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Abstract: Photodynamic therapy (PDT) is an attractive cancer treatment modality. Talaporfin sodium,
a second-generation photosensitizer, results in lower systemic toxicity and relatively better selective
tumor destruction than first-generation photosensitizers. However, the mechanism through which
PDT induces vascular shutdown is unclear. In this study, the in vitro effects of talaporfin sodium-based
PDT on human umbilical vein endothelial cells (HUVECs) were determined through cell viability and
endothelial tube formation assays, and evaluation of the tubulin and F-actin dynamics and myosin
light chain (MLC) phosphorylation. Additionally, the effects on tumor blood flow and tumor vessel
destruction were assessed in vivo. In the HUVECs, talaporfin sodium-based PDT induced endothelial
tube destruction and microtubule depolymerization, triggering the formation of F-actin stress fibers
and a significant increase in MLC phosphorylation. However, pretreatment with the Rho-associated
protein kinase (ROCK) inhibitor, Y27632, completely prevented PDT-induced stress fiber formation
and MLC phosphorylation. The in vivo analysis and pathological examination revealed that the
PDT had significantly decreased the tumor blood flow and the active area of the tumor vessel.
We concluded that talaporfin sodium-based PDT induces the shutdown of existing tumor vessels via
the RhoA/ROCK pathway by activating the Rho-GTP pathway and decreasing the tumor blood flow.

Keywords: photodynamic therapy; Rho-GTP pathway; talaporfin sodium; vascular shutdown effect

1. Introduction

Photodynamic therapy (PDT), an approved and increasingly popular cancer treatment modality,
involves the administration of a photosensitizing chemical substance (the photosensitizer) together
with visible light irradiation of a specific wavelength to a tumor. The photochemical reaction between
the accumulated photosensitizer molecules and light leads to the production of highly potent reactive
oxygen species that kill the tumor cells directly [1–3]. PDT has the advantages of being able to destroy
tumors selectively and eliciting fewer side effects [2]. The minimization of toxicity to the target
tissue results from the low dark toxicity and marginal selectivity of the photosensitizer, the spatial
confinement of the activating light, and the short lifetimes of (and hence short distances travelled by)
the toxic reactive molecule species that are generated in response to the light-based activation of the
photosensitizer [4]. Thus, PDT has been widely used for the treatment of various malignancies, such as
esophageal, gastric, lung, breast, head and neck, bladder, and prostate tumors [1]. It has been observed
that, compared with other therapies, PDT of tumors often results in higher cure and lower recurrence
rates in patients [5].

Aside from its localized destruction of tumors by direct killing of the tumor cells, PDT also induces
immunological effects [4,6,7]. We have previously reported that PDT could induce immunogenic cell
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death with immunogenicity through the expression of calreticulin and the release of high-mobility
group box 1 protein (HMGB1) in a mouse model [3]. Moreover, it has been reported that PDT can rapidly
damage the microvasculature of tumors [8–10]. Such PDT-induced damage to the microvasculature
results in a significant decrease of the blood flow and severe tissue hypoxia [11].

The tumor vasculature is an attractive therapeutic target because the vessels supply oxygen and
nutrients that support the survival of tumor cells and are the main routes for tumor metastasis [12].
The aim of antivascular therapy using vascular-disrupting agents (VDAs) is the destruction of the
established tumor vasculature, which will result in the death of secondary tumor cells with the rapid and
extensive decrease of the tumor blood flow [13]. One such VDA is combretastatin A4 3′-O-phosphate
(CA4P), which is being tested in clinical trials [14]. CA4P can induce the depolymerization of interphase
microtubules and contractility of actinomyosin and reorganize the actin cytoskeleton through activation
of the RhoA/Rho-associated protein kinase (ROCK) pathway [15].

However, there is a limitation of PDT. Although the first-generation photosensitizer porfimer
sodium (Photofrin®) has been widely used in the clinical setting, it results in long-term skin
photosensitivity and its short wavelength of absorption limits tissue penetration [2,16]. By contrast,
talaporfin sodium (TS; mono-l-aspartyl chlorin e6, NPe6, Laserphyrin®), a second-generation
photosensitizer, requires a shorter sunshade period (2 weeks) than the first-generation photosensitizers
(4 weeks) because it is rapidly cleared from the body. Furthermore, the excitation wavelength of the
diode laser that is used with TS is longer (664 nm) than that of the excimer dye laser (630 nm) that
is used with porfimer sodium, which means that the antitumor effect of TS reaches deeper than the
submucosal layer, including even the muscular layer [17]. A recent phase II study concluded that
PDT using TS (hereinafter, TS-PDT) is a safe and curative salvage treatment for local failure following
chemoradiotherapy or radiotherapy alone in patients with esophageal cancer [18].

The vascular shutdown effect is commonly known to be photosensitizer dependent [19].
The selective vascular effects of TS have been demonstrated in preclinical studies [20–24]. Compared
with porfimer-based PDT, TS-PDT resulted in a more significant vascular shutdown effect and
consequently greater tumor necrosis resulting from ischemia [25]. In clinical trials, TS-PDT has been
used for the management of bleeding after cold snaring in patients with esophageal cancer. However,
the mechanism through which PDT promotes vascular shutdown remains unclear. We hypothesized
that TS-PDT could modulate pericyte contractility and cause changes in the microstructure and stability
of the tumor vasculature. In this study, we have determined that the shutdown of existing tumor
vessels by TS-PDT involves the RhoA/ROCK pathway.

2. Results

2.1. TS-PDT Induced the Death of Vein Endothelial Cells

The cell proliferation assay was used to evaluate whether TS-PDT could induce the death of
vein endothelial cells. As shown in Figure 1b, TS-PDT induced the death of human umbilical vein
endothelial cells (HUVECs) in a dose-dependent manner, with a half-maximal inhibitory concentration
of 11.66µmol/L. However, there was no significant toxicity induced in the HUVECs by the administration
of TS alone (i.e., in the absence of light) (Figure S1). The same results were obtained with the MKN45,
HT29, and HCT116 cell lines [26,27].
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Figure 1. Effect of photodynamic therapy using talaporfin sodium (TS-PDT) on the viability of human 
umbilical vein endothelial cells (HUVECs). (a) HUVECs were treated with light irradiation alone, TS 
alone, or TS-PDT as indicated. Phase-contrast microscopy images were obtained (original 
magnification, 200×; scale bar, 50 µm). (b) Changes in the viability of the cells post TS-PDT were 
measured through cell proliferation assays. The IC50 value was calculated. Data are presented as the 
means ± SE of three independent experiments. 

