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Photochemical reactions used in photodynamic therapy are reported to damage normal cells and
tissues in ways that increase endothelial permeability and thereby cause excessive neointimal formation
and subsequent restenosis. To investigate the mechanisms of this permeability increase in vitro, human
umbilical vein endothelial cells were incubated with the porphyrin precursor d-aminolevulinic acid and
then irradiated with a 646 nm light-emitting diode (LED). Results using Transwells R© supports showed
that the photochemical reaction increased endothelial permeability by 200%, and fluorescence
microscopy revealed that destruction of the capillary-like structures due to cell shrinkage was
accompanied by VE-cadherin mislocalization and stress fiber formation. The generated gaps between
cells were observed using dyed b1-integrin and total internal reflection fluorescence microscopy.
Western blotting indicated that the photochemical reaction phosphorylated GDP-RhoA to
GTP-RhoA, a protein that promotes stress fiber formation and inhibits VE-cadherin production. When
forskolin/rolipram or 8CPT-2¢O-Me-cAMP, both of which inhibit further reaction of phosphorylated
RhoA, were added, no formation of stress fibers or mislocalization of VE-cadherin was observed, thus
preventing an increase in endothelial permeability. Taken together, photochemically induced RhoA
activation appears to play a key role in increasing endothelial permeability during changes in
morphology of endothelial cells.

Introduction

Photosensitizer-based photochemical reactions have been used in
photodynamic therapy (PDT) for decades, and photosensitizer-
based PDT has been making significant progress since Lipton
developed an oncotropic photosensitizer in 1961.1 PDT is an ap-
proved treatment for a number of diseases—including malignant
glioma, atheroselerosis, and melanoma—and is expected to be
used in the diagnosis and treatments of choroidal neovasculariza-
tion and other cancers.

PDT is based on the light-induced activation of a photosensi-
tizer, generating highly reactive oxygen species (ROS), in particular
singlet oxygen. The photosensitizer is excited from the singlet
ground state 1S to the triplet excited state 3T* by light irradiation,
and the decay of that state to the 1S state activates surrounding
oxygen by exciting it from the triplet ground state to the singlet
excited state.

d-Aminolevulinic acid (ALA) is ofen used in PDT as a precursor
of the photosensitizer protoporphyrin IX (PpIX). ALA-based
PDT was reported first by Malik and Lugaci in 19872 followed by
a clinical trial in 1990.3 ALA itself is not harmful and is produced
naturally in the course of heme production, in which the last step
involves incorportion of iron to PpIX via ferrochelatase. Supple-
mentation of exogenous ALA in the cells over-produces PpIX that
exceeds the capacity of ferrochelatase, leading to its accumulation
at high levels. Because ALA is attracted to neoplasmic rather
than normal tissue, such excess PpIX preferentially accumulates
in neoplasmic tissue.
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ROS produced by photochemical reactions in mitochondria
or organelles directly cause cellular necrosis and apoptosis by
disrupting enzymatic systems and signaling networks,4 and also
cause a vascular shutdown that results in lack of nutrition and tu-
mor death.5 Vascular shutdown is reported to be effective therapy
for age-related macular degeneration.6 However, in vivo evidence
suggests that an increase in endothelial permeability, which was
thought to originate from endothelial barrier breakdown caused
by photochemical reactions, culminated in the deposition of the
extracellular matrix in the neointima and/or in the proliferation
of smooth muscle cells, resulting in luminal narrowing as a side
effect of PDT.7,8

This study investigated ALA in human umbilical vein endothe-
lial cells (HUVEC) in vitro to elucidate the mechanisms behind the
increase in endothelial permeability and to identify the proteins
associated with this process. This study may help in the design of
a more effective PDT with less side effects.

