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ABSTRACT

Hemoporfin (hematoporphyrin monomethyl ether, HMME) is a relatively new photosensitizer that has achieved
success in mediating photodynamic therapy (PDT) of port wine stains in China. However, the exact mechanism
of Hemoporfin PDT on endothelial cell proliferation and apoptosis is unclear. The present study investigated the
mechanism of action of HMME-PDT on endothelial cells in vitro. Human umbilical vein endothelial cells
(HUVECs) were cultured in vitro. HMME-PDT treated the cells and detected the phototoxicity by cell counting
kit-8 (CCK-8) assay, apoptosis by Flow cytometry assay and quantification of the secreted VEGF-A levels using
ELISA and different proteins expression by quantitative real-time PCR and Western blotting. Phototoxicity was
caused in an HMME and light dose-dependent manner. Apoptosis was induced as shown by Annexin-V/propi-
dium iodide staining and morphological changes. The Bax/Bcl-2 ratio was increased as shown by Western blot
for protein and RT-qPCR for mRNA. VEGF-A expression was reduced and signaling molecules in the Akt/mTOR
pathway were inhibited as shown by ELISA and immunofluorescence. Hemoporfin (hematoporphyrin mono-
methyl ether, HMME) has achieved success in mediating photodynamic therapy (PDT) of port wine stains. The
clinical success of HMME-PDT with low recurrence rates can be explained by inhibition of endothelial cell

proliferation through VEGF/Akt /mTOR pathway.

1. Introduction

Port wine stains, also known as nevus flammeus or nevus tel-
angiectaticus, are the congenital superficial capillary hyperplasia. The
incidence of port wine stains is generally 0.3% to 0.5% in the popula-
tion [1]. Port wine stains usually do not spontaneously resolve [2]. The
skin lesions mainly appear as pink-to-red macules or patches in the
early stage, and grow proportionally with age and often progressively
darken to deep red or purple and gradually thicken [3]. About 65% of
the patients have nodules in adulthood and some patients are prone to
spontaneous bleeding [2,3]. The disease mainly occurs in exposed
bodily parts such as the face and neck, seriously affecting the patient's
appearance, resulting in a decline in the quality of life of the patient and
an increase in mental stress [4,5]. Based on the principle of selective
photothermal action, the pulsed dye laser (PDL) has become the gold
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standard for the treatment of port wine stains [6]. Most of the patients
can obtain 50-75% improvement after multiple sessions of treatment
[7]. Nevertheless, the rate of complete resolution of the lesions is still
less than 25%, and a large number of PWS patients may develop re-
sistance to PDL after a prolonged period of treatment [7].

New therapeutic approaches that overcome the limitations of tra-
ditional treatments are needed. The best approach is to increase the
damage to endothelial cells with the minimal damage to the adjacent
normal cells for reducing the recurrence rate. Photodynamic therapy
(PDT) provides an alternative method of treating diseases due to un-
wanted tissue, which is based on the generation of reactive oxygen
species (ROS) by light-activated photosensitizers or non-toxic dyes
[8,9]. The ROS is generated by the interaction between oxygen, pho-
tosensitizer, and light PDT [10]. The ROS modulate various aspects
destruction of tissues and cells by inducing oxidative stress for blood

Received 13 March 2019; Received in revised form 1 May 2019; Accepted 7 June 2019

Available online 08 June 2019
1572-1000/ © 2019 Published by Elsevier B.V.


http://www.sciencedirect.com/science/journal/15721000
https://www.elsevier.com/locate/pdpdt
https://doi.org/10.1016/j.pdpdt.2019.06.003
https://doi.org/10.1016/j.pdpdt.2019.06.003
mailto:swyinrui@163.com
https://doi.org/10.1016/j.pdpdt.2019.06.003
http://crossmark.crossref.org/dialog/?doi=10.1016/j.pdpdt.2019.06.003&domain=pdf

Y. Mei, et al.

vessels and surrounding immune response. Therefore, the quantity and
location of the ROS generation influences the potency of PDT [11].
Hemoporfin, also called [7(12)-(1-methoxyethyl)-12(7)-(1-hydro-
xyethyl)-3,8,13,17-tetramethyl-21H,23H-porphin-2,18-dipropionic
acid], or hematoporphyrin monomethyl ether (HMME), is a porphyrin
derivative widely studied in China [12]. Compared with first generation
PDT drugs such as hematoporphyrin derivative, Hemoporfin has a
stable structure, stronger photodynamic efficiency, higher photo-
activity, faster clearance rate and lower toxicity [12,13].