2.2. TS-PDT Induced the Destruction of Endothelial Tubes  

Using the endothelial tube formation assay, we investigated whether TS-PDT could destroy the 
endothelial tubes. The results revealed that destruction of the tubes was initiated at approximately 
90 min post TS-PDT and was almost completed within 300 min. TS-PDT significantly reduced the 
total tube lengths, total number of tubes, and total number of branching points of the tubes (Figure 
2). 

 
Figure 2. Photodynamic therapy using talaporfin sodium (TS-PDT) inhibited endothelial tube 
formation in human umbilical vein endothelial cells (HUVECs). Tube disruption was determined 
using the Endothelial Tube Formation Assay Kit. After HUVECs were seeded on the Matrigel, 
endothelial tubes formed after 6 h and were treated as indicated. After 6 h of treatment, the following 

Figure 1. Effect of photodynamic therapy using talaporfin sodium (TS-PDT) on the viability of
human umbilical vein endothelial cells (HUVECs). (a) HUVECs were treated with light irradiation
alone, TS alone, or TS-PDT as indicated. Phase-contrast microscopy images were obtained (original
magnification, 200×; scale bar, 50 µm). (b) Changes in the viability of the cells post TS-PDT were
measured through cell proliferation assays. The IC50 value was calculated. Data are presented as the
means ± SE of three independent experiments.

2.2. TS-PDT Induced the Destruction of Endothelial Tubes

Using the endothelial tube formation assay, we investigated whether TS-PDT could destroy the
endothelial tubes. The results revealed that destruction of the tubes was initiated at approximately
90 min post TS-PDT and was almost completed within 300 min. TS-PDT significantly reduced the total
tube lengths, total number of tubes, and total number of branching points of the tubes (Figure 2).
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Figure 2. Photodynamic therapy using talaporfin sodium (TS-PDT) inhibited endothelial tube formation
in human umbilical vein endothelial cells (HUVECs). Tube disruption was determined using the
Endothelial Tube Formation Assay Kit. After HUVECs were seeded on the Matrigel, endothelial
tubes formed after 6 h and were treated as indicated. After 6 h of treatment, the following were
evaluated: (a) Tube disruption was quantified 6 h after treatment with light irradiation alone or TS-PDT.
(original magnification, 100×; scale bar 100 µm). (b) The total tube length, total number of tubes,
and total number of branching points were evaluated. Data from the bar graphs are presented as the
mean ± SEM from four independent experiments. The results were analyzed using Welch’s t-test;
* p < 0.05 and ** p < 0.01 compared with the control group.
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2.3. TS-PDT Triggered Depolymerization of the Microtubules and the Formation of F-Actin Stress Fibers

To further evaluate the changes in vascular endothelial cells in response to TS-PDT, we observed
the effects of the therapy on components of the cytoskeleton; namely, tubulin and actin filaments.
The TS-PDT induction of microtubule depolymerization and actin stress fiber formation in HUVECS
was examined in vitro through immunostaining. As a positive control, cells were incubated with CA4P.
TS-PDT and CA4P individually induced depolymerization of the microtubules in a dose-dependent
manner (Figure 3a). Individually, TS-PDT and CA4P also triggered the formation of thick F-actin stress
fibers that spanned the cell (Figure 3b).
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2.4. TS-PDT Activated the Myosin Light Chain  

It has been reported that the disassembly of the microtubules upon CA4P treatment could lead 
to the activation of the RhoA pathway, which would affect actin remodeling. Therefore, we used 
western blot analysis to determine the levels of the phosphorylated form of the myosin light chain 
(MLC), a Rho-kinase downstream effector, following TS-PDT in vitro. The phosphorylation of MLC 
was observed to have increased significantly within 5 min post TS-PDT and continued until 30 min 
(Figure 4a,b). Moreover, the extent of MLC phosphorylation induced by TS-PDT was higher than that 
induced by CA4P (Figure 4c,d).  

Figure 3. Photodynamic therapy using talaporfin sodium (TS-PDT) caused depolymerization of
the microtubules and the formation of F-actin stress fibers in human umbilical vein endothelial
cells (HUVECs), as shown by immunostaining and confocal microscopy. HUVECs were subjected
to TS-PDT or pretreated with combretastatin A4 3-O-phosphate (CA4P) for 1 h, as indicated.
(a) The microtubules were stained with an anti-tubulin antibody (green) and the nuclei were visualized
(blue). (b) Cell-spanning F-actin stress fibers were stained using an anti-F-actin antibody (red).
One representative experiment out of three is shown here (original magnification, 400×; scale bar,
20 µm).

2.4. TS-PDT Activated the Myosin Light Chain

It has been reported that the disassembly of the microtubules upon CA4P treatment could lead
to the activation of the RhoA pathway, which would affect actin remodeling. Therefore, we used
western blot analysis to determine the levels of the phosphorylated form of the myosin light chain
(MLC), a Rho-kinase downstream effector, following TS-PDT in vitro. The phosphorylation of MLC
was observed to have increased significantly within 5 min post TS-PDT and continued until 30 min
(Figure 4a,b). Moreover, the extent of MLC phosphorylation induced by TS-PDT was higher than that
induced by CA4P (Figure 4c,d).
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TS-PDT of different doses was measured and compared with that observed using CA4P. (c) Western 
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Figure 4. Photodynamic therapy using talaporfin sodium (TS-PDT) causes phosphorylation of the
myosin light chain (MLC) in human umbilical vein endothelial cells. The TS-PDT induction of MLC
phosphorylation was investigated in vitro using western blot analysis. (a,b) MLC was used as a loading
control and MLC phosphorylation was measured at various time points. (a) Western blot analysis
and (b) quantification of the western blot bands. (c,d) MLC phosphorylation at 5 min post TS-PDT of
different doses was measured and compared with that observed using CA4P. (c) Western blot analysis
and (d) quantification of the western blot bands. One representative experiment out of three is shown
here. The Whole Blots for Western Blot analysis for Figure 4a,c are shown in Figure S2a,b.

