MTT assay showed that LED alone caused a 16.57%
(P<0.001) reduction and HB alone resulted in 25.77%
(P<0.001) reduction of cell activity, but HB-LED PDT
significantly ~decreased cell activity by 50.23%
(P<0.001) compared to NC cells (Fig 1). These results
provided the basis for other experiments including
cell apoptosis and mechanism analysis at or before 6h
following PDT treatment.

HB-LED PDT induces cell apoptosis

Apoptosis was assessed by Annexin V/PI
double staining with a flow cytometer. Representative
flow charts from one measurement are shown in
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figure 2 (Fig 2a). In the flow charts, the cells in the
upper left, lower left, lower right and upper right
quadrant respectively represent necrotic cells, normal
live cells, early apoptotic cells, and late apoptotic cells.
Few necrotic cells were seen in any treatment groups.
However, HB-LED PDT treatment caused most cells
to undergo apoptosis, and most cells were in the late
apoptotic stage while a considerable amount were in
early apoptosis (Fig 2a). By quantification from three

1.04

different experiments, the total apoptosis rate (early
plus late apoptotic cells) amounted to 57.30%
(P<0.001) in the HB-LED PDT group (Fig 2b). HB
alone caused apoptosis in 25.77% (P<0.001) of the cells
and LED alone only slightly induced apoptosis
compared to NC (Fig 2b). The data indicates that HB
and LED are synergistic in promoting KFB apoptosis
rather than simply additive.
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Figure 1. Analysis of KFB viability at different time points upon the treatment of HB, LED and HB-LED PDT. Significant reduction of cell viability
occurred at 12h after treatment. At this time point, MTT assay showed that LED alone caused a 16.57% reduction and HB alone resulted in 25.77% reduction of cell
activity, but HB-LED PDT significantly decreased the cell activity by 50.23% compared to NC cells. *P<0.05, **P<0.001.
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Figure 2. Analysis of apoptosis upon the treatment of HB, LED and HB-LED PDT. AnnexinV/Pl double staining with flow cytometry analysis was used to
examine the apoptosis. (a) The typical flow chart from one measurement at 6h after different treatments showing that HB-LED PDT treatment caused most apoptotic
cells (lower right and upper right quadrant), but few necrotic cells (upper left quadrant). (b) Average result from three different experiments showed that total
apoptosis rate (early apoptotic plus late apoptotic) amounted to 57.30%, 25.77% and 11.93% by the treatment of HB-LED, HB, and LED respectively. *P<0.05,

**P<0.001.
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Figure 3. Analysis of BAX and BCL-2 mRNA and protein expression upon the treatment of HB, LED and HB-LED PDT. mRNA expression was
analyzed by real-time PCR (a, b) and protein expression was examined using flow cytometry intracellular staining (c-d). () Compared to NC, BAX mRNA in HB-LED
PDT, HB, and LED groups increased by 72.67%, 23.33%, and 6.67%, respectively. (b) In comparison with NC, mRNA of BCL-2 decreased by 48.57%, 26.77% and 6.73%
in HB-LED, HB and LED groups, respectively. (c) The histogram of flow cytometry intracellular staining, in which the right-shift of the peak position represents an
increase of protein and the left-shift of peak position indicates a decrease of protein expression. Compared to isotype control, the peak position of BAX was observed
in most right and BCL-2 was observed in far left in the histogram at 5h after HB-LED PDT treatment. (d) By calculation of median fluorescence intensity (MFI), BAX
protein expression in HB-LED PDT group increased by 3.03-fold in comparison with NC. (e) By calculation of MFI, BCL-2 protein expression in HB-LED PDT group

was reduced to 17.50% of NC group. *P<0.05, **P<0.001.

HB-LED PDT upregulates BAX and
downregulates BCL-2 expression

The BCL-2 family plays an important role in the
regulation of apoptosis [17, 18]. The BCL-2 gene
encodes a protein that blocks cell apoptosis, while
BAX promotes apoptosis. To explore whether such a
mechanism is involved in KFB apoptosis induced by
HB-LED PDT, the mRNA levels of BAX and BCL-2
were examined. BAX mRNA in the HB-LED PDT, HB,
LED groups increased by 72.67% (P<0.001), 23.33%

(P<0.001), and 6.67% (P<0.05) respectively, in
comparison to BAX gene expression in NC (Fig 3a). In
contrast, mRNA of BCL-2 in the HB-LED PDT, HB
alone and LED alone group decreased by 48.57%
(P<0.001), 26.77% (P<0.001) and 6.73% (P<0.05),
respectively (Fig 3b). These observations suggest that
the BAX gene expression was upregulated but BCL-2
was downregulated by HB-LED PDT treatment.