PDT-induced cell death is primarily caused by apoptosis, necrosi-
sand autophagy, in which apoptosis is the most key processes [14-16].
Several stimuli are known to trigger apoptosis, which is a programmed
cell death process. Some of these stimuli include oxidative stress, which
is caused by photosensitization [17] In vivo and in vitro experiments
have shown that apoptosis is a major event in the early response to PDT
[18]. Hemoporfin photodynamic therapy (HMME-PDT) is a new ap-
proach for PWS treatment, in which a photosensitizer localizes within
the malformed vascular endothelium and light-activation kills the ab-
normal cells [19]. However, the exact mechanism of Hemoporfin PDT is
unclear, and to our knowledge there has been no study on its effects on
endothelial cell proliferation and apoptosis. Therefore, endothelial cells
proliferation and apoptosis after HMME-PDT were assessed to de-
termine the effect of PDT at the cellular level in this study.

2. Materials and methods
2.1. Photosensitizer

Hemoporfin[7(12)-(1-methoxyethyl)-12(7)-(1-hydroxyethyl)-
3,8,13,17-tetramethyl-21H,23H-porphin-2,18-dipropionic acid](HMME)
was provided by Fudan Zhangjiang Bio-Pharmaceutical Co., Ltd.,
Shanghai, China. A stock solution of Hemoporfin (10 mg/ml) was made
in 0.9% NaCl and kept in the dark at —20°C for no longer than one
month. The working solution of Hemoporfin was diluted in high-glucose
Dulbecco’s Modified Eagle Medium (DMEM, Gibco, USA) medium
without fetal calf serum (FCS).

2.2. Cell lines and cell culture

Human umbilical vein endothelial cells (HUVECs) were bought from
American Type Culture Collection (ATCC", PCS-100-010™). The cells
were maintained in high-glucose DMEM (Gibco, USA) in the presence of
100 pug/ml streptomycin at 37 °C, 100 U/ml penicillin, and 10% fetal
bovine serum (FBS, Biological Industries,USA), in a humidified in-
cubator with 5% CO,.

2.3. Photodynamic treatment

HUVECs were seeded on culture plates and then subjected to PDT.
After 24 h culture, the supernatants were removed, cells were washed
using phosphate-buffered saline (PBS) twice and then added the
working solution of Hemoporfin for 1h incubation in darkness. The
medium was replaced with PBS, followed by irradiation by a 532-nm
LED light (LED-IE-PDT; Wuhan Yage Optic and Electronic Technique
Co., Ltd, Wuhan, China) [12,13] at a dose of 3.0 J/cm? or 4.0 J/cm>.
Other HUVECs were subjected to similar treatment with HMME alone
or light illumination alone to serve as controls. After light irradiation,
fresh medium was added to replace the PBS, the cells were maintained
at 37 °C for an additional 24 h before they were analyzed.

2.4. Observation of cell morphological changes

About 2.5 x 10° cells were seeded into each well of a 6-well plate.
The same treatment was given to HUVECs as described above, with cells
without HMME or without light irradiation serving as controls. We
assessed the cellular morphology either immediately or at 24 h after
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light irradiation using an inverted microscope (Olympus, TAKACHIHO
SEISAKUSHO, Japan).