2.5. The Effects of TS-PDT are Triggered via the RhoA/Rho-Associated Protein Kinase/Myosin Light Chain Pathway

As described in Sections 2.3 and 2.4, immunostaining (Figure 3) and western blot analysis
(Figure 4) revealed that TS-PDT could activate the target downstream of RhoA for the formation of
stress fibers and MLC. However, treatment with the ROCK inhibitor Y27632 completely prevented
both the TS-PDT-induced formation of stress fibers and phosphorylation of MLC in the HUVECs
(Figure 5a–c). These data suggested that the effects of TS-PDT were mainly mediated through the
RhoA/ROCK pathway (Figure 5d).
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Figure 5. The inhibition of Rho-associated protein kinase (ROCK) inhibited the formation of actin stress
fibers and the phosphorylation of myosin light chains (MLCs) in human umbilical vein endothelial
cells subjected to photodynamic therapy using talaporfin sodium (TS-PDT). The inhibition of (a) actin
stress fiber formation and (b,c) MLC phosphorylation upon treatment with the ROCK inhibitor Y27632
was investigated using (a) immunostaining (original magnification, 400×; scale bar, 20 µm), (b) western
blot analysis, and (c) quantification of the western blot bands. One representative experiment out of
three is shown here. The Whole Blots for Western Blot analysis for Figure 5b are shown in Figure S2c.
(d) Mechanism through which TS-PDT exerts its vascular shutdown effect via the Rho-GTP pathway.
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2.6. TS-PDT Reduced Tumor Blood Flow in a Mouse Model of Subcutaneous Tumor

We also attempted to evaluate whether vascular shutdown occurs in vivo in response to TS-PDT.
Mice with xenografted subcutaneous tumors were established using the HCT116 colon cancer cell line.
At 2 h after the intravenous injection of TS, the tumors were irradiated using a diode laser system
(664 nm). The blood flow in and around the tumor was measured using OMEGAZONE2, a laser
speckle blood flow (LSBF) analysis system. The serial changes of the flow pattern were compared
against those of the control or the positive control (CA4P).

No changes in tumor blood flow were observed in mice treated either with laser irradiation only
(without photosensitizer administration) or TS only (administration of TS, followed by housing in
the dark) (Figure S3). CA4P slightly reduced tumor blood flow compared to these control groups.
TS-PDT was observed to be more potent than CA4P in reducing tumor blood flow (p ≤ 0.05, Figure S3,
Figure 6). The blood flow improved temporarily at 4 h after TS-PDT, which was likely due to the effect
exerted by reactive oxygen species.
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Figure 6. Photodynamic therapy using talaporfin sodium (TS-PDT) decreased tumor blood flow in
a mouse model of HCT116 subcutaneous tumor. Mouse xenograft tumor models were established
using the HCT116 colon cancer cell line. (a) Tumor blood flow was measured using a laser speckle
blood flow analysis system, OMEGAZONE2. One representative experiment out of seven is shown
here. (b) The blood flow ratio was calculated by dividing the flow post TS-PDT with the flow before
TS-PDT. Data are presented as the means ± SE from seven independent experiments. The results for
the different groups were analyzed and compared using the Bonferroni–Holm method; * p < 0.05.

2.7. The TS-PDT-Induced Destruction of Tumor Vessels Was Verified Pathologically

In addition to the evaluation using OMEGAZONE2, the tumors were excised from the various
mouse groups and evaluated pathologically by immunohistochemical staining for CD31 (a marker for
vascular endothelial cells) at 24 h after TS-PDT. It was found that TS-PDT led to significant reductions
in the active areas and diameters of the tumor vessels compared with those of the control, although the
number of active areas remained unchanged (Figure 7, Figure S4).
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3. Discussion

Vascular shutdown as an effect of PDT has attracted increasing attention of late. Therefore,
to gain a better understanding of the underlying mechanisms involved, we attempted to identify
the continuous changes in hemokinesis in the vessels during or after TS-PDT. Angiogenesis is
a physiological process involving the growth of new blood vessels from preexisting ones and its
role in cancer development has been well acknowledged [28]. If a tumor mass grows beyond a few
millimeters in size, the occurrence of an “angiogenic switch” is expected [29]. The tumor vasculature is
considered to be an important target for cancer therapy, and second-generation photosensitizers are
taking advantage of the need of tumor cells to depend on a functional blood supply for continued
growth [30]. In particular, vascular-targeted PDT has been developed as a treatment option against
localized prostate cancer, where it can selectively ablate the prostate with minimal collateral damage to
other organ structures. It has reported that vascular-targeted PDT using verteporfin and TOOKAD
could effectively destroy tumors by inducing vessel endothelial cell injury [31–34], thereby disrupting
vascular function [30,34,35]. PDT with verteporfin was observed to safely reduce the risk of vision
loss in patients with subfoveal occult without classic choroidal neovascularization resulting from
age-related macular degeneration and polypoidal choroidal vasculopathy [36]. Multicenter clinical
trials have confirmed that vascular-targeted PDT is clinically efficacious and has an excellent safety
profile [19].

In this study, we have demonstrated using HUVECs that TS-PDT induced cell death and the
destruction of endothelial tubes in the cells in vitro (Figures 1 and 2). Additionally, TS-PDT induced
the depolymerization of tubulin and the polymerization of F-actin via destruction of the microtubules
in the HUVECs (Figure 3).

The shape and function of endothelial cells are maintained by the cytoskeleton, a key target for
tubulin-binding VDAs [15]. CA4P is a VDA being developed for the clinical treatment of ovarian and
other cancers [37]. It is active in isolated tumor perfusions in the absence of blood, which supports the
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theory that the event initiating vascular shutdown occurs directly in the endothelial cells and/or directly
impacts vasoconstriction of the supplying arterioles. However, a more pronounced vascular effect
was observed in tumors in vivo, implicating the additional role of blood cells [12]. Kretzschmann et al.
reported that the disassembly of the microtubules upon treatment with CA4P could activate the RhoA
pathway, which contributes to actin remodeling [38,39].

We found that TS-PDT could also trigger activation of the RhoA pathway. Additionally, a significant
increase in the phosphorylation of MLC (a Rho-kinase downstream effector) was detected at 5, 15,
and 30 min post TS-PDT administration (Figure 4). Several studies have demonstrated the importance
of the RhoA/ROCK pathway in pericyte contractility and activation [24,40]. Y27632, a synthetic
pyridine derivative that inhibits ROCK by competing with ATP for the active site of the kinase, was able
to impair the TS-PDT-induced phosphorylation of MLC (Figure 5a,b). This indicates that ROCK
acts downstream of RhoA and mediates the phosphorylation of MLC induced by TS-PDT, similar to
the processes observed with CA4P. Therefore, we have confirmed that TS-PDT induces activation of
the RhoA/ROCK pathway, which subsequently leads to MLC phosphorylation and increased actin
polymerization and filament stabilization, which further drive stress fiber and focal adhesion assembly
(Figure 5c).