Materials and methods

HUVEC and EGM-2 culture media were purchased from
Cambrex. ALA was purchased from Funakoshi Co.. Hydrochloric
acid, FITC-dextran, methanol, Triton X-100, MCDB-131, and
paraformaldehyde were purchased from Sigma. PpIX was pur-
chased from Alexis. Thiazolyl blue tetrazolium bromide (MTT)
and calcein-AM were purchased from Dojindo Laboratories.
Dulbecco’s phosphate buffered saline was purchased from Gibco.
Dimethyl sulfoxide (DMSO), sodium hydroxide, sodium bicar-
bonate, and HEPES were purchased from Wako. Cellmatrix
Type I-A was purchased from Nitta Gelatin. Alexa Fluor R©
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568 phalloidin, DNaseI, and Alexa Fluor R© 488 conjugate were
purchased from Molecular Probe. Phenylmethylsulfonyl fluoride,
sodium n-dodecyl sulfate (SDS), and Tween 20 were purchased
from Kanto Chemical Co. Protein assay dye reagent was perchased
from Bio-Rad. Anti-mouse IgG, HRP-linked whole antibody was
purchased from Amersham. Western lightning chemiluminescence
reagent was purchased from PerkinElmer Life Science. RhoA
activation assay Biochem KitTM was purchased from Cytoskeleton,
Inc.

Measurement of cellular PpIX content

PpIX was extracted and measured as previously reported.9 HU-
VEC were incubated in EGM-2 supplemented with 0–3 mM ALA
in a 24-well plate for 4 h, rinsed with PBS, and then scraped off
with a rubber policeman. These cells were mixed with 1 M HCl–
CH3OH and centrifuged at 4 ◦C. The supernatant was collected
and inspected with a spectrofluorometer (ex. 405 nm, em. 620 nm)
(RF 1500, Shimadzu).

Intracellular PpIX was detected by a confocal laser microscopy
(LSM410, Carl Zeiss) with a 450–490 nm excitation filter and
an emission filter passing wavelengths longer than 630 nm.
Fluorescence images were acquired with a CCD camera (ORCA-
ER, Hamamatsu Photonics).

ALA photochemical reaction treatment

After HUVEC were incubated in EGM-2 supplemented with
1 mM ALA in 24-well plates for 4 h, they were irradiated with
a 646 nm light for 10 min using 280 arrays of red LEDs (Agilent
Technologies) as a light source (Fig. 1). The output power of the
light was adjusted to 10 mW cm-2 as measured with an optical
power multimeter (Advantest).

Fig. 1 LED light irradiation.

MTT viability assay

Phototoxicity was evaluated using MTT. Approximately 2 ¥ 105

cells in fresh medium were seeded onto a 24-well plate and 24 h later
exposed to the photoreaction irradiation. MTT was added to each
well 24 h after the photoreaction and the samples were incubated
at 37 ◦C for 4 h. After washing and dissolving of formazan with
DMSO (200 ml per well), 100 ml samples were transferred to a
96-well plate and the optical density was measured using a
microplate reader (MPR-A4i, Tosoh).

Permeability assay

The permeability of endothelial cell monolayers was measured
using Corning Costar Transwell R© supports with 3 mm pores.
Approximately 2 ¥ 105 cells in fresh medium were seeded onto

the support in the 24-well plate and cultured until they formed a
complete monolayer. FITC-dextran (1 mg mL-1, average molec-
ular weight = 40 000) was added to the upper chamber with
the cells that had been treated without (control) or with the
photoreaction irradiation. Each 25 ml sample was taken from the
lower compartment and the fluorescence was measured with a
spectrofluorometer (ex. 492 nm, em. 515 nm).

Formation of capillary-like structures of HUVEC

Capillary-like structures of HUVEC were formed by culturing the
cells three-dimensionally in a collagen gel matrix. In each dish,
1.5 ¥ 105 cells per ml were seeded onto collagen gels and incubated
for 4 h to allow for adherence to the gels. The medium was removed
and then the three layers of collagen gels were assembled. The cells
were incubated for 30 min before fresh medium was added to the
dishes.

Morphological analysis of subendothelial area

The cytoplasm of HUVEC was stained with calcein-AM to
observe cell morphology. The cells were incubated with 10 mM
calcein-AM and observed using fluorescence microscopy (Eclipse
TE2000, Nikon). RGB images acquired by a CCD camera (DC120
Zoom, Kodak) were converted to gray-scale images using Image-
Pro software (Roper Industries). Binary images were produced by
thresholding the gray-scale images, and the subendothelial area
that was displayed in black was measured using Image Pro.