2.5. Cell counting kit-8 (CCK-8) assay

A CCK-8 assay (Dojindo Laboratories Japan) was used to assess cell
viability. Three of groups of cells i.e. (0, 3.0, and 4.0J/cm?) were
tested. 100 pL. of HUVEC cells (0.8 x 10* cells) were maintained in 96-
well plates for 24h before they were treated with HMME-PDT. They
were then treated with HMME at different doses (0, 2.5, 5, 7.5, 10, 15,
20 and 25 pug/ml) for 1 h in the dark and then illuminated with a 532-
nm LED light at 3.0 J/cm? or 4.0 J/cm?. The non-illuminated group was
the dark control. Subsequently, the cells were cultured for 24h in
darkness. This was followed by addition of 10 ul of CCK-8 reagent fol-
lowed by incubation for one and a half hours at 37°C. Using the
Varioskan Flash multimode reader (Thermo Fisher Scientific) to mea-
sure the absorbance at 450 nm. The following equation was applied to
calculate the cell viability: Cell viability (%)= [OD (experiment) —OD
(blank)]/[OD(control) —OD (blank)] x100%. The viability of cells
subjected to treatment was compared to that of the vehicle-only control
cells (100%) to determine the half-maximal inhibitory) (ICsg)value. The
experiment was repeated at least three times.

2.6. Flow cytometry assay

Annexin V-FITC/PI staining kit (BestBio, BB4101, Shanghai, China)
was used to detect apoptosis of HUVEC cells after treatment with
HMME-PDT. The HUVECs (2.5 x 10°cells per well) were cultured in 6-
well plates. 24 h after HMME-PDT treatment, cells were washed using
PBS and re-suspended in 400 pl of binding solution and stained with
10yl of propidium iodide (PI) and 5l of AnnexinV-FITC in darkness
for 15min on ice. A NovoCyte Flow Cytometer (ACEA Biosciences,
USA) and the NovoExpress software (ACEA Biosciences, USA) were
used to analyze the samples. Cells that were Annexin V-FITC+/
PI + and those that were Annexin V-FITC + /PI-were considered to be
late necrotic/apoptotic and early apoptotic cells, respectively.

2.7. Immunofluorescence

24h after PDT treatment, HUVEC cells were removed from the
culture plates, washed three times by PBS, followed by fixation with 4%
paraformaldehyde for 15 min and permeabilization with 0.5% Triton X-
100 for 10 min at room temperature, and blocking with 5% BSA for 1 h
at 37 °C. Next, the primary antibody (anti-VEGF-A, Abcam, Cambridge
Science Park, UK) diluted at 1:50 was added to the cells at 4 °C over-
night. The membranes were washed thrice with PBS and then treated
with secondary antibodies (Alexa Fluor 488-labeled goat anti-rabbit
IgG, Beyotime, Shanghai, China) and then incubated for 30 min. at
37°C. After a PBS-wash, cells were treated with DAPI (Beyotime,
Shanghai, China) for 10 min. at room temperature. The stained cells
were added to antifade mounting medium (Beyotime, China). Finally
the stained cells were analyzed with confocal laser scanning microscopy
(Zeiss, LSM780, Germany).

2.8. Quantifcation of the secreted VEGF-A levels using ELISA

After seeding 2.5 x 10° cells in each well of a 6-well plate, they
were then treated with PDT. 24 h after treatment cells were harvested.
The concentrations of VEGF-A was quantifed using the Human ELISA
Kit (Elabsicence, E-EL-H0111c, Wuhan, China) following the protocols
given by the manufacturer.

2.9. Western blotting

About 2.5 x 10° cells were plated on 6-well plates, after which they
were treated with PDT. Thereafter, they were incubated for 24 h before
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they were, collected, and washed using ice-cold PBS. This was followed
by lysing with RIPA reagent (Beyotime, Shanghai, China), which in-
cluded phosphatase inhibitors and protease inhibitors for a 30 min
duration on ice. The specimens were then centrifuged at 10,000 x g, 15
min X 2), to obtain supernatants that were later subjected to BCA
Protein Assay Kit (Beyotime, Shanghai, China) to measure the protein
concentration.