Recently, a chick chorioallantoic membrane model was used as an in vivo assay for studying the
application of PDT for eye diseases [41–44]. In our study, the vascular shutdown effect of TS-PDT was
investigated for the first time in vivo using an LSBF analysis system (Figure 6). This analytical system
conducts blood flow measurements using laser speckle imaging and has the following advantages:
(1) blood flow is visualized as a two-dimensional image; (2) the area of blood flow measurement can be
changed in saved image data; and (3) the averaged data do not consist of absolute values and can be
used quantitatively in comparative studies [45]. Moreover, by using the LSBF imager, it was possible
to link the vascular shutdown to the extent of the vascular response (as found with CD31) (Figure 7).
Importantly, significant vascular shutdown was observed after TS-PDT with a relatively low dose of
light (15 J/cm2). Several PDT studies have commonly used light energy doses of over 100 J/cm2 for
killing carcinoma xenografts [46–49]. Our results therefore indicate that the light energy dose required
for inducing vascular shutdown is much lower than that required to induce cancer cell death.

There are generally two distinct groups of vascular-targeted therapies: antiangiogenic agents and
VDAs [50]. The TS-PDT applied in our study reduced the active area and diameter of the tumor vessels
without changing their numbers (Figure 7), implying that TS-PDT is not an antiangiogenic agent but
a vascular-disrupting approach.

4. Materials and Methods

4.1. Compounds

CA4P (No. C3009) was procured from TCI (Tokyo, Japan). The ROCK inhibitor Y27632 was
purchased from MERCK (Darmstadt, Germany). TS (mono-l-aspartyl chlorin e6, Laserphyrin®, Tokyo,
Japan) was purchased from Meiji Seika (Tokyo, Japan).

4.2. Cell Culture

The HUVECs (Cascade Biologics, Portland, OR, USA) were cultured in Dulbecco’s modified
Eagle’s medium/F12 medium containing 10% fetal bovine serum (FBS) and 10 ng/mL basic fibroblast
growth factor (DS Pharma Biomedical Co. Osaka, Japan). The HCT116 human colon cancer cells
(No. CCL-247, American Type Culture Collection, Manassas, VA, USA) were cultured in McCoy’s 5A
medium (Sigma-Aldrich, St. Louis, MO, USA) containing 10% FBS and 1% ampicillin-streptomycin.
All the cells were cultured under an atmosphere of 5% CO2 at 37 ◦C.
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4.3. Photodynamic Therapy In Vitro

HUVECs were incubated for 24 h in the culture medium, following which they were incubated in
culture medium supplemented with TS at varying concentrations (0.5–64 µM) for 4 h. The cells were
washed once with phosphate-buffered saline (PBS), resuspended in the same buffer, and then irradiated
using a light-emitting diode system (OptoCode Corporation, Tokyo, Japan) at a light energy dose of
16 J/cm2 (irradiance: 36 mW/cm2

× 444 s) and wavelength of 660 nm. Then, the PBS was replaced with
culture medium and the cells were further incubated for a specified time prior to their analysis.

4.4. Cell Viability Assay

HUVECs were seeded into 96-well culture plates at a density of 5 × 103 cells/well in a 100 µL
volume and incubated overnight. The cells were then subjected to PDT with various doses of TS in vitro
and incubated further for 24 h. Cell viability was investigated with Cell Counting Kit-8 (Donjindo
Laboratories, Kumamoto, Japan) and a microplate reader (SPECTRA MAX340; Molecular Devices,
Silicon Valley, CA, USA). The survival rate was expressed as the percentage of live cells relative to
untreated control cells, and the half-maximal (50%) inhibitory concentration (IC50) was calculated from
the survival curve. Data are expressed as the means ± SE from three independent experiments.

4.5. Endothelial Tube Formation Assay

Tube disruption was measured using the Endothelial Tube Formation Assay Kit (Cell Biolabs,
Inc., San Diego, CA, USA). The bottom of each well of a cell culture plate (96-well) was coated with
a thin layer of ECM gel (50 µL/well; polymerization time: 60 min at 37 ◦C). HUVECs (1 × 104 cells
in a 50 µL volume) were then layered over the solidified ECM gel and incubated for 1 h at 37 ◦C.
Thereafter, the cells were subjected to TS-PDT in vitro and incubated for 6 h at 37 ◦C. The total tube
length, total number of tubes, and total number of branching points of the tubes were counted using
ImageJ software. The resultant data, expressed as the mean ± SEM from four independent experiments,
were compared with the results from the control group.

4.6. Immunocytochemistry and Confocal Laser Scanning Fluorescence Microscopy

HUVECs were seeded onto 8-well glass slides (Lab-Tek, MERCK, Darmstadt, Germany) at
a density of 1 × 105 cells per well, incubated for 24 h, and then subjected to TS-PDT in vitro. Thereafter,
the cells were fixed with paraformaldehyde and incubated with primary antibodies against tubulin
(ab18251, Abcam, Cambridge, MA, USA) or F-actin (bs-1571R, Bioss, Woburn, MA, USA). Alexa Fluor
488-conjugated goat anti-rabbit IgG (H + L; Invitrogen, Tokyo, Japan) was used as the secondary
antibody. All sections were counterstained using 4′,6-diamidino-2-phenylindole (DAPI; Kirkegaard
and Perry Laboratories, Gaithersburg, MD, USA). Images were obtained using a confocal laser scanning
fluorescence microscope (FV3000; Olympus, Tokyo, Japan). After incubating the HUVECs for 24 h,
the medium was replaced with medium supplemented with CA4P (30–300 nM) and incubation was
carried out for 1 h. Fluorescent immunostaining was then carried out as described above. Additionally,
another set of HUVECs was preincubated with the ROCK inhibitor Y27632 (10 µM) before TS-PDT
in vitro and fluorescent immunostaining. The results presented are from one representative experiment
out of three experiments.

4.7. Western Blot Analysis

Following TS-PDT of the HUVECs, the intracellular proteins were extracted from the cells using
a cell lysis buffer (Cell Signaling Technology, Beverly, MA, USA). The concentration of the total proteins
was measured using a protein assay kit (Bio-Rad Laboratories, Hercules, CA, USA). The protein
samples were then separated on Long-Life Tris-Glycine eXtended (TGX) gels (Bio-Rad) and the protein
bands were transferred onto a nitrocellulose membrane (Schleicher and Schuell BioScience, Dassel,
Germany). The membrane was incubated with the primary anti-pMLC antibody (1:1000 dilution;
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#3671; Cell Signaling Technology, Danvers, MA, USA) after blocking. Thereafter, the membrane was
washed extensively and then incubated with the secondary antibody. The signals were quantified using
the ECL Plus Western Blotting Detection System (GE Healthcare, Tokyo, Japan), Image Quant LAS 4000
Mini System (GE Healthcare), and ImageJ software. The membranes were probed with the anti-MLC2
antibody (1:1000 dilution; #8505; Abcam) as an internal control. HUVECs incubated with Y27632
before TS-PDT in vitro or with CA4P alone (30 or 300 nM) or Y27632 alone (10 µM) were similarly
investigated using western blotting. The results presented are from one representative experiment out
of three experiments.