In order to detect the protein levels of BAX and
BCL-2 in KFB, we performed flow cytometry
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intracellular staining. The result showed that BAX
protein levels were significantly increased and BCL-2
protein levels were dramatically decreased in KFB
cells after treatments (Fig 3c). Specifically, BAX in the
HB-LED PDT group increased by 3.03-fold (P<0.001)
compared to NC (Fig 3d), BCL-2 in the HB-LED PDT
group was conversely reduced to 17.50% (P<0.001) of

Intracellular free Ca?*

the NC group (Fig 3e). Overall, the BAX/BCL-2 ratio
increased from 0.1766 in NC to 3.0238 in the HB-LED
PDT group. Similar trends occurred in the HB alone
and LED alone groups, although their changes were
less than that of HB-LED PDT treated cells. Since an
increase in the ratio of BAX/BCL-2 can trigger
apoptosis, the current data implicates BAX and BCL-2
in apoptosis induced by HB-LED PDT.

HB-LED PDT increases the levels
of intracellular free Ca2* and
caspase-3 activity

Because increases in intracellular
calcium levels and caspase-3 activation

have been reported to play crucial roles
in cell apoptosis [19-22], we further
examined the changes of intracellular
free Ca?* level and caspase-3 activity in
KFB in response to HB-LED PDT
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Figure 4. Analysis of intracellular free Ca?* level and caspase-3 activity upon the
treatment of HB-LED PDT. Confocal laser microscopy was used to detect the intracellular free
Ca?* level (a-c) and ELISA kit was used to examine the caspase-3 activity (d). (a) The mean
fluorescence intensity (MFl) showing that the intracellular free Ca2+ in cells of HB-LED PDT group
increased by 3.77-fold compared to NC at 2 hours after treatment of KFB cells. (b) Confocal laser
microscopy image showing low Fluo-3 fluorescence around the nucleus in NC. (c) Confocal laser
microscopy showed high Fluo-3 fluorescence intensity spreading in the cytoplasm of HB-LED PDT
treated cells. (d) Compared to NC, the activity of caspase-3 was increased by 5.37, 2.37 and 1.15

times in HB-LED PDT, HB, and LED group, respectively. *P<0.05, **P<0.001.

treatment. By confocal laser microscopy
analysis, HB-LED PDT treatment
significantly increased intracellular free
Ca?* in KFB cells by 3.77-fold (P<0.001)
compared to that in NC cells (Fig 4a-c).
Using caspase-3 activity assay kit
analysis, we showed that HB-LED PDT
significantly increased the activity of
caspase-3 by 5.37-fold compared to NC
(P<0.001) (Fig 4d). HB alone and LED
alone raised caspase-3 activity by
2.37-fold (P<0.001) and 1.15-fold
(P<0.05), respectively (Fig 4d). These
results indicate that intracellular free
Ca?* elevation and the activation of
caspase-3 are involved in the HB-LED
PDT-induced KFB apoptosis.

Discussion

Targeting the inhibition of
hyperproliferative fibroblasts may lead
to novel therapeutic methods for keloid
and other fibrotic diseases. In this
study, we showed that HB plus LED
yellow light significantly promoted cell
apoptosis and reduced cell viability. HB
has high absorption at wavelength of
470nm, but also has considerable
absorption at 585nm or 630nm
wavelength possibly due to the
difference of solvents [9, 23].
Considering that major pathological
changes of keloid are in the dermis and
based on the absorption spectrum of
HB (Supplementary Fig. 1) determined

in our preliminary experiment, yellow
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light from light-emitting diode, which has
considerable penetration of skin, [24] was chosen in
current study. Analysis from the rest of our
experiments showed that LED light alone had lesser
effects on KFB.