SDS-PAGE electrophoresis was used to separate the protein samples
at the gel concentrations of 8%, 10% or 12% for mTOR, p-mTOR,
P70S6, p-P70S6, Akt, p-AKT, Bax, Bcl-2, and GAPDH. The samples were
then transferred used the wet transfer method to a PVDF membrane
(Millipore, Massachusetts, USA). 5% non-fat milk was used to block the
membranes at room temperature for 1 h followed by treatment primary
antibodies overnight at 4 °C. The following antibodies were used: anti-
mTOR (1:1000, CST, USA), anti-p-mTOR(1:1000, CST, USA), anti-Akt
(1:1000, CST, USA), anti-p-Akt (1:1000, CST, USA), anti-Bcl-2 (1:1000,
CST, USA), anti-Bax (1:1000, CST, USA), anti-P70S6 (1:500, Santa Cruz,
USA), anti-p-P70S6 (1:500, Santa Cruz, USA), and anti-GAPDH
(1:10000, Proteintech Grou, Inc, China). The primary antibodies were
removed from the membranes by washing three times with TBST so-
lution, before they were probed using secondary anti-mouse antibody
or anti-rabbit antibody (1:5000, BOSTER, ab6721; ab131368, Wuhan,
China) at room temperature for two hours. The ChemiDoc
XRS + imaging system (Bio-Rad Laboratories, USA) was used to ana-
lyze the protein blots and band intensities were calculated using
ImageLab 4.0 software (Bio-Rad Laboratories, USA), with GAPDH ser-
ving as the control protein.

2.10. Quantitative real-time PCR

About 2.5 x 10° HUVECs cells were seeded into each well of a 6-
well plate and then treated with PDT. The next step involved washing of
the cells after 24 h with cold PBS. RNA was then isolated from the cells
using Universal RNA Extraction Kit (TaKaRa, Tokyo, Japan). This 1 ug
of RNA served as the template for the synthesis of cDNA usign the
PrimeScript RT reagent Kit (Takara, Tokyo, Japan). qPCR reaction was
prepared in a 25 ul with TB Green Premix Ex TaqllI kit (Takara, Tokyo,
Japan) and carried out in a CFX-96 Real-Time PCR Detection System
(Bio-Rad, Hercules, CA, USA). Table 1 shows the list of all PCR primers
used for this experiment. The formula 2~ 24T was utilized to calculate
the relative mRNA expression of the targeted genes using the BioR-
adCFX Manager sofware. The expression levels of the genes were nor-
malized to the mRNA levels of GAPDH. As a calibration, a vehicle
control group was included to facilitate quantification.

2.11. Statistical analysis
Data are presented as mean *= SD calculated from at least 3 in-
dependent tests. All analyses were carried out using one-way ANOVA.

P < 0.05 was taken to be a statistically significant difference.

Table 1
The primer sequences used in the experiments.

Genes Primers sequences

Bax Forward 5’AGTGGCAGCTGACATGTTTT 3’
Reverse 5‘GGAGGAAGTCCAATGTCCAG 3’

Bel-2 Forward 5’GCCCTGTGGATGACTGAGTA 3’
Reverse 5’‘GGCCGTACAGTTCCACAAAG 3’

GAPDH Forward 5"CGGAGTCAACGGATTTGGTCGTAT 3’
Reverse 5’AGCCTTCTCCATGGTGGTGAAGAC 3"
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3. Results
3.1. HMME-mediated PDT exerts cytotoxic effects on HUVEC cells

Cell viability was determined by a CCK8 assay to evaluate the effects
of different concentrations of HMME-PDT on HUVEC cells. As shown in
Fig. 1A, no marked difference in viability was observed between the
three groups with different concentrations of HMME (HMME < 25 g/
ml) in the dark (0J/cm?) and the cell viability treated was approxi-
mately 100% in all cases, indicating that HMME exhibits low dark
toxicity at doses less than 25 ug/ml (Fig. 1A). By contrast the viability
of HUVECs treated with PDT at a fluence of 3J/cm? or 4 J/cm?, was
significantly reduced. When the light intensity was 3 J/cm? or 4 J/cm?,
the viability of cells decreased as the HMME concentration increased.
Meanwhile, the viability also decreased as the light intensity increased
using the same concentration of HMME. Measured at 24 h after PDT,
the ICso values were 9.489 ug/ml and 4.336 pg/ml when the light in-
tensity was 3J/cm? or 4J/cm?, respectively. Thus, HMME-mediated
PDT exerts cytotoxic effects on HUVEC cells and these results are re-
lated both to the light intensity and the photosensitizer concentration.