4.8. Animals and Tumor Models

Pathogen-free female nude mice (BALB/c Slc-nu/nu), aged 4 weeks and weighing 20–25 g,
were purchased from Japan SLC, Inc. (Hamamatsu City, Shizuoka, Japan). Xenograft tumor models
were established by implanting 100 µL of medium containing 1 × 106 HCT116 cells subcutaneously in
the right flank of each animal. The use of animals and the procedures employed in this study were
approved by the Animal Research Committee of Nagoya City University (Project number: H29M-38).

4.9. Photodynamic Therapy In Vivo

At 20 days after inoculation of the HCT116 tumor cells, the xenograft-carrying mice were injected
intravenously with 6.25 µmol/kg TS via the tail vein. After 2 h of TS treatment, the tumors were
irradiated with light of 664 nm wavelength (OK Fiber Technology, Kyoto, Japan) at a dose 15 J/cm2

(irradiance: 150 mW/cm2
× 100 s). The temporal changes in tumor blood flow were monitored using

an LSBF analysis system (OMEGAZONE2; OMEGAWAVE Inc., Tokyo, Japan). Data from the different
groups are expressed as the means ± SE from seven independent experiments.

4.10. Immunohistochemistry

The tumors on the mice were excised and immediately fixed in formalin and embedded in paraffin
blocks. The block specimens were then sectioned (4 µm) and stained using an anti-CD31 monoclonal
antibody (1:100 dilution; bs-5913R; Cell Signaling Technology). Random fields were captured under
a microscope and the areas positive for CD31 were quantified using ImageJ software (NIH, Bethesda,
MD, USA). Data are expressed as the mean ± SE from five independent experiments.

4.11. Statistical Analysis

Descriptive statistical analysis was carried out using the statistical package GraphPad Prism 8
(GraphPad Software, Inc., San Diego, CA, USA). A p-value of less than 0.05 was considered statistically
significant for all analyses.

5. Conclusions

We have demonstrated that TS-PDT induced vascular shutdown through activation of the
RhoA/ROCK pathway, leading to the polymerization of F-actin in vitro. Additionally, TS-PDT
significantly decreased blood flow in the tumor in vivo. On the basis of the applicability and
characteristics of TS presented in this study, we surmise that it could be an important component
responsible for the vascular shutdown resulting from the use of PDT, thereby contributing to the
antitumor effects of this treatment modality.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6694/12/9/2369/s1,
Figure S1: Changes in cell viability after treatment with the drug (without irradiation), Figure S2: Whole western
blots (uncropped blots) showing all the bands with molecular weight markers, Figure S3: Laser speckle blood
flow image showing the in vivo antivascular effects of TS-PDT on HCT116 xenografts in nude mice, Figure S4:
Pathological expression of CD31 in vivo revealing the antivascular effects of TS-PDT.
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Cancers 2020, 12, 2369 11 of 13

Author Contributions: Conceptualization, T.S. and M.T.; Data curation, T.S., M.S., and H.I.; Formal analysis,
T.S. and H.N.; Investigation, T.S., M.S., and H.I.; Supervision, M.T. and H.K.; Validation, T.S.; Visualization, T.S.;
Writing—original draft, T.S. and M.T.; Writing—review and editing, M.T. and H.K. All authors have read and
agreed to the published version of the manuscript.

Funding: This work was partially supported by JSPS KAKENHI (2020–2021), grant number 20K16997 (to
T. Suzuki); JSPS KAKENHI (2017–2019), grant number 18K08013 (to M. Tanaka); JSPS KAKENHI (2020–2022),
grant number 20K08361 (to M. Tanaka); the Kobayashi Foundation for Cancer Research (2018–2019) (to M. Tanaka);
the Takeda Science Foundation (2018–2019) (to M. Tanaka); the Kobayashi International Scholarship Foundation
(2019) (to M. Tanaka); the Nitto Foundation (2019) (to M. Tanaka); the Murata Science Foundation (2019–2020)
(to M. Tanaka); the Research Foundation for Opto Science and Technology (2020) (to M. Tanaka); JSPS KAKENHI
(2020–2021), grant number 20K16965 (to H. Ichikawa); JSPS KAKENHI (2018–2020), grant number 18K15758
(to H. Nishie); AMED ACT-MS (2018–2019), grant number 18im0210812h0001; and JSPS KAKENHI (2020–2022),
grant number 20K08391 (to H. Kataoka).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Dolmans, D.E.; Fukumura, D.; Jain, R.K. Photodynamic therapy for cancer. Nat. Rev. Cancer 2003, 3, 380–387.
[CrossRef] [PubMed]

2. Juarranz, A.; Jaen, P.; Sanz-Rodriguez, F.; Cuevas, J.; Gonzalez, S. Photodynamic therapy of cancer.
Basic principles and applications. Clin. Transl. Oncol. 2008, 10, 148–154. [CrossRef] [PubMed]

3. Tanaka, M.; Kataoka, H.; Yano, S.; Sawada, T.; Akashi, H.; Inoue, M.; Suzuki, S.; Inagaki, Y.; Hayashi, N.;
Nishie, H.; et al. Immunogenic cell death due to a new photodynamic therapy (PDT) with glycoconjugated
chlorin (G-chlorin). Oncotarget 2016, 7. [CrossRef] [PubMed]

4. Mehraban, N.; Freeman, H.S. Developments in PDT Sensitizers for Increased Selectivity and Singlet Oxygen
Production. Materials (Basel) 2015, 8, 4421–4456. [CrossRef] [PubMed]

5. Detty, M.R.; Gibson, S.L.; Wagner, S.J. Current clinical and preclinical photosensitizers for use in photodynamic
therapy. J. Med. Chem. 2004, 47, 3897–3915. [CrossRef]

6. Panzarini, E.; Inguscio, V.; Dini, L. Immunogenic cell death: Can it be exploited in PhotoDynamic Therapy
for cancer? Biomed Res. Int. 2013, 2013, 482160. [CrossRef]

7. Donohoe, C.; Senge, M.O.; Arnaut, L.G.; Gomes-da-Silva, L.C. Cell death in photodynamic therapy:
From oxidative stress to anti-tumor immunity. Biochim. Biophys. Acta Rev. Cancer 2019, 1872, 188308.
[CrossRef]

8. Usuda, J.; Okunaka, T.; Furukawa, K.; Tsuchida, T.; Kuroiwa, Y.; Ohe, Y.; Saijo, N.; Nishio, K.; Konaka, C.;
Kato, H. Increased cytotoxic effects of photodynamic therapy in IL-6 gene transfected cells via enhanced
apoptosis. Int. J. Cancer 2001, 93, 475–480. [CrossRef]

9. Chen, B.; Pogue, B.W.; Zhou, X.; O’Hara, J.A.; Solban, N.; Demidenko, E.; Hoopes, P.J.; Hasan, T. Effect of
tumor host microenvironment on photodynamic therapy in a rat prostate tumor model. Clin. Cancer Res.
2005, 11, 720–727.