F-actin, VE-cadherin and b1-integrin imaging

Cullere et al. verified the relationship between VE-cadherin mislo-
calization and endothelial permeability by immunofluorometry.10

Cells were fixed for 1 h in 4% paraformaldehyde at 4 ◦C. The cells
were first washed twice in PBS, then permeabilized in 0.1% Triton
X-100 for 5 min, and again rinsed twice in PBS. For visualization
of F-actin, the cells were stained for 20 min at room temperature
with an 8 U ml-1 solution of Alexa Fluor R© 568 phalloidin. For
visualization of VE-cadherin and b1-integrin, cells were labeled
for 60 min with the primary antibodies dissolved in PBS, washed
twice with PBS, and then labeled for 45 min with fluorescein-
conjugated affinity-purified donkey anti-mouse IgG absorbed for
dual labeling secondary antibody. Fluorescence images of F-actin
and VE-cadherin were acquired by confocal laser microscopy
with a CSU21 (Yokogawa). As basal cells can be observed
by total-internal-reflection fluorescence (TIRF) microscopy at
high magnification with much less background noise than by
conventional fluorescence microscopy, fluorescence images of
b1-integrin were acquired by TIRF microscopy (TE200-U,
Nikon). All the images were recorded with a CCD camera (ORCA-
ER, Hamamatsu Photonics).

Western blotting

Western blotting was used for total RhoA analysis. Cells were
washed with HBSS and immediately scraped in HBSS with a
rubber policeman. Protein concentrations in the whole cell lysates
were determined by the BCA protein assay. 100 ml of samples
were lysed in a SDS sample buffer and an ice-cold lysis buffer
and then resolved by SDS-PAGE and transferred to Hybond-P.
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The transferred samples were incubated with a RhoA antibody,
followed by anti-mouse IgG HRP-linked whole antibody as the
second antibody. The immunoblotted proteins were visualized
with enhanced chemiluminescence reagents.

Measurement of RhoA activation

Active GTP-RhoA binds specifically to rhotekin-Rho-binding
domain protein agarose beads that can be collected from endoge-
nous lysates by centrifugation. The amount of phosphorylated
RhoA was measured by western blotting. Photosensitized cells
and untreated control cells were lysed in a buffer containing
protease inhibitors. A small amount of each cell lysate was kept
for total RhoA analysis, and the remaining lysate was incubated
with rhotekin binding domain agarose for 1 h at 4 ◦C before
centrifugation to pull down the GTP-RhoA beads. After the
collected beads were washed in an assay buffer and resuspended
in a sample buffer in the kit, the eluted protein was analyzed by
western blotting using a RhoA antibody.

Statistical analysis

Data were expressed as means ± SD. The significant difference was
assessed by the Student’s t-test. Values of P < 0.05 were considered
significant.

Results

Cellular PpIX content and phototoxicity

Porphyrin synthesis in HUVEC as measured by fluorescence
intensity of PpIX was evaluated with respect to the amount of
ALA added to the cells (Fig. 2a). Synthesis was dose-dependent
with a peak at 1 mM ALA. Optical and fluorescence images of
HUVEC before and after treatment with 1 mM ALA (Fig. 2b–e)
showed PpIX accumulation in the cytoplasm.

The cytotoxicity of the photochemical reaction was assessed
using MTT on cells 24 h after irradiation at 10 mW cm-2. Cell
viability of HUVEC did not decrease significantly with ALA
concentrations of up to 5 mM (Fig. 3).

As PpIX accumulation was increased until the amount of ALA
reached 1 mM and then plateaued, and as cell injury was minimal,
the following experiments were preformed using 1 mM ALA.

Endothelial permeability and intercellular boundary

FITC-dextran was used to evaluate cell permeability. The pho-
tochemical reaction significantly increased the FITC-dextran flux
through the monolayer of HUVEC (Fig. 4a and 4b), indicating a
significant development of intercellular gaps.