3.2. Prominent morphological changes showing apoptosis after PDT

To further study HMME-PDT induced cell death, cells were observed
under an inverted microscope. We observed significant morphological
changes in HUVECs following the HMME-PDT. As shown in Fig. 1B and
1C, the cells treated without HMME or without light irradiation showed
adherent growth with clear contours, and no sign of cell apoptosis. In
contrast, after PDT treatment with 10 pg/ml Hemoporfin and 3 J/cm?
or 4J/cm? of light, the cell membrane bubbled, more cells became
rounded, shrunken and detached from each other, some floated in the
supernatant (Fig. 1D). These are prominent morphological signs of
apoptosis.

3.3. HMME-PDT induces apoptosis in HUVEC cells

PDT can lead to cell apoptosis or necrosis [15]. Apoptosis was
measured by flow cytometry following Annexin V-FITC/PI staining to
determine which cell death pathway was induced by HMME-PDT. As
shown in Fig. 2A, flow cytometry results show that non-PDT groups,
incubated with Annexin V-FITC and PI, showed that no apoptosis and
no necrosis occurred. Meanwhile, after PDT the four groups including
viable cells (FITC and PI negative), cells undergoing early apoptosis
(FITC positive and PI negative), cells in the late stage of apoptosis (FITC
and PI positive) and necrosis (FITC negative and PI positive) could be
observed. 24 h after PDT, incubation with 10 pg/ml HMME and irra-
diation with 3J/cm? or 4 J/cm?, the apoptotic rate was 60.69% and
81.10% (Fig. 2A). As shown in Fig. 2B, a significant difference was
observed between the PDT and non-PDT groups (P < 0.05).

To further confirm that the HMME-PDT induced apoptosis of
HUVECs, cells were stained with DAPI at 24 h post-treatment with a
light intensity of 3J/cm? or 4J/cm? and a concentration of 10 pg/ml
HMME. As shown in Fig. 2C, the control cells exhibited homogenous
chromatin morphology. After the PDT treatment, the cells exhibited the
morphological features of apoptotic cells, such as nuclear condensation
with more pronounced DAPI staining, nuclear fragmentation or chro-
matin condensation, and marginalization (Fig. 2C).

To further probe induction of apoptosis, western blot analyses of
apoptosis related proteins and qRT-PCR analyses of mRNAs were per-
formed. Relative to the control group, the protein levels of the experi-
mental PDT group showed light intensity-dependent up-regulation of
the pro-apoptotic protein Bax, and down-regulation of the expression of
the anti-apoptotic protein Bcl-2 (Fig. 2D). A significant increase in the
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Fig. 1. Inhibition of the growth of HUVECs at 24 h after HMME-PDT.
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(A) Cell viability was detected by CCK-8 assay. HUVECs were treated with increasing concentrations of HMME (0-25 pg/mL), and the light intensity was 0 J/cm?,

3J/cm? or 4 J/cm?>. The viability of the treated cells was compared to the control cells (100%). Data are presented as means +

SD (n = 3); *P < 0.05, **P < 0.01,

***p < 0.001, NS, P> 0.05. (B-C) The effects of HMME-PDT on morphological changes in HUVECs. Bars, 100 um.

Bax/Bcl-2 protein ratio (Western blot) in the PDT groups was observed
comparing the PDT and non-PDT groups (P < 0.05) (Fig. 2E). A similar
trend for an increase in the ratio of Bax/Bcl-2 mRNAs (RT qPCR) was
observed after PDT (Fig. 2F).

3.4. HMME-PDT blocked the VEGF-A/Akt /mTOR pathway

The role of vascular endothelial growth factors (VEGF) have been

shown to be one of the most important regulators of angiogenesis [20].
PDT-treated cells exhibited significantly decreased of VEGF-A at 24h
post-treatment and using the same concentration of HMME the degree
of reduction depended on the intensity of the light (Fig. 3A). To further
investigate the anti-angiogenic effects of PDT, we measured the protein
secretion of VEGF-A using an ELISA Kit. As shown in Fig. 3B, after PDT
treatment, the secretion of VEGF-A was decreased significantly, espe-
cially in the 4 J/cm? light fluence group.