10. Huang, Z.; Chen, Q.; Luck, D.; Beckers, J.; Wilson, B.C.; Trncic, N.; LaRue, S.M.; Blanc, D.; Hetzel, F.W.
Studies of a vascular-acting photosensitizer, Pd-bacteriopheophorbide (Tookad), in normal canine prostate
and spontaneous canine prostate cancer. Lasers Surg. Med. 2005, 36, 390–397. [CrossRef]

11. Sitnik, T.M.; Hampton, J.A.; Henderson, B.W. Reduction of tumour oxygenation during and after
photodynamic therapy in vivo: Effects of fluence rate. Br. J. Cancer 1998, 77, 1386–1394. [CrossRef]
[PubMed]

12. Tozer, G.M.; Kanthou, C.; Baguley, B.C. Disrupting tumour blood vessels. Nat. Rev. Cancer 2005, 5, 423–435.
[CrossRef] [PubMed]

13. Tozer, G.M.; Prise, V.E.; Wilson, J.; Cemazar, M.; Shan, S.; Dewhirst, M.W.; Barber, P.R.; Vojnovic, B.;
Chaplin, D.J. Mechanisms associated with tumor vascular shut-down induced by combretastatin A-4
phosphate: Intravital microscopy and measurement of vascular permeability. Cancer Res. 2001, 61, 6413–6422.
[PubMed]

14. Dowlati, A.; Robertson, K.; Cooney, M.; Petros, W.P.; Stratford, M.; Jesberger, J.; Rafie, N.; Overmoyer, B.;
Makkar, V.; Stambler, B.; et al. A phase I pharmacokinetic and translational study of the novel vascular
targeting agent combretastatin a-4 phosphate on a single-dose intravenous schedule in patients with advanced
cancer. Cancer Res. 2002, 62, 3408–3416. [PubMed]

http://dx.doi.org/10.1038/nrc1071
http://www.ncbi.nlm.nih.gov/pubmed/12724736
http://dx.doi.org/10.1007/s12094-008-0172-2
http://www.ncbi.nlm.nih.gov/pubmed/18321817
http://dx.doi.org/10.18632/oncotarget.9725
http://www.ncbi.nlm.nih.gov/pubmed/27363018
http://dx.doi.org/10.3390/ma8074421
http://www.ncbi.nlm.nih.gov/pubmed/28793448
http://dx.doi.org/10.1021/jm040074b
http://dx.doi.org/10.1155/2013/482160
http://dx.doi.org/10.1016/j.bbcan.2019.07.003
http://dx.doi.org/10.1002/ijc.1374
http://dx.doi.org/10.1002/lsm.20177
http://dx.doi.org/10.1038/bjc.1998.231
http://www.ncbi.nlm.nih.gov/pubmed/9652753
http://dx.doi.org/10.1038/nrc1628
http://www.ncbi.nlm.nih.gov/pubmed/15928673
http://www.ncbi.nlm.nih.gov/pubmed/11522635
http://www.ncbi.nlm.nih.gov/pubmed/12067983


Cancers 2020, 12, 2369 12 of 13

15. Kanthou, C.; Tozer, G.M. The tumor vascular targeting agent combretastatin A-4-phosphate induces
reorganization of the actin cytoskeleton and early membrane blebbing in human endothelial cells. Blood
2002, 99, 2060–2069. [CrossRef]

16. Triesscheijn, M.; Baas, P.; Schellens, J.H.; Stewart, F.A. Photodynamic therapy in oncology. Oncologist 2006,
11, 1034–1044. [CrossRef]

17. Gomer, C.J.; Ferrario, A. Tissue distribution and photosensitizing properties of mono-L-aspartyl chlorin e6 in
a mouse tumor model. Cancer Res. 1990, 50, 3985–3990.

18. Yano, T.; Kasai, H.; Horimatsu, T.; Yoshimura, K.; Teramukai, S.; Morita, S.; Tada, H.; Yamamoto, Y.;
Kataoka, H.; Kakushima, N.; et al. A multicenter phase II study of salvage photodynamic therapy using
talaporfin sodium (ME2906) and a diode laser (PNL6405EPG) for local failure after chemoradiotherapy or
radiotherapy for esophageal cancer. Oncotarget 2017, 8, 22135–22144. [CrossRef]

19. Azzouzi, A.R.; Vincendeau, S.; Barret, E.; Cicco, A.; Kleinclauss, F.; van der Poel, H.G.; Stief, C.G.;
Rassweiler, J.; Salomon, G.; Solsona, E.; et al. Padeliporfin vascular-targeted photodynamic therapy versus
active surveillance in men with low-risk prostate cancer (CLIN1001 PCM301): An open-label, phase 3,
randomised controlled trial. Lancet Oncol. 2017, 18, 181–191. [CrossRef]

20. Akimoto, J.; Haraoka, J.; Aizawa, K. Preliminary clinical report on safety and efficacy of photodynamic
therapy using talaporfin sodium for malignant gliomas. Photodiagnosis Photodyn. Ther. 2012, 9, 91–99.
[CrossRef]

21. Bromley, E.; Briggs, B.; Keltner, L.; Wang, S.S. Characterization of cutaneous photosensitivity in healthy
volunteers receiving talaporfin sodium. Photodermatol. Photoimmunol. Photomed. 2011, 27, 85–89. [CrossRef]
[PubMed]

22. Tournas, J.A.; Lai, J.; Truitt, A.; Huang, Y.C.; Osann, K.E.; Choi, B.; Kelly, K.M. Combined benzoporphyrin
derivative monoacid ring photodynamic therapy and pulsed dye laser for port wine stain birthmarks.
Photodiagnosis Photodyn. Ther. 2009, 6, 195–199. [CrossRef] [PubMed]