Fig. 5 shows fluorescence images of b1-integrin distributed over
the basal surface of HUVEC observed by TIRF microscopy. Large
regions without b1-integrin were observed in HUVEC treated by
the photochemical reaction (Fig. 5b), indicating that the reaction
lead to large intercellular gaps. The photochemical reaction was
also shown to expand the intercellular boundaries of HUVEC.

Capillary structure and morphological change of HUVEC

Fluorescence images of capillary structures in HUVEC were
compared before and after the photochemical reaction by staining

Fig. 2 PpIX in HUVEC. (a) Fluorescence intensity of PpIX as a function
of ALA concentration. Optical images of HUVEC (b) before and (d) after
1 mM ALA administration. Fluorescence images of HUVEC (c) before
and (e) after 1 mM ALA administration.

Fig. 3 HUVEC viability with respect to ALA concentration.

with calcein AM (Fig. 6a and 6b). Untreated HUVEC assembled
and formed tube-like capillary structures by connecting with each
other (Fig. 6a), while treated HUVEC failed to connect together
(Fig. 6b). In contrast, treated HUVEC were round in shape. This
morphological change in the cells is thought to break down the
capillary structure.
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Fig. 4 (a) FITC-dextran flux through the monolayer of HUVEC.
FITC-dextran flux across the endothelial monolayer is used as a measure
of permeability. Monolayers of HUVEC were treated with (�) or without
(�) the photochemical reaction. Values are means ± SD. * P < 0.05 versus
untreated cells. (b) FITC-dextran flux 60 min after the photochemical
reaction. Values are means ± SD. * P < 0.05 versus untreated cells.

Fig. 5 Fluorescence images of b1-integrin in HUVEC (a) before and (b)
after the photochemical reaction.

As shown in Fig. 7, the photochemical reaction caused the
monolayers of HUVEC to shrink and thus disconnect from
each other. This shrinkage and disconnection increased the
subendothelial area (Fig. 7c).

F-actin and VE-cadherin

Fluorescence images of F-actin in HUVEC before and after the
photochemical reaction are shown in Fig. 8a and 8b Before
the photochemical reaction, F-actin was found mostly in the
cortical regions comprising the cortical actin bands, while after
the photochemical reaction, these bands rearranged into stress
fibers in the center of the cells.

Fig. 6 Fluorescence images of capillary-like structures of HUVEC
formed in three-dimensional culture (a) before and (b) after the photo-
chemical reaction.

Fig. 7 Fluorescence images of a monolayer of HUVEC (a) before and
(b) after the photochemical reaction and (c) the calculated subendothelial
areas. Values are means ± SD. * P < 0.05 versus untreated.

Fig. 8 Fluorescence images of F-actin (a) before and (b) after the
photochemical reaction and VE-cadherin (c) before and (d) after the
reaction observed by laser scanning confocal microscopy.

Fluorescence images of VE-cadherin in HUVEC before and
after the photochemical reaction are shown in Fig. 8c and 8d.
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VE-cadherin localization at the plasma membrane was not evident
after the photochemical reaction.

These results verified that stress fiber formation and VE-
cadherin disapperance is correlated with the morphological
changes and thus disconnection of the cells.

Rho GTPase

RhoA activation by the photochemical reaction was observed by
western blotting (Fig. 9); total RhoA was used as the internal
control. Bands of phosphorylated RhoA in cells 0 min, 10 min and
20 min after the photochemical reaction were much stronger than
those in untreated cells; the amount of total RhoA was unchanged.
These results indicate that the photochemical reaction activated
RhoA in HUVEC.

Fig. 9 RhoA activation in response to the photochemical reaction
measured by protein activation assays (Non: untreated; P0: 0 min after
photochemical reaction; P10: 10 min after photochemical reaction; P20:
20 min after photochemical reaction.)