Y. Mei, et al.

Photodiagnosis and Photodynamic Therapy 27 (2019) 268-275

4J/cm?-0 pg/ml-24 h 3J/cm?-10ug/ml-24h

Annexin V-FITC

Control 0J/cm2-10 pg/mi-24h  3)/em?-opg/mi-24h B
ge at Q@ :"g Qi a2 & Tar @
© 0.02% . 3.58% ° 0.03% . 3.65% © 0.04% . 3.16%
2 2 e @100-
2 2 < 80 Fkkk
3 3 E kekk
) 2 g 7 60-
i 4 —
2 [l T S Bhoc | 3 {00 F S 40
= T1023 10t 105 108 107 1085 71023 104 105 106 107 1085 10%°  10% 10% 106 107 1085 "'Q"_ NS
« o « .  —
‘e Tai A ‘2 Tai Q2 ‘2 Tai 8_ 20
© 0.04% 287% © 0.20% ’ uﬁ\" 27.73% o 0.25% B —
: . s | - < ol e
i CHEEES
. < < & O QQ \}g O ©
: g "] P oV T VoV Y
o o o a N .Y 9.5 NN
2 2 2 S Yoo Y
2 ;)133\° (s);s% 2 309312%4. ?;95% 2 0& )\O 3\0 06\ 0&
: = : 3 VN
1023 10% 105 106 107 1085 1023 10° 105 10% 107 1085 1023 Q % » o »

4J)/cm?-10 pg/ml-24 h

Control

D

3J/em2-10 pg/ml-24h 4J/cm2-10 pg/ml-24h

F

* < 5 ) 'ﬁNS
Bax | ™ s s S %* § ne 2.5 *
N g '_5800 = @ 20 *
N2 5 goo ~ %815 T
Bcl-2 |mwm s S a5 R
Q% S 400 O 4 0 1.0
S 25 — Qs>
5 82«
< 0 m & — 0.0 N N N
o A D N
© N N ° & &
- & oS ) N
HMME + o+ S oF o8 & o
9. @ . .
Light - 3 4 F 4 g
,55\ btb\ %5\0& ub\o

Fig. 2. HMME-PDT induced expression of apoptotic mediators in HUVECs.

(A-B) Flow cytometry analysis of apoptosis in HUVECs treated with HMME-PDT based on Annexin V/PI staining. The bar graphs show the percentage of apoptotic
cells for each of the indicated conditions. Data are presented as means + SD (n=3), ****P < 0.0001. (C) The HUVECs were stained with DAPI to label the cell
nuclei and observed by fluorescence microscopy. Bars, 20 um. (D-E) Effects of HMME-PDT on protein expression levels of Bax and Bcl-2 were determined by western
blot. Quantitative analysis was performed by measuring the relative expression levels of Bax and Bcl-2 to that of GAPDH. Data are expressed as
means + SD,*P < 0.05. (F) The effect of HMME-PDT on Bax and Bcl-2 gene expression. The relative expression mRNAs for Bax and Bcl-2 measured by qRT-PCR

+

using 2(~24¢Y method. The results are expressed as mean SD,*p < 0.05.

To investigate whether HMME-PDT can suppress the VEGF/Akt/
mTOR pathway, the expression of p-Akt, and total Akt proteins, p-
mTOR, and total mTOR proteins, p-P70S6, and total P70S6 proteins
were measured. Compared to the control, the expression of the p-Akt, p-
mTOR, total mTOR, p-P70S6 and total P70S6 proteins all decreased in a
HMME concentration-dependent manner (Fig. 3C). These results sug-
gested that HMME-PDT was capable of suppressing VEGF-A expression,
thereby inhibiting Akt, mTOR and P70S6 activation (Fig. 3D). These
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findings supported the hypothesis that HMME-PDT inhibited the VEGF-
A-mediated Akt/mTOR pathway, and suggests alternative mechanisms
to inhibit cell growth.