23. Kelly, K.M.; Moy, W.J.; Moy, A.J.; Lertsakdadet, B.S.; Moy, J.J.; Nguyen, E.; Nguyen, A.; Osann, K.E.; Choi, B.
Talaporfin sodium-mediated photodynamic therapy alone and in combination with pulsed dye laser on
cutaneous vasculature. J. Investig. Dermatol. 2015, 135, 302–304. [CrossRef] [PubMed]

24. Cavin, S.; Riedel, T.; Rosskopfova, P.; Gonzalez, M.; Baldini, G.; Zellweger, M.; Wagnieres, G.; Dyson, P.J.;
Ris, H.B.; Krueger, T.; et al. Vascular-targeted low dose photodynamic therapy stabilizes tumor vessels by
modulating pericyte contractility. Lasers Surg. Med. 2019, 51, 550–561. [CrossRef] [PubMed]

25. Ohmori, S.; Arai, T. In vitro behavior of Porfimer sodium and Talaporfin sodium with high intensity pulsed
irradiation. Lasers Med. Sci. 2006, 21, 213–223. [CrossRef] [PubMed]

26. Tanaka, M.; Kataoka, H.; Mabuchi, M.; Sakuma, S.; Takahashi, S.; Tujii, R.; Akashi, H.; Ohi, H.; Yano, S.;
Morita, A.; et al. Anticancer effects of novel photodynamic therapy with glycoconjugated chlorin for gastric
and colon cancer. Anticancer Res. 2011, 31, 763–769.

27. Ichikawa, H.; Nishie, H.; Yano, S.; Komai, Y.; Yamaguchi, H.; Nomoto, A.; Suzuki, T.; Tanaka, M.; Shimura, T.;
Mizoshita, T.; et al. Antitumor Effect of a Novel Photodynamic Therapy with Acetylated Glucose-conjugated
Chlorin for Gastrointestinal Cancers. Anticancer Res. 2019, 39, 4199–4206. [CrossRef]

28. Folkman, J. Angiogenesis. Annu. Rev. Med. 2006, 57, 1–18. [CrossRef]
29. De la Torre, N.G.; Wass, J.A.; Turner, H.E. Antiangiogenic effects of somatostatin analogues. Clin. Endocrinol.

(Oxf.) 2002, 57, 425–441. [CrossRef]
30. He, C.; Agharkar, P.; Chen, B. Intravital microscopic analysis of vascular perfusion and macromolecule

extravasation after photodynamic vascular targeting therapy. Pharm. Res. 2008, 25, 1873–1880. [CrossRef]
31. Gross, S.; Gilead, A.; Scherz, A.; Neeman, M.; Salomon, Y. Monitoring photodynamic therapy of solid tumors

online by BOLD-contrast MRI. Nat. Med. 2003, 9, 1327–1331. [CrossRef] [PubMed]
32. Khurana, M.; Moriyama, E.H.; Mariampillai, A.; Wilson, B.C. Intravital high-resolution optical imaging

of individual vessel response to photodynamic treatment. J. Biomed. Opt. 2008, 13, 040502. [CrossRef]
[PubMed]

33. Kraus, D.; Palasuberniam, P.; Chen, B. Targeting Phosphatidylinositol 3-Kinase Signaling Pathway for
Therapeutic Enhancement of Vascular-Targeted Photodynamic Therapy. Mol. Cancer Ther. 2017, 16,
2422–2431. [CrossRef] [PubMed]

http://dx.doi.org/10.1182/blood.V99.6.2060
http://dx.doi.org/10.1634/theoncologist.11-9-1034
http://dx.doi.org/10.18632/oncotarget.14029
http://dx.doi.org/10.1016/S1470-2045(16)30661-1
http://dx.doi.org/10.1016/j.pdpdt.2012.01.001
http://dx.doi.org/10.1111/j.1600-0781.2011.00573.x
http://www.ncbi.nlm.nih.gov/pubmed/21392111
http://dx.doi.org/10.1016/j.pdpdt.2009.10.002
http://www.ncbi.nlm.nih.gov/pubmed/19932451
http://dx.doi.org/10.1038/jid.2014.304
http://www.ncbi.nlm.nih.gov/pubmed/25036051
http://dx.doi.org/10.1002/lsm.23069
http://www.ncbi.nlm.nih.gov/pubmed/30779366
http://dx.doi.org/10.1007/s10103-006-0403-0
http://www.ncbi.nlm.nih.gov/pubmed/17024319
http://dx.doi.org/10.21873/anticanres.13580
http://dx.doi.org/10.1146/annurev.med.57.121304.131306
http://dx.doi.org/10.1046/j.1365-2265.2002.01619.x
http://dx.doi.org/10.1007/s11095-008-9604-5
http://dx.doi.org/10.1038/nm940
http://www.ncbi.nlm.nih.gov/pubmed/14502284
http://dx.doi.org/10.1117/1.2965545
http://www.ncbi.nlm.nih.gov/pubmed/19021306
http://dx.doi.org/10.1158/1535-7163.MCT-17-0326
http://www.ncbi.nlm.nih.gov/pubmed/28835385


Cancers 2020, 12, 2369 13 of 13

34. Madar-Balakirski, N.; Tempel-Brami, C.; Kalchenko, V.; Brenner, O.; Varon, D.; Scherz, A.; Salomon, Y.
Permanent occlusion of feeding arteries and draining veins in solid mouse tumors by vascular targeted
photodynamic therapy (VTP) with Tookad. PLoS ONE 2010, 5, e10282. [CrossRef] [PubMed]

35. Huang, Z.; Haider, M.A.; Kraft, S.; Chen, Q.; Blanc, D.; Wilson, B.C.; Hetzel, F.W. Magnetic resonance imaging
correlated with the histopathological effect of Pd-bacteriopheophorbide (Tookad) photodynamic therapy on
the normal canine prostate gland. Lasers Surg. Med. 2006, 38, 672–681. [CrossRef] [PubMed]

36. Kaiser, P.K.; Visudyne In Occult CNV (VIO) Study Group. Verteporfin PDT for subfoveal occult CNV in
AMD: Two-year results of a randomized trial. Curr. Med. Res. Opin. 2009, 25, 1853–1860. [CrossRef]

37. Grisham, R.; Ky, B.; Tewari, K.S.; Chaplin, D.J.; Walker, J. Clinical trial experience with CA4P anticancer
therapy: Focus on efficacy, cardiovascular adverse events, and hypertension management. Gynecol. Oncol.
Res. Pract. 2018, 5, 1. [CrossRef]

38. Kretzschmann, V.K.; Gellrich, D.; Ullrich, A.; Zahler, S.; Vollmar, A.M.; Kazmaier, U.; Furst, R. Novel tubulin
antagonist pretubulysin displays antivascular properties in vitro and in vivo. Arterioscler. Thromb. Vasc. Biol.
2014, 34, 294–303. [CrossRef]