For the photochemical treatment, cells were incubated with
50 mM forskolin/50 mM rolipram and 500 mM 8-pCPT-2¢-O-Me-
cAMP both of which are known to prevent RhoA activation
by increasing cyclic AMP (cAMP).10 In both cases, neither
endothelial permeability nor subendothelial areas showed an
increase (Fig. 10 and 11). Moreover, forskolin and rolipram
maintained the cortial actin bands and prevented formation of
stress fibers after the photochemical reaction (Fig. 12a and 12b),
while 8-pCPT-2¢-O-Me-cAMP significantly reduced the effects
of the photochemical reaction on HUVEC (Fig. 12c and 12d).
These results indicate that RhoA activation is the key factor in
increasing endothelial permeability induced by the photochemical
reaction.

Fig. 10 FITC dextran flux measured 60 min after the photochem-
ical reaction (PR) and PR with 50 mM rolipram/50 mM forskolin
(r50 mM + f50 mM) and cAMP analog, 500 mM 8-pCRT-2¢-O-Me-cAMP
(Me). Values are means ± SD. * P < 0.05 versus cells after the
photochemical reaction.

Fig. 11 Subendothelial areas of HUVEC after the photochemi-
cal reaction (PR) and PR with 50 mM rolipram/50 mM forskolin
(r50 mM + f50 mM) and cAMP analog, 500 mM 8-pCRT-2¢-O-Me-cAMP
(pA 500 mm) calculated from fluorescence images. Values are means ± SD.
* P < 0.05 versus untreated.

Fig. 12 Fluorescence images of F actin after PR with 50 mM Rolipram/
50 mM forskolin (a) and cAMP analog, 500 mM 8-pCRT-2¢-O-Me-cAMP
(b) and VE-cadherin after PR with 50 mM Rolipram/50 mM forskolin (c)
and cAMP analog, 500 mM 8-pCRT-2¢-O-Me-cAMP (d) observed by laser
scanning confocal microscopy.

Discussion

In this study, we evaluated the increase in endothelial perme-
ability of HUVEC induced by the photochemical reaction using
Transwell R© supports, bioimaging, and western blotting.

We demonstrated that the amount of PpIX accumulation
depended on the ALA concentration in the cell. This effect was
obvious for up to 1 mM ALA. Gibson et al. reported that the
accumulation of PpIX in cells depends on mitochondria density,11

different cell species appear to affect PpIX accumulation. Our
results confirm that PpIX synthesis is localized in the cytoplasm.12

To investigate cell viability after the photochemical reaction,
we used MTT, as it involves no radioisotopes and is less toxic
than WST-1 or trypan blue. The viability of HUVEC showed no
significant change at 1 mM ALA, with minimal cell injury by the
photoreaction treatment. Spörri et al. also reported no difference
in the cell number increase after 24 and 48 h between PDT-treated
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and untreated cells.13 Our in vitro results that the photochemical
reaction increased endothelial permeability supports previous
in vivo reports of a endothelial barrier breakdown in PDT-treated
mice.7,8 These studies used a transluminal green light and Rose
bengal for the photochemical reaction to show that neointimal
formation was enhanced after endothelial barrier dysfunction, as
our in vitro findings suggest using red LEDs.

Upon endothelial barrier breakdown by the photoreaction
with ALA, morphological changes of the cells were observed
in both the 3D and monolayer cultures. As the breakdown
of the capillary structures in the 3D cultures corresponds to
a vessel structure in vivo, an increase in endothelial perme-
ablity in vivo should also lead to morphological changes in the
cells.

Increased endothelial permeability in vivo can be induced by
thrombin,14 vascular endothelial growth factor,15 lysophosphatidic
acid,16 high glucose,17 hypoxia/reoxygenation,18 and H2O2.19 The
administration of thrombin, lysophosphatidic acid (LPA), and
hydrogen peroxide (H2O2),20 tumor necrosis factor (TNF)-a,21 and
monocyte chemotactic protein (MCP)-122 in vitro also induces
rearrangement of the cytoskelton F-actin and disappearance
of VE-cadherin, which are events that upregulate endothelial
permeability. Analysis of F-actin and VE-cadherin using fluo-
rescence imaging revealed that F-actin in cortical actin bands
on the periphery of cells disappeared and were rearranged into
stress fibers. Loss of cortical actin bands and formation of stress
fibers have been reported to be caused by shear stress23 and
by ROS produced via hypoxia/reoxygenation.24 Thus, in our
in vitro experiments, the cortical actin band loss associated with the
formation of stress fibers appears to be a result of ROS produced
by the photoreaction.