4. Discussion

In the past several decades, the pulsed dye laser (PDL) has been the
gold standard treatment for PWS. However, recent data have suggested
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Fig. 3. Inhibition of VEGF-A-mediated VEGFA/Akt /mTOR pathway in HUVECs.
(A) Immunofluorescence analysis of the expression of VEGF-A in HUVECs after HMME-PDT by confocal laser scanning microscope. Bars, 20 pm. (B) The secretion of

VEGF-A was measured in the cell culture supernatants by ELISA. Data are presented as means
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mTOR, P70S6, p-P70S6. Quantitative analysis was performed by measuring the relative proteins expression level to that of GAPDH. Data are expressed as

means *+ SD. *P < 0.05.

that possible revascularization and regeneration of blood vessels post-
PDL treatment, is a critical barrier to an adequate therapeutic outcome
of PDL treatment for PWS [21]. Although PDL treatment of PWS causes
intense, acute damage to blood vessels, at the same time, PDL-induced
local hypoxia leads to upregulation of hypoxia-inducible factor-1 alpha
(HIF-1a), a master regulator for the hypoxic response [22,23]. When
HIF-1a is stabilized and translocated to the nucleus, it results in the
transcription of numerous pro-angiogenic genes, including vascular
endothelial growth factor (VEGF) [22,23]. VEGF is the predominant

growth factor that regulates angiogenesis pathways by signaling via
VEGF receptor-2 (VEGFR-2) [24]. Activation of VEGFR-2 will lead to
activation of many downstream pathways, including phosphatidylino-
sitol 3-kinases (PI3K), AKT, and the mammalian target of rapamycin
(mTOR) signaling [22,25-27], finally resulting in regeneration and
revascularization of PWS blood vessels. Therefore, this is the main
limitation of traditional PDL treatment for PWS.

In the past decades, published data has recorded that several
thousand PWS cases have been treated by PDT, mediated by various
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haematoporphyrin-based photosensitizers in China [28-30]. The com-
parison of side-by-side clinical outcomes from PDL and PDT treatments
has demonstrated that PDT is overall more effective in many cases
compared to PDL. However, the long half-life of haematoporphyrin
derivatives leads to many complications, such as dark toxicity, due to
the prolonged skin photosensitivity to sunshine and even strong indoor
lighting. Consequently, when patients have been administered haema-
toporphyrin derivatives, they are required to avoid sun exposure for up
to 4 to 12 weeks [30,31]. Poor patient compliance with this require-
ment has adversely limited their clinical applications [32]. However, it
is undeniable that haematoporphyrin derivatives are effective to med-
iate PDT for vascular malformations. Therefore, it is necessary to find a
novel haematoporphyrin derivative for clinical application that lacks
side-effects.

The second generation photosensitizer, Hemoporfin (7(12)-(1-meth-
oxyethyl) -12(7)-(1-hydroxyethyl)-3,8,13,17-tetramethyl-21H,23H-por-
phin-2,18-dipropionic acid) is a novel porphyrin derivative which pro-
cesses a stable reproducible structure, a high singlet oxygen yield, high
photoactivity, low dark toxicity and a fast clearance rate [13]. Recently,
clinical outcomes from HMME-PDT treated PWS have shown impressive
efficacy. However, the exact mechanisms of action are unclear. In this
study, HUVECs were used to explore the phototoxic effects of Hemo-
porfin. Our results showed that Hemoporfin had a very potent inhibiting
effect on HUVECs at very low concentrations. After 24h of PDT, the
HUVECs ICs, values were 9.489 ug/ml and 4.336 pg/ml when the light
intensity was 3J/cm? or 4J/cm? respectively. Thus, Hemoporfin-
mediated PDT exerts cytotoxic effects on HUVEC cells and these results
are related to the light intensity and the sensitizer concentration. It is
worth noting that in the cell viability studies of HUVECs, Hemoporfin
displayed negligible biological activity in the absence of light.