39. Williams, L.J.; Mukherjee, D.; Fisher, M.; Reyes-Aldasoro, C.C.; Akerman, S.; Kanthou, C.; Tozer, G.M.
An in vivo role for Rho kinase activation in the tumour vascular disrupting activity of combretastatin A-4
3-O-phosphate. Br. J. Pharmacol. 2014, 171, 4902–4913. [CrossRef]

40. Kutcher, M.E.; Kolyada, A.Y.; Surks, H.K.; Herman, I.M. Pericyte Rho GTPase mediates both pericyte
contractile phenotype and capillary endothelial growth state. Am. J. Pathol. 2007, 171, 693–701. [CrossRef]

41. Nowak-Sliwinska, P.; van Beijnum, J.R.; van Berkel, M.; van den Bergh, H.; Griffioen, A.W. Vascular regrowth
following photodynamic therapy in the chicken embryo chorioallantoic membrane. Angiogenesis 2010, 13,
281–292. [CrossRef] [PubMed]

42. Samkoe, K.S.; Clancy, A.A.; Karotki, A.; Wilson, B.C.; Cramb, D.T. Complete blood vessel occlusion in
the chick chorioallantoic membrane using two-photon excitation photodynamic therapy: Implications for
treatment of wet age-related macular degeneration. J. Biomed. Opt. 2007, 12, 034025. [CrossRef] [PubMed]

43. Debefve, E.; Pegaz, B.; van den Bergh, H.; Wagnieres, G.; Lange, N.; Ballini, J.P. Video monitoring of neovessel
occlusion induced by photodynamic therapy with verteporfin (Visudyne), in the CAM model. Angiogenesis
2008, 11, 235–243. [CrossRef]

44. Lange, N.; Ballini, J.P.; Wagnieres, G.; van den Bergh, H. A new drug-screening procedure for photosensitizing
agents used in photodynamic therapy for CNV. Investig. Ophth. Vis. Sci. 2001, 42, 38–46.

45. Forrester, K.R.; Stewart, C.; Tulip, J.; Leonard, C.; Bray, R.C. Comparison of laser speckle and laser Doppler
perfusion imaging: Measurement in human skin and rabbit articular tissue. Med. Biol. Eng. Comput. 2002,
40, 687–697. [CrossRef] [PubMed]

46. Peng, Q.; Warloe, T.; Moan, J.; Godal, A.; Apricena, F.; Giercksky, K.E.; Nesland, J.M. Antitumor effect
of 5-aminolevulinic acid-mediated photodynamic therapy can be enhanced by the use of a low dose of
photofrin in human tumor xenografts. Cancer Res. 2001, 61, 5824–5832.

47. Schastak, S.; Jean, B.; Handzel, R.; Kostenich, G.; Hermann, R.; Sack, U.; Orenstein, A.; Wang, Y.S.;
Wiedemann, P. Improved pharmacokinetics, biodistribution and necrosis in vivo using a new near infra-red
photosensitizer: Tetrahydroporphyrin tetratosylat. J. Photochem. Photobiol. B Biol. 2005, 78, 203–213.
[CrossRef]

48. Hajri, A.; Wack, S.; Meyer, C.; Smith, M.K.; Leberquier, C.; Kedinger, M.; Aprahamian, M. In vitro and in vivo
efficacy of photofrin and pheophorbide a, a bacteriochlorin, in photodynamic therapy of colonic cancer cells.
Photochem. Photobiol. 2002, 75, 140–148. [CrossRef]

49. Masumoto, K.; Yamada, I.; Tanaka, H.; Fujise, Y.; Hashimoto, K. Tissue distribution of a new photosensitizer
ATX-S10Na(II) and effect of a diode laser (670 nm) in photodynamic therapy. Lasers Med. Sci. 2003, 18,
134–138. [CrossRef]

50. Siemann, D.W.; Bibby, M.C.; Dark, G.G.; Dicker, A.P.; Eskens, F.A.; Horsman, M.R.; Marme, D.; Lorusso, P.M.
Differentiation and definition of vascular-targeted therapies. Clin. Cancer Res. 2005, 11, 416–420.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1371/journal.pone.0010282
http://www.ncbi.nlm.nih.gov/pubmed/20421983
http://dx.doi.org/10.1002/lsm.20375
http://www.ncbi.nlm.nih.gov/pubmed/16799982
http://dx.doi.org/10.1185/03007990903038616
http://dx.doi.org/10.1186/s40661-017-0058-5
http://dx.doi.org/10.1161/ATVBAHA.113.302155
http://dx.doi.org/10.1111/bph.12817
http://dx.doi.org/10.2353/ajpath.2007.070102
http://dx.doi.org/10.1007/s10456-010-9185-x
http://www.ncbi.nlm.nih.gov/pubmed/20842454
http://dx.doi.org/10.1117/1.2750663
http://www.ncbi.nlm.nih.gov/pubmed/17614733
http://dx.doi.org/10.1007/s10456-008-9106-4
http://dx.doi.org/10.1007/BF02345307
http://www.ncbi.nlm.nih.gov/pubmed/12507319
http://dx.doi.org/10.1016/j.jphotobiol.2004.11.006
http://dx.doi.org/10.1562/0031-8655(2002)075&lt;0140:IVAIVE&gt;2.0.CO;2
http://dx.doi.org/10.1007/s10103-003-0268-4
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	TS-PDT Induced the Death of Vein Endothelial Cells 
	TS-PDT Induced the Destruction of Endothelial Tubes 
	TS-PDT Triggered Depolymerization of the Microtubules and the Formation of F-Actin Stress Fibers 
	TS-PDT Activated the Myosin Light Chain 
	The Effects of TS-PDT are Triggered via the RhoA/Rho-Associated Protein Kinase/Myosin Light Chain Pathway 
	TS-PDT Reduced Tumor Blood Flow in a Mouse Model of Subcutaneous Tumor 
	The TS-PDT-Induced Destruction of Tumor Vessels Was Verified Pathologically 

	Discussion 
	Materials and Methods 
	Compounds 
	Cell Culture 
	Photodynamic Therapy In Vitro 
	Cell Viability Assay 
	Endothelial Tube Formation Assay 
	Immunocytochemistry and Confocal Laser Scanning Fluorescence Microscopy 
	Western Blot Analysis 
	Animals and Tumor Models 
	Photodynamic Therapy In Vivo 
	Immunohistochemistry 
	Statistical Analysis 

	Conclusions 
	References