The BCL-2 family by composition of BCL-2
protein and its homologues plays an essential role in
the regulation of cell death and cell survival [25]. The
balance of proapoptotic to antiapoptotic proteins
maintains cell homeostasis and BAX has been
suggested to regulate the critical balance between
cellular life and death [22, 26]. In this study, we
demonstrated that HB-LED PDT treatment
significantly downregulated BCL-2 and dramatically
upregulated BAX at both mRNA and protein level. In
particular, a sensitive and quantitative flow cytometry
intracellular staining was used to analyze the target
protein [27-29], and showed that BAX/BCL-2 protein
ratio increased from 0.1766 in NC cells to 3.0238 in the
HB-LED PDT treated cells. The results supported the
conception that increase in the BAX/BCL-2 ratio
triggers initiation of apoptosis [30].

Recent studies indicated that intracellular free
Ca?* plays crucial role in controlling cell survival and
death. Basal cytosolic Ca?* drives mitochondrial
bioenergetics and is essential for cell survival.
Sustained Ca?* elevation in cytoplasm in response to
various stimulations induces apoptosis by damaging
mitochondria [25, 31]. To further investigate the
mechanism of HB-LED PDT, we measured the levels
of intracellular free Ca?*. In comparison with NC cells,
intracellular free Ca?* in KFB at 4h after HB-LED PDT
treatment increased by 3.77-fold. Previous evidence
showed that BCL-2 inhibited but BAX enhanced
endoplasmic reticulum (ER)-Ca?* release through
interaction with inositol 1,4,5-trisphosphate (IP3)
receptor Ca?* channels on the ER [25, 31], therefore we
postulated that the reduction in BCL-2 and increase in
BAX caused by HB-LED PDT contributed to
intracellular free Ca?* elevation by releasing Ca2* from
the ER into cytoplasm. With cytosolic Ca?* elevation,
BAX promotes Ca?* uptake by the mitochondrion that
eventually releases cytochrome C, activates caspase-3
and induces cell apoptosis [25, 31]. However, since
fat-soluble HB is widely distributed in the cell and can
cause photodamage of the cell membrane and
intracellular organelle membranes [32], it cannot be
excluded that intracellular free Ca?* elevation might
also be due to increased extracellular Ca?* entry [25].

We also showed that the activated caspase-3 was
significantly increased in KFB treated with HB-LED
PDT. Caspase-3 is the executioner caspase to degrade
cellular components and thus plays a crucial role in
apoptosis. Previous reports showed that increases in
caspase-3 activity is crucial for keloid fibroblast

apoptosis induced by serum deprivation or
staurosporine in vitro [21, 33]. In our experiments, we
found that HB-LED PDT increased the activity of
caspase-3 in KFB over five-fold compared to control
KFB. Coupled with the findings of intracellular free
Ca?* elevation and alteration of the BAX/BCL-2 ratio,
the results indicate that activation of caspase-3 was
through BCL-2-mitochondrial apoptotic pathways
[34].

Finally, we want to mention that HB-LED PDT
under conditions presented in our study caused cell
death primarily through the apoptotic pathway.
However, by increasing the doses of HB and LED
PDT, HB-LED PDT resulted in cell death by necrosis
(Supplementary Fig. 3). The underlying mechanism
may be due to the subcellular structural damage of
target cells caused by free radicals, reactive oxygen
species and singlet oxygens produced by
photodynamic therapy [20, 35]. In addition, although
we have not perform the experiments on the synthesis
and decomposition of collagen fibers, a recent study
by another group indicated that photodynamic
therapy with HB caused the degradation of
pyridinoline (PYD) cross-links in collagen [36].

Collectively, our in vitro  experiments
demonstrated that HB-LED PDT can effectively
induce apoptosis of human keloid fibroblasts through
the mitochondrial apoptotic pathway. Yellow light
used in the experiment can penetrate to the deep
dermis with little damage to the skin. Therefore, our
current study, together with other reports that
photodynamic therapy with HB degraded collagen
[36], provided valuable evidence to further explore
the therapeutic effects of HB-LED PDT for keloid or
other fibrotic skin diseases.

Supplementary Material

Supplementary figures.
http:/ /www.ijbs.com/v13p0319sl.pdf
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