Mammalian cells possess genetically regulated processes that lead to
death of cells in a multi-pathway and multi-step manner, which is
broadly known as apoptosis [33]. Apoptosis is critical in embryonic
development, inhibits the spread of viruses and modulates cell differ-
entiation and development in organisms. Thus, apoptosis is regarded to
be an active programmed process of cell death associated with char-
acteristic cytoplasmic and nuclear features [34]. During PDT treatment,
the killing of target cells is largely mediated by cellular DNA damage,
necrosis and/or apoptosis [35]. In our study, we found obvious signs of
apoptosis in the cells at 24 h after PDT with Hemoporfin, suggesting
that apoptosis plays a vital role in the therapeutic efficacy of PDT with
Hemoporfin. To reinforce this observation, DAPI staining for the nu-
cleus, PI staining and annexin V-FITC techniques were applied to in-
vestigate the cell death mode of HUVECs at 24 h after HMME-PDT. In
order to reduce damage to the normal tissue, we selected 10 ug/ml
HMME and 3 J/cm? or 4 J/cm? as a light dose. As demonstrated by flow
cytometry, apoptosis was observed in HUVECs, and the number of
apoptotic cells in the PDT groups was meaningfully higher than non-
PDT groups. We also found the level of apoptosis and late apoptosis
(necrosis) were elevated with increasing light intensity doses. Nuclear
staining showed typical apoptotic bodies, nuclear condensation, nu-
clear fragmentation or chromatin condensation, marginalization after
cells were subjected to PDT with Hemoporfin. These results showed
that HMME-PDT promoted both apoptosis and necrosis in HUVECs, and
also demonstrated that apoptosis is a crucial form of cell death in the
PDT process.

PDT is recognized an effective approach to destroy anti-apoptotic
proteins, such as Bcl-2, and also to stimulate proteins that trigger
apoptosis [16]. The Bcl-2 family comprises several proteins, some of
which are thought to prevent apoptosis while other do the opposite and
promote apoptosis [36]. For example, Bcl-2 inhibits apoptosis while
Bax stimulates apoptosis [36]. Relative to the control group, HMME-
PDT showed light dose-dependent up-regulation of Bax expression, to-
gether with a reduction of Bcl-2 expression. A significant difference in
Bax/Bcl-2 ratio was observed in protein levels measured by Western
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blot and also in mRNA expression measured by RT-qPCR. The bax/Bcl-2
ratio determines the functions of the caspase-regulated apoptotic
pathway. This is because Bcl-2 may interact with Bax thus sequestering
it, and inhibiting the downstream targets of the mitochondrial death
cascade [37]. All these findings indicate that HMME-mediated PDT
promotes HUVEC cell death via apoptotic pathway.

As a member of the VEGF family, VEGF-A has been implicated in
endothelial cell tube formation, and sprouting, and proliferation of
endothelial cells [26,27]. VEGF-A functions as a growth factor, which is
involved in the angiogenesis process [26]. After activation by VEGF-A,
VEGFR-2 triggers a wide range of effects and responses in endothelial
cells, including vascular tube formation, endothelial migration and
proliferation [24,38]. VEGF-A mediates important survival effects by
influencing the PI3K/Akt signaling pathway [39]. PI3K/AKT in turn
signals through mTOR, which is one of the kinases targeted by PI3K/
AKT, to regulate angiogenesis, survival, growth, and tumor cell pro-
liferation. Interestingly, we found that the protein levels of VEGF-A, p-
Akt, p-mTOR, total mTOR, p-P70S6 and total P70S6 were reduced in an
HMME concentration-dependent manner. These data imply that
HMME-PDT may inhibit VEGF-A expression, suppressing Akt, mTOR
and P70S6 activation. The results presented here reveal additional
mechanisms through which PDT inhibits vascular endothelial cell
growth. It is noteworthy that the PDT process relies on oxygen. During
hypoxic stress, cells respond by stimulating angiogenesis by increasing
angiogenesis promoting factors, such as VEGF [40]. However, our
findings showed that VEGF-A was downregulated at 24 h after PDT
treatment. This led to the inhibition of VEGF-A-triggered PI3K/Akt
signaling. This observation may account for the low incidence of re-
lapses in PWS following HMME-PDT treatment [41].

In conclusion, our study proved that Hemoporfin-mediated PDT can
promote apoptosis and suppress cell growth in HUVECs. The photo-
toxicity of Hemoporfin was dose-dependent in HUVECs. Taken to-
gether, HMME-PDT can also induce apoptosis and inhibit the activation
of the VEGF-A-mediated Akt/mTOR pathway.
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