Similar to the association of actin filament formation with
drastic cell morphology changes caused by the photoreaction,
another cytoskeleton microtubule has also been reported to play a
key role, as they regulate the phosphorylation of the myosin light
chains that form stress fibers.25–27

Among the endothelial cell–cell junctions, tight junctions,
adherence junctions, or gap junctions, adherence junctions with
VE-cadherin have been reported to be the most critical for
increasing endothelial permeability.28 We found that gaps between
cells are expand by the photoreaction following the disappearance
of VE-cadherin on the periphery of cells. VE-cadherin is anchored
to the actin filament by several intermediate catenins (a b and
g),29,30,31 indicating that correlation between the disappearance of
VE-cadherin and the loss of the cortical actin band.

We observed b1-integrin on the plasma membrane by TIRF
fluorescence microscopy. b1-Integrin which adheres the cells to the
basal surface disappeared in large areas after the photoreaction
treatment, indicating a drastic reduction in the surface areas of
cell–cell adhesion.32

The intercellular signaling pathway in charge of the formation of
stress fibers and regulation of adherence junctions depends on cell
species and the applied stimulations.14,18,33,34,35 Two Rho GTPases
RhoA and Rap1 have been reported to be important in the sig-
naling pathway involved in increasing endothelial permeability.36

RhoA activation has been reported to lead to increased endothelial
permeability by forming stress fibers and tubulin depolymerization
when cells are exposed to thrombin.37 We used western blotting
to evaluate RhoA activity in endothelial cells stimulated by the

photoreaction and found that RhoA activation played a key role
in the induced increase in endothelial permeability.

Increases in endogenous cAMP activates Epacs and, subse-
quently, Rap1, a downregulator of RhoA activation.10 PKA
is also activated by cAMP, and we demonstrated that cAMP
prevented the formation of stress fibers and the rearrangement of
VE-cadherin. The cAMP analog 8-pCRT-2¢-O-Me-cAMP, which
selectively activates Epacs and does not affect PKA activation,
was also found to prevent the photoreaction-induced increase
in endothelial permeability. Three Rho GTPases—RhoA, Rac1,
and Rap1—have been reported to be cross-linked and not
independent.38 Whereas ROS generated by the photochemical
reaction cause cell shrinkage and VE-cadherin rearrangement and
thus increases endotherial permeability, ROS generated by reoxy-
generation have been reported to activate Rac1, inhibiting RhoA
activation and thus not increasing endothelial permeability.18

Activation of RhoGTPase may depend on the amount of ROS,
and the method of regulation may differ depending on the species.
Thus, designing a more effective PDT with fewer side effects
requires medicine that prevent activation of RhoA immediately
after therapy.

Conclusions

In vitro experiments using HUVEC revealed the mechanisms by
which endothelial permeability is increased by the photoreaction
treatment with ALA. The accumulation of PpIX in the cytoplasm
is the greatest at 1 mM ALA, a dose level that does not significantly
decrease cell viability. The photochemical reaction with 1 mM
ALA using a 646 nm light at 10 mW cm-2 significantly increased
the endothelial permeability of both monolayer and 3D cultures
of HUVEC, the latter having capillary shapes. This increase is
accompanied by morphological changes in the cells. The cortical
actin bands on the periphery of cells rearrange into stress fibers in
the center of the cells and VE-cadherin disappears, which causes
the morphological changes in the cells. RhoA activation plays a
key role in the photochemical reaction, as confirmed by the in vitro
results using cAMP to inhibit RhoA activation.

In summary, the photochemical reaction induces the increase
in endothelial permeability, by activating RhoA, causing the
breaking down of the cortical actin band to form stress fibers, and
then rearranging VE-cadherin, all of which leading to changes in
cell morphology.
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